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UNIVERSITY OF LONDON

Abstract o f Thesis

MODIFYING THIN FILM DIAMOND FOR ELECTRONIC APPLICATIONS

The unique combination of properties that diamond possesses are being exploited in both 

electronic and mechanical applications. An important step forward in the field has been the 

ability to grow thin film diamond by chemical vapour deposition (CVD) methods and to 

control parameters such as crystal orientation, dopant level and surface roughness. An 

extensive understanding of the surface of any potential electronic material is vital to fully 
comprehend its behaviour within device structures. The surface itself ultimately controls 
key aspects of device performance when interfaced with other materials. This study has 
provided insight into important chemical reactions on polycrystalline CVD diamond 
surfaces, addressing how certain surface modifications will ultimately affect the properties 
of the material. A review of the structure, bonding, properties and potential of diamond 
along with an account of the current state of diamond technology and CVD diamond 
growth is provided. The experimental chapter reviews bulk material and surface analytical 
techniques employed in this work and is followed by an investigation of cleaning 
treatments for polycrystalline CVD diamond aimed at removing non-diamond carbon from 
the surface. Selective acid etch treatments are compared and contrasted for efficacy with 
excimer laser irradiation and hydrogen plasma etching. The adsorption/desorption kinetics 
of potential dopant-containing precursors on polycrystalline CVD diamond surfaces have 
been investigated to compare their effectiveness at introducing dopants into the diamond 
during the growth stage. Both boron and sulphur-containing precursor compounds have 

been investigated. Treating polycrystalline CVD diamond in various atmospheres / 

combination of atmospheres has been performed to enhance electron field emission from 

the films. Films which do not emit electrons under low field conditions can be modified 
such that they emit at fields as low as 10 V/pm. The origin of this enhancement effect has 
been investigated using various spectroscopic techniques. It is apparent that it is possible to 

modify the bulk of a CVD diamond film, not just the surface, using this approach.
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i . introduction

1 INTRODUCTION

Carbon has always occupied a promising yet challenging role in the area of new materials 

technology. Until the mid. 1980's it was widely accepted that carbon existed predominantly 
in two natural states: graphite and diamond. Then, the discovery of naturally occurring 

carbon spheres (buckminsterfullerene) and nanotubes created tremendous excitement 
(Kroto [1985]). Ten years on, applications for the material have been pin-pointed, and 

possibly in fifty years time (or less) the benefits from those applications will be felt. 
Diamond, on the other hand, has been known of for centuries and honoured as a precious 

gemstone. Today, by virtue of a regulated supply system, it still maintains this status whilst 
emerging as a new material in electronic and technological applications. This all stemmed 
from the "discovery" that thin film diamond could be grown using chemical vapour 

techniques (Plano [1995]). The economic consequence of this has been far-reaching. 
Investigations into the properties of natural diamond crystals correlate well with theoretical 
predictions that diamond may be an exceptional wide band gap (5.5 eV) semiconductor 
(Custers [1952]). Natural diamond however has disadvantages of cost, consistent quality 
and reproducibility. High-pressure high-temperature (HPHT) techniques of diamond 
growth aim to convert various forms of carbon within the thermodynamically metastable 
regime for diamond (e.g. 5 GPa, 1500 °C [Bakon, 1993]) . Such techniques when 
compared to the CVD requirements for metastable diamond film growth, are more elaborate 

and expensive: equipment requirements for CVD operating conditions are minimal. A 
mixture of methane and hydrogen gas passing across a heated filament (2000°C) onto a 
heated substrate (900°C) within a chamber evacuated to around 20 mbar is sufficient. CVD 
growth also confers the advantages of larger (wider area), consistent film growth with 
facility to controllably incorporate film impurities during growth.

The increasing viability of thin film CVD diamond as a material with electronic device 

potential, amongst other applications, owes a great deal to in-depth surface studies of such 

films. Diamond and other wide band gap semiconductors e.g. 3C-SiC (Eg = 2.2 eV) and 

GaN (Eg =3.39 eV) are under investigation as a result of their basic material properties. 
Diamond in particular, lends itself well to the concerns of operability of electronic devices 

under extreme conditions. In addition, diamond has acquired for itself several niche 
applications e.g. field emission display technology (chapter 7). The investigations of this 
thesis aim to study and modify the surface of polycrystalline CVD diamond in such ways as 
to enhance its potential as an electronic material.

9
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Chapter 2 reviews the electronic and mechanical properties of diamond, outlining reasons 

why it is considered a material capable of functioning under environmental extremities for 
electronic applications. Natural and HPHT diamond are considered and compared against 
polycrystalline CVD diamond, the material under investigation. State of the art CVD 
methods for diamond growth are listed. Chapter 3 provides explanations behind the 
experimental and characterisation techniques used throughout the investigation. The 
interface between a gas and a solid phase is an area where physical and chemical 

interactions may be observed and even controlled (Somorjai [1994]). In many instances the 

reactions on the surface do not represent those of the bulk material; the functionality of the 

surface being quite distinct to the bulk. The need to perform many of the techniques under 
high and ultra high vacuum is made apparent and is elaborated upon in chapter 4. Surface 
characterisation techniques such as scanning electron microscopy (SEM) and Auger 
electron microscopy (AES) require high vacuum and ultra high vacuum (UHV) conditions 
under which to operate. The characterisation of the surface of polycrystalline diamond 
throughout this investigation is complemented by information about the bulk of the films. 

Bulk material characterisation techniques used in this investigation include Raman 
spectroscopy and photoluminescence.

For all of the investigations of this thesis the diamond films are initially acid cleaned prior to 
any other treatment. Amongst other effects, this treatment clears the film surface of non
diamond carbon. The first results chapter (chapter 4) studies the effects this treatment has 
on the poly crystalline CVD diamond surface using AES. The acid treatments studied are 
seen to leave a permanent fraction of a monolayer of oxygen on the surface.

Boron has long been used as a dopant in polycrystalline CVD diamond (Mort [1989]). 
Boron may be incorporated into the lattice by a number of ways: in-situ doping using a 
boron source or boron ion implantation of a pre-grown film. In chapter 5 the suitability of 

two different boron containing compounds as possible dopants of CVD diamond are 
considered by investigating their adsorption/desorption kinetics and behaviour from the 
surface of polycrystalline CVD diamond. Chapter 6  pursues this theme further by 

investigating the mechanisms and rate of sulphur incorporation into the bulk of 

polycrystalline CVD diamond films. Sulphur is a possible n-type dopant. The surface 
mechanisms and kinetics of a dialkyl sulphide compound on polycrystalline CVD diamond 

and on GaAs are compared.

In chapter 7 modifications are made to the diamond surface by annealing the films in 
various atmospheres in an attempt to observe electron emission from those films. The same 
modifications are then analysed using photoluminescence spectroscopy in chapter 8  to 
observe how the film bulk has also been altered. These chapters highlight how a

10



i .  l n i i u u u c u u i i

polycrystalline film, when compared to a single diamond crystal, has greater susceptibility 
to change from these anneal treatments.

Many of the modifications mentioned here rely on the overall structure, physical and 

mechanical properties of these diamond films remaining unperturbed - the desired 

alterations are subtle e.g. the surface functionality of the film may have altered, or 
inclusions of non-diamond carbon are introduced and then stabilised within the bulk 

material. Chapter 9, the final chapter, provides an overall summary. Further work and new 
directions are proposed with improvements for obtaining the optimum desired results of 

this work.
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OUTLINE

This chapter begins with an account of the properties of diamond that have launched world
wide interest in using diamond for electronic devices as well as for other applications. 
Elemental carbon and its bonding is briefly covered, with orbital hybridisation being 
especially highlighted before the crystal structure of diamond is reviewed. The synthesis of 

diamond, both single crystal and thin film are discussed in detail; in particular the various 

chemical vapour deposition (CVD) techniques, and a comparison of the techniques made. 

The chapter closes with an account of the many current and future mechanical and 
electronic applications proposed for thin film diamond.

2.1 INTRODUCTION

Diamond's unique combination of extreme properties have been acknowledged for many 
centuries. Diamond has been put to use in a diversity of applications which have ultimately 
depended on the size, shape and economic costs of the diamond available at the time, along 
with the ability to control or modify these parameters to the desired effect. Traditionally, the 
market consumption for both natural and synthetic industrial diamond (grown by high 
pressure high temperature (HPHT) methods) has been estimated to be 65 % for abrasives, 
20 % for micron-size powders, 10 % for drilling diamonds, and 5 % for tool stones 
(Bakon [1993]). Such applications have typically exploited the excellent mechanical 
properties of diamond which include it being the hardest known material, possessing the 
highest mechanical strength and room temperature thermal conductivity. Table 2.1 

summarises the general properties of diamond.
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Property Diamond Notes/comparison
Knoop's hardness (kg mm'2) 7000 Hardest material known; SiC 

(2480), Si (850), stainless steel 
(660).

Coefficient of friction 0.1 (in air) Very low in air
Young's Modulus (1011 N m'2) 10.35 Highest mechanical strength 

SiC (7), Si (1.9), stainless steel 
(2).

Sound propagation velocity 
(km s"1)

18.2 1.6 x value of alumina.

Chemical inertness inert to all acids, bases and 
solvents at room temperature.

Range of high transmittance 
(pm)

0.22 - 2.5 & > 6 Orders of magnitude lower than 
other materials in infra - red.

Refractive index 2.41 1.6 x value of silica.
Thermal conductivity 
@ 300 K (W cnr'K '1)

20 Highest value at 300 K 
si (2.3), SiC (3.2), stainless 
steel (17.3).

Thermal expansion (10"6 K '1) 0.8 Si (2.33), SiC (3.3), stainless 
steel(17.3)

Table 2.1 Selected properties of diamond. (Adapted from Bachmann [1991])

Property Diamond S i G aA s 3 C 
SiC

GaN

Bandgap (eV) 5.45 1.1 1.43 2.2 3.39
Electron mobility ( c m ^ 's '1) 2000 1500 8500 1000 900
Hole mobility ( c m ^ 's '1) 1800 600 400 40 150
Breakdown (106 Vcm'1) 10 0.3 0.4 4 5
Intrinsic resistivity (Ocm) 1016 103 109 > 109 > 109
Saturation electron velocity 
(107 cms'1)

2.7 1 2 2 2.7

Dielectric Constant 5.7 11.9 12.8 9.7 9
Work Function (eV) • 4.8 (p type)

• - ve ({111} surface)
4.8 4.7 - -

Table 2.2 Electronic properties of diamond compared with other semiconductors. (Adapted from 
Yoder [1993], Morkoc [1994])

Thin film diamond would possess such physical properties as well as electronic properties 

(table 2.2) making it very suitable for use in high performance circuits. Below (table 2.3) 
are the Johnson and Keyes figures of merit for electronic device materials.

M A T E R IA L Si GaAs InP Diamond
Johnson 1 6.9 16 8206

Keyes 1 0.5 0.6 32

Table 2.3 Comparison of Johnson and Keyes figures of merit for various electronic device 
materials

The Johnson figure of merit indicates a material's potential for high frequency high power 
applications. The Keyes figure of merit aims to reflect a material's suitability for use in very

14
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densely packed integrated circuit applications. As is seen from the table, diamond appears 
to be the most viable in both cases. To ultimately achieve device quality diamond, low cost 
methods of deposition on non-diamond substrates need to be developed. To this end, an 
array of thin film diamond synthesis approaches are under study.

2.2 CARBON

The element carbon has an atomic weight of 12.011 and its element number is 6 . It is 
present in 3 naturally occurring isotopes; 1 2C, 1 3C, 1 4C, and abundance of the stable 

isotopes is: 12C - 98.90 % and 13C - 1.10 %. The radioactive isotope 1 4C, which has a half 
life of 5730 years is generated in the upper atmosphere through neutron bombardment of 
nitrogen. 14C has been used to date archaeological artefacts and as a tracer in studying 
organic reactions. 13C is an ideal probe in nuclear magnetic resonance (nmr) studies due to 
its magnetic moment.

The isotopic composition of carbon is irrelevant in the area of carbon science as most of the 
properties are governed by carbon's electronic configuration. Being centrally located in the 
first full row of the periodic table, carbon exhibits unique bonding possibilities. The 
bonding of carbon is relatively simple without the involvement of a d-orbital, and the 
electronic ground state, ( l s ) 2 (2 s)2 (2 / ? ) 2  is almost unknown due to the energetic 
favourability of involving all four outer orbital electrons in bonding. Such is this energetic 
favourability that carbon prolifically displays catenation (bonding to itself).

When considering bonding in carbon materials, the stability of the bonds and the multiple 
bonding available through 7t-bonds is a principle feature. The principle of hybridisation, 

where orbitals in the outer shell "mix" together to create hybrid orbitals, and the principle of 

molecular orbital formation directly from atomic orbitals, may both be used to treat carbon 
bonding. In the former (hybridisation), one s- and three p- orbitals may result in: 

two sp- and two p- orbitals or, 

three sp2- and one p- orbitals or, 

four sp3- orbitals.

The hybrids then create a  bonds with similar orbitals on other atoms and the p-orbitals are 

freed to form n  bonds.

The second approach of molecular orbital formation deals with the atomic interactions as if 
they create a new molecular orbital set. This set is occupied by electrons according to the 
Pauli exclusion principle. Hence, a C=C bond may be represented thus:

15
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a*

f t *

2P + -  J  4 -  - 4 -  - 4  4 -

4 -  "  +  i ,  - H -
4 -

Is
4 -  "f|" -H -

4 r  G

C(l) C2 C(2)

F igure 2.1 Molecular orbital diagram for C^C bond.

Interaction of the atomic orbitals leads to both bonding, and antibonding (*) molecular 
orbitals (Marsh [1989]).

2.3 THE CRYSTAL STRUCTURE OF DIAMOND

As mentioned in the previous section, rather than be distributed with two electrons in the s 
orbital, it may be energetically more favourable for the four valence electrons of carbon to 
be evenly distributed with one electron in the s orbital and in each of the three p  orbitals 
(Kittel [1986]); this leads to the situation in which the sublevels may form hybridised 
orbitals capable of covalent bonding. If this is the case, as indeed it is for diamond, then the 
bonding between the carbon atoms results in a sp3 hybridisation of the aforementioned 
orbitals and each carbon within the lattice is tetrahedrally surrounded by four other carbon 
atoms; the "classic" diamond structure, which is also exhibited in crystalline silicon and 

germanium. However, crystallised carbon may also exhibit other allotropic forms which 
are dependant on the energetically favoured orbital hybridisation; mixed bonding within 

carbon solids can also exist containing sp1, and sp hybridisations. Diamond-like carbon 

(DLC) is composed of both sp2  and sp3 hybridisations.

The crystalline diamond structure, just as with other crystalline solid structures, is made up 
of a uniform, regular three-dimensional array of atoms. Each carbon atom shares the four 
outer covalent electrons it possesses with four other carbon atoms. Thus, each carbon atom 
is tetrahedrally surrounded by four other carbon atoms, as shown in figure 2 .2 (a).

16
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(a)

(b)

Figure 2.2 (a) Model of the diamond lattice, (b) Model of figure 2.1(a) viewed in another direction 
(After Kittel [1976]).

The bonds are covalent and not ionic. This accounts partially for diamond's extreme 
physical hardness. From x-ray diffraction studies, the C-C bond length in diamond has 

been deduced to be 0.155 nm (Wilks [1991]) at 298 K, the lattice constant, a, being 
0.356683 nm (Bakon [1993]).

From figure 2.2(b), the diamond structure may be described in a different way. The shaded 
carbon atoms make up the corners and face centres of a cube. Four more carbon atoms 

(unshaded) are seen within the cube and are tetrahedrally surrounded by four of the shaded 
carbon atoms, the shaded atoms form a repetitive face centred cubic (FCC) lattice, as do the 
unshaded atoms (though not apparent in this diagram). These unshaded atoms also lie on 

the corners and face centres of another repetitive FCC lattice. Thus the structure of diamond 
may be described as two interpenetrating FCC lattices.

17



z,. i  a n u .  a p p i i ^ a t i u i i o

2.4 THE SYNTHESIS OF DIAMOND

The ability to synthesise continuous films of diamond in a routine fashion by CVD 
techniques has permitted investigations to be made into the likely performance of diamond- 
based electronic devices. Although the demonstration of both passive and active electronic 

applications such as Schottky diodes (Kiyota [1995]) and field effect transistors (Tessmer 
[1993]) on CVD diamond films have been promising, many difficulties remain to be clearly 
identified and successfully tackled. The fact that all diamond films deposited on 

commercially viable non-diamond substrates are polycrystalline means that the required 
characterisation is complicated by a combination of structural defects and grain boundaries. 
The following sections will describe the commonly used techniques for thin film diamond 
growth, identifying current limitations and immediate aims in the chemical vapour 
deposition of thin film diamond.

2.4.1 Natural and synthetic diamond

Naturally occurring diamond which comes primarily from Africa (Zaire, Republic of South 
Africa, Botswana) and the Russian Federation (Bakon [1993]), display a range of differing 
characteristics. With respect to their optical properties (largely dependant on the level of 
nitrogen impurity), diamonds may be categorised broadly into four types:

Type Abundance Edge of UV 
adsorption

Edge of IR 
adsorption

Nitrogen content

la ca. 98 % (natural) ca. 330 nm 2.5 to 10 pm N to 0.3 %
A (pairs of neighbouring 
substitutional atoms) & 
B (four N atoms around 
a vacancy) aggregates 
present; low levels of 
s i ng l e  N a t oms  
(<1016cm‘3)

lb ca. 0.1% (natural) 
main HPHT

N in  s i n g l e  
substitutional sites.

Ha ca. 2 % 220 nm 2.5 to 6 pm 
transparent > 6pm

Very low N level.

lib Extremely low N level; 
semi conduc t i ng  (B 
acceptors)

Table 2.3 Classification of natural diamond crystals (extracted from Wilks [1991])

Type I refers to diamonds that contain nitrogen impurities leading to a characteristic 
absorption edge at 330 nm instead of a band edge adsorption at 220 nm. In diamonds 

classified as type II, a subset labelled type lib was found to display semiconducting
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properties; this has subsequently been attributed to the presence of boron acceptor centres 

(Collins [1971]).

The discovery in the late 18th century that diamond is a crystalline form of carbon, together 

with the subsequent development of chemical thermodynamic theory, led to a more 

scientific approach in the synthesis of diamond. By 1955 Bundy and co-workers at General 

Electric announced their development of a reproducible process for the synthesis of 

diamond (Davidson [1994]). This process and subsequent ones are based on the principle 
of synthesising diamond within its thermodynamically stable region. Growth methods 
based in this regime are commonly referred to as high-pressure, high-temperature (HPHT) 
techniques and the product as synthetic diamond. At present, HPHT techniques are based 
on the conversion of various forms of carbon (e.g. graphite) into the crystalline form of 
diamond. These conversions may be categorised as follows;

(i) direct conversion.
(ii) synthesis using molten transition metal solvent catalyst
(iii) shock wave direct conversion, and
(iv) growth using diamond seed crystals.

The choice of conversion technique is largely dependent on both economic costs and the 
ultimate application of the synthetic diamond. Synthesis by the molten catalyst technique 
(using copper, iron or nickel) as an example, improves the rate and quantitative yield of 
graphite to diamond conversion. However diamond obtained from both the catalyst and the 
shock wave methods are generally defective and small (typically, 1 mm). The addition of 
seeds allows the growth of crystals of quality comparable to the best natural stones with 
growth rates of 2-3 mg.h-1 (Bakon [1993]).

2.5 CHEMICAL VAPOUR DEPOSITION OF DIAMOND 
FILMS

2.5.1 Growth techniques

A number of techniques for the chemical vapour deposition (CVD) of diamond thin films 
have been developed. These techniques have been reviewed in the literature e.g.Zhu 
[1991], Bachmann, [1993]. The most common of these may be categorised into the 
following: (i) hot-filament CVD; (ii) plasma enhanced CVD; and (iii) combustion flame.
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2.5.2 Hot-filament chemical vapour deposition (HFCVD)

The chemical vapour deposition of diamond employing hot filaments of suitable metals 
(Matsumoto [1982]) is one of the simplest demonstrations of a routine growth technique 
(figure 2.3). In this experimental set up, a refractory metal filament (e.g. tantalum or 

tungsten) is heated to temperatures reaching 2000 °C for the purpose of dissociating the 

precursor gas mixture. A substrate situated about 1 cm from the filament is independently 

heated to -1000 °C. Typically, a gas mixture of 1 % hydrocarbon (commonly methane) in 

hydrogen is admitted at a rate of 1 0 0  seem (standard cubic cm per minute) into a deposition 
chamber at a pressure of 40 - 100 Torr. Under such an environment, growth rates of 
between 1 - 1 0  pmh - 1 have been observed, depending on the various deposition 
parameters, over areas governed by the shape and design of the filament. May [1995] has 
demonstrated the fabrication of three dimensional structures such as fibre coatings by 

wrapping filaments around substrates.

A major problem associated with HFCVD has been practical difficulties concerning the 
filament; within the carbonaceous atmosphere of the deposition zone, refractory metals 
form carbides. This leads to warpage and embrittlement of the filament and subsequent 
degradation in film uniformity. Considerations for filament choice include lifetime, 
impurity emission, functional abilities and economic cost (Matsubara [1990], Jansen 

[1990]).

Furnace W  filament

Substrate

Silica cell

Thermocouple-

Silica mantle Alumina rod

Feed gasTo pump

To power 
supply

To vacuum 
gauge

F igure  2.3 Schematic diagram of hot-filament chemical vapour deposition apparatus (Redrawn from 
Matsumoto [1982]).
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2.5.3 Plasma enhanced chemical vapour deposition

Both hydrogen and hydrocarbon precursors have been suggested to be efficiently 

radicalised giving rise to neutral mixtures of molecules, charged particles (electrons, and 

positive and negative ions) and photons (Spitsyn [1981]). This can be achieved using 

electric fields. To this end, various plasma systems have been investigated including 

microwave (MW), radio frequency (RF) and direct current (DC). Plasma systems may be 

further subdivided into low (<200 Torr) and high (200-760 Torr) pressure techniques. At 

the high pressures, greater power levels are needed to maintain the existence of the plasma. 
This also results in a much higher gas temperature or "thermal" plasmas. Here, near-unity 

dissociation of gas molecules into atoms and radicals may occur (Bachmann, [1993]).

2.5.3.1 Microwave plasma enhanced chemical vapour deposition 
(MWPECVD)

One of the most popular methods for plasma excitation in the deposition of diamond has 
become the use of high frequency radiation (2.45 GHz) (Kamo [1983]). Figure 2.4 shows 
various apparatus set-ups. Typical deposition conditions are similar to that of the HFCVD 

method; chamber pressures of 40 - 100 Torr, substrate temperature 800 °C, 1 % methane in 
hydrogen results in growth rates of 1 - 5 pmh - 1 with 1 kW microwave power. In the 
tubular design of such a system (figure 2.4(a)), the substrate is placed directly in the path 
of the microwaves and this can lead to severe contamination of the deposited films due to 
plasma etching of the silica tube. This design has been succeeded by the resonant cavity 
design (figure 2.4(b)). In this case larger deposition areas are achievable with less 
contamination from the chamber walls (Bachmann [1993]). Electron cyclotron resonance 

(ECR) systems have also been investigated (Kawarada [1987]). Here, the frequency of 

electron gyration is equal to that of the microwaves in a conventional system. Such systems 

have been investigated at 2.45 GHz in the aim of achieving large, uniform and higher 

density plasmas (figure 2.4(c)). However, at pressures of < 0.1 mbar where true ECR 
conditions are satisfied, deposition rates and crystal sizes were observed to be reduced 
considerably.
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Figure 2.4 Schematic diagrams of microwave plasma CVD systems in the configuration of (a) 
tubular; (b) bell jar and (c) magneto-microwave (redrawn from Zhu [1991]).

2.5.3.2 Radio frequency chemical vapour deposition (RFCVD)

The existence of RF plasma technology in the microelectronics industry makes it an 

attractive possibility for the low pressure deposition of diamond. Both parallel plate and 
inductively coupled low pressure plasmas have been investigated from 100 Hz to, more 

commonly, 13.56 MHz (figure 2.5) (Zhu [1991]). The deposition conditions are similar to 
those used in microwave plasma discharge systems; however, the quality of the deposited 
material has been poorer (Bachmann [1993]).

The introduction of an atmospheric pressure inductively coupled thermal plasma torch by 
Matsumoto [1987] using frequencies 3 - 3 0  MHz and RF powers of 40 - 80 kW has 
yielded diamond films with high growth rates (60 - 180 pmh-1). The drawbacks of this 
system are its sophistication (therefore cost), high power consumption and large gas 
volume requirements.
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CH4 + H2 i j ---------------

z r ^ T o  pump

Water
Quartz tube

13.56 MHz 
generator

F igure  2.5 Schematic diagram of inductively-coupled radio frequency (RF) CVD apparatus (redrawn 
from Matsumoto [1987]).

2.5.3.3 Direct current plasma chemical vapour deposition (DCCVD)

The direct current (DC) discharge plasma at the higher gas pressure of 200 Torr has been 
successfully used in the deposition of diamond (Suzuki [1987]). Figure 2.6(a) shows the 
typical set up. Matsumoto [1987] introduced the low pressure DC plasma system as shown 
in figure 2.6(b), a modification of the low pressure DC plasma system. In this case, the gas 
mixture is fed into a conventional plasma torch at 3k - 70k seem where temperatures of 
around 4000 °C cause complete gas dissociation. Good quality films may be acquired with 
this method; deposition rates range from 20 - 100 pmh-1 (Bachmann [1993]). Problems 
still exist however with small deposition areas, expensive equipment, high power 
consumption and non-uniformity of deposited films.

F ig u re  2.6 Schematic diagram of (a) direct current (DC) plasma CVD reactor (redrawn from Suzuki, 
1987) and (b) direct current (DC) plasma jet system (redrawn from Matsumoto, 1987).

DC power supply

DC power supply

Cooling water

■Carbon carrier gas

plasma jet SubstratePlasm a

Substrate'

To pump Cooling water

(a)
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2.5.3.4 Combustion flame chemical vapour deposition

Hirose [1988] first demonstrated the use of an oxy-acetylene torch to deposit diamond from 
various areas of the flame when a 50 % acetylene in oxygen mixture was used. Deposition 
is located around the tip of the acetylene feather. It is believed to have a gas phase 
temperature of 3000 °C. This technique does allow for extremely high growth rates but 
many practical problems still exist. Due to temperature fluctuations, the film uniformity is 

difficult to control, and the large amount of gas used (500 - 1000 seem) is difficult to 

recycle back into the reactive zone.

2.6 COMPARISON OF CVD DIAMOND GROWTH 
TECHNIQUES

Method Rate (fim/h) Area (cm^) Q uality Advantages Drawbacks

Hot filament 0.3-2 100 +++ simple 
large area

contamination
stability

Combustion
flame

30-100 <1 +++ simple area
stability

DC discharge 
(low P)

< 0.1 70 + simple 
large area

quality
rate

DC discharge 
(medium P)

20-250 < 2 +++ rate
quality

area

DC plasma jet 930 < 2 +++ highest rate 
quality

area, stability 
homogeneity

RF (low P) < 0.1 ? -/+ scale-up quality, rate
RF (thermal) 180 2 +++ rate area, stability 

homogeneity
Microwave 
(2.45 GHz)

1 (low P) 
30 (high P)

40 +++ quality
stability

rate
area

Microwave 
(ECR,  2.45 
GHz)

0.1 > 40 -/+ area 
low P

quality
rate

Table 2.4 Comparison of some CVD diamond deposition methods (extracted from Bachmann [1993]).

Bachmann [1993] has presented a review of the current status of many of the existing CVD 
diamond growth techniques. These are seen in table 2.4. High power techniques which 

give rise to higher plasma densities and temperatures are reflected in the greater growth 

rates achieved in the atmospheric and thermal plasma techniques and by combustion flame. 

Such high power requirements of high pressure plasma systems require sophisticated 
substrate cooling schemes and other associated elaborate mechanisms. Ultimately the 
performance requirements of the diamond films, which may include good substrate 
adhesion, high optical transparency, low/high impurity content, will dictate the deposition 

method.
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2.7 APPLICATIONS OF CVD DIAMOND

With the advent of diamond growth at low temperatures and low pressures (Spitsyn 
[1981]) and the subsequent honing and perfection of thin film diamond growth, a range of 
possible uses for this material emerge. The future applications of CVD diamond may 

broadly be categorised:

• tribological and wear-resistant coatings

• optical applications and electromagnetic windows
• thermal management applications
• electronic devices

The most immediate and apparent application of thin film diamond is within the machine 
cutting-tool industry. The use of diamond as a wear-prevention coating material has long 
been documented and utilised. Diamond powder compacts are currently mass produced by 
sintering diamond, graphite and a metal binder. However, it is envisaged that even a 
coating of poor quality CVD diamond will have superior tribological properties to the 
compacts by dint of their improved integrity, thermal conductivity and thus longer life.

2.7.1 Tribological and wear-resistant coatings

Diamond is one order of magnitude harder than other cutting-tool coatings currently in use 
such as TiN or c-BN. With its very high thermal conductivity, it also appears well suited to 
use as a wear-resistant coating, removing heat rapidly from the cutting surface and thereby 
giving higher cutting rates. Many Japanese companies are pursuing the investigation of 
applying a fixed coating of polycrystalline diamond upon cutting tools. Diamond's extreme 

hardness and very low coefficient of friction make it a strong candidate for tribological 
coatings of high performance bearings at high temperatures. However, as-grown CVD 
diamond surfaces do not have an especially smooth surface, an essential pre-requisite for a 
bearing surface. Therefore some post-deposition polishing process of the CVD diamond 

may be required to smooth the surface. In space applications, CVD diamond would not be 

a suitable surface coating. In a vacuum the coefficient of friction rises significantly. Also 
the Earth's sub-atmosphere has a predominant concentration of atomic oxygen; This is 
highly reactive with diamond.

25



z,. nupciuc;>, &yimicM& aiiu appiicauuiis

2.7.2 Optical applications and electromagnetic windows

Diamond is well-suited to being a window material or window coating, where 
environmental damage or erosion may be anticipated, due to its optical transparency 
through the visible, IR and X-ray bands of the electromagnetic spectrum. This application 

of diamond has been of particular interest to the defence industry. Diamond's hardness and 
fracture toughness allows it to withstand high speed flight through erosive environments, 
and its thermal properties mean that it may be able to withstand extreme heating rates which 
are associated with missile flight. However, the high refractive index of diamond would 
require the further development of anti-reflection coatings upon the diamond; these coatings 

would have to be just as robust as the diamond they coat.

Diamond is being investigated as either an IR window coating or as an IR window. In the 

latter case, the diamond plates would have to be of exceptionally high quality and several 
millimetres thick. To this end, researchers are investigating the combustion flame technique 
for diamond growth, as this method would appear the most promising for producing such 
plates (Brierley [1991]). On the other hand, diamond, as an IR window coating would 
only have to be microns thick whilst maintaining transparency throughout the visible and 
IR region. The problem which is faced in this case is creating a strong enough interface 
between the diamond coating and the window material (e.g. ZnS) which should be able to 
reduce thermal expansion stress, and also act as a buffer for acoustic shock associated with 
rain erosion.

2.7.3 Thermal management applications

Diamond has the highest thermal conductivity at room temperature of all known materials. 

It is a factor of five larger than that of copper and a factor of ten larger than common 

thermally conductive electrical insulators e.g. aluminium nitride or beryllium oxide. 
Coupled with its low electrical conductivity, this makes diamond an attractive material in 
heat transport applications. A CVD diamond tile 1 mm thick could electrically isolate a chip 
from a copper heat sinking device as well as allowing outstanding heat conductance 

between the chip and copper. Such tiles may be produced either by the plasma jet or 

combustion flame technique. The effect of the grain boundaries, defects and non-diamond 
carbon in polycrystalline thin film diamond is to degrade its thermal conductivity when 

compared with single crystal material. The combustion flame technique has been found to 
produce diamond with a large grain size, therefore material produced using this technique 
has promise within this application.
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Currently CVD diamond can be produced to possess a thermal conductivity > 2000 W/mK. 
These films are therefore comparable with the thermal conductivity of type Ha natural 
diamond, but with physical dimensions which are tailored to passive electronic devices e.g. 
multichip modules.

2.7.4 Mechanical and acoustic diaphragms (sensors and 
detectors)

A number of material properties of diamond again allow it to be a potential candidate as a 
sensor material. (Brierley [1991]). Diamond's high piezoresistivity at elevated 
temperatures, temperature coefficient of resistance, excellent mechanical properties and 

resistance to chemical attack are the important pre-requisites for such applications.

Polycrystalline CVD diamond membranes may be used in Fabry-Perot type fibre optic 
pressure transducers. Silicon membranes have recently been used for the same application 
but diamond will have the advantage when in use under high temperatures or hostile 
chemical environments. Such diamond membranes must be pinhole-free, possess high 
nucleation densities and low residual stress levels. The diamond membranes are formed by 
conventional silicon micromachining technology to open a window and expose the interface 
side of the diamond. The Fabry-Perot cavity is then formed as an optical fibre is anodically 
attached to the silicon surround. As pressure is applied to the front face of the diamond 
membrane it deflects, thus causing the cavity length to change. As low coherence light is 
passed up the optical fibre, the change in the cavity length causes a change in the light's 
reflected component and this change may be measured using an interferometer.

The enhanced stiffness that diamond membranes provide in comparison to other materials 
is being exploited by "hi-fi" manufacturers. Sony (Feldman [1991]) have reportedly used 
diamond coatings in "hi-fi" tweeter domes. Minimum mass and maximum stiffness are 
needed in this application for a suitable high frequency response.

2.7.5 Electronic devices

From the earliest stages of thin film diamond development, both passive and active 
electronic devices have been viewed as ultimate application aims. Boron doping (reviewed 
in chapter 5 of this thesis) has provided diamond with finite conductivity. The realisation of
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n-type conductivity in diamond has proved more elusive. Prins [1983] provides a summary 
of this.

The reasons for choosing diamond to construct electronic devices from are many; devices 
made from diamond may function at elevated temperatures and within hostile 
environments. Diamond's inertness also confers upon it non - toxicity within a living tissue 

environment, and therefore structures constructed from diamond may be incorporated into 

biological tissue either permanently (artificial joints) or temporarily (radiation detectors).

2.7.5.1 Photodetectors

To generate an intrinsic photoconductive response from diamond requires light with a 
wavelength of < 225 nm which corresponds to the deep ultraviolet (UV) region of the 
spectrum, since diamond has a band gap of 5.45 eV. An ideal deep UV photodetector will 
display little extrinsic photoconductive responsivity ( extrinsic responses arise due to 
defects within the diamond structure). Obtaining such an ideal from a CVD diamond film 
requires very careful device design; McKeag [1997] constructed such a structure with 
visible blind characteristics and significant photoconductive gain. The latter attribute is 

useful under single event, or low light level photodetector applications and would eliminate 
the need for photomultiplier apparatus. Moreover, the device still displayed excellent UV- 
visible discrimination when heated to over 350 °C.

2.7.5.2 Radiation detectors

The drawback of using diamond as a radiation detector in the past has been that the degree 
of photoconductivity of different diamond films was never consistent. Keddy and co
workers [1988] first suggested how this could be overcome and how the irradiation 
experienced by the diamond detector could be quantitatively measured. The diamond is 
damaged by irradiation; an anneal to around 300 °C causes some or all of the damage to 
anneal out of the diamond, and some of the energy associated with the damage is emitted as 

luminescence (chapter 9). Thus the integrated intensity of this light gives an indication of 
the total dose of radiation the diamond has received. The usefulness of diamond in this 
application is that diamond has nearly the same absorption cross-section to that of human 

tissue. Diamond's inertness to attack from living tissue fluids, non-toxicity and ability to be 
sterilised have been seen as deciding factors in the choice of this material within medical 
physics.
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2.7.5.3 Heterojunction devices

Combining diamond with other semiconducting materials may offer the potential for 

constructing a pn heterojunction. This would allow a wide range of electronic functions to 

become feasible, which may not have been the case if solely diamond was used. It solves 

the problem of achieving n-type diamond. Devices such as Junction field effect transistors, 
or solar cells from diamond may be realised, pn heterojunctions have been fabricated by 

workers at Osaka university (Sugino [1996]); n-type GaAs was bonded to p-type diamond 
following exposure of the GaAs surface to an oxygen plasma. The surface bonded together 

with van der Waals forces upon the departure of residual water from the surface, forming a 
rectifying junction. There is also scope for such junctions with n-type CVD 3C silicon 
carbide deposited on to silicon and p-type diamond.

2.7.5.4 Surface acoustic wave filters

Surface acoustic wave (SAW) filters are used as radio frequency band pass filters for 
mobile communications, resonators and delay lines. SAW devices conventionally consist 
of bulk piezoelectric crystals e.g. LiNbC>3 , with phase velocities up to 4.5 km/s.

As the operating frequency is equal to the SAW velocity/wavelength, interdigitated 
transducers made from low velocity material must undergo advanced lithography in order 
to produce feature sizes capable of operation in the GHz range. If piezoelectrics were to be 
combined with high velocity substrates, higher frequency devices with lower scale 

interdigitated feature sizes may be realised.

Sumitomo Electric have made SAW devices using a ZnO/diamond system and velocities of 

up to 10 km/s. Frequencies of up to 3.5 GHz have been recorded for this system which 
uses 0.75 (im interdigitated transducers. Obtaining the same frequency from conventional 
bulk crystals would have needed quarter micron lithography.

2.7.5.5 Field emission

In recent years diamond has been viewed as a potential material for fabricating flat panel 
displays. There are a number of flat panel display technologies both under development and 
in current use. Diamond's ability to field emit, coupled to its chemical inertness has made it 
the hub of intense research into this application. One of the most important advantages of 
using diamond as a field emitting material is that micromachining costs may be completely
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eliminated if diamond can successfully display stable field emitting properties from an as- 
grown film. This reason, along with others, motivates the development of this technology. 

Chapter 7 of this thesis presents a fuller account of diamond as a field emitting material.

2.8 SUMMARY

The future of CVD diamond applications, particularly within electronics, will depend upon 

three factors (Chalker [1996]); cost, new niche markets, and integration into existing 

technologies. If the cost of producing CVD diamond reduces by one or two orders of 
magnitude, then it will be as cost - effective a material as existing ones. The second factor, 

new niche markets, are already emerging e.g. diamond for field emission displays, thermal 
management. The income from these markets may be re-invested into developing CVD 
diamond production equipment thus directly addressing the cost factor. Finally, if diamond 
can be integrated into existing technologies such as silicon, the issue of scale-up may be 
resolved, thus increasing yield and lowering device costs making CVD diamond for 
electronic devices a reality on a large and routine scale.
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OUTLINE

This chapter describes in detail the theory and practice of the qualitative and quantitative 
characterisation techniques used throughout this thesis. Many of the techniques described 

are regarded as the "workhorses" of characterisation within the area of diamond 

technology, such as Raman spectroscopy and Scanning Electron Microscopy (SEM). 

Others are more specialised analytical techniques which are used to investigate one 
particular area, or characteristic, of diamond; e.g. Auger Electron Spectroscopy (AES) and 
Photoluminescence Spectroscopy (PLS). A number of the techniques described only 

operate within a vacuum and therefore the vacuum system which has been designed and 
used for such purposes is described and explained.

The chapter begins with an account of the bulk characterisation techniques used; this is 
followed by surface characterisation techniques and the design and theory of the vacuum 
chamber used for setting up these techniques. Finally the methods for modifying the 
surface of thin film diamond are touched upon.

3.1 INTRODUCTION

The following analysis techniques have been used throughout this study to observe the 
changes in both the surface and the bulk material of polycrystalline CVD diamond after 
modifications have been attempted. Much of the material characterisation results have been 
used to complement the results of the surface analysis techniques and vice-versa. The 

techniques are well-documented, having a broad area for application. Certain techniques, 

e.g. Raman spectroscopy, show up in their results features that are characteristic of 

diamond. Throughout this work operating stability of the characterisation techniques has 

been strictly ensured.

3.2 MATERIAL CHARACTERISATION

3.2.1 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic techniques which examines the energy 

levels of molecules by observing the light scattered by them (Atkins[1978]). As it uses 
light, it is free of charging effects which may occur in electron or ion based spectroscopic

34



j .  jj/Ajj^imicnuu ixicuiuu-d

methods. When a beam of light passes through a medium, a certain amount of light is 
scattered. This scattered light can be investigated by making observations perpendicular to 
the incident beam. Most of the light is scattered without an accompanying change in 
wavelength. This is known as Rayleigh scattering. If, however, monochromatic incident 

light is used, a small amount of the scattered light may have wavelengths above or below 

that of the incident light. This, the Raman effect, is the result of the interaction between a 

molecule (or phonon) and a photon. If the photon experiences a perfectly elastic collision 

with the material, it is reflected with no change in frequency. In this case radiation is 

emitted in all directions with an intensity inversely proportional to the fourth power of the 

wavelength, therefore shorter wavelengths are more prominent in scattered light.

In an inelastic collision, energy is exchanged between the incident photon and the molecule. 

The photon may give up a proportion of its energy to excite a lattice phonon and thus 
emerges with a lower energy. Photons such as these which contribute to the lower 
frequency area of a Raman distribution give rise to Stokes lines. Conversely, photons may 
gain energy from the interaction and the emergent beams are of higher frequency than the 
Rayleigh line. These lines are termed Anti-Stokes. Anti-Stokes lines may arise if the 
molecules within the lattice are initially in an excited state and lose energy to the incident 
photons.

The advantage of Raman spectroscopy is that it is not necessary to operate at a specific 
region of the light spectrum, unlike infrared spectroscopy for example. The region is 
governed by the choice of incident light frequency, and therefore Raman analyses may be 
performed in the visible region.

A Raman scattering system would typically consist of the following components: (i) laser 

excitation source; (ii) optical system for illuminating the sample and collection of scattered 

radiation; (iii) monochromator; (iv) detector and recording device. In the course of this 

study, a commercial Renishaw System 2000 Raman spectrometer with He-Ne (632.8 nm) 
red light excitation was used for all Raman investigations. The incident radiation is directed 
onto the sample and scattered radiation is collected via a commercial microscope. Typical 
light spot sizes used were of the order of 100 pm. Figure 3.1 shows that the scattered light 
from the sample, after being collected via the microscope, is analysed by the Raman 
spectrometer, consisting of a monochromator (range selector) and a spectrograph. The 
output from the spectrograph is passed into the multichannel detector and this gives a plot 
of optical intensity at each component frequency.
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Figure 3.1 Schematic diagram of Raman microprobe system [Redrawn from Huong [1991])

Diamond and related carbon materials have strong, recognisable Raman "signature" 
spectra. This, coupled with the non-destructive nature of this analytical technique, which 
has no vacuum requirements and minimal sample preparation, has made it a real 
"workhorse" for the identification of diamond (Knight [1989]). The first order Raman 
spectrum of natural diamond has been demonstrated to show an explicit single intense line 
at 1332 cm -1 at room temperature. This differs significantly from other carbonaceous 
materials. This peak has been excited using 632.8 nm radiation at a range of temperatures 

between 300 to 15 K by Solin [1970]. Its line position and linewidth was observed to shift 
from 1332.5, 1.65 cm -1 to 1333.3 cm-1, 1.48 cm -1 respectively. The Raman scattering 

efficiency of graphite has been found to be 50 times greater than that of diamond (Wada 

[1981]) at room temperature. Indeed, these workers were content to use the 1332 cm -1  

diamond line as standard to measure other Raman efficiencies against. Sails and co workers 
[1995] report that the use of He-Ne laser radiation enhances the Raman bands of non
diamond carbons and therefore may be used as a more sensitive tool in the evaluation of 
diamond.

Figure 3.2 shows the differences which may occur from using different diamond 
deposition conditions. The peak position and its width has been seen to depend on the 
preparation conditions of the films (Knight [1989]), quality of structural order, the 
presence of internal stresses (stresses will cause a positive shift in the 1332 cm -1 line), and 
defect densities.
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F igure  3.2 Raman spectra of several diamond films on silicon substrates, showing improved quality 
with depositional conditions. The band at 520 cm'1 is due to the silicon substrate, (a) 0.5 
% CH4, 80 Torr, 980°C; (b) 1 % CH4, 80 Torr, 990°C; (c) 1.5 % CH4, 40 Torr, 970°C;
(d) 2 % CH4, 80 Torr, 1200°C. (Adapted from Knight [1989])

Using Raman spectroscopy for depth analysis is a limited technique which depends on the 
penetration depth of the laser light into the sample material and also on the sample 
material's extinction coefficient. The characteristic depth to which the exciting radiation 
reaches 1/e of its initial intensity is given by (Tsai [1987]);

where X is the wavelength of excitation and k is the extinction coefficient of the sample 

material. The high value for the extinction coefficient in carbon materials limits the 
penetration of the excitation radiation to within tens of nanometres of the surface; k « 1 0 ' 1 - 

10° at 632.8 nm for amorphous carbon and graphite (Tsai [1987]) and k ~ 10- 6  for 
diamond. Therefore Raman spectroscopy may be considered a surface probe technique 

when looking at non-diamond carbon, but a bulk characterisation technique when 
observing diamond.
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3.2.2 Photoluminescence Spectroscopy

Amongst material and semiconductor characterisation methods, optical techniques stand out 
because they require little sample preparation and no electrical contacts need be prepared 

(Perkowitz [1993]). The optical beam is easily manipulated and hence different parts of a 

structure may be examined at spatial resolutions determined by the wavelength of light 

used.

Semiconductor materials may contain innate defects; point defects, line defects, area defects 

and volume defects. As well as these, foreign atom impurities may be introduced 
unintentionally during material growth or present as dopant atoms. Any of these 

imperfections will perturb the crystal structure and give rise to energy levels within the 
energy band gap (Maracas [1989]). The concentration of the shallow levels created by these 
defects can be characterised by optical techniques such as photoluminescence (PL). In 
photoluminescence, the incoming photon carries negligible momentum compared to that of 
the electron, therefore the absorbing electron gains energy without changing its wave 
vector. This situation leads to an electronic transition from valence to conduction band in a 
direct bandgap material: no change in momentum is required. However for an indirect 
bandgap material, in order to transit the gap the absorbing electron acquires the additional 
change in momentum by interacting with a phonon.

The primary light source for PL may be any laser whose photon energy surpasses the 
energy of the band gap of the material under observation, or indeed the minimum energy 
required to produce a radiative transition from that material. Figure 3.3 shows the set up 
used to perform PL in this study.
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Figure 3.3 Photoluminescence arrangement with laser, sample (cryostat not shown), monochromator 
and detector, chopper to modulate the light for lock-in detection, filter blocking laser 
light, and single grating monochromator.

The Ar+ laser used was set to 476 nm (blue) light. From the source it initially encounters a 
dispersal grating followed by a mirror at a distance of 2 metres. When used with the 
aperture, this set up acts as a narrow band pass filter. Light then passes through a chopper 
for modulation to allow amplified lock-in detection. Before reaching the sample, the light 
passes through an aperture and focusing lens. The sample itself is either mounted within a 
Janis cryostat at 70 K, or more simply vacuum-mounted in the line of sight of the laser 

light at room temperature. The resulting fluorescence from the sample is collected by a 

arrangement of collection lenses and filter before entering the monochromator which selects 
the wavelength to transmit to the detector.
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3.2.3 Secondary-Ion Mass Spectroscopy

Ions which are incident on the surface of a sample are able to break chemical bonds, eject 
atoms, molecules and molecular clusters readily due to their large mass when compared to 
electrons. The ejected species are by and large neutral; however the ion impact may cause a 

number of these ejected particles to ionise (Somorjai [1994]). The detection of these ionised 
particles is called secondary-ion mass spectroscopy (SIMS). This technique is popularly 

used to characterise foreign atoms within thin film materials. The sputtered yield (number 

of sputtered atoms per incident primary sputtering ion) is dependent on the sample's 
crystallographic orientation, sample nature, ion energy and incidence angle of the primary 
beam. Roughly 1-2 % of the sputtered population is ejected either as positive or negative 

ions. This yield of ions may also be influenced by the choice of primary ion; 
electronegative ions such as oxygen (C>2 +) are used to detect electropositive elements, 
whereas electropositive ions such as caesium (Cs+) are used for electronegative elements.

SIMS may be operated in two modes; at a low sputtering rate (0.1 nm/h) it provides surface 
analysis: this technique is known as static SIMS. At higher primary ion energies (~ 10 
pm/h) dynamic SIMS may be used to monitor specific elements as a function of depth.

There is also a third mode of use: imaging SIMS. This relies on one of two factors; either 
the resolution of the ion beam itself or the ability of the spectrometer to retain spatial 
information as the secondary ions pass through a magnetic analyser. In the first situation, a 
very fine sub micron beam of ions is rastered across the surface. From that, one particular 
sputtered fragment is monitored and a chemical map of the surface may be constructed. The 
alternative, more widely used method is known as ion microscopy. The entire field of view 

is imaged simultaneously in the chosen ion species. In this mode, the spatial resolution 
obtainable is defined by the size of the apertures in the ion beam optics. The spatial 
resolution of this type of SIMS is independent of primary beam size. In this respect it may 
be considered as being analogous to a light microscope.

During this investigation, SIMS was employed in order to obtain a quantitative profile for 

boron content within boron doped CVD diamond. The field emitting properties of these 
samples, which were found to be doped to varying degrees, were observed; a selected 

mass (from the secondary ion yield) is plotted as a function of sputtering time. The absolute 
concentration may then be calculated by comparison to a set standard such as an ion 
implanted control sample.
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There is currently no universal theory explaining secondary ion emission. A number of 
theories exist; the kinetic emission model (Joye [1969]), the autoionisation model (Blaise 
[1979]), surface ionisation model (Antal [1976]) and the bond-breaking model (Lu 
[1978]). A common factor in all of these models is that they all predict an exponential 
dependence of the secondary ion yield on the ionisation potential (positive ions) or the 
electron affinity (negative ions). The secondary ion yield of a particular element depends on 
its chemical environment. An example of this is that the yield of Si+ from silicon 

bombarded with 5 keV Ar+ is 2500 times lower than the Si+ yield from SiC>2 under 

identical bombardment conditions. This is an example of a matrix effect. The presence of 
electronegative species present in the matrix enhances the positive ion yield and a similar 

enhancement for negative ions has been seen when electropositive species are present 
(Janssen [1991]).

3.3 SURFACE CHARACTERISATION

3.3.1 Thermal Desorption Spectroscopy

TDS has been used extensively to characterise the energetics and stoichiometry of surface- 
adsorbed phases. This ultra high vacuum technique is simple and provides the experimenter 
with a great deal of information; the sample is initially exposed to an adsorbate species. The 
sample is then subject to a temperature ramp. As the sample's temperature rises, desorbing 
species are monitored using a Quadrupole Mass Spectrometer (QMS). The temperature 
ramp heating cycle for TDS experiments should be linear with respect to time;

T = T0 + p t  (3.2)

where T is the temperature at any moment in time, t, To is the temperature of the start of the 
sweep and (3 is the heating rate. The temperature rise must be uniform across the whole 

sample surface to ensure even desorption. The pumping speed of the chamber has to be 
sufficient to prevent re-adsorption during a heating cycle and remove desorbing species that 
are not immediately detected by the QMS: any delay in detection time may be enough time 

for desorbed products to undergo further chemical change. As long as the vacuum chamber 

is maintained in this state, the partial pressure increase of a species against the background 
pressure is proportional to the rate of desorption of that species from the surface. Therefore 

a plot of the partial pressure vs. temperature for that species yields a desorption trace. The 
area under a desorption trace plotted against time or temperature for a linear heating rate, is 
proportional to the amount of adsorbate present at the start of the desorption temperature 
ramp. Different binding states for a given adsorbing species may be present, each with its
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own binding energy, therefore several peaks may be observed in one desorption trace. An 
analysis of the peak profiles will also reveal information on the reaction order of the 
desorption process. From such information the nature of the initial adsorption, whether it is 
dissociative or non-dissociative, may be obtained.

TDS is most commonly used to determine the binding energy of adsorbates. This value 
may be achieved since the adsorption at surfaces is often non-activated hence the enthalpy 

of adsorption can be roughly equated to the desorption activation energy. The rate of 
desorption of a species is assumed to be;

where v  is termed the frequency factor and is typically estimated to be 1013 s_1 (King 
[1975]), N the surface concentration, n the reaction order and Ea is the desorption 

activation energy. It is assumed that u, n and E are independent of N.

Ideal desorption traces have also been proposed by Redhead for equation 3.3 for different 

reaction orders;

For zero order desorption, n = 0, the desorption trace increases exponentially with 
temperature until the peak maximum. The rate then drops instantaneously to zero. The 
curves for differing coverages have the same leading edge; the peak temperature Tp 

increases with increasing coverage.

For fractional order desorption, 0 < n <1, the peak temperature again rises as surface 
coverage increases, however the curves do not share common leading edges. Also, the 
drop after the peak maximum is not instantaneous.

For first order desorption, n = 1, an asymmetric desorption profile is observed, and the rate 
of maximum desorption is independent of coverage.

For second order desorption, n = 2, the desorption profile is almost bell shaped . The peak 

maximum increases as the surface coverage increases.
Figure 3.4 shows idealised cases for desorption.

(3.3)
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Figure 3.4 Ideal TDS curve shapes for zero, first and second order desorption reactions plotted as a 
function of coverage. (Adapted from Jackman [1986])

For first order desorption, the rate of maximum adsorption is independent of coverage and 
n = 1 (Redhead [1962]). For this type of first order desorption, the Redhead formula may 
be used to calculate the desorption activation energy.

E t>TD 
“ = In—-*--3 .64 (3.4)

RTp p
where Tp refers to the peak temperature in the desorption trace profile.

The surface lifetime of an adsorbed species can be found from 

t = t 0exp(Ea / RT) (3.5)

where to is the vibrational frequency (assumed to be 1 0 ' 13).

For second order desorption kinetics, the Redhead equation may be still used if the peak 
temperature is taken from a low coverage desorption case.
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In reality it is not uncommon to have a deviation in the desorption rate from equation (3.4) 

and hence experimentally determined desorption spectra show large deviations in behaviour 
from their predicted ideal model. One reason for these deviations derives from lateral 
interactions, either attractive or repulsive, present in the adlayer (Jones [1979]). Another 
further cause for deviation from the ideal arises from a transition in the binding energy 

states of the adsorbants when a linear temperature ramp is applied to the substrate; the 
binding energy states which are deduced using TDS are more often related to an energy 

state occupied at Tp, rather than an occupied state at a lower temperature.

3.3.2 Electron Stimulated Desorption

Electron stimulated desorption (ESD) has long been used as a technique for understanding 
the fundamental excitation and energy transfer mechanisms at surfaces (Menzel [1982]). It 
is also a useful method for elucidating details about surface species. Electron stimulated 
desorption processes have been observed to lead to the absorption of ground state neutral 

atoms and molecules and under certain conditions they may promote the desorption of 
ionic, neutral atomic and molecular species. Positive ions have been observed to desorb, 
and binding states have been seen to transform.

A model for ESD was developed for a circular electron beam of radius a, with a uniform 
power input per unit area W, impinging on an infinite solid slab of thickness L and thermal 
conductivity K. One side of the slab is maintained at To- If a simple model is considered in 
which no lateral conduction is assumed, then the temperature rise AT will be given by:

A T  = W L / K  (3.6)

In an infinite slab, lateral conduction is important and equation (3.6) becomes:

A T  = ( W L / K ) S  (3.7)

where S(< 1) is the lateral conduction factor. For a small beam, as is typically used in a 

surface science experiment (Baker [1975]), S ~ a/L.

For high beam densities, significant temperature rises have been reported on glasses and 
metals, but many of the effects mentioned above have occurred at low power densities of 
10-3  to 10-5  W/cm2. At these power levels, surface heating would be too low to cause any 
measurable thermal desorption. Therefore these effects are a direct result of electronic 
excitation of surface species.
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Two mechanisms have been proposed to explain the process of ESD. The first has been 

termed the RMG model (Redhead [1964], Menzel [1964]). Essentially, this model portrays 
the incident beam exciting a bonding electron into an antibonding or non-bonding state 

(Franck-Condon excitation). This results in the effective potential between surface atom 
and solid becoming repulsive, hence the atom desorbs. The case of desorption of charged 

species, e.g. 0 +, would require the transfer of 2 or 3 electrons, as it is bonded with a 
charge of -1  or -2 .

The KF model, first discussed by Knotek and Feibelman [1978], portrays core ionisation 

of a surface atom, caused by electron impact, being followed by an interatomic Auger 
decay. This leads to electronic charge changes on the surface species and the process 
should be favoured in highly ionic metal oxides where the very low valence electron 
density on the metal ion will lead to interatomic Auger decay being more rapid than intra- 
atomic decay.

ESD may be employed as a surface probe by measuring the loss of a species from the 
surface following electron impact. This yields information about the cross section of the 
desorption process. Obtaining two different cross sections for the desorption of one 
particular surface species suggests that that species exists on the surface in two different 
binding states. Information may also be gleaned, using this method, about the binding 
strength of an adsorbate on different substrate surfaces.

The rate of ESD of a species from a surface may be monitored by measuring the 

concentration of a species in the gas phase as a function of exposure to a probe electron 

beam. An alternative method used, if AES is employed, is to measure the intensity of a 
given Auger peak as a function of exposure time to a defocused primary electron beam 
(section 3.3.4). The defocusing reduces the power density of the beam. The surface 
concentration of a species may be written as;

x  = x nexp\ -<Jnt
0 \  )  (3.8)

where n* is the electron flux (m“2 s '1) and cr the cross section for desorption (cm2). 

Therefore a plot of In (AES pk-pk intensity) for x vs. time will yield a straight line of slope 
-an*.
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3.3.3 Scanning Electron Microscopy

As the name suggests, scanning electron microscopy uses electrons rather than photons as 
its incident energy source. The result of this is nanometre resolution SEM images, far 
higher in magnification than any light-based microscope. A fine beam of electrons is 
scanned across the surface of the sample simultaneously with the spot of the display 

cathode ray tube. As the electron beam moves across the surface, a detector measures the 
intensity of a secondary signal from the sample (i.e. secondary electrons; x-rays, Auger 

electrons and photons of various energies may also be present) and the brightness of the 

CRT spot is governed by the amplification of the detected signal. Therefore if the intensity 
of the initial secondary signal fluctuates, so too will the CRT image. Fortunately SEM 
images are easy to interpret, having light and dark shaded areas which give depth and 
contrast to the image (Chescoe [1989]).

For this study the SEM used was a commercial Hitachi S-800. This has as its electron 
source a field emitting tip made from a single tungsten crystal polished to 1 0 0 0  A radius of 
curvature, and upon applying a field of several kilovolts, emission intensities of the order 
of 105 A cm -2  may be obtained, which is five orders of magnitude higher than current 
densities from thermionic sources such as tungsten filaments. The electrons pass from the 
tip to the anode and are then accelerated by the second anode voltage. The electron beam, 
after acceleration via the second anode voltage is only 1 0 0  A in diameter, which bodes 
favourably for ultimate image resolution. Once past the second anode, the beam is focused 

using a series of electromagnetic lenses. These operate by setting up an electromagnetic 
field around the optical axis, easily achieved by winding a coil around the optical axis. 

However, the extent of the field needs to be limited in order for the coil to act as a thin lens, 
therefore an iron yoke and pole pieces are strategically positioned around the optical axis 
and restrict the field to a "small lens" region. Lens aberrations or distortions may cause the 

electrons of the beam having varying degrees of energy to focus at different points along 
the optical axis. This affects the resolution of the image as higher energy electrons are 
brought to focus further away from the lens than those with less energy. Astigmatism is a 

situation which occurs of the lens’ field around the optical axis is not exactly symmetrical 

and parts of the same image are as blurred out as others are sharply focused. Astigmatism 
may arise from dirt building up in the optical column and apertures, and may be corrected 
using quadrupole or octupole electromagnetic coils; electromagnets in sets of four or eight 
respectively arranged around the optical axis.
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Figure 3.5 Schematic of the operation of an SEM

Saparin [1994] has carried out an extensive investigation of how CVD diamond films may 
be characterised using SEM. The aim of the investigation was to "show that investigations 
of the morphology, crystallinity and local cathodoluminescence emission of CVD diamond 

films by SEM led to correlative information about the quality of these films in comparison 

with natural diamond." (Saparin [1994]) Particular facets and microcrystals are easily 
recognised using SEM. The technique can thus be used to observe morphologies at 
different stages of diamond growth and the orientation of the film growth.

3.3.4 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is now one of the most widely used surface analytical 
techniques. It was developed in the late 1960's when ultra-high vacuum technology became 
commercially available. High spatial resolution is achieved in AES and this has made it 
popular for the study of semiconductor structures and investigation into the role of trace 
impurities in the intergranular fracture of metals.
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Auger electron spectroscopy, like SEM, is another technique which makes use of 
secondary particles from the sample's surface. AES can give both quantitative and 
qualitative information about the surface by analysis of non radiative secondary Auger 
electrons (named after their discoverer, Pierre Auger (Chan [1996])). A sample is irradiated 
with an electron beam; core electrons from the sample are subsequently ejected in much the 
same way that an X-ray beam causes core electrons to be ejected during X-ray 

photoelectron spectroscopy (XPS). Once an atom is ionised (via any of its energy levels) it 

must return to its ground state; it does this through two modes of relaxation; (i) an electron 

transition from an outer level to the core vacancy followed by the excess kinetic energy of 
the system being emitted as a quantum of characteristic X-ray radiation, restores ground 
state; (ii) instead a quantum of characteristic X-ray radiation, a second electron, an Auger 
electron, is emitted in a radiationless manner, having a energy characteristic of the type of 
atom it ejected from. This now renders the system doubly positively charged. Radiative 
decay and Auger transitions are competing processes; however, relaxation via Auger 

transitions is favoured over X-ray fluorescence for shallow core levels. Photon emission 

only dominates when the core hole is deeper than about 10 keV. The electron escape depth 
for Auger electrons is of the order of three atomic layers. Electrons possess shorter mean 
free paths than photons, thus Auger electron emission is an efficient means of analysing the 
surface only. Figure 3.6 depicts a collection of inelastic scattering electron mean-free-paths 
for various materials as recorded by Seah and Dench using the "overlayer technique".
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Figure 3.6 Collection of experimental determinations of inelastic scattering electron-mean-free paths 
as a function of energy (adapted from Seah and Dench [1979]).
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Auger transitions are classified on the basis of the energy levels involved in the process; the 
core hole's position is quoted first followed by the level of the relaxing electron, and finally 
the level from which the Auger electron is excited. Figure 3.7 depicts schematically the 
Auger electron emission and x-ray photon emission.

K.E

/  X-ray 
radiation

-Et

-Ei

F igure  3.7 Energy level diagram showing the filling of a core hole in level A, giving rise to (X-ray) 
photon emission on the left, or Auger electron emission on the right. The levels are 
labelled with their one-electron binding energies. (Adapted from Woodruff and Delchar [1994])

In the case of an Auger transition, the Auger electron's kinetic energy is given by;

K.E. = EA - EB - EC (3.9)

A transition involving a Is level as A and 2 p levels as B and C (having the same energy) 
would be labelled as a KL2 3 L2 3  transition. If the shallow levels are in the valence band of 
a solid the atomic notation becomes KVV.

The previous equation does not give an exact description of the K.E of the ejected Auger 

electron. The true K.E. of the Auger electron is the energy difference between a one-hole 

and a two hole binding energy state. The following equation describes more accurately the 
kinetic energy of the Auger electron;

K.E. = EA - EB - EC - U (3.10)

where U is the hole-hole interaction energy. U can be divided into two terms:



J .  J_ /A p C I ll l lC U lu .1  111C U 1U U S

where H is the hole-hole interaction energy in a free atom, and P takes into account any 
extra-atomic, screening polarisation or relaxation effects from the surrounding solid state 
environment. Indeed, Auger line shapes and the energy positions of specific species do 
indicate different chemical environments. Figure 3.8 clearly exemplifies this, showing the 
gas phase electron excited carbon KVV auger electron spectra from methane, ethene, and 

acetylene.

Auger spectra are more usually depicted in the differentiated form with respect to energy, as 

in figure 3.9. In this mode, a better signal to noise ratio is achieved; the large secondary 
electron background is suppressed and peaks are enhanced. Figure 3.10 shows 

differentiated and undifferentiated spectra for copper. The differentiation of the signal is 
achieved by applying a small a.c modulation to the analyser and comparing the output at the 
channeltron electron detector. The signals are compared by way of a lock-in amplifier and 

the resultant signal is displayed as the differentiated spectrum.

CH4

0

2

o
E

180 220 260 300

Electron energy, E (eV)

Figure 3.8 Gas phase electron excited C KVV Auger electron spectra from CH4, C2H4, and C2H2 
characteristic of single, double and triple C-C bonds, (adapted from Rye [1979])
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It is now standard practise to consider the energy of the peak minimum of the differentiated 
spectrum as being the signature for the element being analysed by Auger. Most handbooks 
having Auger electron spectroscopic data cite this peak energy. In fact, the actual energy of 
the Auger transition is more likely to be the value of the midpoint of the differentiated peak, 
however obtaining this value becomes troublesome when peaks appear close together.

SiC

Graphite

Diamond

250 300200
Electron energy, E (eV)

Figure 3.9 Derivative C KVV Auger electron spectra from two carbides, graphite and diamond. 
(Adapted from Haas, Grant and Dooley [1972])
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Figure 3.10 (a) Underived and (b) Derived wide scan Auger spectra for copper.

In the course of this study, AES was carried out in an ultra-high vacuum (UHV) chamber, 
achieving base pressures of < 5 x 10- 1 0  Torr after a bake-out routine. The chamber was 

equipped with a Varian 981-2707 cylindrical mirror analyser (CMA) for electron energy 
separation and an integrated electron gun. The following figure 3.11 shows the 
experimental set up used. The CMA consists of two concentric metal cylinders. The outer 

cylinder is connected to a negative voltage of V c m a -  Electrons emitted during sample 
exposure to the electron gun are passed through the annular slit A, the acceptance angle 
being about 42°, and depending on the applied repelling voltage Vcma> will escape 
through slit B and be detected by the channel electron multiplier. The primary electron 

beam's energy must be chosen so that it gives adequate excitation of the Auger peaks and 
spatial resolution. Primary electrons used to create the initial core vacancy can vary in 

energy (~ 1 . 5 - 5  keV) and also in number (1 - 100 |iA). In this study, the energy of the 
primary electron beam was set at 2.8 keV and beam current at 1 jiA to minimise electron- 

stimulated degradation of or desorption off the sample's surface. The samples are mounted 
on tantalum clips attached to steel arms enabling the sample to be heated resistively. The 
sample temperature was recorded using a K-type alumel/chromel thermocouple spot- 
welded onto a thin tantalum strip which was positioned flat against the back of the sample.
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Figure 3.11 Schematic of the AES system with CMA and integrated electron gun.

The sample is positioned optimally, in accordance with the manufacturer's design, so that 
the primary electron beam strikes the sample at a point roughly 1.25 cm from the face and 
on the axis of the CMA head.

The electron gun may be focused using a series of electromagnetic lenses. In this particular 
model, other electron beam parameters are designed to remain stable as the beam energy is 
varied, therefore simplifying the Auger data-taking.

At primary beam energy a sharp peak is seen due to electrons that have been elastically 
scattered back out of the specimen, without energy loss. If the specimen is crystalline then 
these electrons will carry diffraction information which is exploited in techniques such as 
LEED and RHEED.

Electrons which are backscattered non-elastically have lost energy due to, for example, the 
excitation of a plasmon. At the other end of the spectrum is the large peak of low-energy 
secondary electrons. The crossover point from mostly back scattered primary electrons to 

secondary electrons occurs at a few hundred eV. The crossover point moves to higher 
energies as the primary beam energy is increased. The secondary electron spectrum is made 
up of two major components: the back-scattered primaries and the low energy secondaries. 
The secondary electrons are very sensitive to the surface topography of the sample and this 
is important in the process of SEM analysis at the point when the sample is placed in the 
airlock and contaminants begin to desorb off it. The image darkens obviously.
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The intensity of the Auger signal and the area of surface from which it comes is determined 

by the near surface ionisations produced by the exciting electron beam. For Auger peaks 
with energies in the region of 100 eV, the inelastic mean free path is close to a minimum of 
two monolayers with the result that the Auger signal is dominated by atoms of the outer 
surface.

It has been seen that the yield of secondary electrons increases with a decrease in incident 

angle. Surrounding areas under the specimen may be charged by scattered electrons.

There have been a number of AES investigations of the diamond surface (Lurie [1977] Pate 
[1986]). The characteristic derivative spectrum peak minimum falls around 268 eV. Figure 
4.6 in chapter 4 compares high resolution spectra of diamond surfaces which have been 
subjected to various cleaning treatments. Spectrum (iii) of that figure is the definitive shape 
for the Auger spectrum of good quality diamond.

3.3.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), like AES, provides information about the 
elemental composition of surfaces. Electrons of a surface atom are excited into vacuum by 
means of x-rays. The ejected photoelectrons have a kinetic energy Ekin equal to

Ekin ~ h i)" Eb (3.12)

where hv  is the energy of the incident X-rays and Eb is the binding energy of the ejected 

electron. Two frequently used X-ray sources in this technique are (i) anode material e.g. 
Mg or A1 and (ii) synchotron radiation.

Conventional X-ray sources rely on the bombardment of a solid target with high energy 

electrons creating a spectrum of lines associated with the filling of core holes upon a 
bremsstrahlung background. Mg and A1 are favoured as they have a low bremsstrahlung 
background and narrow characteristic line emission. These are also chosen for this purpose 
due to their low outgassing tendency, an important consideration if such a source is to 
function under UHV conditions: the energy fed into such a target by high energy electrons 
is considerable making it necessary to cool the target, a task performed far more easily if 
the target is a good conductor of heat.

In case (ii) when high energy electrons are accelerated to energies of 1 to 6  GeV, 
electromagnetic radiation is emitted in the 10 to 104  eV energy range. Continuous radiation

54



d . cxpei mieiiiai ineuiuus

over this range has intensities five orders of magnitude higher than conventional X-ray 
tubes. This provides a very powerful tool to probe the electronic structure of atoms and 
molecules (Somorjai [1994]). The value of the Ekjn term in equation 3.12 is modified by 
several atomic parameters associated with the electron emission process.

XPS can be used to provide detailed information on the oxidation states of element at the 

surface. As a result of changes in the chemical environment, binding energies of core level 

electrons concurrently fluctuate. The energy shifts of the core electrons are very closely 
related to charge transfer events in the outer electronic level therefore by examining the 

energy states of the core levels it is possible to determine information on the valence state of 
the element, for example, the oxidation or loss of an electron from an element is usually 
accompanied by an increase in the binding energy Eb of the core electrons.

AES and XPS are by far the most commonly used surface analytical techniques. They are 
similar in that they have virtually the same sensitivity to all chemical species except 
hydrogen and helium. The use of AES will more likely lead to sample surface damage than 
XPS. AES employs high intensity electron beams as a surface probe leading to greater rate 
of damage to the sample but conversely it is faster and more sensitive than XPS precisely 
due to the higher incident fluxes it uses. Table 3.1 compares some of the major features of 
XPS and AES.

Aspect of analysis XPS AES
Species identification and sensitivities + +

Absolute sensitivity - speed of analysis - +
Spatial resolution - imaging X +

Low damage + -

Quantification + -

Chemical information + ?

Table 3.2 Some comparisons of XPS and AES (+ indicates a strength, x is a clear weakness, and a dash 
is "neutral").
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3.4 THE VACUUM CHAMBER EXPERIMENTAL SYSTEM

Over the period of this study, the UHV apparatus used was modified from a two chamber 
to a single chamber all stainless steel system. From the initial design, the small chamber's 

primary function was to perform hydrogen plasma etching of samples; however, a two 

chamber system proved to be too time consuming when UHV was required and a less 

elaborate reconfiguration saw the elimination of the small chamber entirely, with the plasma 

etch set-up being reconfigured on the second, larger chamber. Within this chamber, along 

with hydrogen plasma etching, AES and TDS were performed. This configuration also 
achieved UHV more efficiently, due to its reduced pumping volume.

x. y, z and rotational 
sample manipulator

J L

ion gauge >■

cold trap

®

D

r-® -1 

- ©
leak valve

R — ®

®

hydrogen gas port

pirani gauge

IT (— —

palladium finger

atomic hydrogen source

ion pump

dosing gas finger

Figure 3.12 Schematic of the UHV chamber system; R - rotary pump, D - diffusion pump
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3.4.1 Pumps

The chamber was configured with an Edwards two stage rotary vane roughing pump, an 
Edwards water-cooled diffusion pump (model E04 with a pumping speed of 800 Ls_1), 

which was housed below a liquid nitrogen cold trap, and Varian Ion pump. Additionally, 

the chamber was equipped with a titanium sublimation pump. This removes gas by 

'gettering'. Titanium is sublimed from heated filaments and deposited on the chamber 

interior. It's high reactivity ensures reaction with residual gases within the chamber, 

thereby bringing the chamber pressure down well into the UHV regime prior to 

experiments. This was used in conjunction with the final few hours of a typical sixteen 
hour bake out routine, and enabled pressures of < 10' 9  Torr to be achieved. The bakeout 
system comprised of three sets of heating elements located on the body of the chamber and 

the adjoining ion pump. The three sets were controlled individually by a relay switch 
mechanism which automatically cut off if the chamber pressure exceeded 5 x 10- 6  Torr 
during a bakeout cycle. All the ports on the chamber, whether blanked off or fitted with 
analytical probes or pressure reading gauge heads, were sealed with copper gaskets. This 
therefore ensured the bakeout compatibility of all materials within or directly connected to 
the main chamber (150 - 175°C within the chamber during bakeout).

iI

| 3.4.2 Gauges
!

Two gauges were employed to keep track of the chamber pressure. During initial 'roughing

I down', a Pirani low vacuum gauge of range 1 to 10"3 Torr, situated on a ISO-KF™
(kleinflansch) flange was employed to monitor the pressure between the chamber and

| rotary vane pump. The Pirani gauge operates on the principle of thermal conductivity
(O'Hanlon [1988]). Once the reading showed 10~3 Torr or better, the diffusion pump was 
employed bringing the chamber into the high vacuum regime (10-5  - 10-8  Torr). Ideally, a 

Penning gauge would have been the most suitable type for monitoring the pressure at this 
regime, however, cautious use of the high vacuum/ ultra high vacuum ionisation gauge 

located on the chamber allowed the pressure monitoring to continue. The operating 

principle of the ionisation gauge is based on the ionisation of gas molecules by electron 
impact. The ions which are subsequently generated in this way are collected by an ion 
collector and this positive ion current is directly proportional to the pressure in the chamber 
on the condition that all other parameters are held constant, such as temperature. In fact, the 
ionisation gauge reads particle density rather than pressure and its reading will only be 
proportional to pressure. The ionisation gauge comprised a hot filament (made typically of 
tungsten wire) supplying ionising electrons which create the positively charged gaseous
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ions. A spiral grid surrounding the central ion collector attracts the ionising electrons from 
the hot filament. The ion collector attracts the positively charged ions, giving up electrons 
as the ions are neutralised, creating a small ion current which is then amplified. The spiral 
shape of the grid ensures an even electron cloud encircling the grid. The ionisation gauge 

was fitted with two individual hot filaments thereby effectively doubling its operational 
lifetime between filament repairs.

3.4.3 Sample mounting

The sample throughout this study was thin film CVD diamond on a silicon substrate. The 

samples used in vacuum chamber analyses/experiments were cut from larger wafers. The 
samples were cut generally to dimensions of 1 x 1.5 cm or thereabouts, and unless 

otherwise stated, were degreased and acid-bath cleaned prior to insertion into the chamber. 
The sample was held in a vertical position, the diamond film facing all analytical probes as 
in figure 3.13(a). As is seen in figure 3.13(b) the diamond sample was housed within 
tantalum clips which in turn were spot-welded to stainless steel arms. These arms were 
coupled to feedthrough connections outside of the manipulator, hence allowing the sample 
to be resistively heated. When performing such heating operations, the diamond sample's 

temperature was recorded with the aid of an alumel/chromel thermocouple spot welded to a 
third tantalum clip positioned centrally on the sample between the two other clips.
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Figure 3.13 (a) bird's eye view o f UHV cham ber set up; (b) sample m ounting.
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3.5 SURFACE CLEANING AND PREPARATION

3.5.1 Acid cleaning of thin film diamond

Carbon based surface contamination is resistant to virtually all solvents and is most often 
removed by high temperature oxidation; however, such an approach also attacks the 
underlying diamond and therefore a chemically more discriminating method is required. 

One such method is to employ an oxidising solution sufficiently powerful to remove all 

carbon based contaminants as bulk diamond is resistant to all wet chemical etches (Grot 
[1990], Gildenblat [1991]). A suitable etching solution for this purpose is prepared from 
concentrated sulphuric acid, C-H2 SO 4 , saturated with ammonium peroxydisulphate, 

(NH4 )2 S2 0 8 , (also known as ammonium persulphate or ammonium hydrazine sulphate).

The basis of the chemical reaction is the oxidising power of the sulphate and 

peroxydisulphate anions, particularly extreme at high temperatures. Sulphuric acid alone at 
high temperatures is sufficiently powerful to oxidise carbon to carbon dioxide;

C + 2H2 S 0 4  = 2H20  + C 0 2 (g) + S 0 2 (g). (I)

However, to increase the equilibrium in favour of the reaction products a more strongly 
oxidising agent is used, based upon the chemistry of peroxydisulphuric acid, H2 S2 O 8 . 
Although this acid can be isolated it is much more common to use ammonium or potassium 
salts of the acid, as the anion is an extremely powerful oxidising agent;

S2 0 82- + 2 e = 2S 042_. (II)

It is necessary to heat the solution to ensure the complete oxidation of all carbon based 
contaminants and this results in the decomposition of sulphuric acid to sulphur trioxide, 

SO3 , and steam, H2 O;.

H 2 SO4  = S 0 3 (g) + H2 0(g). (Ill)

In transferring the samples to the 'rinse' solution from the acid solution an acid-alkali 

neutralisation reaction takes place with the evolution of heat and the reaction product is 

water, or where the exothermicity is sufficient to cause instant vaporisation, steam.

H+ + OH- = H2 0 . (IV)

The H 2 SO 4  / (NH4 )2 S2 0 8  solution reacts according to equations (I) and (II) above. 
However, the reaction mechanism is complex and also gives rise to hydrogen peroxide, 
H 2 O 2 , which, in common with other peroxides, (including the ammonium 
peroxydisulphate, (NH4 )2 S2 0 s) evolves oxygen upon heating;
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2H20 2 = 2H20  + 0 2. (V)

3.5.1.1 Experimental procedure

For the initial de-grease, the sample(s) are exposed to various common solvents; 1,1,1- 
trichloroethane, 2-propanol (IPA) and then water, all at room temperature for two minutes. 

The sample is then transferred into the acid etch reaction flask, after the sample is drained 

of excess water. The etching solution is prepared according to the following procedure:

(i) To 30ml concentrated Sulphuric Acid (H2 S0 4 ) are added 10 grammes of 

Ammonium Persulphate ((NH4 )2 S2 0 s) to create a saturated solution at room 
temperature (the solution will contain undissolved (NH4 )2 S2 Og).

(ii) The sample is place into this etch solution and the etch is performed for 20 
minutes at temperatures of greater than or equal to 170°C.

(iii) The solution is allowed to cool to ~50°C and then the diamond samples are 
transferred to the 'rinse' solution: 10 ml Hydrogen Peroxide (H2 0 2) and 10 ml 
Ammonium Hydroxide (NH4 OH).

(iv) Following a 10 minute exposure to the 'rinse' solution the diamond samples are 
removed and washed with de-ionised water and blow dried with nitrogen.

3.5.2 In vacuo surface preparation

In the course of this study, two in vacuo preparations were employed. One was the 
hydrogenation of the diamond surface by exposure to a hydrogen plasma. The other was 
argon atom bombardment of the surface. The former was undertaken during the 
investigation into preparing clean diamond surfaces and the latter during investigations into 

field emission from diamond.

3.5.2.1 Surface hydrogenation

The hydrogenation of a growing diamond surface during CVD deposition is implemented 

to maintain the diamond form of the growing surface. By exposing the growing surface to 
a source of high energy hydrogen atoms, an opportunity is created for the carbon atoms to 
arrange themselves tetrahedrally rather than as planes had atomic hydrogen been absent. 
The diamond structure is maintained as the next layer of carbon atoms arrive on the 
growing surface. The electronic properties of thin film CVD diamond have been shown to
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be affected by hydrogenation of certain diamond growing faces (Himpsel [1979], Malta 
[1994]). This is discussed further in chapters 4 and 7.

This was carried out using a commercial Slevin atomic hydrogen source. This design was 
capable of 90 % dissociation of all hydrogen, producing a beam with constant atom density 

of ~1018 n r 3. The dissociation of hydrogen molecules occurs in a discharge excited within 
a resonant coaxial RF cavity, the discharge tube is surrounded by a water cooled jacket 
which reduces the recombinations at the cavity surface and thus prevents it from becoming 
etched. The discharge cavity is excited by feeding up to 30 Watts of RF power into the 
coaxial cavity which is designed with a resonant frequency between 35 and 36 MHz. The 
impedance of the cavity is matched to that of the RF power generator. This ensures that 

almost all the RF power output incident on the cavity is absorbed in the glowing magenta 
discharge and less than 10 % power is reflected. The resonant cavity frequency could be 
controlled by adjusting the position of the tuning capacitor located within.

The hydrogen gas was fed into the cavity via a standard resisitively heated palladium finger 
which allowed purely hydrogen into the gas discharge tube. The hydrogen gas pressure 
within the discharge tube was thus controlled by the resistive heating of the palladium 
finger.

The sample was located to within 0.5 cm of the tip of the discharge tube during 
hydrogenation of the surface which took between 1 to 2 hours. During this time, the 
reflected power was seen to increase slightly leading to the plasma cutting out. This was 
prevented by periodically adjusting the power input setting so that the minimum power was 
once more reflected.

3.5.2.2 Argon atom bombardment

In this procedure, the samples were bombarded with argon atoms created by an Ion Tech 

Fast Atom Bombardment (FAB) source (2.5 kV, 18 pA cnr2) for five hours. The water- 
cooled source was mounted within a high vacuum chamber at a pressure of 10' 6 Torr. The 

samples were positioned in a tantalum boat 5 cm directly below the source of argon atoms. 

The beam, 3 mm in diameter, had broadened to 3 cm at the point of striking the samples at 

right angles. The beam current was 25 pA. Each sample was irradiated in this way for 30 
minutes. It was found that the state of the post bombardment surface depended very much 
on the state of the initial surface.
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4 SURFACE PREPARATION OF THIN-FILM 
DIAMOND FOR DEVICE FABRICATION: A 

CHARACTERISATION STUDY

OUTLINE

4.1 INTRODUCTION
4.1.1 Clean surfaces in UHV

4.1.2 Diamond surface studies
4.1.2.1 The (111) diamond surface
4.1.2.2 The (100) diamond surface
4.1.2.3 The (110) diamond surface
4.1.2.4 CVD diamond surfaces

4.2 EXPERIMENTAL METHODS

4.3 RESULTS

4.4 DISCUSSION

4.5 SUMMARY

OUTLINE

This chapter investigates qualitatively the effects of various surface cleaning treatments of 

CVD diamond films. The introduction presents a clear definition of "clean" surfaces and 

includes the standard equations that support the definition. This is followed by a discussion 
of the various truncated surface structures that diamond exhibits and how the stability of 
each is maintained. The chapter then reports on a number of methods that workers have 
employed to modify thin film CVD diamond for use in electronic device structures.

The experimental details give an account of the cleaning treatments used in this study with 
motives for their selection. Characterisation of the variously treated surfaces using Auger 
Electron Spectroscopy (AES) while mounted in a UHV chamber is described.
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4.1 INTRODUCTION

4.1.1 Clean surfaces in UHV

Clean surfaces are potentially useful for both the surface scientist and the device engineer 
(Somorjai [1994]). Ideally a clean surface has no surface adsorbed impurities. However, in 
reality this is never the case. The number of surface atoms (or molecules) may be estimated 
from the bulk density of a material. Taking water or ice as an example, the bulk density is ~ 
1 g cm-3. From this, the molecular density, p, of the material may be calculated:

p = {1/M H2o }N A (4.1)

where MH2O is the relative molecular mass of water, 18, and N a is Avogadro's constant, 
6.022 x 102 3  molecules/mole. For water, p ~ 3.345 x 1022.
The surface concentration of atoms (or molecules) is given by o. a  is proportional to p2 /3  

therefore a  « 101 5  atoms (or molecules) cm-2. As most solids or liquids have bulk 

densities within a factor of 1 0  of each other this is a reasonable estimate of surface density 
and can be applied to any material. The type of atomic packing at crystal faces may affect o  

by a factor of 2 or 3. Crystal faces with more economic atomic packing will have higher 
values of a . The dispersion, D, of a material is given by:

^  _ number of surface atoms ^
total number of atoms

Hence, for small particles, D is unity. As the particle size increases, D decreases. D also 

depends on the shape of the growing particle.

Ultra High Vacuum (UHV) conditions are required to study atomically clean surfaces. 
Under UHV conditions the flux, F, or density of atoms or molecules striking a surface is 

greatly reduced. Using the kinetic theory of gases (Goodman [1977]):

F = . NaP (4.3)
V2?rMRT

F is given in atoms/ cm2 sec. , P in Pascals, M in g/mole and T in Kelvins. N a  is 
Avogadro's number. Equation 4.3 may be expressed as :

F , , = 3.51 x 1022 . P(Torr) (4.4)
(a to m s /c irT  .se c )  r T

Y ( g /m o le )

66



h-. ouiiace piepaiauuii

If P is 3 x 10' 6  Torr, M = 28g/ mole and T =300 K, F « 1015 molecules cm -2  sec-1, at this 
pressure the surface will be covered with one monolayer of adsorbate in one second. The 
unit of gas exposure, the Langmuir (L), is defined in this manner. 1 L = 10-6  Torr.sec. A 1 
L exposure will cover a 1 cm2  surface with a monolayer amount of gas molecules if the 

sticking coefficient of the incident molecules is 1. So at lower ambient pressures, 10- 9  

Torr, a monolayer takes ~ 103 seconds to cover the surface, enough time for experiments 
to be performed.

Current surface techniques such as Auger Electron Spectroscopy can detect adsorbed 
surface impurities as little as 1 % of a monolayer and this residual layer is taken into 

account. This is realistically a "clean" surface. The termination of surface dangling bonds is 

of great importance; the chemical nature of the surface is very different to the bulk. Surface 

bond reconstruction occurs for diamond films. The surface may be terminated by a 
monohydride layer, retaining the structure of diamond through the bulk up to the surface. If 
hydrogen termination is not present, the dangling bonds will fall in on themselves to create 
an sp2  hybridised surface structure more reminiscent of graphite than diamond. The surface 
reconstruction will occur down to approximately the first three or four monolayers before 
the bulk structure resumes itself. Therefore, the surface of a material does not necessarily 

represent the bulk.

4.1.2 Diamond surface studies

The structure, composition, and chemical reactivity of the diamond surface are of key 

importance both during CVD growth and for post - growth applications. Much of the 

current understanding of CVD grown diamond is inferred from UHV science and 

theoretical studies. More recently, atomic scale images have provided useful information. 

Diamond shares the same 100 % covalent bonding structure as the semiconductors silicon 
and germanium when highly pure (Pate [1986]). Unlike the latter two, diamond is highly 

insulating due to its large band gap (« 5.5 eV).
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4.1.2.1 The (111) diamond surface

The most studied surface of diamond is the (111) cleavage surface of natural diamond . A 
summary of the atomic and electronic structure of this surface has been given by Pate 
[1986]. Truncation of the diamond bulk to expose the C ( l l l )  face leaves a surface with 
one dangling bond per surface carbon atom. Polished C(111) surfaces heated in vacuum to 
500°C exhibit sharp ( l x l )  LEED patterns. The surface structure is known to be a 

truncation of the bulk geometry, where the dangling bonds are terminated by hydrogen 

adatoms as shown in figure 4.1(a). Heating the surface to 950°C in-vacuo under UHV 

pressures, induces the desorption of hydrogen and reconstruction of the surface in a way 

that the dangling bonds are eliminated to create an energetically stable surface, this time 
without hydrogen adatom termination. Half order LEED diffraction spots have been 

observed, indicative of a ( 2  x 2 ), or three rotated domains of ( 2  x 1 ) surface reconstruction. 
Several models have been proposed for the structure of this (2 x 2)/(2 x 1) - reconstructed 

(111) surface of diamond. However, theoretical calculations (Pandey [1982], Vanderbilt 
[1984], Dovesi [1987]) have been performed and favoured Pandey's p - bonded chain 
model (Pandey [1982]) where the dangling bonds form zig-zag chains as shown in figure 
4.1(b). Likewise, experimental data of photo emission from occupied states (Himpsel 
[1981]), X-ray adsorption (Morar [1986]), and ion scattering (Derry [1986]) experiments 

all support Pandey's model for reconstruction.

68



-r. o u u a t c  p i e p a i a u u i i

(a) Diamond C (111)-(1 x 1) O  H

^  C

(b) Diamond C(111)-(2 x 1) Pandey

Figure 4 .1 (a) C (111) (1 x 1) diamond cleavage surface terminated by hydrogen atoms; (b) Pandey 
7t-bonded surface reconstruction of clean diamond C (111) surface.

4 . 1 .2 . 2  T h e  ( 1 0 0 )  d i a m o n d  s u r f a c e

Truncation of the bulk diamond to expose the C(100) surface leaves the surface with two 

dangling bonds per surface carbon atom. Lurie and Wilson [1977a] have observed ( l x l )  

LEED patterns from as-polished C(100) surfaces. Other researchers established that this 

surface is hydrogen terminated (Pate [1986], Derry [1983]). Thus, the dihydride structure 

shown in figure 4.2(a) is the best candidate for the C(100)-(l x 1) surface. As with the 

diamond (111) surface, heating in UE1V to 1000°C induces surface reconstruction, and two 

rotated domains o f  (2 x 1) LEED  symmetry are observed (Lurie [1977a]). Theoretical 

calculations (Verwoerd [1981], Takai [1985], Bechstedt [1988]) and experimental evidence 

(H am za [1990]) postulate  sym m etric  dimers, shown in figure  4.2(b), with e ither 

m onohydride (one hydrogen adatom per surface carbon atom in the dimer pair) or C-C 

bonding as the possible structures for the ( 2 x 1 )  reconstruction. Alternatively, Yang 

[1992] has also proposed a (3 x 1) reconstruction consisting o f  alternating carbon dimers
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and carbon dihydride-terminated carbon atoms as shown in figure 4.2(c). Both the ( 2 x 1 )  

and ( 3 x 1 )  reconstruction can relax the severe steric constraints of the fully hydrogenated 

surface and hence are thermodynamically more stable.

Diamond C(100)-(2 x 1):H Diamond C(100)-(2 x 1)

Diamond C(100)-(3 x 1)

Figure 4.2 Possible surface bond termination configurations for the diamond (100) surface with 
hydrogen.

Diamond C(100)-(1 x 1):2H

4 .1 .2 . 3  T h e  ( 1 1 0 )  d i a m o n d  s u r f a c e

The (110) surface of diamond is the least studied of the low index planes. The as-polished

(110) surface also exhibits a (1 x 1) LEED pattern consistent with the structure of the 

truncated bulk as shown in figure 4.3. However, unlike the (111) and (100) surfaces, the 

picture of a high temperature, hydrogen-free (110) surface is far more speculative as no 

reconstruction is observed after annealing to over 1000°C (Lurie [1977a]).

Figure 4.3  The as-polished (110) surface also exhibits a (1 x 1) LEED pattern.
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4.1.2.4 CVD diamond surfaces

As thin film diamond growth on non-diamond substrates is being recognised now as a 

comparatively inexpensive and controllable technique to produce semiconducting diamond, 

its use in various device applications such as radiation detectors, rectifying contacts, and 

field effect transistors has been evaluated (Gildenblat [1991]). A critical aspect of device 
fabrication is reliability and reproducibility. Many of the techniques used rely on clean 

and/or smooth surfaces. The polycrystalline nature of CVD diamond does not initially 

seem a good starting point for reliable devices from such material. Therefore the CVD 
diamond substrate has to be suitably modified to obtained the desired reliability and 

reproducibility. There is a wide range of techniques and deposition conditions available to 
synthesise thin film diamond, which is a polycrystalline material containing non-diamond 
carbon in low levels (Grot [1990], Plano [1994]). The roughness of CVD diamond films 
has been found to be dependent on their thickness (Singh [1996], Wild [1994]). The 
surface roughness to film thickness ratio is proportionately greater for thin CVD diamond 
layers of a few micrometres, than for layers on the order of 10's to 100's of (im thick. For 
thinly grown films, individual crystallites are still at the stage of coalescing together as they 
grow to form a continuous layer: if the film is allowed to grow, the coalescence will 
become more complete resulting in a smoother surface. Treating CVD diamond films with 
laser irradiation has been adopted as a useful technique for planarising rough surfaces 
thereby rendering them more efficacious for a subsequent lithographic process (Singh 
[1996], Cremades [1996], Tosin [1995]). Indeed, Tosin and co-workers [1995] reported 
the average surface roughness of a laser irradiated CVD diamond film at 15 nm. Therefore 

this planarisation is highly valuable if device structures of micrometre accuracy are to be 
established upon diamond. Polycrystalline diamond can be grown using many different 

CVD techniques (Noda [1994], Sakiyama [1994], Ravi [1995]) which give rise to bulk and 

surface defects such as surface/bulk grain boundaries and inclusions, stacking faults and 

twinning, and areas of spontaneously formed non-diamond carbon. Along with these 

defects, the conductivity of the diamond may only be due to its surface: a 100°C anneal in a 
nitrogen or air ambient reduced the electrical conductivity of the film. The conductivity was 
restored when the film was subsequently treated in a hydrogen plasma indicating that 

hydrogen may play a role in the passivation of surface traps (Landstrass [1989a], [1989b]).

Post growth cooling techniques prove to be as effective in affecting the conductivity as the 

growth parameters are. Mori et al. [1992] observed that cooling polycrystalline or single 
crystal diamond in an oxygen ambient increased the films' resistivity. Films cooled in- 
vacuo within a nitrogen or hydrogen atmosphere increased their conductivity by 6  orders 
of magnitude. The conductivity of the non-oxygen cooled films was believed to arise from
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surface defects detected by electron spin resonance (ESR), and an amorphous carbon phase 
which was judged not to be a complete overlayer by transmission electron microscopy 
(TEM).

Therefore, alongside the issue of surface roughness which may introduce problems in the 

photolithographic stage of device fabrication (Plano [1995]), the overall role of hydrogen in 
the electrical conductivity of the film and of non-diamond carbonaceous layers upon the 

surface of as-deposited films must not be overlooked. "Wet" methods have been employed 

to remove the surface graphitic layer. Geis and co-workers [1987] used a mixture of heated 
sulphuric acid with chromic acid or ammonium persulphate, the latter two both being 

strong oxidants. Grot [1990] and co-workers observed significant differences in the device 

characteristics after the substrate had been "wet" treated: a series of sheet resistance 
measurements did not reflect the trend of the films' doping level until chemical cleaning had 
been carried out.

The aim of this chapter is to systematically analyse various surface cleaning techniques 
which have been used previously, assess their effectiveness, and observe if they chemically 
or physically alter the surface. Their results are contrasted against spectra from laser 
irradiated samples which clearly indicate the presence of surface graphite. Auger electron 

spectroscopy is the surface sensitive analysis tool used to characterise the results from the 
various cleaning procedures.

4.2 EXPERIMENTAL METHODS

Silicon supported, polycrystalline diamond of 5 |Lim  thickness grown by microwave 

plasma-enhanced chemical vapour deposition was used as the sample material. The 

scanning electron micrograph, figure 4.4(a) shows the average coalesced grain size to be 1- 
2 J i m .  There is also evidence of low index (111) triangular facets being present. These 
appear darker than other facets on the SEM due to non-diamond inclusions which are 
associated with the growth of (111) facets (Chu [1991]). The associated Raman 
spectrograph, figure 4.4(b) shows a prominent peak at 1332 cm -1  typical of diamond and a 

high background signal indicating the presence of low concentrations of non-diamond 
carbon within the film or at the silicon-diamond interface (Knight [1989]). Samples, 

approximately 8 x 8  mm were cut from the centre of a wafer 10 cm in diameter. Samples 
were treated in the following way:
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Treatment Technique Main components
I De-grease Trichloroethane,acetone, isopropyl alcohol 

, de-ionised water
II Hydrogen plasma 700°C, 15 min., 20 Torr
III Acid treatment (ammonium 

persulphate)
H2S04:(NH4)2S20g, (30 min, 200°C): 
(1:1) H202 :NH40H, (15 min. boiling)

IV Acid treatment (chromic acid) H2S0 4 :Cr0 3 , (10 min, 170°C):
(1:1) H202:NH40H,(15 min. boiling)

V Excimer laser irradiation 193 nm, 100 x 20 ns shots, 1 Jem*2 in air 
at 20 Hz

Table 4.1 Summary of post-deposition treatments of diamond employed in this study.

Treatments III and IV are the "wet" etching solutions chosen as they have been suggested 

in previous studies (Grot [1990]) to remove surface graphitic carbon from diamond thin 
films very effectively, and put down a sub-surface oxide "layer".

The treated samples were then mounted upon a rotational manipulator between rigid 
stainless steel arms and tantalum clips (experimental chapter). An alumel/chromel 
thermocouple was situated at the back of the sample. The manipulator was then housed in 
the vacuum chamber which was taken to a vacuum of better than 5 x 10-9  Torr after a 24 
hour bakeout routine.

Characterisation of the effect of these treatments on the diamond film surface was achieved 
using Auger electron spectroscopy, as described in the previous experimental techniques 
chapter. An electron beam energy of 3 kV was used, resulting in a 1 jllA beam current: the 
small current ensured that any electron-induced surface changes were minimised. Treatment 
V involved excimer laser irradiation in air as described in table 4.1.
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4 .3  R E S U L T S

From the SEM micrograph, there is a significant amount of (111) triangular faceting on the 

surface of the diamond film, most notably two such faces toward the bottom of the SEM 

micrograph. Square (100) facets are also observable across the SEM micrograph, as are 

rectangular (110) facets which constitute one face of a growing dodecahedral d iam ond 

crystal. Thus, there is no obvious preferential growth or orientation of the diamond film.

The Raman spectrum shows a broad shoulder between 1400 and 1500 cm -1, indicative of 

non-diam ond carbon (Knight [1989]). The presence of non-diamond carbon may also be 

inferred by the high background intensity of the 1332 c m '1 diamond peak.

28000

24000

20000

18000

i i i i r i  'i i i i i i i i i i i i i  .................
1200 1300 1400 1500 1600

Raman shift /cm

F igure 4.4 (a) Scanning electron micrograph of thin film diamond with (b) associated Raman
spectrograph of polycrystalline diamond used in the AES study on the effect o f post
deposition surface treatments.

W ide scan Auger electron differential spectra recorded in the energy range of 150-600 eV 

following various treatments are shown in figure 4.5. The spectra have been calibrated to 

the main diamond-carbon (KVV) peak energy at 268 eV (Lurie [1977b]). From the collated 

results of figure 4.5, there are aspects of the spectra which are not related to the main KVV 

peak at 268 eV therefore not attributable to carbon. A peak is observed at 152 eV 

associated with sulphur and another at - 5 1 0  eV, attributable to oxygen (Davis [1976]). 

With an "as-inserted" sample (spectrum (i), treatment II) a significant peak is seen at -5 1 4  

eV, possibly due to either oxygen or chromium (Davis [1976]). These samples, however,
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were not subject to any treatment involving chromium; therefore the feature is most likely 
attributable to an oxygen component on the surface.

tz3

a

CN

>
CN
T3

(vii)

200 300 400 500
E lectron E nergy  (eV )

F igure  4.5 Wide scan Auger electron spectra of surface-treated (treatments I to V) polycrystalline 
diamond films, spectra (i) to (vii) see text.

A sample that underwent treatment II and was also annealed in-vacuo to ~600°C for 5 

minutes prior to Auger analysis, gave no indication of adsorbed surface oxygen or other 

gases as judged by spectrum (ii). This would suggest that residual air and water 
contamination adsorbed on the surface of the diamond when air exposed is easily driven off 
after in-vacuo heat treatment.
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Spectra (iii) and (iv) are again as-inserted samples and relate to treatments III and IV 
respectively as do spectra (v) and (vi); however the samples in these cases have been heated 

in-vacuo prior to Auger analysis. Spectra (iii) and (iv) both show a peak at -150  eV, 
possibly attributable to sulphur. The intensity of this peak is greater on spectrum (iv) 

(treatment IV) than spectrum (iii) (treatment III); however the same feature is not present on 
the heat treated samples.

In all cases where the samples have been subjected to treatments III or IV, i.e. spectra (iii) 

to (vi), a peak attributable to oxygen is apparent. Heat cleaning has failed to remove this 
particular feature and this suggests that the origin of the oxygen peak is not simply residual 
contamination, but is related to the treatments used.

Spectrum (vii) was taken from the laser-irradiated sample following heat cleaning in-vacuo 
and again, a prominent oxygen peak is visible.

Higher resolution Auger spectra were taken and give details on how the diamond structure 
may subtly differ after each particular treatment. Spectra were recorded in the energy range 
220-300 eV, at a modulation of 2 V which optimised the spectral resolution. Figure 4.6 
shows spectra for the variously treated samples following in-vacuo heat cleaning prior to 

Auger analysis. Spectra taken from samples without prior heat cleaning were qualitatively 
similar. From this figure, significant variety in the fine structure of the diamond peak is 
observed after various treatments.

After treatment I (spectrum (i)), the fine structure in the region of the A2  line is minimal. 
The only observable fine structure is the peak minimum at 268 eV. After treatment II 
(spectrum (ii)) two peak maxima appear on the left hand, lower energy side of the 268 eV 

primary peak minimum. Similar structure is resolved following treatment III (spectrum

(iii)), but the higher energy maximum becomes more intense. Treatment IV (spectrum (iv)) 

also shows two peak maxima however the dip minimum between them has all but 
disappeared. Spectrum (v), taken from the laser-irradiated sample (treatment V) is quite 
different to the previous spectra. In this case the lower energy of the two maxima peaks is 
now the most intense and the primary peak minimum has shifted to 271 eV. As well as 
this, a shoulder peak at 278 eV and another peak at 290 eV are apparent.
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F igure 4.6 High resolution Auger electron spectra (Ebeam = 3 KV, Ib = 1 pA, modulation = 2 V) of 
the carbon KVV energy region of CVD thin film diamond following heating in-vacuo 
after treatments I to IV. (i) Treatment I, (ii) II, (iii) III, (iv) IV and (v) V.

4.4 DISCUSSION

As stated previously in chapter 3, Auger electron spectroscopy relies upon monitoring the 
kinetic energy of secondary electrons emitted by surface atoms. Diamond surfaces have 

been studied using this method by other workers (Lurie and Wilson [1977b], Pate [1986], 

Steiner and Falke [1995]). The main carbon peak minimum (268 eV) (Po) arises from a 

KVV Auger process. Lurie and Wilson also observed and identified a further three peak 
minima from the spectrum of a single-crystal diamond and entitled them A i, A2  and A3 . 

The change in the chemical environment of the carbon atom within diamond, graphite and 
amorphous carbon is reflected in the line shape of the carbon Auger signal. Lurie and 
Wilson used the notation "A" to denote an Auger peak in the undifferentiated carbon spectra 

and "Po" the lowest energy point in the differentiated spectrum.(Po corresponds to Ao in 
the undifferentiated spectrum.)
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From a band structure model, the density of states in the valence band structure of diamond 

shows three maxima: V i, V2 , V3 . These give rise to six possible Auger transitions related 

to the energies (eV): KV3 V 3 (248), KV3 V2  (252), KV3 V 1 (258), KV2 V2  (256), KV2 Vi 
(262), K V 1V 1 (269). The two highest energies of the four observed peaks from the 
diamond surface Auger spectrum were assigned accordingly to the KVjVi  (269) and 

KV2 V 2  (256) transitions, and the remaining peaks were considered to arise from surface 
and bulk plasmon losses. The peak-to-peak width of the main Auger signal Po in the 

derivative spectrum is 13 eV: this does not decrease as the modulating voltage is reduced. 
After applying the convolution integral, the width of a peak is expected to be twice the 
valence band width. Hence, the experimental width of Po in diamond corresponds 
approximately to valence band width V 1 . However, a number of peaks predicted by the 
model are not observed. This may be due to the peaks being swamped by the strong Po 
Auger peak.

Diamond Po A] A-2 a 3
Peak position 268 256 240 230
Band structure 269 KV,V, KV2V2 (256) 245 (268-sp) 235 (268 -bp)
Pate (1986) 267.7 259.4 247.7 233.5
Graphite
Peak position 268 255 241 -

Pate (1986) 268 259.4 246.8 234.4
Amorphous
Carbon
Peak position 268 243

Table 4.2 Peak positions (eV) and identification of the structure in the carbon KLL spectra from 
diamond, graphite, and amorphous carbon. The peak positions have been corrected for 
analyser work function surface charging, "sp" and "bp" refer to surface and bulk plasmon 
loss energies. "Band structure" refers to predicted energies for the Auger peaks {adapted 
from Lurie [1977]; Pate [1986]).

The peaks observed by Pate [1986] are marked on figure 4.6, and close agreement is 

evident between the positions of these Auger peaks for curves (ii)-(iv) which suggests that 
all three "treated" CVD diamond films represent, at least at the surface, good quality 
diamond over the probe depth of the AES technique. The relative peak intensities between 
Ai and A2  do alter from spectrum to spectrum. Curve (iii) shows the most pronounced Ai 
feature followed by curve (ii) and then curve (iv). In single crystal (111) studies a change 

in surface reconstruction from ( lxl )  to (2x2) or (2x1) gave a similar effect (Pate [1986]). 
Bugaets and co-workers [1994] also observed such a change in the same region of the 
diamond spectrum when the probe beam energy was doubled from 3 to 6  kV. In this case, 

the alteration of the fine structure was attributed to electron beam-induced changes to the 
valence band energy states.
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Spectrum (v) was of the laser treated sample (treatment V): the primary peak minimum has 

shifted by 3 eV to 271 eV and the A2  maximum is more intense than A i. This shift and 
alteration in the nature of the fine structure is consistent with the presence of a graphitic 
surface (Pate [1986], Bugaets [1994], Hoffman [1994]). Also observed was a weak peak 
at 290 eV and a shoulder peak at 278 eV. Both of these peaks were not present during 
studies of well defined graphitic surfaces, however Hoffman [1994] and Steffan [1991] 

have both reported a weak peak at 278 eV from argon-irradiated carbon films. This feature 

was attributed to irradiation-promoted point defects. Hoffman [1994] reported a weak peak 

at 290 eV from type Ha natural diamond which was not observed from an Auger spectrum 

of CVD diamond. No assignment was suggested. However, Chia and co-workers [1994] 
did obtain a weak peak at 290 eV from CVD diamond. To originate from the carbon film 
this peak must be either a high energy satellite peak or an Auger transition from a doubly 
ionised inner shell (Lurie and Wilson [1977b]), but the energy difference between the 
primary peak minimum and this peak is too large for it to be a satellite peak. Calcium 

contamination may have been the origin of this peak (Schrader [1978]). The laser treatment 
was repeated and after each time the peak at 290 eV still appeared, suggesting that 
contamination was not the origin of the peak. The peak could not justifiably be attributed to 
surface segregation of naturally resident calcium in the CVD diamond films as films that 
underwent long periods of in-vacuo heating did not show any structure at this energy, 
although this peak cannot be assigned unambiguously. The spectrum is more characteristic 
of graphite after laser irradiation. Indeed, Cremades and co-workers [1996] concluded that 
during planarisation by laser-irradiation, a competing process occurred whereby graphite 
was formed, and also being absorbed into the bulk, subsequently altered the 
cathodoluminescent spectrum of the sample.

Spectrum (i) from figure 4.6 (treatment I) does not reveal the fine structure expected from 
either diamond or graphite, and a similar spectrum has been attributed to amorphous carbon 

by Williams and Glass [1989].

From the wide scan spectra (figure 4.5), it is seen that some of the treatments can 
contaminate the diamond surface with sulphur and oxygen. Samples not treated with 
oxidising solutions i.e. treatments I and II show an oxygen to carbon peak ratio of -0.05 
prior to in-vacuo heat cleaning, and using standard Auger sensitivity factors (Davis [1976]) 
the surface coverage of oxygen may be estimated if it is assumed that the oxygen 
component is present on the diamond surface and not dispersed throughout using:
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where N v and N$ are the volume and surface densities of C in diamond respectively, Io  

and Ic  the respective intensities of the oxygen and carbon peaks, So  and Sc  the Auger 
sensitivity factors for oxygen and carbon respectively, X the electron escape depth (=7.5 A 
at 262 eV {Pate [1986]}) and 43° refers to the acceptance angle of the cylindrical mirror 
analyser (CMA). Using this technique, it was estimated that the oxygen comprises 8  ± 3 % 
of a monolayer. The loss of this peak after in-vacuo heating is consistent with the 

observations of Thomas and co-workers [1992]. (100) reconstructed 2x1 diamond 
surfaces were exposed to both a mixture of atomic and molecular oxygen, and purely 

molecular oxygen. The former exposure resulted in the surface converting to a lx l  

reconstruction; the latter had no effect. The original 2x1 reconstructed surface was restored 

by annealing the 1x1:0 surface to 1000°C in vacuo. Thermal desorption studies revealed 
that CO (28 amu) was desorbed at 600°C, and as the O coverage increased, the desorption 
temperature decreased. Chia and co-workers [1994] detected such an oxygen component 
from an adsorbed contamination which was removed by argon ion sputtering (unspecified 
energy) for 5 seconds. Bachmann [1996] and co-workers showed that oxidation of the 
surface using hot chromic acid created a positive electron affinity (PEA) along with a 

! distinct increase in the film surface resistivity, and this consolidates the knowledge that
i  much of the conducting non-diamond carbon has been removed from the surface.
ii
I
| Treatments III, IV, and V all give rise to an oxygen peak in the final spectrum that is stable
! to in-vacuo heating. The monolayer estimates for oxygen on the surface came to 6  ± 2 %
! following treatment IV and 8  ± 3 % from both treatments III and V.

I
i  The sulphur:carbon (S:C) ratio for treatments III and IV prior to heat cleaning were 0.036
| and 0.0875 respectively. If again it is assumed that the oxygen and sulphur are distributed

evenly across the surface of the diamond, then using Auger sensitivity factors, sulphur 

constitutes around 1.9 % and 4.6 % of the surface region for treatments III and IV 
respectively. The subsequent loss of the sulphur phase after in-vacuo heating indicates that 

the sulphur is mobile within the diamond and/or within the grain boundaries in the CVD 

diamond film, and hence may desorb (or diffuse into the bulk) with ease.

A sample which has only received a simple degrease (treatment I) produces an Auger 
spectrum typical of amorphous carbon whereas CVD diamond treated in a hydrogen plasma 

(treatment II) produces a spectrum typical of good quality diamond, on the surface at least. 
The wet etching methods (treatments III and IV) introduce small concentrations of surface 
sulphur and oxygen contamination and this is due to the strongly oxidising conditions 

these treatments create. Whilst the sulphur is mobile and may either be desorbed or driven 
into the bulk, thereby rendering it undetectable by Auger electron spectroscopy, the

80



“-I-. ounauc; pic-paiaiiuii

oxygen remains present even after in-vacuo heating as stable oxide phase at 8 % of a 
monolayer. However, even with this very apparent and unremovable surface 
contamination, the fine structure within the high resolution spectra from treatment III is the 

most defined of all the surfaces studied. This definition and enhancement of the diamond 
phase may arise due to a reduction in concentration of non-diamond carbon areas of the 

surface, or to the presence of the oxide phase. The potency of the oxidising solutions used 
here and the similarity between the changes observed here and those of Bugaets and co

workers [1994] lends weight to the latter conclusion. The oxide layer is somehow 
modifying the electronic structure of the surface in a way that the valence band of the CVD 

diamond more closely resembles that of single crystal material. A surface reconstruction is 

deemed unlikely to be the cause of this difference on the polycrystalline material due to the 

low concentration of oxygen detected. What seems more plausible is that the oxygen is 
modifying the nature of the defects already present within the surface region of the film. 
Mori et al [1991] found that thin film diamond treated this way also revealed a sub
monolayer oxide phase as judged by x-ray photoemission spectroscopy. Such diamond 
displayed stable electrical characteristics with a wide range of metallisation schemes: 
Schottky diodes made from such diamond are not dependant on the contact metal's intrinsic 
electronegativity. These workers went on to suggest that plasma irradiation during growth 
conditions would leave an incomplete amorphous carbon overlayer with a large 
concentration of defects on the surface of the diamond. ESR was used to identify this layer 
which was suggested to be responsible for observed conductivity from as-deposited CVD 
diamond. The fact that treatment leading to an oxygen component on the surface together 
with a subsequent reduction in conductivity also suggests that oxygen may lead to a 
modification of these defects within the surface layer (Mori [1992]).

Treatment IV did not yield such an enhanced fine structure: less oxygen is apparent on the 

surface and possibly a very low concentration of non-diamond carbon. The sulphur phase 

is, however, more prevalent suggesting that this treatment is less useful for cleaning CVD 

diamond films for device purposes. From the spectra recorded during this study there is no 
indication that metallic contamination (such as Cr) occurs.
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4.5 SUMMARY

Exposing a CVD grown diamond film to a hydrogen plasma or to strongly oxidising 
solutions at the termination of a growth run will lead to a substantial removal of non
diamond carbon from the surface, as judged by Auger electron spectroscopy of both as- 

deposited untreated films, and treated films. However the use of the oxidising solutions, in 

this case sulphuric acid-ammonium persulphate and sulphuric acid-chromic acid, gives rise 

to low concentrations of sulphur within the surface region and produce an oxide phase. 

Though this may be considered a disadvantage, especially when the aim is to obtain a clean 
contaminant free surface, AES indicates that the ammonium persulphate based cleaning 

treatment yields an Auger surface spectrum of close resemblance to natural single crystal 
diamond. From this, it may be surmised that the low concentration of oxygen that is 
present is reducing the effect of the surface defects within the material on the valence band 

structure of the diamond thin film surface.
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5 DECOMPOSING BORON-CONTAINING 
COMPOUNDS ON 

DIAMOND SURFACES

OUTLINE

5.1 INTRODUCTION
5.1.1 Boron doping by MWPECVD
5.1.2 Boron doping by HF-CVD
5.1.3 Boron ion implantation
5.1.4 Boron chemistry on the diamond surface: 

experimental aims

5.2 EXPERIMENTAL METHODS

5.3 RESULTS
5.3.1 The clean diamond surface
5.3.2 Boron trichloride
5.3.3 Boron trimethylamine complex

5.4 DISCUSSION
5.4.1 BCI3 : TDS analysis
5.4.2 BCI3 : ESD analysis
5.4.3 Boron trimethylamine complex and diamond

5.5 SUMMARY

OUTLINE

In this chapter, the surface reaction mechanisms of trimethylamine borane (TMAB) 
complex and boron trichloride (B C I 3 ) upon thin film polycrystalline diamond are 

investigated. Such boron-containing precursors may prove useful for the provision of 
dopants in diamond. Other workers have prepared boron doped diamond in a number of 

ways; however no adsorption or kinetic studies have yet been performed to observe how 
boron is incorporated into the bulk during CVD growth with doping. The work of others 

is discussed in the introduction with mention of the various boron containing compounds
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used and their eventual electronic, chemical and physical effect on the thin film diamond. 

Reasons are stated for the choice of the two boron compounds used.

The experimental methods section gives an account of the vacuum chamber geometry 
used to obtain consistent adsorption and desorption data, which are presented in the 
results section along with an SEM micrograph and Auger electron spectrum of the 
diamond used. The discussion covers the possible reaction mechanisms that may be 

occurring, having taken into account all the thermal desorption data. The activation 

energies for the desorption of the two compounds off the diamond surface are deduced.

5.1 INTRODUCTION

As carbon is isoelectronic with silicon, diamond is expected to behave similarly as an 
extrinsic semiconductor when appropriately doped with for example, trivalent boron 
(Mort [1989]). From geometric and energetic considerations boron is the only element 
that can substitutionally dope diamond without distorting the lattice. There are many 

reported methods of doping. Evidence suggests that the chosen method will affect the 
final properties of the diamond film. The chemical diffusivity of boron alters from 

method to method affecting the boron density within the film. A boron atom itself will 
either sit in an interstitial site or replace a carbon atom within the tetrahedral diamond 
structure. Boron clusters within the lattice may form, yielding an inconsistent density 
across the thin film and through the bulk.

5.1.1 Boron doping by MWPECVD

Boron doped diamonds have been prepared by microwave plasma assisted CVD on 
silicon (100) wafers. A mixture of 12 or 1000 ppm diborane (B2 H6 ) diluted in H2  was 
added to the gas-feed lines for doped film growth (Shinar [1993]). These workers 

observed a definite alteration of the surface structure of the boron doped films. Using 
EELS measurements, they observed energy loss spectra from boron doped films showing 

an increased fraction of non-diamond carbon than for undoped films. Upon further 

analysis it was seen that the majority of this non-diamond carbon was restricted to the 
surface of the as grown boron doped films and was not traceable within the film bulk. 

The authors inferred that the surface hydrocarbons originated during the cooling period at 
the termination of the growth run, as the diamond surface was still exposed to residual 

hydrocarbons within the growth chamber. An Auger analysis of the boron doped samples 

revealed increasing surface oxygen levels with increasing boron content in the films. The
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authors concluded that the doping of diamond films with boron increases their surface 
reactivity. Boron doping also affects surface morphology. ( I l l )  facets were enhanced on 
the surface as judged by SEM. Wang [1992] also observed that boron dopants improved 
the structural quality of the films as judged by Raman spectroscopy and again the surface 

morphology consisted mainly of (111) facets. ( I l l )  facets are also favoured when using 
low concentrations of carbon feed gas, -0 .5  %, (Kobashi [1988]) therefore their 

appearance does not necessarily depend on the boron content in the film. Wang used 
B2 H 6  and grew three films with B/C ratios of 0, 40 and 400 ppm but obtained diamond 
films with B/C ratios of 0, 3 and 190 ppm respectively. Nishimura [1991] observed an 
opposite result when doping diamond films grown upon an alumina substrate; the B/C 
ratio in the film was greater than in the gas phase, suggesting that the nucleation and 
growth mechanisms are affected by the substrate material. Kobashi [1988] first observed 

that the surface morphology of the grown diamond film was sensitive to diborane 
concentration. Boron will either dope into interstitial sites or it will be incorporated into 
the diamond lattice substituting carbon atoms. Other workers have observed that by 
increasing the boron concentration, the number of (100) facets on the surfaces of the as- 
grown diamond thin film decreased. The (100) facets are more prone to containing 
inherent structural defects than the (111) facets, hence the surface of the film, at least, 
has a lower defect density. Wang [1992] observed that the heavily doped films had a 
more regular shape and smoother surface than the undoped or slightly doped films as 
boron doping enhances the nucleation density of the diamond films and decreases the 
grain size. This nucleation enhancement may have resulted either from the boron atoms 
catalytically promoting the dissociation of carbon-containing molecules and enhancing 
the creation of the correct diamond species, or from the positive potential which adsorbed 
boron acceptors bring to the surface, inducing electron bombardment from the plasma.

5.1.2 Boron doping by HF-CVD

The hot filament CVD technique has been used with two different types of dopant; B 2 O 3 , 
(Okano [1988]) and a liquid cyclic organic borinate ester which was placed in a heatable 
bubbler through which hydrogen gas passed (Zhang [1993]). Such organoboranes are less 
toxic than inorganic boranes, compatible with any carbon source, easily vapourisable, 

readily available, and purifiable. In the hot filament technique, the bonds in gas 
molecules are broken by the thermal energy of the heated filament. The boron dopant 

source is vapourised and conveyed to the chamber via a gas mixer using hydrogen as a 
carrier gas. Okano et al [1993] noted that as the doping concentration rose, the film 

resistivity dropped. The resistivity is inversely proportional to the B/C ratio over four 

orders of magnitude. This result was produced using the dopant boron trioxide: diborane
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did not give such a linear resistivity match (Tsai [1991]). The electrical conduction type 

of the doped films was confirmed to be p type by measuring the Seebeck effect (Okano 
[1988], Zhang [1993]). The conductivity increased with increasing amounts of dopant. 
Using the organoborane bubbler, an increase in temperature was seen to lead to an 

increase in dopant incorporation and these highly doped films displayed a higher 
conductivity as opposed to undoped films. As the bubbler temperature was increased, so 
too did the film conductivity. As more boron was introduced into the film, proportionally 

more carbon was substituted by boron at the tetrahedral sites. Diamond's large bandgap is 

reduced and the activation energy for conduction is lowered. For a sample with a B/C 

ratio of 10 ppm the activation energy is the same as for a type lib diamond (0.37 eV). 
High dopant concentrations produce a gap in the acceptor level, leading to a reduction in 
the energy between the valence band and the acceptor level. Thus the activation energy is 
reduced. A minimum boron concentration of 1018 cm -3  produces a measurable change in 
the conductivity.

5.1.3 Boron ion implantation

Implantation of boron into CVD diamond is another technique used to incorporate boron 

into the lattice. The implantation occurs at the end of the diamond film growth cycle; 
boron atoms held at 77 K are fired at an energy of 90 keV (though energies as low as 5 
keV have been reported (Cheng Shichang [1989])) at the pre-grown diamond film 

(Fontaine [1994], Gheeraert [1994]). Implantation has had a reasonable success rate. 
Fontaine and co-workers [1994] reported that the resistance of their implanted films 
decreased as the boron dose increased; a post-implantation annealing step served to 
decrease the room temperature resistance for boron doses above 4 x 1015 cm-2.

Prins [1989] treated the implantation of boron into diamonds using Fermi-Dirac 
statistics. After doping, the films were treated as having vacancies and interstitials, which 
would not recombine and so led to a strained diamond lattice.

R  (the activity ratio) =  1 “ N res/N o (5.1)

where Nres is the residual density of the vacancies which did not combine with the 

interstitials. They concluded that the vacancies created upon implantation could diffuse 
together and cause a local alteration in diamonds normal metastable state. This would 
lead to graphite formation. Ion implantation will cause defects which generate donor 

levels as well as boron acceptor levels in diamond. Therefore, doping diamond using this 
method will always lead to a compensated semiconductor.
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5.1.4 Boron chemistry on the diamond surface: experimental aims

There must be an optimum boron doping concentration to achieve a useful carrier level in 

polycrystalline CVD diamond without non-diamond carbon being formed. This is an 
important factor to be considered for device fabrication. The chemical vapour deposition 

methods are seemingly less brutal than ion implantation for incorporating the dopant into 
the diamond layer, though the latter is more controllable but causes greater surface 

damage.

The efforts of this investigation solely concentrate on observing the chemistry of boron- 
containing precursors on the surface of thin film polycrystalline diamond.

During a boron dopant microwave plasma assisted CVD diamond growth run, the gases 
in the chamber will be both atomised and fragmented: there will be a stage where the 
growth surface interacts with a boron-containing fragment and/or other related molecular 

fragments. This is the stage that this investigation attempts to illustrate. Trimethylamine 
borane complex ((CH3 ) 3  N BH 3 ) (TMAB) and (BCI3 ) were chosen as the precursors. 
These compounds were chosen for their high vapour pressure at ambient temperature and 
their preferred fragmentation into smaller moieties according to the eight peak mass index 
tables. During the growth of CVD diamond, it is advantageous for a boron containing 
moiety to have a relatively long surface lifetime giving the boron ample opportunity to be 
incorporated into the bulk during growth. The consequence of using a boron containing 
compound that can breakdown into a number of different moieties using elevated reaction 
temperatures are several: some moieties may not contain boron, some moieties will have 

a greater surface adsorption affinity than others and will therefore take a more active role 

in the initial reactions with the diamond surface, and finally the reactions upon the 
surface will follow different mechanisms as soon as the surface becomes altered by the 

initial reactions.

TMAB has a melting point of 92°C and boiling point of 172°C, and is a white solid at 
room temperature. TMAB was chosen in preference to triethylamine borane complex 

((CH3 CH2 ) 3  N BH3 ) (TEAB), a clear colourless liquid, which has a vapour pressure of 
12 Torr at 97°C (Levy [1995]) due to its greater ease of handling and lower flammability.
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5.2 EXPERIMENTAL METHODS

Thin films of diamond ( 6  |im thick) supported on silicon wafers were cleaned by treating 
in a strongly oxidising solution (treatment IV, chapter 4) prior to insertion in-vacuo . The 
vacuum chamber which routinely reached pressures of < 5 x 10' 1 0  mbar following 
bakeout was equipped with a Quadrupole Mass Spectrometer (QMS), cylindrical mirror 

electron optics and electron gun. This enabled residual gas analysis, thermal desorption 
spectroscopy (TDS) and Auger electron spectroscopy (AES) to be carried out. The 

sample could be located to within 0.25 cm of the QMS head and the dosing tube, and the 

m anipulator also ensured optimal positioning for Auger analysis. All Auger 
investigations were performed with an electron energy of 3 keV and a beam current of 1 

pA to minimise electron-stimulated degradation of the surface region. The thin film 
diamond samples were heated to around 1000 K in vacuo ensuring residual (air) 
contamination had been fully removed. AES analysis following this treatment revealed a 
strong peak at 268 eV with clear fine structure attributable to a clean diamond surface 
(Lurie [1977]).

Trimethylamine borane complex ((0 1 3 ) 3  N BH 3 ) (TMAB) was introduced into the 
chamber via a differentially pumped leak valve. A white, hygroscopic solid at room 
temperature, 0.25 g was transferred into a steel finger enabling the material to be purified 
using a series of freeze-thaw cycles using liquid nitrogen before it was allowed to enter 
the vacuum chamber. TMAB was checked for purity after each freeze thaw cycle using 
the in situ QMS.

An initial experiment to deduce the eventual working parameters for this investigation 
saw the diamond sample being heated resistively at various temperatures up to 720 K 

whilst being dosed. At this temperature, the surface concentration of boron increased 

sharply as judged by AES. The reactions of TMAB were investigated by exposing the 
sample to a constant molecular flux at 2 x 10" 8 Torr while the mass spectrometer head 

was placed immediately adjacent to, and in the line of sight of the sample surface. Once 
again, the dosant molecular flux was decided upon after a preliminary investigation. A 
linear temperature ramp was then applied to the sample (-10 K sec-1) whilst changes in 
the species were detected by the mass spectrometer.

B C I3 was admitted into the chamber in a similar fashion. The thermal desorption 
experiments carried out after BCI3 adsorption used a sample heating rate of 20 K sec-1, 
with the sample surface relocated to within 0.5 cm of the QMS head.
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5 .3  R E S U L T S

5 .3 .1  T h e  c le a n  d ia m o n d  su r fa c e

Figure 5.1(a) shows a high resolution AES spectrum taken from the clean diam ond 

sample after it had been heat cleaned in-vacuo. The fine structure of  the spectrum  

represents that of good quality diamond (chapter 4). Figure 5.1(b) is an SEM micrograph 

that reveals the polycrystalline nature of the material used in this investigation. The grain 

size is between 3 and 5pm. No real orientation of the crystallites is observable. Therefore, 

unlike an oriented crystal, this surface should provide the two dopants with the m aximum  

combination of possible adsorption sites.

rs

290230 240 250 260 270 280

Electron Energy (eV)

Figure 5.1 (a) High resolution Auger Electron Spectrum of in vacuo heat cleaned diam ond sample, and
(b) SEM micrograph of the diamond sample.
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5.3.2 Boron trichloride

Figures 5.2(a) and (b) show the mass spectrum profile and relative intensities of species 
for BC13.

BC1

BC1

CO

0 10 20 30 40 50 60 70 80 90 100110120130140150
m/e

Figure 5.2 (a)Relative intensities and (b) mass spectrum profile for BC13.

TDS was used to investigate the nature of any volatile adsorbed species on the thin film 
diamond surface. Figure 5.3(a) shows spectra recorded for the desorption of the species at 

81 amu following exposure to 0.2 - 290 L. A single peak is apparent and centred around 
900 K. This peak is seen to steadily increase in intensity with increasing exposure over 

this exposure range. Figure 5.3(b) reveals data recorded following a 290 L exposure for 
differing mass units (35, 81 and 116 amu). Again, a peak is apparent centred around 900 
K and the relative intensities of the peaks show close correlation with the expected mass 
spectrometer cracking pattern of BCI3 . From this result, it can be concluded that the 
desorbing species is molecular BCI3 . AES data recorded from surfaces following 

repeated exposure and thermal desorption cycles showed little change from those of a 
virgin clean surface. This suggests that the adsorption process occurring is reversible, and 
does not lead up to a build up of atoms on the diamond surface. Further TDS of other 
species derived from molecular BCI3 were investigated also.
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Figure 5.3(a) TDS spectra for 81 amu (BC12 species) at increasing initial exposures.
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Figure 5.3(b) TDS spectra for species of amu's 35 (Cl), 81 (BCI2 ), and 116 (BC13) after a 290 L exposure.

Figure 5.4(a) shows a TDS spectrum of the molecular species BCI3 at 116 amu and the 
species BCI2  at 81 amu following a 290 L BCI3 dose on CVD diamond. A desorption 
peak is seen for both species centred around 900 K and the intensity of the BCI2  peak is 
far greater than that of BCI3 and this again agrees with the mass cracking pattern of BCI3 . 
Figure 5.4(b) is the TDS spectrum seen for two chlorine isotopes; chlorine-35 and 

chlorine-37 following a 290 L exposure. A broad peak is observed centred, in this case, 
around 950 K for both species. An additional desorption peak at around 450 K is 

observed. The 35 amu isotope is more prevalent than the 37 amu isotope, the former 
being found naturally in greater abundance.
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Figure 5.4(a) TDS spectra for species of amu's 81 (BC12 ), and 116 (BC13) after a 290 L exposure.

(35)

(37)

co

Temperature (K)

Figure 5.4(b) TDS for species of 35 amu (Cl) and 37 amu (Cl 37) after 290 L BC13 exposure.

Figure 5.5(a) shows a family of TDS curves for the species BCI2  (81 amu) following 

BCI3 doses from 5 L to 288 L. There is no difference to the desorption peak centre, and 
the desorption signal intensity is seen to increase with increasing exposure. Figure 5.5(b)
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is a family of curves for chlorine-35 at different exposures, 5, 48 and 288 L. Again, at an 
exposure of 288 L, an additional peak is observed at 450 K. This peak does not emerge at 
the lower exposures of 5 L and 48 L.

2200

2000 _

1800

1600

1400

=3
-e 1200

1000

800 48L

600

15L
400

200

300 400 500 600 700 800 900 1000 1100

T e m p e r a t u r e  ( K )

Figure 5.5(a) TDS for species of 81 amu (BC12) after increasing exposures, 5 to 288 L.
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Figure 5.5(b) TDS for species of 35 amu (Cl) after 5,48 and 288 L BC13 exposure.
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Figure 5.6(a) is a family of Auger electron spectra of range 130 to 300 eV after BCI3 

exposures of 2, 6 , 15 and 450 L. Already after a 2 L exposure, the fine structure that is 
seen from the Auger spectrum of diamond appears to be diminishing. However, for this 

family of spectra, there is no shift of the 268 eV peak minimum with increasing exposure. 

The small peak at 152 eV is attributable to boron on the surface. This is not the principle 

boron Auger peak (179 eV); the low resolution used for these wide scan spectra would be 
unable to resolve the principle boron peak at 179 eV and the 181-182 eV chlorine peak. 

Hence, in this case a secondary boron peak at 152 eV was preferred as indication of 

surface boron. The chlorine peak is seen at 181-182 eV and at all exposure levels is far 
more intense than the boron (152 eV) peak. From these spectra, the B/C and Cl/C ratios 

detected by this surface sensitive technique are seen to increase with increasing exposure; 

the surface coverage of BCI3 is increasing. Figure 5.6(b) is again a family of time- 
resolved Auger spectra taken between 130 and 300 eV. In this case, the clean CVD 
diamond has been exposed to 30 L of BCI3 and then has remained in the line of sight of 
the 2 kV electron beam for increasing periods of time. This experiment investigates 
electron stimulated degradation of the surface-adsorbed BCI3 . The longer the surface 
remains exposed to the electron beam the lower the surface Cl/C ratio becomes. 
However, as is seen in figure 5.6(c), the B/C ratio evidently remains relatively constant 
over the time period that the surface is exposed to the electron beam. One possible 
situation is that the electron beam degrades the three B-Cl bonds per adsorbed molecule, 
releasing the chlorine and leaving boron bound to the diamond surface. Figure 5.6(c) is a 
graph of Auger peak intensity normalised to the C Auger peak at 270 eV after a 
saturation dose of 30 L of BCI3 onto clean CVD diamond at 210 K versus the time the 
surface is exposed to the 2 kV electron beam for the boron 152 eV signal and the Cl (182 
eV) signal. The chlorine peak reduces in intensity from 0.9 to 0.2 over a period of 2500 s 

exposed to 2 kV electrons. The boron 152 eV signal, however, increases from 0.22 to 0.4 

over the same period of time.
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Figure 5.6(a)
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Wide scan Auger electron spectra of the diamond surface after BCI3 exposures of 5 
to 48 L.
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j  Figure 5.6(b) Time-resolved Auger electron spectra for saturation dose (30 L) BC13 onto clean CVD
! diamond at 210 K, and then following exposure to a 2 kV electron beam for the times (s)
j annotated.
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Figure 5.6(c) Graph of Auger peak intensity for boron and chlorine (normalised to carbon peak) versus 
electron beam exposure time.
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Figure 5.7 once again is a family of Auger electron spectra following a 4 L dose of BCI3 

upon the clean CVD diamond surface. The dosed surface was then held at the annotated 
temperatures for a period of seconds, and finally the Auger spectrum was taken. The 

surface was cleaned and redosed with 4 L BC13 in preparation for the next heating 

temperature setting. As the temperature of the sample is increased, the chlorine feature at 

182 eV diminishes whereas the boron feature at 152 eV is enhanced.

215

233 K

C3
250 K

270. Kcuc
(3
c 300 K00

260 280 300140 160 180 200 220 240
Energy (eV)

Figure 5.7 Time-resolved family of Auger electron spectra of CVD diamond surface treated with a 4L 
BCI3 dose, then held at the annotated temperature for a 5 seconds.

5.3.3 Boron trimethylamine complex

The eight peak mass index of TMAB is described in the following table.

A.M.U 58 72 42 56 59 27 15 71
Intensity
%age

100 73 39 39 33 27 27 23

Table 5.1 The relative intensities of the eight strongest peaks of the TMAB mass spectrum.

Figure 5.8(a) shows the change observed at 72, 59, and 2 amu (plotted with arbitrary 
sensitivity units). 72 amu corresponds to the molecular species (CH3 ) 3  N BH 3 , and the 
detected signal for this form is seen to decline with increasing temperature until around 

1000 K. As is seen from figure 5.8(a), the 59 amu signal rises in intensity during the 

temperature ramp, again limiting around 1000 K. The 59 amu species, which corresponds 
to N(CH 3 )3 , may be due to the molecular species (72 amu) cracking within the mass
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spectrometer, or the presence of gaseous N(CH3 )3 . The 2 amu signal, which may be 
attributed to H2  rises as the temperature increases and peaks around 750 K, before rising 

again at the highest temperatures monitored here (~1100 K). The 2 amu signal was also 

monitored as the temperature was decreased, the peak at 750 K is absent. This behaviour 

indicates that a thermally activated surface process that leads to the evolution of hydrogen 
from the surface must be occurring.

59 amu

72 amu

2  amu

500 700 900 1100
Temperature / K

Figure 5.8(a) Flux of species recorded at 2, 59, and 72 amu by QMS during heating of the diamond 
surface whilst exposing to TMAB at 2 x 10-8 Torr.

Figure 5.8(b) shows an Auger spectrum recorded following a 200 L exposure of the thin 

film diamond surface at 900 K. A peak at 179 eV due to the presence of a sub - 
monolayer coverage of boron is clearly apparent alongside the carbon peak; no features 
due to other elements, such as nitrogen or oxygen, can be seen.
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<N

200 300 400
Energy (eV)

Figure 5.8(b) Auger electron spectra taken from (i) clean CVD diamond (ii) diamond exposed to 200 L 
of TMAB at 900 K, followed by 1200 K heating prior to taking the AES spectrum.

5.4 DISCUSSION

5.4.1 BCI3 :TDS analysis

The desorption of molecular B C I 3  from thin film diamond implies that the process 

B C I 3  (ads) +  C (s) ----- > B C I 3  (g) +  C (s) ( 5 .2 )

can be thermally driven with an activation energy that may be estimated using an analysis 

first proposed by Redhead [ 1 9 6 2 ] ;

o T
= l n — - 3 . 6 4  (5.3)

RTP p

where Tp refers to the peak temperature in the desorption trace profile (900 K ± 5 K). 

This yields a value for the activation energy of 225.2 kJ mol-1 ± 1.3 kJ mol-1.

The surface lifetime of an adsorbed species can be found from 

t = t0 exp{ E J  RT) (5.4)
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w h e r e  to is  th e  v ib ra tio n a l fr e q u e n c y  (a s s u m e d  to  b e  10"13). A t  a  ty p ic a l  C V D  d ia m o n d  

g r o w th  tem p era tu re  o f  1 0 0 0  K  th is  g iv e s  a su r fa c e  l if e t im e  fo r  th is  s p e c ie s  o f  a ro u n d  5 8  ±  

9  m s . T h is  is  a lo n g  e n o u g h  su r fa c e  l i f e t im e  fo r  n o n -th e r m a l r e a c t io n s  to  o c c u r  w h ic h  

m a y  le a d  to  th e  e v e n tu a l in co r p o r a tio n  o f  b o ro n  in to  th e  g r o w in g  b u lk . F o r  e x a m p le ,  io n  

or e le c tr o n  b o m b a rd m e n t fro m  th e  p la sm a  m a y  d is s o c ia te  th e  B C I 3 . A to m ic  h y d r o g e n , th e  

m o s t  ab u n d an t s p e c ie s  w ith in  a g ro w th  p la sm a , m a y  c a u s e  th e  a d so rb ed  B C I 3 to  b rea k  u p . 

A t a ty p ic a l d ia m o n d  f i lm  g r o w th  rate o f  1 Jim  h _1, - 1 . 8  a to m ic  la y e r s  o f  d ia m o n d  are  

fo r m e d  e a c h  se c o n d . T o  co n tr ib u te  10 p p m  o f  b o ro n  to  th is  la y e r  re q u ir es  arou n d  1 0 -5  o f  a  

m o n o la y e r  o f  b o ro n  to  fo rm  o n  th e  su r fa c e  e v e r y  s e c o n d . G a s  k in e t ic  th e o r y  r e la te s  th e  

f lu x  w h ic h  b o m b a rd s th e  su r fa c e  (F ) o f  a g iv e n  s p e c ie s  ( o f  m a ss  m ) at a tem p e ra tu r e  (T )  

to  th e  p ressu r e  o f  that s p e c ie s  (P ) b y  th e  eq u ation :

F  =  P  /  (2 7 rm k T )1/2 ( 5 .5 )

T h is  in d ic a te s  th at a ro u n d  3 x  1 0 " 11 T o rr  p a rtia l p r e s su r e  o f  B C I 3 w i l l  b e  re q u ir e d  to

a c h ie v e  th is  i f  e v e r y  su r fa ce  c o l l is io n  g iv e s  r ise  to  a to m ic  b o ro n . D o p in g  o f  th is  ord er  ca n  

b e  a c h ie v e d  u s in g  «  1 p p m  b o r o n  d o p a n t in  a 3 0  T o rr  g a s  m ix tu r e  ( D o r s c h  [ 1 9 9 3 ] )  

c o r r e sp o n d in g  to  a  p artia l p ressu r e  o f  B C I 3 o f  arou n d  3 x  10 ' 5  T orr. T h is  im p lie s  th a t th e  

in co r p o r a tio n  e f f ic ie n c y  is  a p p r o x im a te ly  1 0 '6 . T h e  a b u n d a n ce  o f  a to m ic  h y d r o g e n  w ith in  

s u c h  a g r o w th  p la s m a  w i l l  b e  in  th e  r e g io n  o f  3 x  1 0 " 1 T o rr  p a rtia l p r e s su r e  (C h u a  

[ 1 9 9 3 ]) ;  th is  ca n  b e  re la ted  to  th e  f lu x  at th e  d ia m o n d  su r fa ce  o f  3 x  10 2 4  h y d r o g e n  a to m s  

m - 2  s _1. T a k in g  in to  a c c o u n t  th e  su r fa c e  c o v e r a g e  o f  B C I3 (d e r iv e d  fr o m  th e  m e a su r e d  

su r fa c e  l i f e t im e  o f  5 8  m s ) ,  th is  im p l ie s  th at a ro u n d  5 .6  x  1 0 1 0  h y d r o g e n  a to m s  w i l l  

im p in g e  o n  e a c h  a d so rb ed  m o le c u le  w h ic h  in d ic a te s  that th e  re a c t io n ,

B C I 3  (a d s)  +  H  (g )  --------------->  B  (a d s)  (5 .6 )

w o u ld  h a v e  a p r o b a b ility  o f  -  1 0 - 1 2  i f  it  w a s  s o le ly  r e s p o n s ib le  fo r  th e  d e g r a d a t io n  o f  

B C I 3  in to  in c o r p o r a te d  b o ro n . T h is  c o n tr a s ts  w ith  a  v a lu e  o f  a ro u n d  2  x  1 0 "4  th a t is  

t y p ic a l  fo r  th e  d e c o m p o s i t io n  o f  a d s o r b e d  h a lo g e n a te d  c o m p o u n d s  b y  e le c t r o n  

b o m b a rd m e n t (F lo y d  [1 9 7 6 ] ) .  H o w e v e r , a to m ic  h y d r o g e n  is  k n o w n  to  a d so rb  s tr o n g ly  o n  

d ia m o n d  su r fa c e s  an d  m a y  th e r e fo r e  b lo c k  s it e s  th at w o u ld  o th e r w is e  b e  a v a ila b le  fo r  

B C I 3  a d so rp tio n . T h is  w o u ld  le a d  to  a c o n s id e r a b ly  re d u ce d  su r fa c e  c o v e r a g e  an d  c o u ld  

e x p la in  th e  a p p a r en t in e f f e c t iv e n e s s  o f  a to m ic  h y d r o g e n  fo r  th e  d e c o m p o s i t io n  o f  

a d so r b e d  b o ro n  c o n ta in in g  s p e c ie s .  A n  in s ig h t  in to  th e  su r fa c e  c h e m is tr y  o f  B C I 3  in  th e  

p r e s e n c e  o f  a to m ic  h y d r o g e n  is  n e e d e d  to  e n a b le  th is  to  b e  m o r e  fu l ly  c o n s id e r e d . A  

fu rth er  a lte r n a tiv e  is  that th e B C I 3 is  d e c o m p o s e d  w ith in  th e  p la s m a  v o lu m e  i t s e l f  w ith  

b o r o n  in c o r p o r a tio n  r e su lt in g  fro m  th e  c o l l i s io n  o f  to ta lly  or  p a r tia lly  fr a g m e n te d  fo r m s
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with the diamond surface. Gas kinetic theory (Atkins [1978]) indicates that the mean free 

path between collisions for species within the 30 Torr plasma will be -15 |im. Assuming 
that the probability of a reaction of reactive fragmented forms upon collision is unity, 
species that are generated by the plasma within 15 |im of the surface are likely to 
contribute to adsorbed boron or boron moieties.

5.4.2 BCI3 : ESD analysis

The use of AES during surface desorption studies such as this one, may complicate the 
chemical and physical events of the surface. This is due to the primary electron beam of 
the AES set up interacting with surface adsorbants (Baker [1975]). However, such 
electron stimulated desorption may also be utilised as a tool to study chemisorption as has 
been done here (Madey [1971], Menzel [1982]). A fuller account and background for 
ESD is given in chapter 3.

Using the information from figures 5.6(b) and (c), the rate of ESD of the chlorine species 
may be calculated. The surface concentration of a species may be written as;

x = x0exp^-ont^  (5.7)

where n* is the electron flux (n r 2 s_1) and a  the cross section for desorption (cm2). 

Therefore a plot of In (AES pk-pk intensity) for x  vs. time will yield a straight line of 
slope -an*. This is shown in figure 5.9 for the reducing intensity of the chlorine peak 

over electron beam irradiation time after saturation doses of 15 and 30 L. The electron 
flux may be calculated from the primary electron beam current (1 pA) and its spot size (1 

mm diameter). The flux is calculated to be 2 x 101 9  n r 2 s_1. Figure 5.9 reveals two ESD 
processes. For the 30 L dose, the steeper slope, ma has a cross section <7a = 1.26 (± 0.25) 

x 10- 2 2  cm2. Slope mb reveals a cross section, (7b> of 1.4 (± 0.4) x 10- 2 3  cm2. This 
correlates well with the cross sections calculated after the 15 L dose where (7a and (7b are 
1.3 (± 0.2) x 10"2 2  cm2  and 9 x 10_24± 0.4 x 10" 2 3  cm2  respectively.

The values take into account an overall peak height and time measurement error of ±10%.
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Figure 5.9 In [Auger peak intensity] versus time exposed to 2 kV electron beam graphs for chlorine 
after initial doses of 30 and 15 L.

For both exposures the change in the desorbing mechanism occurs at 450 seconds. From 

figure 5.6(c), 450 seconds is the point where the rate of Auger peak intensity decrease for 
chlorine begins to decline. From the TDS results, molecular BCI3 is not observed to 
desorb at low temperatures. As molecules will only weakly physisorb onto a surface, only 
a small amount of energy would be required for them to desorb. As this does not occur 
here, it may be concluded that the initial adsorption is not molecular in nature and BCI3 

undergoes a dissociative chemisorption onto the surface of CVD diamond; a BC1X and a 

Cl moiety. At low coverages a high temperature (900K) BCI3 (116 amu) peak is
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observed, therefore from a dissociative chemisorption of BCI3 , an associative 

recombinative desorption occurs giving rise to BCI3 once again. The cross section Ga 

(1.26 x 10' 2 2  cm2) can hence be assigned to desorbing chlorine of the BC1X moiety. Gb 
(1.4 x 10- 2 3  cm2) may be assigned to the desorption of chlorine directly from the 
diamond surface, requiring a greater activation energy to occur. Both mechanisms of 
chlorine desorption may be occurring simultaneously, but chlorine desorption (Gb) is 
only seen when all the BC1X chlorine is fully desorbed(Ga) after 450 seconds.

5.4.3 Boron trimethylamine complex and diamond

The trimethylamine borane complex appears to react rather differently; the reduction in 
the flux of the molecular form revealed in figure 5.8 alongside the appearance of 
N(CH3 ) 3  clearly indicates that thermally activated dissociative adsorption occurs; an 
activation energy of around 257 kJ mol-1 for this process is implied by this data. The 
thermally activated evolution of H 2  from the surface (Ea ~ 190 kJ m ol'1) presumably 
arises from a further decomposition process within the adsorbed layer. Thus, the 
following reaction sequence can be proposed,

(CH3 ) 3 N BH3 (g) + C (s) ----------- > (CH3)3N (g) + BH3 (ads) (5.8)

2BH3 (ads) + C(s) ---------------> 2B (ads) + 3H2  (g) (5.9)

At a typical growth temperature of 1000 K it can be expected that all molecular species 
hitting the diamond surface will be decomposed giving rise to a contamination-free boron 
adlayer. In this case decomposition of the molecular form within the plasma volume is 
undesirable since thermally driven reactions are all that are required to contribute boron 
to the growing diamond film.

5.5 SUMMARY

A number of mechanisms can contribute to the incorporation of boron beyond the adlayer 
surface of a diamond thin film from a gas phase boron precursor compound. In the case 
of BCI3 , thermally driven reactions alone are not sufficient for boron deposition, but the 

molecule does adsorb with a relatively long surface lifetime being apparent at typical 
growth temperatures (100ms at 1000K). This contrasts sharply with a precursor which
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displays only weak physisorption on diamond where a surface lifetime of picoseconds 
can be expected. This means that reactions within the adlayer stimulated by ion, electron 
or atomic hydrogen bombardment may contribute to the release of boron. Fragmentation 
of the compound within the plasma volume may clearly assist by leading to more reactive 
forms (or boron itself) colliding with the diamond surface; the fate of the Cl species under 
these circumstances must be considered since the incorporation of some of this reactive 
element within the growing diamond film seems likely. Further studies to investigate the 
interaction of adsorbed BCI3 with atomic hydrogen, electrons and ions would shed 
further light on the nature of these reactions.

The borane trimethylamine complex, by contrast, will be thermally dissociated with high 

efficiency with fully volatile reaction by-products at typical growth temperatures. 
Provided decomposition of this precursor within the plasma volume does not lead to 
significant levels of carbon or nitrogen containing reactive fragments which incorporate 
in the film, high purity boron doping should result.

I
I
I
!
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6 DECOMPOSING SULPHUR-CONTAINING 
COMPOUNDS ON DIAMOND AND GALLIUM 

ARSENIDE SURFACES

OUTLINE

6.1 INTRODUCTION
6.1.1 The role of sulphur within electronic 

applications
6.1.2 Diffusion in diamond
6.1.3 Experimental aims

6.2 EXPERIMENTAL METHODS

6.3 RESULTS
6.3.1 DES on polycrystalline CVD diamond
6.3.2  DES on gallium arsenide
6.3.3 TBT on gallium arsenide

6.4 DISCUSSION
6.4.1 Diamond
6.4.1 .1  Diffusion of sulphur in CVD diamond
6.4 .2  DES and gallium arsenide
6.4.3 TBT and gallium arsenide

6.5 SUMMARY

OUTLINE

In this chapter, the reactions of diethyl sulphide (DES), (CH3 CH2 )2 S, on thin film CVD 
diamond and gallium arsenide (GaAs) are investigated. The introduction begins with a 

review of how sulphur has been of use in electronic applications previously. Sulphur's use 

as a passivant in III/V thin films is considered and the diffusivity of sulphur through other 
materials is reviewed along with possible mechanisms for the diffusion. The diffusivity 
behaviour of species other than sulphur through both single crystal and polycrystalline 
diamond is compared. Motives and aims are then stated for this particular investigation. 
The interaction of DES with polycrystalline diamond surfaces is compared and contrasted 
to studies of DES and tertiary butyl thiol (TBT) interaction with GaAs. The experimental 
methods describe how the sulphur-containing precursor compound was maintained in a 
pure state prior to dosing on polycrystalline diamond.
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6.1 INTRODUCTION

6.1.1 The role of sulphur within electronic applications

Semiconductor device characteristics are very sensitive to surface and interface states for 
metal/semiconductor, insulator/semiconductor and semiconductor/semiconductor systems. 
Sulphur has been used to create a passivating layer on the surfaces of III/V 

semiconductors. This has been developed in an effort to reduce both the surface density of 

states and the number of surface defects. The thermal stability of the surface may also be 
improved (Omori [1997]). Sulphur has been incorporated onto the surface using a variety 

of techniques. Xiaoyuan and co-workers [1996] passivated GaAs using a sulphur vapour 
glow discharge, and subsequently demonstrated the non-decaying behaviour of the 

photoluminescence intensity of such passivated films under illumination with a high 
intensity laser beam. Omori and co workers passivated InP (100) substrates by treatment in 
an ammonium polysulphide solution, during their preparation. The use of a polysulphide 
solution is very common according to the literature. Huang [1997] investigated the 
optimisation of ohmic contacts by sulphur adsorption onto GaAs: TDS experiments 
revealed that the sulphur desorbed between 520-600 °C.

Bessolov and co-workers [1996] studied a sulphur passivated GaAs surface. The surface 
had been sulphidized in inorganic sulphides Na2 S and (N H ^ S  in various solvents (water, 
alcohol). By varying the sulphide and solvent reagents, these workers observed a direct 

correlation between an increase in the rate constant of the sulphide-forming reaction and an 
increase in the efficiency of electronic passivation. The solution composed of tertiary butyl 
alcohol and sodium sulphide Na2 S yielded the most effective electronic passivation of the 
surface states, although chemically the least sulphur concentration in solution. The 
efficiency of electronic passivation of the semiconductor surface states was determined by 

measuring the intensity of the GaAs photoluminescence peak. XPS was used to determine 

the S atom coverage, N s, on the GaAs surface after the sulphide treatment. During 
passivation, a reduction in the density of those surface states most active in non-radiative 

recombination takes place, i.e. those states located near the middle of the band gap. This in 
turn gives rise to other states near the edge of the GaAs valence band.

Along with its use in passivation, sulphur has also been employed in the stabilisation of the 
bulk properties of thin film materials. In the process of device preparation, a semiconductor 
material undergoes a number of thermal treatments; diffusants or impurities within the 
material may create thermal defects. These may ultimately cause the device parameters to 
deteriorate. Therefore the behaviour of dopants/impurities within a semiconductor device
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film under thermal stresses or fluctuation must be well understood. The thermal diffusivity 
of sulphur and other elements through a general bulk has been studied. Chaikovskii [1974] 
observed an increase in sulphur Auger peak intensity from a (100) tungsten surface as the 
tungsten sample was held at increasing temperatures from 400 through to 2000°C. The 

sulphur reached maximum peak intensity at 1200°C, and above this temperature reduced as 

the sulphur then desorbed from the sample. Park and co-workers [1984] incorporated a 
sulphur atmosphere into one of their thermal cycling treatments when investigating interface 

modifications in composites of continuous SiC and B4 C-B fibres in a titanium metal 
matrix. Using scanning Auger and inert ion-sputtering analysis, they observed the sulphur 

diffusion rate to be much higher along the interface than into the bulk, by an order of 1 0 5 

difference in diffusion distance. At 550°C the sulphur interface diffusion coefficient was 5 
x 10- 9  and 7 x 10" 9  cm2  s_1 for the SiC and B 4 C-B composites respectively. A 

comprehensive study into the effect that sulphur impurities have on the resistivity of silicon 

films has been carried out by Bakhadirkhanov and co-workers [1994]. The authors 
concluded that the effect of fast diffusing impurities in silicon creating deleterious defects 
upon annealing may be curbed to an extent by doping the silicon with sulphur. One reason 
for this may be that sulphur's additional two electrons make it a reasonable neutral 
complex-creating atom e.g. SF6 - Rollert and co-workers [1993] investigated purely the 
diffusion of sulphur through silicon. Using a near dislocation-free silicon substrate, their 
results suggested that sulphur diffused by way of an interstitial-substitutional exchange 
diffusion model, as opposed to a substitutional/vacancy exchange mechanism.

Sulphur has been used as a donor impurity in boron nitride (Szmidt [1995]). Using 
pulsed plasma crystallisation, these workers grew BN layers doped in situ with sulphur 
vapour. S atoms substituted for B and N atoms within the layer by diffusion, only after an 
anneal to 625 K to create donor levels. It was observed that the anneal may be carried out 
either during the deposition process or afterwards. However, these workers attempts to 

reproduce the result were complicated by impurities diffusing into the BN layers which 

arose from aluminium contacts deposited solely to assess the layers electrical 
characteristics.

Popovici and co-workers [1994] have suggested that sulphur may be a substitutional 

impurity in diamond if it becomes electronically bound in the way nitrogen is within the 

diamond lattice; five of the six electrons of sulphur are bound to the diamond structure and 
the sixth electron may exhibit hydrogen-like behaviour and be electrically active within the 
lattice.
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6.1.2 Diffusion in Diamond

The diffusion of foreign atoms through diamond is generally believed to be very low due to 
diamond's very high atomic density and the tight binding of the diamond crystal. 
Experimental evidence has proved this postulate correct. Experimental methods for such 

diffusion studies include measurements of profile changes of atoms implanted into 
diamond, the measurement of the movement of native impurities (such as vacancies and 

interstitials) within natural diamond, and also the measurement of species introduced into 

the structure during diamond CVD growth. SIMS and nuclear reaction analysis are the 
techniques most frequently used to determine the distribution of diffusing species within 
diamond (Kalish [1993]).

The possibility of diffusing dopant atoms into diamond is of great importance as a method 

of doping diamond both p or n type for electronic device applications. However, 

substantial diffusion has only been observed of species which were ion-implanted into the 
material (Kalish [1993]). This implantation technique damages diamond's lattice structure 
hence, unsurprisingly, substantial diffusion is observed. The exception to this is the 

; migration of nitrogen in diamond. Nitrogen is often found as a native species in natural
| diamond therefore implantation techniques are not required to introduce it.
f
i
! A number of diffusion techniques have been developed for incorporating diffusant species
| into the diamond lattice without the structural damage associated with ion-implantation.
! Forced diffusion i.e. diffusion under electrical bias (Popovici [1995a]), with thermal and/or

optical ionisation has overcome damaging the diamond structure. Diffusion of impurities in 
materials occurs unaided from areas of high to areas of low concentration. Forced diffusion 
uses an electric field to assist the normal diffusion process. The applied field either aids or 
buffers the natural concentration gradient set up by the diffusing species in the medium 
(Sung [1997]). These workers used forced diffusion to dope natural single crystal type Ila 
diamond specimens. Positively biasing the diamond crystal was observed to enhance the 

diffusion of negative boron ions (created by the applied field) through it.

Te-Nijenhuis [1997] and co-workers incorporated substantial concentrations (1 x 101 9  

cm-3) lithium into natural type la and Da diamond by direct in-diffusion from a Li2 0  source 
between temperatures of 400 and 650 °C. Further luminescence studies on the treated 
diamonds by these workers suggested that the lithium becomes clustered just below the 
specimen surface and therefore is not electrically active. Lithium, rather than phosphorus, 
was focused upon by these workers as a feasible n-type dopant in diamond, as it is 
expected to have the lowest formation energy and highest solubility (small atomic radius) of
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the group I elements. It is, in addition, expected to have a shallow donor level with an 
activation energy of 0.1 eV.

Popovici [1995b] introduced diffusants into high quality free-standing "white" CVD 
diamond films. Lithium, oxygen and chlorine were all force-diffused into the films, the 

diffusant source being a lithium salt. The films subsequently demonstrated n-type 
conductivity; the clustering which was subsequently observed by te-Nijenhuis et al not 

being apparent.

Sung and co-workers [1996] reported that forced diffusion of boron (powder) as opposed 

to diffusion due to a concentration gradient led to a six order of magnitude increase in the 

electrical conductivity of a CVD diamond film measured in the temperature range 300-600 

K. Conventional diffusion techniques resulted in only a one order of magnitude increase. 
But, once again it must be taken into account that Sung and co-workers [1996] were using 
CVD diamond as opposed to single crystal material, therefore the mobility of diffusants 
through the CVD film would be expected to be higher due to large concentrations of defects 
and grain boundaries.

6.1.3 Experimental aims

Popovici [1995b] succeeded in incorporating sulphur into natural diamond using forced 
diffusion. To date, only a handful of investigations of this nature have been undertaken. 
Using two sulphur-containing compounds, diethyl sulphide (DES) and tertiary butyl thiol 
(TBT), as sulphur sources an investigation is made into their adsorption/desorption 
behaviour on both the surface of polycrystalline CVD diamond and gallium arsenide. The 
motives are twofold: to observe the mechanisms of adsorption and desorption of DES on 
poly crystal line thin film diamond, and what effects (either permanent or temporary) it has 

on the diamond surface. The reactivity observed on diamond has been contrasted with 

measurements made for the adsorption of these species on the more widely studied GaAs 

surface. This has enabled a clearer picture of the behaviour of these molecular sources of 
sulphur to be achieved.
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6 .2  E X P E R I M E N T A L  M E T H O D S

Thin polycrystalline diamond films (6 pm  thick) (Figure 6.1) supported on silicon wafers 

were cleaned using a sulphuric acid/ am m onium  persulphate acid etch (treatment III, 

chapter 4) prior to insertion in-vacuo. the surface o f  the film is rough and there is no 

apparent preference for one or other of the distinct diamond growth faces. ( I l l )  triangular 

facets can be seen (figure 6.1). The sample area was 0.84 cm 2. The vacuum  chamber, 

which routinely reached pressures of 5 x lO '10 mbar (~ 4 x 1(H° Torr) following bakeout, 

was equipped in the same manner as for the investigations into boron containing precursors 

on diamond (chapter 5). The samples were heated in-vacuo to around 1000 K ensuring 

that residual air contamination was removed from the surface.

Figure 6.1 SEM micro graph of the CVD polycrystalline diamond surface dosed with DES.

( C H 3 C H 2 )2 S vapour was admitted into the cham ber from a steel dosing finger via a 

d ifferentially-pum ped leak valve. The compound's purity was ensured by freeze-thaw 

cycling of the steel finger. During exposure, the diamond sample was positioned 1 cm 

away from the tip of the dosing tube. A purpose-designed cracking filament situated at the 

tip of the dosing tube enabled decomposition of DES, enabling fragments to adsorb onto 

the diamond surface for some experiments. Dosing occurred as the chamber pressure was 

increased to 1(T7 Torr by opening the leak valve of the steel dosing finger allowing DES 

into the chamber. Once stable at this pressure, the cracking filament was employed for the 

length of time required to provide an exposure calculable in Langmuirs. Adsorption in this 

manner was preferable to adsoiption whilst heating the sample directly. The latter technique 

only produced minimal indications of sulphur adsoiption even at high sample temperatures 

and long exposure times.
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DES and TBT adsorption and TDS experiments were also performed on GaAs. The GaAs 

surface was initially cleaned by argon ion bombardment (400 eV, 5pA, 2 hours) at 700 K. 
This cleaning procedure produced a LEED pattern showing a (4 x 1) reconstructed GaAs 

surface.

6.3 RESULTS

The results below are presented for the individual surface/adsorbate investigations: DES 
and CVD diamond; DES and GaAs; TBT and GaAs.

6.3.1 DES on polycrystalline CVD diamond

Initially a 120 L dose of DES on the unheated diamond surface was carried out; no trace of 
sulphur was subsequently observed by Auger analysis of the surface. The surface was then 

heated stepwise to increasing temperatures during dosing; however even heating the surface 
to 850-900 °C during the same dose still yielded no surface sulphur as judged by AES. 
Sulphur on the diamond surface became immediately apparent once a cracking filament was 
configured at the tip of the dosing tube. This served to create smaller, more reactive species 
from DES whose affinity with the diamond surface was evidently greater than the parent 
molecule's.

Thermal desorption spectroscopy was used to investigate the nature of these volatile species 
adsorbed on the diamond surface; figure 6 . 2  shows thermal desorption spectra recorded for 
the desorption of hydrogen following exposure to 0.5 - 12 L (1L = 10-6  Torr.sec.) of the 
precursor compound. A single peak is apparent centred around 523 K which is observed to 
steadily increase in intensity over this exposure range. However, no peaks from other 

atomic masses within the eight peak mass spectrum of (CH3 CH2 )2 S were observed (27, 
29, 32, 45, 47, 61, 62, 75, 90 amu's).

115



o. .decomposing suipnur-coniainmg compounas on diamond and u a /\s  surraces

0.5L

1.5L

c
3

3Lcd

6L

12L

6730 473 873 1073

Temperature (K)

F igure 6.2 Thermal desorption spectra of H2 (2 amu) after various doses of the CVD diamond surface 
with diethyl sulphide.

Figure 6.3(a) shows a family of Auger spectra taken in wide scan (500 eV) mode. As the 
exposure increases, so too does the intensity of the sulphur peak (152 eV). Along with 
this, the carbon KVV Auger peak has shifted from 268 to 270-271 eV, an indication that 
either carbon other than diamond is being formed upon the film's surface as exposure to 
diethyl sulphide is increased, or that modification to the native diamond surface is 
occurring.
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F igure  6.3(a) Family of wide scan Auger spectra (50 - 500 eV) of the CVD diamond surface 
initially undosed, and then followed by increasing doses with diethyl sulphide.

Figures 6.3(b) and 6.3(c), graphs of dose v S/C ratio and of dose v peak intensities 
respectively, reveal that after 48 L the S/C ratio stabilises. Figure 6.3(c) shows that after 12 
L exposure, the carbon peak intensity maximises before dropping and levelling off after 
subsequent doses, whilst the sulphur intensity rises up to 12 L and then levels off.
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Figure 6.3(b) Sulphur/carbon auger peak ratio with increasing exposure to (CH3CH2)2S.
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Figure 6.3(c) The change in carbon and sulphur Auger peak height upon increasing exposure to 
(CH3CH2)2S.

High resolution Auger spectra of the carbon KVV peak were recorded (figure 6.4).These 

revealed a transition from signature diamond before dosing, to graphitic type carbon after 
sulphur becomes present on the surface . From a dose of 12 L upwards the carbon KVV 
peak closely resembled plot (v) of figure 6.4, having resembled plot (iii), fig. 6.4 more 
closely prior to any dose.
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F igure  6.4 High resolution Auger spectra of the carbon KVV peak after treatments I to V (chapter 4) 
Prior to dose, the CVD diamond surface resembled spectrum (iii); post dose the surface 
resembles spectrum (v).
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F igure  6.5 Family of wide scan Auger spectra. CVD diamond is dosed with 12L (CH3CH2)2S, 
heated at the set annotated temperature for 7 s and cooled.
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F igure  6.6 The sulphur peak shape (from fig. 6.5(a)) as sample heating temperature is increased.

Figures 6.5 and 6 . 6  are the graphical results of the behaviour of surface sulphur upon 

sample heating. The family of wide scan Auger spectra that comprise figure 6.5 were 
acquired by initially dosing the clean diamond surface with 12 L DES. The sample was 
then heated at the annotated temperature for 7 seconds. This done, a spectrum was taken 
once the sample was allowed to cool. Again, the sample was held at the next temperature 
for 7 seconds, cooled and a spectrum taken. Figure 6 . 6  shows more clearly the shape 

alteration and reduction of the sulphur Auger peak as the sample is heated at the set 
temperatures. Up to 875°C, the maximum and minimum of the peak are still evident, but 
beyond that temperature the peak has practically disappeared. During the removal of 
sulphur from the surface using this method, the receding sulphur Auger peak was not 
observed to shift in energy.

6.3.2 DES on gallium arsenide

An Auger spectrum of the clean gallium arsenide surface revealed both Ga and As 

transitions:
Ga mmm, 56 eV; mmv, 81 eV; mmm, 109 eV 

As mmv, 94 eV

Adsorption of uncracked DES on to the gallium arsenide surface occurred at a sample 

temperature of 200 K. TDS subsequently revealed desorption of "molecular peaks" (90 
amu) at -350 and -550 K (figure 6.7). The first peak TDS was performed after a 100 L 

dose. At 600 K, peaks related to the cracking of ethene (28, 27 and 26 amu) were 
observed. Hydrogen (2 amu) was also noted to desorb at 600 K.
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In order to determine to what extent the GaAs surface was being saturated by sulphur, 

Auger peak intensities of sulphur and gallium were monitored as the DES dose was 

increased. The result of this experiment is seen in figure 6 .8 ; as the DES dose increases to 
25 L, there is a concurrent increase in the S Auger intensity, which levels off at around 20 
L. The Auger intensity of the gallium peak falls on the other hand to almost zero at 25 L. 

The intensities of sulphur and gallium are equal at around 5 L DES dose. Therefore figure 

6 . 8  is an uptake curve for sulphur on the GaAs surface. The inversion of Auger peak 
intensities with increasing dose suggests rapid and effective adsorption on all surface sites.

Figure 6.9 shows again the change in Auger intensities of both sulphur and gallium (after a 
100 L diethyl sulphide dose) as the sample is heated to increasing temperature. At -280 K 
the sulphur signal intensity begins to drop rapidly as the gallium signal intensity rises, but 
not as dramatically as in figure 6 .8 . At -385 K the intensities of both are equal, and above 
that temperature the gallium signal continues to rise, still increasing at a lower rate from 440 
K. The re-emergence of gallium on the surface as the sample is heated to increasing 
temperature further confirms the TDS result of figure 6.7, where much of the sulphur is 

desorbed in the form of DES.
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c
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F igure  6.7 TDS spectra of desorbing moieties from the GaAs surface after a 100 L dose with DES.
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F igure  6.8 Sulphur uptake curve on GaAs surface with increasing DES dose.
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F igure  6.9 Sulphur and gallium Auger peak intensities against increasing sample heating 
temperature (for DES on GaAs).

The effect of altering the dosing temperature was also recorded; figure 6.10 shows the 
increase in sulphur Auger intensity with increasing dose at 200 K and 350 K dosing 

temperatures. The rate of uptake of sulphur on the surface was greatly reduced when the 
surface was dosed at 350 K, presumably because at this temperature the sulphur uptake is 
directly competing with molecular desorption. 200 L doses were then performed on the 

cleaned GaAs surface at temperatures ranging from 200 to 600 K, the sulphur Auger peak 
intensity being monitored (figure 6.11). The maximum sulphur Auger peak intensity was 
observed at 200 K; the lowest at 400 K. The intensity rose again when the surface was
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dosed at 600 K, falling again at subsequent higher dosing temperatures. The adsorption 

behaviour of DES on gallium arsenide is in direct contrast to its behaviour with diamond 

where no adsorption occurs without pre cracking the gas.

S 152 eV
200 K

a
S3

u-»

S 152 eV 
350 K

5 10 20
Dose (L)

F igu re  6.10 The rate of surface uptake of sulphur on Auger intensity of sulphur at differing 
dosing temperatures for a 200 L DES dose.

(N

200 400 600
dosing temperature (K)

F igu re  6 .11 The Auger intensity of sulphur at differing dosing temperatures for a 200 L DES 
dose.

The effect of an electron beam on a dosed GaAs surface (200 L at 200 K) was measured 
(figure 6.12(a)). The electron beam (10 jiA, 1mm2) impinged on the surface at 200 K 

Subsequently the GaAs sample was "flash" heated to 400 K to remove weakly physisorbed 
molecular species, leaving exclusively irradiation-affected species on the surface. The 
irradiation may crack the surface-residing DES molecule removing one of the ethyl groups. 
The same experiment was repeated at 400 K (figure 6.12(b)). In figure 6.12 (a) the rise in
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sulphur Auger intensity begins to level off after around 15 minutes of electron beam 

irradiation. From 6.12 (b) (200 L dose at 400 K) the initial sulphur Auger intensity is 
relatively higher than for the dose performed at 200 K, and the rate of increase in sulphur 
Auger intensity is more linear showing no signs of levelling off even after 30 minutes 
under electron beam irradiation. The higher initial sulphur Auger intensity observed with 

the 400 K dose may be due to the DES molecules being cracked already at the surface into 

separate species at this dosing temperature. The electron beam then assists in further 
removing alkyl groups from these species, thereby exposing sulphur that has remained at 

the surface. After the dose at 200 K, adsorption at the surface is multilayered, molecular 
and weak. An impinging electron beam will cause molecular desorption as well as 
molecular cracking at the surface. The former effect will reduce the Auger intensity of 

sulphur observed as it is desorbed away in the form of DES. Those DES molecules 
favourably situated near to the GaAs surface may then fragment giving rise to sulphur- 
containing chemisorbed species and hence the Auger signal. From the results shown in 
figure 6.11, one would expect to see a higher initial Auger intensity for sulphur at 200 K, 
and this would be due to multilayer DES adsorption. The electron beam , by removing the 
multilayer has reduced the initial Auger signal.
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F ig u re  6.12 The effect of an electron beam on a 200 L dosed GaAs surface at (a) 200 and (b) 400 K.
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In the following experiment, the sample was irradiated with the same electron beam energy 

during adsorption at 400 K. The irradiation was found to enhance the surface sulphur 
concentration as judged by AES than if irradiation was not performed during adsorption. 

The enhanced sulphur signal occurs as the irradiation unblocks surface sites previously 
occupied by ethyl groups, assisting further sulphur adsorption onto newly unoccupied 

sites. Figure 6.13 shows the monitoring of the sulphur Auger intensity as the dose is 

increased at 400 K. The sulphur's intensity initially rises more rapidly when electron 

irradiation is used on the surface of GaAs.

F igure  6.13 Auger intensity of sulphur monitored with increasing DES dose on GaAs performed at 
400 K with and without electron beam irradiation during dosing.

10 20
dose(L)

6.3.3 TBT on gallium arsenide

C  CH3

SH

F igure  6.14 Structural formula of TBT.

125



o. decomposing suipiiur-coiiiamnig compuuiius un uiamoiiu ana u a n s  sunaces

A 100 L dose of TBT at 200 K on the GaAs surface was performed. The subsequent TDS 
analysis (figure 6.15) revealed peaks for 90, 75, 56, 39 and 2 atomic mass units. Once 
again, as with DES on GaAs, molecular desorption is seen to occur at 300 and 600 K (90 
amu), the first peak being due to multilayer desorption and the second due to cracked 

species recombination. 2 methylpropene (56 amu) is desorbed at 500 K (figure 6.15), and 

hydrogen ( 2  amu) evolves at around 610 K

As with DES on GaAs, the sulphur uptake was monitored against the gallium Auger 
intensity over a 25 L dose (figure 6.16). The rise in sulphur intensity was seen to slow at 
12 L; at 25 L the gallium signal had diminished entirely, suggesting full surface coverage 

by sulphur containing species i.e. TBT.

The effect of heating a dosed surface was again recorded by monitoring the sulphur, and 
gallium Auger intensities were monitored as a function of temperature after a 100 L dose of 
TBT at 200 K. (figure 6.17). The surface concentration of sulphur lowered concurrently as 
that of gallium increased. However, the sulphur Auger signal intensity did not diminish 
entirely as it had with DES on GaAs. That sulphur is still resident in some form on the 
surface, even after heating to 700 K, suggests that cracking of adsorbed TBT molecules on 

the GaAs surface is more favourable than recombinative molecular desorption.
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F igu re  6.15 TDS spectra of desorbing moieties from the GaAs surface after a 100 L dose with

TBT.
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F ig u re  6.16 Sulphur uptake curve on GaAs surface with increasing TBT dose.
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F igure 6.17 Sulphur and gallium Auger peak intensities against increasing sample heating 
temperature (for TBT on GaAs).

Dosing of the surface with 200 L TBT was performed again at different sample 
temperatures, and the initial sulphur Auger intensity was recorded at each temperature after 
the dose. This is shown in figure 6.18. From this figure it can be seen that, as with DES on 

GaAs (figure 6.11), the most efficient surface uptake of sulphur occurs at 200 K. The 
uptake then reaches a minimum at around 400 K, before rising to a second maximum at 
550 K. Beyond this dosing temperature, the initial sulphur Auger intensity declines as the 
rate of adsorption by dosing at these elevated temperatures may be offset by the rate of 
desorption, and/or diffusion of surface sulphur into the bulk.

500 600300 400200
Dosing temperature (K)

F igure  6.18 The Auger intensity of sulphur at differing dosing temperatures for a 200 L TBT 
dose.

128



o. decomposing suipnur-coniaming compounas on aiamona ana u a /\s  surraces

The carbon from the butyl groups of TBT was not observable by the RFA of the Auger 

apparatus. Instead, x-ray photoemission spectroscopy (XPS) was used to detect the surface 
carbon. As the dosing temperature was increased, so the XPS signal (285 eV) intensity for 
Is carbon reduced and shifted (figure 6.19).

200K

400 K

500 K

Ga AES transition

600 K

280 285
Binding energy (eV)

F igu re  6.19 XPS spectra of surface carbon as temperature is increased after 100 L dose of GaAs 
with TBT.

6.4 DISCUSSION

6.4.1 Diamond

Unlike GaAs, DES was not seen to chemisorb in its molecular uncracked form on the 
polycrystalline diamond surface. Even sample heating caused no uptake. Such inertness of 
diamond has been observed previously using hydrogen sulphide as the adsorbate (Lurie 
and Wilson [1977]). These authors were also unable to modify the diamond surface with 
sulphur when using long exposure times and high doses. Chemisorption was only seen 
when the surface was electron stimulated during exposure.
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The apparatus used in the dosing experiments involving polycrystalline diamond had no 
facility for cooling the sample surface, therefore adsorption experiments on polycrystalline 
diamond were unable to be carried out below room temperature. Conceivably physisorption 
of DES on polycrystalline diamond would occur at temperatures below room temperature 
but the inertness of the diamond surface to the chemisorbed molecule would ensure further 

reaction would not ensue.

From figure 6.2, desorption of hydrogen from the surface of the film is observed at around 

523 K. The shape of the peak (which is more defined after 12 L exposure) suggests that the 

desorption is a first order kinetic process (see chapter 3). The fact that hydrogen is seen to 

desorb at such a low temperature from the diamond surface seems to suggest that this 
species is not directly bonded onto the diamond surface. The acid etch treatment the 

samples were subject to before dosing, removed any surface adsorbed hydrogen prior to 
the experiments performed here. Surface-adsorbed hydrogen requires temperatures of 1200 
K and above to remove it (Davies [1993], Pate [1996]). This result points to the possibility 
that the hydrogen, wherever it is coming from, has a lower activation energy for the 
breaking of bonds than if it were directly adsorbed onto the surface.

From figure 6.3(a), as the DES dose increases, the non-diamond carbon component of the 
surface is seen to increase and despite a heat clean in vacuo to above 900 K which removes 
all trace of surface sulphur, non-diamond carbon rather than diamond remains predominant 
on the surface. The result seen here provides an intimation for the source of hydrogen 
observed in the TDS experiment; from the TDS result shown in figure 6.2, no alkyl 
species are seen to desorb. Only H2  is observed to be eliminated from the surface, 
abstracted from the chemisorbed alkyl groups. Once hydrogen desorbs, the remaining 
carbon atoms find themselves effectively incorporated as part of the surface. The 

preferential hydrogen abstraction over alkyl group desorption has ensured this, and with no 

external means with which to maintain the diamond structure, the carbon atoms favour a 

non-diamond configuration. Simultaneously, sulphur diffuses into the bulk of the sample 
to the extent that it can no longer be observed by Auger electron spectroscopy.

From figure 6.3(b), the S/C surface ratio levels off at around 48 L exposure. At this 

exposure the influx of freshly cracked moieties from the DES parent adsorb as a new layer 
upon the old layers and an evident pattern of adsorption emerges in which ultimately the 

S/C ratio remains constant. The carbon KVV peak is not observed to diminish relative to 
the sulphur Auger peak as exposures increase; it is still the peak with the highest Auger 
intensity. This peak arises from either the alkyl groups of the adsorbing cracked moieties, 
or from the original diamond surface itself (which has undergone a transition into non
diamond carbon). In the latter case, this would occur by sulphur incorporating onto the
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surface with a simultaneous removal or elimination of alkyl groups from the cracked 
moieties. Hydrogen may still remain present bonded onto the sulphur, and removed by 
thermal desorption (figure 6.2). However, the elimination of the alkyl groups has to occur 
simultaneously with the sulphur adsorption as no trace of them are observed post dose 
using TDS.

6.4.1.1 Diffusion of sulphur in CVD diamond

Sulphur is not seen to desorb in any form, implying that it diffuses into the bulk of the 
sample (figures 6.2 and 6.20). Due to sulphur's large covalent radius (0.1 nm), it would 
not be expected to diffuse readily into single crystal diamond. With polycrystalline diamond 

however, diffusion into the bulk is likely to be greatly aided by the presence of grain 
boundaries and other defects. From figures 6.5 and 6 . 6  this diffusion begins to be seen to 
occur at 400 °C. At 600 °C the rate of diffusion has reached the extent that it could be 
observed at a reasonable recordable rate.

0.25

0.2

0.05

0 200 400 600 800 1 0 0 0
Temperature (°C)

F igure  6.20 S/C ratio v heating temperature. Data derived from data of figure 6.5.
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F igure  6.21 Sulphur peak height diminishing over time after CVD diamond is dosed with 12L 
DES and constantly heated at a fixed temperature of 600°C.

In figure 6.21 the sulphur peak intensity was plotted as a function of time when the sample 
was heated constantly at 600 °C. This temperature was chosen from the data set in figure 
6.5 as a point at which a surface elimination of sulphur could be observed at a recordable 
rate; there is a clear reduction in height corresponding to elimination of sulphur from the 

surface.

Using the information from this graph, the rate of diffusion of sulphur and a diffusion 
coefficient was calculated. This was achieved by using a method based on Auger signal 
intensity diminishment implemented by a number of workers ( Foord [1980], Sparnaay 
[1973],). The model aims to calculate the diffusion coefficients and the activation energy 
for such diffusing adatoms. If all species are considered to lie on the plane x = 0 at time t = 
0 , no the number of foreign atoms adsorbed on a substrate per unit area, then the problem 
may be treated one dimensionally. If it is assumed that there is no further adsorption, nor 
desorption, the diffusion equation is:

c(x, t) = U l / i K D t f ^ e x p ^ x 1 /{ADT)\ (6.1)

where c(x,t) is the volume concentration of the diffusing species and M = the critical 
number density of atoms on the surface. The assumptions that the excitation efficiency of 

the primary electron beam falls off exponentially with distance below the surface, and 

likewise the escape flux of Auger electrons falls off exponentially with distance travelled 

through the sample, can be made for an AES experiment. It therefore follows that a two
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dimensional adsorbate of number density M, which gives an Auger signal Io when 

localised at the surface, will give a signal:

I0 exp ~x ( ) i c o s e + / z J  = I*exp{ / x j  (6-2)

when located at a distance x below the surface, (this equation only strictly holds for a CMA 
where the collection angle is fixed.) X is the inelastic mean free path of the Auger electron 

and Xp is the attenuation length of the primary beam, 0 is the escape path of the Auger 

electrons with respect to the surface normal. Thus an initial surface concentration M, when 
distributed as c(x,t) will give an Auger signal;

/, = [ I0 / M c(x ,t)exp(-x  / X0)dx (6.3)Jo

where Xo is defined by equation (x):

- X cos OX, /
x ° =  / x c o s e + x p <6-4>

where 0  = 42°, A,p = 38.6 A and X = 6  A (the mean free path for sulphur Auger electrons). 

Substituting c (x,t) from equation (6.1) leads to:

= exp{y2){ 1 -  erf(y)) (6.5)

where

y = ( D t f / X 0 (6 .6 )

Foord and co-workers found this model to give a very good fit to the adsorbate Auger 

intensity variation found for the diffusion of nitrogen and oxygen into the bulk of a 
zirconium sample. Application of data derived from figures 6.20 and 6.21 for the diffusion 

of sulphur into the bulk of diamond allows the formulation of an error graph. Values 
calculated for y, which are required to ultimately calculate values for ADt, are shown in 

table 6 .1 .
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T (K) Sint (m m ) I t / I o y D t ADt Log(ADt)
298 23.5 100 0 0 0
313 20.5 87.2 0.13 0.269 0.269 -0.572
673 17.0 72.3 0.32 1.6359 1.3669 0.135
748 13.8 58.7 0.55 4.8327 3.1968 0.505
798 11.4 48.5 0.8 10.224 5.3913 0.732
873 10.0 42.6 0.98 15.343 5.119 0.709
998 7.6 32.3
1073 5.1 21.7
1148 5.0 21.3
1223 4.0 17.0
1248 - -

1273 - -

T able 6.1 Tabulated values of y using equation (6.5). D is then calculated using equation (6.6).

Using the following equation;

log(ADt) = logD0 -  a/ 2  203RT (6-7)

the activation energy (Ea) for diffusion may be calculated. A plot of log (ADt) against 1/T 

produces a straight line fit graph (figure 6 .2 2 ), the gradient of which is equal to 
-Ea/2.303R, the activation energy divided by the gas constant R (8.314 J mol_1K_1). Using 
this method, the activation energy for diffusion of sulphur through this polycrystalline 
CVD diamond was estimated to be ~ 34.43 kJ mol-1.

0.8

0.7

0.6

Q 0.5
ro
^ 0 .4
6JD

^0 .3

0.2

0.1
0.0011 0.00115 0.0012 0.001250.0013 0.00135 0.0014 0.00145 0.0015

1 / T

F igure  6.22 Graph of equation 6.7 using data in table 6.1. The activation energy for the diffusion 
of sulphur into the bulk of the diamond film may be calculated from the gradient.
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D, the rate constant for diffusion at 600 °C (873 K) may be calculated using equations 6.5 

and 6 .6 . Values for It and Io are taken from the graph in figure 6.21. At t = 0, Io = 5.425 
mm and at t = 50 s, It = 4.925 mm. Therefore It/Io = 4.925 / 5.425 = 0.908. Using this 
value for It/Io, a value for y may be read off the error function graph of equation 6.5; y = 
0.08. Finally, D is calculated using equation 6 . 6  where = 3.997 x 10“8 cm and time t is 

50 s. Thus,

0.08 = (50D)1/2/^ o
and,
D = 2.045 x IO-1 9  cm2 .s_1.

Having found the activation energy and D, the temperature independent diffusion 
coefficient, Do, may be calculated using;

D = D0e Ea/RT (6 .8 )

The value of the term e"Ea/RT is 0.0087. Therefore Do = D / 0.0087.

Do = 2.35 x 10' 17 cm2 .S’1.

The value of this diffusion coefficient is around the same magnitude as that reported for 
boron through single crystal diamond as reported by Vavilov [1978]. A later investigation 
of boron diffusion through single crystal diamond performed by Sung and co - workers 
[1997] obtained a value of 4 x 10“ 14 cm2 s' 1 for the diffusion coefficient in the bulk of the 
diamond. Hinch and co-workers [1991] observed sulphur adatom diffusion on the Cu 
(111) surface using helium atom scattering. A diffusion coefficient of 2.86 x 10"5  cm2 s_1 

was recorded, te Nijenhuis [1997] compared their value of Do for lithium diffusion through 
single crystal diamond, silicon and germanium. The lowest value for Do by seven orders of 
magnitude was for lithium diffusion through diamond at 2 x 10" 1 0  cm2 s_1. With single 

crystal type Ha diamond as used by te Nijenhuis and co-workers [1997] the diffusion rate 
is reduced considerably due to diamond's higher atomic density over silicon and 
germanium, and also as the defect density in such diamond is low. However in a previous 

study Popovici and co-workers [1995c] reported that the diffusion through a single crystal 

type Ha natural diamond is influenced by the presence of vacancies, vacancy complexes, 
microvoids and dislocations. This conclusion was drawn after they observed similar values 
for the diffusion coefficients of hydrogen, oxygen, and sulphur through diamond, even 

though the chemical and physical characteristics of these diffusants are different. The 
diffusion coefficient of lithium through type Ha diamond was estimated to be more than one 
order of magnitude lower than the diffusion coefficients of boron, nitrogen, hydrogen and
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oxygen. The atomic radius, r \  , of lithium is 1.51 A and is substantially larger than that of 
carbon, oxygen, sulphur and nitrogen. Hence its movement through diamond is more 

hindered. Table 6.2 lists diffusion coefficients for various diffusants both through single 
crystal and polycrystalline CVD diamond and through other materials.

Reference Diffusing species Diffusion
material

Diffusion 
coefficient (Do) 

(cm 2.*-1)
Vavilov [1978] B natural single crystal 

diamond
10-15. 10-17

Sung [1997] B Type Ha natural 
diamond

4 x  1 0 - 14

Hinch [1991] S Cu (111) surface 2 . 8 6  x 1 0 - 5

te Nijenhuis [1997] Li Type Da natural 
diamond

2  x 1 0 -1°
i t Li Germanium 2.5 x IO' 3
it Li Silicon 2.3 x IO' 3

Popovici [1995c] B Type Ila natural 
diamond

4.2 x IO- 2 3

i t Li i i

-10-14
i t O i i

4.310 .3x10-13
i t H i i

2.4 ± 0.3 x 10-13
t i N i i

4 .310 .3x10-13
Matino [1974] S GaAs 3 x  1 0 7

Young [1970] S GaAs 1.85 x IO' 2

Table 6.2 Diffusion coefficient (D0) values for various diffusants through diamond and non-diamond 
materials.

The final two rows of table 6.2 indicate that sulphur diffusion through GaAs is a more 

rapid process than through diamond. The lattice constant of GaAs is 5.6533 A; diamond's 
is 3.6683 A. Therefore the less dense atomic packing of GaAs allows sulphur diffusion to 
occur more rapidly.

With a covalent radius of 1 A sulphur is smaller than lithium (1.51 A). This investigation 
has been performed on polycrystalline CVD diamond, a faster medium to diffuse through 
than single crystal diamond. This concept is effectively implied by Popovici and co

workers [1995a]. These workers observed the diffusion of oxygen and lithium through 
both single crystal and polycrystalline diamond material. Oxygen was observed to enter in 
the same quantity (3 x 1019 cm-3) into both poly crystalline and single crystal diamond as 
judged by SIMS; lithium, however, yielded a concentration of 3 x 1019  cm -3  after diffusion 
through polycrystalline CVD diamond, two orders of magnitude higher than diffusion 
through single crystal material. The fact that the lithium diffusion through the
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polycrystalline material was independent of an applied bias voltage also lends weight to the 
argument that the diffusion through the CVD film is occurring through the grain 
boundaries. The same concept is also indicated by Cytermann [1994], These workers 
observed no diffusion of lithium into single crystal diamond upon implantation followed by 

annealing. Channel implantation of lithium into <100> - orientated diamond led to lithium 

ions coming to rest in interstitial positions within the diamond lattice but once again, upon 

annealing these films no change in the SIMS profile was detected. Significantly, lithium 
diffused into CVD diamond upon annealing as judged by SIMS. These workers concluded 

that within the CVD material, lithium again diffused along grain boundaries. Cytermann's 
results for lithium diffusion are in contrast to Popovici [1995a], the latter observing 
diffusion through single crystal material. If this is the case and lithium does diffuse through 
single crystal material, it does so at a far less rapid rate than through polycrystalline 

diamond.

Yet despite this, Do for sulphur through polycrystalline diamond is considerably lower than 
for other diffusants (including lithium) through single crystal diamond. This suggests that 
for this study, Do is not exclusively dependant on the diffusion of sulphur along the grain 
boundaries and defects of the polycrystalline diamond film (if this was the case then Do 
would have a higher value), but also through the diamond lattice itself, hence the low value 
of Do. This suggests that sulphur does not merely reside within the grain boundaries and 

defects of the film but is being incorporated into the lattice structure.

6.4.2 DES and gallium arsenide

The low temperature required for uptake of DES on the gallium arsenide surface and the 
Auger intensity uptake curve (figure 6 .8 ) suggests that DES multilayers are forming on the 

surface. Upon heating of this dosed surface, the DES either desorbs wholly, or cracks 

(figure 6.7). Molecular desorption peaks were observed at both 350 and 550 K. At 350 K, 
the molecular desorption arises from DES multilayers on the surface. Further heating to 
higher temperatures causes some of the adsorbed DES to crack; ethyl and ethyl sulphide 
moieties become present on the surface. These desorb concurrently at 550 K, recombining 
to form DES once more, hence the second desorption peak observed. The 47 amu peak 
also observed at -350 K is due to methyl sulphide moieties forming as a proportion of the 
desorbing DES is cracked across the filament of the mass spectrometer head. 26, 27 and 28 

amu peaks are observed simultaneously with a 2 amu (hydrogen) peak at 600 K. These 
peaks together indicate that ethene is desorbing from the surface and subsequently cracking 
to form hydrogen. Ethene is formed by the recombination of two desorbing ethyl moieties. 
Further hydrogen loss leads to ethyne (acetylene 26 amu) formation.
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The proportion of surface sulphur was seen to be highest when dosing was performed at 

200 K (figure 6.11). At low temperatures such as this, adsorption of DES molecular 
multilayers occurs. If dosing is performed at intermediate temperatures i.e. 300 - 500 K, 
dissociative adsorption occurs. The dissociation of DES leads to surface site blocking by 
ethyl and other moieties. In turn this limits adsorption and hence a lower sulphur Auger 

peak intensity is observed. At high temperatures (600 K) an upturn in the sulphur Auger 

peak intensity is seen. At this temperature, all ligands are removed from the surface by 

recombination and/or elimination as judged by AES. Surface sites are unblocked and are 
occupied by sulphur. At even higher temperatures beyond 600 K, the downturn in sulphur 
intensity may be attributed to immediate diffusion of surface sulphur into the bulk of the 

GaAs.

Irradiating the dosed surface at 200 K with an electron beam causes adsorbed DES to crack 
into ethyl and monoethyl sulphide moieties. These are both able to remain adsorbed on the 
GaAs surface. Irradiating a dosed surface at 400 K prevents recombinative desorption of 
DES. Alkyl losses occur from the surface, leaving empty surface sites which are taken up 
by sulphur. This can be deduced by comparing the sulphur Auger intensities with and 
without concurrent electron irradiation during dosing at 400 K (figure 6.13). With 
irradiation the sulphur Auger intensity rises more rapidly than without. Once sulphur has 

gained a purchase on the GaAs surface it is energetically more favourable for it to remain 
there than to recombine with "hovering" alkyl groups.

6.4.3 TBT and gallium arsenide

Dosing the GaAs surface with TBT revealed molecular desorption (as did DES) at -300 
and -600  K (figure 6.15). Peaks at 75 and 39 amu, attributable to the TBT molecule 

cracking after desorption at the mass spectrometer head filament, are also observed at these 
temperatures, therefore these peaks have no connection with events on the surface.

At 500 K, the 56 amu peak is attributable to 2-methyl propene ((CH3 )2 CCH2 ). From figure 
6.17 it may be inferred that for TBT more sulphur remains on the surface than for DES. 2- 
methyl propene and hydrogen is eliminated (p -  hydride elimination) from the surface:
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H2 +(H3C)2CCH2
TBSH (650 K) {2 methyl propene}

TDS (300 K)
(500 K)

TB + HTBSH -

GaAs surface
Figure 6.24 Overall reaction scheme for TBT molecular desorption from GaAs surface. The (3 -  

hydride elimination of 2-methyl propene from the GaAs surface occurs at 500 K.

The XPS results (figure 6.19) are consistent with the reaction scheme. Carbon is observed 

to be present in the form of hydrocarbons (binding energy of 285 eV). By 500 K this is 
lost from the surface and at 600 K the AES transition for Ga is observable, indicating the 
re-emergence of empty GaAs surface sites.

6.5 SUMMARY

The sulphur-containing precursors used in this investigation have shown potential for 
incorporating sulphur into the material bulk they are adsorbed upon. It has been observed 
that sulphur diffuses more readily (i.e. at lower heating temperatures) through GaAs than 
through diamond due to GaAs's lower atomic density. For the purposes of in-diffusion of 

sulphur, TBT may be a marginally more effective sulphur-containing precursor than DES 

as judged by the temperature at which diffusion commences at through GaAs (550 K, TBT; 

600 K, DES).

The low value of Do for diffusion of sulphur through the polycrystalline diamond film 
observed here suggests that diffusion through the diamond lattice is occurring and is not 
restricted to grain boundaries. If this is the case, then diffusion, and similarly a low 
diffusion coefficient, should be observed by performing the same experiments upon single 

crystal material. From this study it is not possible to ascertain whether sulphur has been 
successfully incorporated into the diamond lattice.
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7 ENHANCING LOW FIELD ELECTRON 
EMISSION FROM POLYCRYSTALLINE 

DIAMOND

OUTLINE

7.1
7.1.1
7.1.2

INTRODUCTION
Diamond as a field emitter
The negative electron affinity of diamond

7.2 EXPERIMENTAL AIMS

7.3
7.3.1

EXPERIMENTAL METHODS 
Field Emission testing

7.4 RESULTS

7.5
7.5.1

DISCUSSION
Fowler Nordheim behaviour

7.6 SUMMARYii
|

i

OUTLINE

This chapter firstly indicates the potential role for diamond within the flat panel display 
industry as a potential material for field emitter arrays. The properties of diamond which 
make it a suitable candidate are discussed and previous work on enhancing field emission 
from diamond reviewed. This is followed by an account of the experimental work carried 

out in this investigation and the results obtained. The discussion includes an explanation of 
field emission theory as modelled by the Fowler-Nordheim equation. The results of this 

investigation are applied to a modified form of this model.
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7 .1  I N T R O D U C T I O N

Field emission is a phenomenon whereby upon application of a field above the surface of a 

material, e lectrons are liberated from that material. The material is not heated as in 

thermionic emission. Electrons are replaced in the material via a cathode connected to the 

reverse surface.

Electron
Negative electron affinity

cathode
Vacuum

anode

Diamond Film

Figure 7.1 Schematic band diagram of a field emitting metal/diamond contact.

Thin film field emission, also known as the Malter effect (Bruining [1954]), was first 

reported in 1936 using caesium oxide coated AI2 O 3 as the emitting layer. The emission 

current was not seen to reach its saturation value for some time after the field of  a few 

hundred volts/pm  was applied. Immediately after the field was switched off, the field 

emission was seen to drop to zero. Malter proposed that the phenomenon was due to a 

creation of an internal field upon application of the external field which he attributed to a 

positive charge arising from the high secondary electron emission yield of caesium oxide 

coating.

At the time, the time lag of the Malter effect and the lack of reproducibility of performance 

rendered it useless for technical applications. This has since changed.
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7.1.1 Diamond as a field emitter

An encouraging area of diamond research and application over the last five years has been 

its use in high power high frequency cold cathode devices (Geis [1991]) and flat panel field 

emission displays (Kumar [1994]). There are many flat panel display technologies being 

investigated and developed at present. Field emission is one of them and many workers 

have shown that diamond can be modified or enhanced to readily emit electrons when a 
field is applied to it (Hong [1995], Kumar [1994], Amaratunga [1996], Asano [1995]). 

Generally, commercial field emitting displays which are already available are made from 
metals or other materials that possess a low work function (Evtukh [1996], Cochran 
[1988]) enabling electrons to be discharged from the surface upon application of a positive 
potential. Creating surface microtips by micro machining or electron beam evaporation 
enhances the emission ( Spindt [1968], [1976], [1983], Myers [1993]). Diamond has been 
shown to field emit using this tip micro machining technology. Of some interest would be 

emission from thin film diamond in its planar form, i.e. without surface tips, allowing 
lithographic steps to be dropped from the display design process (Jaskie [1996]).

Diamond has a number of advantages as a field emitting material. Its hardness and chemical 
inertness ensures that machined microtips on its surface remain undamaged from degrading 
chemicals from colour phosphors upon which emitted electrons impinge. Diamond has a 

low electron affinity and surfaces can be modified to have a Negative Electron Affinity 

(NEA) (Pate [1986] Geis, [1995]). This implies that in the band structure of diamond, the 
vacuum level lies below the conduction band edge and electrons are automatically liberated 
from the surface once they pass into the conduction band. The property of NEA alone does 
not guarantee field emission but may serve to optimise the current density from a field- 
emitting diamond thin film.

Field emission is an application for diamond in which faults, defects, inclusions and non

diamond carbon within the film and surface region may be a distinct advantage. In many 

cases, field emission from grown diamond thin films has been observed when the diamond 
is not only polycrystalline but also of poor quality containing graphitic inclusions in its 
structure (Amaratunga [1996], Hong [1994]). It is thought that such material, sometimes 
termed "amorphic diamond" may have sufficient conductivity to access electrons from 
metallic contacts leading to emission at fields lower than 20 V |im_1, compared to 1000 
VjLinr1 for a flat metal source (Kumar [1994]).

Field emission from diamond has been recorded at fields as low as 0 - 1 V |im _1 (Geis
[1996]). These authors provide a clear example of the effect of varying dopant species and
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concentrations on the eventual field emission. The lower the applied field needed to obtain 
stable field emission characteristics, the better, as this is directly translated into low power 

driver electronics when developing a display from the field emitting material. These 

investigators compared field emission from boron-doped and type lb nitrogen-doped 

diamond. They observed that both conduction through and the emission from a type lb 

nitrogen-doped diamond was dependent on the contact of the back metal cathode and on the 

diamond's properties. If the interface contact was roughened, field emission was observed 
from the diamond. If it was smooth, however, emission was reduced markedly. The 
emission was seen to be independent of the diamond-anode spacing at a constant voltage 

and a vacuum field of -0 .2  Vprn -1  to obtain emission was estimated for the type lb 

diamond. They concluded that the nitrogen dopants form a depletion region at the back- 
metal diamond interface into which electrons may tunnel and then traverse the 1 - 2  mm thick 
diamond toward the surface by way of the high internal potential that the resistive lb  
diamond supports. The emission current density from boron doped diamonds, which 
exhibited a much lower internal potential, was very dependent on the anode-diamond 
spacing at a constant voltage and the emission was seen to fall as the spacing was enlarged. 
A vacuum field of 20-50 V p u r 1 would be needed to support emission from the boron- 
doped diamond films, and such emission is comparable to that of high work-function 
metals, e.g. molybdenum or tungsten.

Similar observations were seen by Okano and co-workers [1996] who compared the field 
emitting properties of nitrogen-doped, boron-doped, and phosphorus-doped CVD 
diamond. Okano used urea ((NH2 )2 CO) as a nitrogen dopant source when growing CVD 
thin film diamond. Using Rutherford Back Scattering (RBS) these workers recorded a 
nitrogen concentration in the film of -3.5 x IO2 0  atoms cm-3. Such heavy nitrogen doping 
of diamond is difficult to achieve using other gas sources such as nitrogen (N2 ) or 
ammonia (NH3 ). These workers recorded an applied field threshold of < 0.5 V jin r1 for 

this form of nitrogen-doped thin film diamond. An alternative method of acquiring very 

low applied field thresholds from thin film CVD diamond involves coating the surface with 
caesium (Geis [1994],[1995], Mearini [1995]) which produces a negative electron affinity 
of X = -0.85 eV on an oxygenated (100) diamond surface.

Field emission has been studied from p-type polycrystalline diamond films (Hong [1995]) 
which were grown using a hot filament CVD technique and pure boron powder as the 
dopant source. (The doping level was not stated.) The resulting field emission from these 
grown films was non-uniform as judged by light emission patterns from a phosphor coated 
anode. When the applied field was increased the number of emitting sites increased. Hong
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[1995] reports an applied field of 0.2 V p n r1, a much lower value than the 20-50 Vpin ' 1 

stated for boron doped synthetic diamond (Geis [1996]).
Joue and co-workers [1996] compared electron emission measurements from undoped 

graphite-containing polycrystalline diamond and films doped to a boron concentration of 

3 x IO2 0  cm*3. They found that the resistivity of the boron-doped films was greater (4.3 x 
IO-2  Qcm) than for a conducting nanocrystalline diamond composite (CNDC) which they 

also grew (2 x 10' 4  £2cm). Raman spectra confirmed that the boron doped diamond was of 

better quality, exhibiting a peak at 1334.2 cm -1 (slightly shifted) whereas for the CNDC 
features corresponding to diamond crystallites and disordered sp2  carbon were observed. 

Both films gave high current densities at low applied fields. For both nitrogen-doped and 

boron-doped diamond, theoretical calculations infer that insignificant electron emission 

should occur at applied fields of 1 0 0 0  Vpm ' 1 if only donor and acceptor energy states exist 

within the forbidden band gap. Boron may be clustering, leading to band splitting and by 
chance creating a conduction channel through the diamond film by way of grain 
boundaries, and/or vacancy states. When the authors compared emission between the 
boron-doped films and polycrystalline diamond containing graphite, both were seen to emit 
and the latter had a lower turn on field. However, its emitted current density was 
substantially lower than in the boron-doped film.

Asano and co-workers [1995] found that annealing in vacuo followed by bombardment of 
undoped CVD diamond films with 4 keV argon ions led to a significant increase in the 
current measured for a given applied field. The conclusion drawn was that a combination of 
surface restructuring leading to sharpening of emitting features, and modified surface 
chemistry was responsible for the observed field emission. Enhancement of field emission 

was more pronounced from samples which had a higher concentration of as-grown isolated 
grains rather than coalesced grains. Argon ion milling converted the isolated grains into 
cones which acted similarly to Spindt tips, whereas the same treatment merely flattened out 

surfaces which were composed of coalesced grains.

7.1.2 The negative electron affinity of diamond

The hydrogenated (111) unreconstructed ( lx l)  diamond surface exhibits a NEA (Himpsel 
[1979]), as does the hydrogenated (100) (2x1) diamond surface (Malta [1994], van der 
Weide [1994a]). Conventional semiconductors such as silicon (Martinelli [1974]) and 
gallium arsenide (Scheer [1965]) have had their surface treated with caesium in an attempt 

to produce an NEA and assist field emission. None however have the resistance to 
chemical attack that diamond possesses, which alleviates the need for high vacuums in flat 
panel displays and the development of non-attacking colour phosphors.
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The electron affinity of a semiconductor is defined as the energy required to remove an 
electron from the conduction band minimum (CBM) to a distance macroscopically far from 

the semiconductor, i.e. away from image charge effects. This energy may be schematically 

shown as the difference between the vacuum level and the CBM (Nemanich [1996]). In a 

typical band scheme of a semiconductor, the vacuum level lies above the CBM and creates 
an energy barrier X, the electron affinity. If the vacuum level was to lie below the CBM 

then %<0 and a NEA surface is produced.

The electron affinity or work function of a material is usually ascribed to two aspects of the 

material:
• the origin of the atomic levels

• the surface dipole due to surface termination

The atomic levels are more or less intrinsic to a material and are unalterable, however the 
surface dipole can be substantially affected by surface reconstructions and surface 
adsorbates. A diamond NEA surface may be produced by depositing a monolayer surface 
of caesium upon heavily p-doped diamond or exposing the diamond to an oxygen plasma. 
Through band bending, the vacuum level is forced below the CBM (Pate [1995]). Geis

[1995] also confirmed this. Caesium on the surface forces the surface dipole down onto the 
surface effectively enhancing the negative charge of the surface. Therefore any electron 
appearing at the surface from the bulk is immediately ejected into the vacuum. Furthermore, 
the authors observe that Cs-O- terminated diamond surfaces are stable to heat and chemical 
attack.

A method of measuring the electron affinity of a semiconductor is UV photoemission 

spectroscopy which primarily provides information on the electronic structure of the 

surface (Nemanich [1996]). Electrons from the valence band are excited into the conduction 

band. As they transit toward the surface, electron scattering occurs and a large number of 

secondary electrons accumulate at the conduction band minimum. For materials with a 
positive electron affinity (PEA), the electrons are unable to escape. But for an NEA surface 

the electrons may be emitted directly into the vacuum and be observed with a low kinetic 
energy; a sharp peak at low kinetic energies is observed on the spectrum. This represents 
the largest negative binding energy.

The width of the photoemission spectrum (W) can be related to the electron affinity. The 
spectral width is obtained from a linear extrapolation of the emission onset edge to zero
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intensity of both the low kinetic energy cut-off and the high kinetic energy end (reflecting 
the valence band maximum)
X = hi) - Eg - W for a PEA
0 = hx> - Eg - W for a NEA

where hi) is the excitation energy and Eg is the bandgap.

As mentioned above, the surface dipole can be substantially affected by surface 
reconstruction and surface adsorbates e.g. a surface with hydrogen termination has average 

nuclear and electronic charges (point charges) separated by 0.5 A. For a surface density of
1 x 1015 cm -2  we would find a 9 eV effect due to the surface dipole. The NEA of hydrogen 

terminated (111) ( lx l)  reconstructed surfaces has long been established (Bandis [1995], 

Pate [1983], van der Weide [1994b]. This has been by a number of methods such as 
mechanical polishing in olive oil, exposure of the clean surface to atomic hydrogen and 
cleavage in a hydrogen atmosphere. Diamond (100) (2xl):H  surfaces also display NEA 
(van der Weide [1994a], Malta [1994]). The NEA arose when a polished and chemically 
cleaned surface was annealed to 1050°C and then monohydride terminated in a hydrogen 
plasma. The monohydride hydrogen termination was confirmed by detecting a weakening 
in the 2 x 1 LEED diffraction. LEED was used as Auger Electron Spectroscopy is not 

sensitive to hydrogen.

Cleaning of diamond prior to vacuum investigation often involves a chemical cleaning step 
(Geis and co-workers [1987]) followed by an in vacuo treatment. Baumann and co
workers [1995] used a series of cleaning treatments and in vacuo anneals to remove oxygen 
from the surface. A NEA effect was induced on electrochemically cleaned diamond (100) 
by a 900°C anneal. Exposure to a hydrogen plasma enhanced this effect. The NEA could 
be removed following a 1100°C anneal. The surface was found to be 2 x 1 reconstructed 

after each of the anneals and plasma exposure. Such a 100 (2x1) bulk reconstructed surface 
would have two unsatisfied carbon bonds per atom leading to a dihydride-terminated 

surface. However such a termination could not exist due to steric hindrance (van der 
Weide [1994a]), and again, a monohydride terminated surface was postulated as being 

more probable.

At an atomic level, the electron affinity is defined as the energy gained taking an electron 
from the vacuum level and placing it in the lowest empty state. For an atom NEA can be 

interpreted as the inability to bind another electron. The inert gases are examples of "NEA 
molecules", and studies on molecular hydrocarbon fragments have shown them in the same 
sense to have NEA. This may be expected of larger hydrocarbons, such as hydrogen 
terminated diamond surfaces. These surfaces exhibit "true" NEA as opposed to "effective"
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NEA, meaning that the band structure is not energetically strained when the CBM  is placed 

above the vacuum level. Figures 7.2 and 7.3 illustrate this.

Typical case

C onduction
band

B and gap

V alence band

(a)

Effective NEA 

Band Bending

True NEA

ho

Xeff < 0

(b) (c)

F igu re 7 .2  Band diagram  o f  a surface exh ib iting  (a) positive electron  affin ity , (b) e ffec tive  
negative  electron  affin ity  and (c) true negative electron  affin ity .

F igu re 7 .3  Schem atic  o f  an atom  w ith (a) positive electron  affin ity  and (b) negative 
electron  affinity .
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What can be understood from this discussion is that the surface of CVD diamond is as 
important to field emission as the bulk. The physical and perhaps more importantly, 
electronic robustness of diamond is crucial; a film may contain dopant clusters, non
diamond carbon inclusions, and other impurities, but if the bulk of the film is diamond then 
its innate properties such as its band gap and low electron affinity will be retained.

7.2 EXPERIMENTAL AIMS

There is not just one factor which causes field emission to occur but a number of factors all 
aiding each other e.g. lowering the electron affinity, introducing depletion regions into the 

bulk as well as conduction channels. Workers have modified diamond thin films both 

during growth using dopants and various end-run ambient anneals, and after growth by 

treating the surface with metal or other atomic coatings. Problems in stability of the emitting 

material have still remained prevalent. Therefore, in this investigation an attempt has been 
made to activate pregrown polycrystalline diamond thin films into field emitting material 
with the hope that such surfaces will remain more stable whilst field-emitting continuously. 
In this investigation heavily boron-doped and lesser doped polycrystalline diamond thin 
films have been bombarded with energetic argon atoms both with and without the presence 

of a range of different ambient anneal treatments. The possible causes for the resultant field 
emission are assessed.

Undertaking an investigation of this type may yield information as to where the emission of 
electrons actually arises from on the sample's surface. As mentioned previously, electron 
emission is concentrated onto and through micromachined surface tips. Emission has also 
been observed arising from tip-to-tip wells, and notably along crystal fissures (Geis
[1997]). The spatial distribution of emission from the surface of diamond has been 

observed using phosphor screens (Geis [1996]) and has highlighted the randomness of 
emission sites (the uniformity of emission however would not seem to be such a cause for 

concern if the overall density of emitting sites were high (Xu [1993])). It has been 

postulated that emission will occur when conduction channels between the back of the 
sample and its emitting surface are established which may contain graphitic inclusions 
(Joue [1996], Xu [1993]). Grain boundaries, vacancies, stacking faults and other defects 
(which may bridge the film surface to the back) may also serve as potential conduction 
channels.

The reproducibility and reliability of the field emitting materials are also examined. This is 
crucial in the design of flat panel displays, so much so that as previously mentioned some 
emitter materials possessing tips have a built in wastage quotient. Diamond will undergo
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electrical breakdown on the surface under the intense field of a probe and the breakdown is 
believed to be due to diamond's highly insulating nature (Zhu [1995]).

The anneal treatments for this investigation have been geared to obtaining field emission. 
Bearing in mind the discussion of the previous two paragraphs, the treatments were chosen 
because: (i) partial graphitisation of the diamond samples may occur when treated with 

methane, (ii) when argon atom bombarded, the surface defect concentration may increase 
or bulk defect may become exposed to the surface. In this investigation, the treatments 
chosen for the diamond samples are observed not only for their effectiveness in inducing 
field emission, but also for the treated samples' ability to not breakdown.

7.3 EXPERIMENTAL METHODS

Diamond samples were prepared from diamond films grown on silicon. The films were 

doped with boron during growth to two differing levels, by MWPECVD. Using Secondary 
Ion Mass Spectroscopy (SIMS) the films were seen to have a boron content of 1015 cm-3, 
and 6  x 1019 boron cm-3, and grown to a thickness of 6  pm. Both types of diamond were 
polycrystalline. The samples were all acid cleaned according to treatment III of chapter 4 
prior to further treatments.

An investigation of the effects on field emission of various surface treatments was 
performed; the samples were subject to a combination of gas anneal treatments using 
methane and air, and also fast argon atom bombardment. Methane treatment was performed 
within a specifically designed vacuum chamber which reached an ultimate vacuum of 1 0 -3  

Torr. The samples were slowly heated to 650 - 700°C and annealed in a methane 
atmosphere for one hour. Air treatment was performed at atmosphere within an oven at 

420°C for one hour. Argon atom bombardment was performed by an Ion Tech Fast Atom 
Bombardment (FAB) source (2.5 kV, 18 (lAcm-2). for five hours. The water-cooled 

source was mounted within a high vacuum chamber at 10"6  Torr. The samples were 
positioned in the line of sight of the 3 mm diameter argon atom beam and bombarded for 

five hours at a beam current of 25 jllA. It was found that the state of the post bombardment 
surface depended very much on the state of the initial surface.
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7.3.1 Field Emission Testing

Samples were mounted, within a purpose-built holder. The silicon side of the samples were 
pressed against a single tantalum cathode base plate. The edges of each sample were 
masked using MYLAR™ (an insulating polythene sheet). Holes cut into it defined the field 

emission areas. The MYLAR also served to prevent "edge emission" effects which would 
interfere with true electron emission results, and set the spacing distance between the 
diamond surface and the tantalum anodes at 15 pm. The four samples, correctly positioned, 
the cathode, anodes and insulating sheet were locked into position between two PTFE 

plates which were held together by screws (Figure 7.4).

The anodes, cathode, and feed through connection wires were made from tantalum due to 
its relatively low outgassing tendency in UHV conditions. No attempt was made to 
roughen the back of the silicon substrate surface of any of the sample prior to insertion.

I
By eliminating this step, the causes for field emission from these samples could be 
narrowed down to surface and bulk phenomena of the thin film CVD diamond.

i
!
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(a) Flat PTFE sheet

o o

o o

(b) Flat Tantalum anode

(c)15|im PET sheet with gap holes
(d) Diamond sample (e) Ta cathodes with Ta wire leads

(f) PTFE sheet with holes for 
cathode wires
o o

o o

o o
o o

fa b c d e

F igure  7.4 (a) to (f): The components used in the design of the field emission rig. All the 
components used are UHV compatible.
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The sample mount was fixed upon and connected to an 11 pin vacuum feed through device. 

Once mounted in the chamber, the pressure was brought down to 5 x 10- 9  mbar. The 

current-voltage (I-V) characteristics of the samples were recorded using a Keithley 417 

picoammeter and voltage source operating between ± 680 V. Figure 7.5 shows how each 
sample was tested individually and how the Keithley's own voltage source of ± 500 V was 
modified to provide a further ±180 V.

i 8 o v k r
VOLTAGE
SOURCE

500V
VOLTAGE
SOURCE

Black

Black
Blue,Green, White, ’fellow; 
individual cathode connections to 
the back of the four individual 
diamond samples

Red

PICOAMMETER

F igure  7.5 Circuit diagram showing how potentials of up to 680V are used to individually test four 
samples for field emission characteristics. Emitted current is recorded by the picoammeter.

Raman scattering analyses of the samples were performed using a Renishaw system 2000 
with red (632 nm) He-Ne laser light.

Black common anode
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7 . 4  R E S U L T S

No discernible modification to the surface morphology was seen after any o f  the various 

treatments (figure 7.6(a)). The material did not show any strong crystalline facets as is 

often the case for thin Si supported CVD diam ond when heavily boron doped (Chen 

[1994]). From the Raman scattering spectra (figure 7.6 (b)), the d iam ond peak at 1332 

cm *1 was observable however, for the samples which were subject to methane or argon 

bom bardm ent treatment, a more pronounced background between 1100-1550 cm*1 was 

observed on the spectra suggesting increasing levels of non-diamond carbon within these 

films.

1100 1200 1300 1400 1500

W avenumbers ( c m 1)

F igure 7.6 (a) SEM micrograph of diamond surface doped to 6 x 1019 boron cm '3 and (b) Raman 
spectra typical of those derived for samples: (i) untreated, air or methane/air treated, (ii) 
m ethane treated and (iii) bombarded by argon with or without treatment. (Sample H7).

During field emission testing, the emitted current from each sample was monitored by the 

p icoam m eter as the applied field was increased. Up to a field of 45 Vpm *1 no emission 

was de tec ted  from  sam ples  o ther than those trea ted  by m ethane /a ir  (M A ) and 

argon/methane/air (AMA) taken originally from the 6 x l 0 19 cm*3 boron-doped wafer. (No 

electron emission was observed from the samples of the 10l <s cm~3 boron-doped diamond.) 

The two emitting samples emitted significant current densities of 0.1 pAcm*2 at a turn-on 

field of around 20 V p n r 1. These are shown in figure 7.7(a) where currents up to -0 .15  

pA  are apparent for both samples at a field of 33 Vpm*1. Little current was measured when 

the anode and cathode were reversed for both emitting samples suggesting that they
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displayed rectifying behaviour. Figure 7.7(b) shows the emission current measured at 
intervals of 4 minutes at a field of 33 Vpm-1. During this 35-40 minute interval the current 
emission level rises significantly with the MA sample giving a current density of almost 0.5 
mAcm - 2  after 36 minutes. Over this period, the current is seen to be saturating for both 

samples. A small increase in the reverse polarity induced current accompanies this change 
(0.1 to 0.7 pA cnr2  for MA). In figure 7.7(c) the I-V characteristics for both samples after 
36 minutes are shown, and in comparison to figure 7.7(a), lower fields are now required to 
achieve the emission turn-on p o in t; -15 Vpm -1 for AM A and - 8  V jin r1 for MA. Figures 
7.8(a) and 7.8(b) show Fowler Nordheim plots for both samples at initial use and after 36 

minutes respectively (Fowler and Nordheim [1928]).

200 600

500-150-
<a 4 0 0 “100-

50-
200 -

g 1 0 0  -

-50
-750 -500 -250 0 250 500 750

Time (minutes)
Voltage (V)

60000

50000 -

40000- 

30000- 

20000 -

10000 -

-10000
-750 -500 -250 0 250 500 750

Voltage (V)

F ig u re  7.7 I-V characteristics for MA (unfilled) and AM A (filled) treated samples: (a) initial use, (b) 
emission at field of 33 V pm 'l as a function of time and (c) after 36 minutes.
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F ig u re  7.8 Fowler Nordheim plots for MA (unfilled) and AMA (filled) treated samples after (a) 
initial use and (b) 36 minutes.

7.5 DISCUSSION

Field emission was observed only from surfaces that were treated with methane-air, with 

higher current densities being apparent for the methane-air treated sample which did not 

previously receive argon bombardment. Asano and co-workers [1995] previously found 
that argon bombarded surfaces only emitted if they have been annealed at 600 C in a 
vacuum. Similar experiments carried out here with air annealing did not reveal any 
emission indicating that the vacuum environment was important in Asano and co-workers' 
studies; diamond is known to graphitise when heated in vacuum and it could be that some 
graphitic degradation was necessary for emission to occur. This would be supported by 

the Raman observations in the current study which show some additional non-diamond 
carbon is present in the emitting samples. These workers also found that 4 keV 
bombardment lead to structuring of the surface which was implicated in initiating low field 
electron emission. Zhu [1995] studied field emission from CVD diamond following 

bombardment from highly energetic boron, sodium and carbon ions (30, 550 and 60 keV 
respectively). In all cases the field required for a given emission current density was 

reduced over that required for an unimplanted p-type film; modification of the film 
conductivity and of the surface work function were cited as likely causes of this effect.
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7.5.1 Fowler Nordheim behaviour

There have been many studies of field emission from point emitters (Spindt tips). These 
sharp-pointed emitters enhance the field at the tip and lower the work function of the 

emitting surface. The current versus voltage data from such a field emitter follows the 

Fowler - Nordheim expression. Fowler and Nordheim proposed a formula describing 
electron emission from metallic surfaces in which the emission did not rely on the electrons 

being a combination of thermions and conduction electrons i.e. cold emission. Normally, 

electrons are incapable of leaving a metal unless it is heated. However, if an electric field is 
applied to the metal, the energy barrier between the metal and the vacuum decreases. If a 
sufficiently high field is applied (103 Vjim"1) to a metal such as W, Mo, or Si with a work 

function « 4.5 eV, then even at 0 K electrons may tunnel through the barrier. This is cold 

cathode field emission and is enhanced in regions with a high surface curvature i.e. the tip 
ends or the troughs on the surface. Therefore emitters are micromachined to sharp points to 
reduce the required voltage for field emission. If a dielectric material is used as the gate 
electrode, the field enhancement would ensure that high voltages need not be used for 
emission, hence dielectric breakdown would not occur.

The current emitted from an array of field emission cathodes is governed by

I = naJpN  (7.1)

where n is the number of emitters in the array, a  is the emitting area per tip (cm2) and Jfn 

is the Fowler Nordheim current density in A/cm2. The current density is related to the 
electric field at a tip by:

[ 1.54 x 10'6 E21 [ , 0_ i n 7 0 3/2 u(y) I
JFN = n o ^   ̂ rexpi -6.87 x 10 —------ — > (7.2)I fr\y) I 1 e ]

where E is the electric field at the tip also expressed as pV where P is a geometry sensitive 

proportionality factor that converts the applied voltage V to the electric field at the tip 
surface E.
y = 3.79 x 10- 4  E 1/2f&, the image charge lowering contribution to 0 , the work function. 
t2 (y) ~ 1 , a field dependant correction factor. 

v(y)  * 0.95 -  y2, another correction factor.

The previous equation may be thus expressed as:
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11.54 x 10‘6 BV2 | , n l d3llv(y) \  „I = n c ^ -------------- -— lexp<-6.87 x 10 } (7.3)1 </> J l  J»v J

This equation may then be written as:

1 . 5 4 X 1 0 W  I 8  (7 .4 )

When the current is due to field emission, a plot of In (I/V2) versus 1/V yields a straight 

line.

The Fowler Nordheim equation works well for field emitters which have micromachined 
surface tips from which the expected emission behaviour evolves. However, as noted by 
Jensen [1995] and Hong [1995], the model is not satisfactory for explaining field emission 
from semiconductor materials or tip-free surfaces, as was seen in the work of Okano and 
co-workers [1996]. An ideal emitter material would maximise electron current density with 
a low work function. The work function would remain stable over time and remain 

unruffled when the material is subject to thermal or chemical degradation. In reality, Spindt 
tips from metal or silicon emitters show variations in tip radii which would translate into 
areas of varied brightness on a flat panel display. Displays employ several hundred tips per 

pixel as the tip failure rate is high. This leads to a reduction in display brightness. The tips 
may also be eroded or contaminated by the colour phosphors.

In the current study the film morphology has not been strongly modified by the various 
combinations of anneal and bombardment treatments (as judged by SEM) implying that 
changes to the Fowler-Nordheim (3 factor (related to the radius of curvature of emitting tips 

(Zhu [1995])) is unlikely to be contributing to the changes observed. 2.5 keV argon atoms 
will not penetrate deep into the diamond and hence any modification caused will be a 

surface or near-surface effect. The absence of emission from surfaces treated with methane 
or air alone indicates neither graphitisation nor oxidation, that could be implied from these 
steps, are enough to activate the material. The fact that the combined methane-air treatment 
could cause the onset of low field electron emission also suggests that it is not 
bombardment by energetic argon that is required.

To cause low field emission from otherwise inactive films, the treatments used must either 

increase the density of free conduction electrons near the surface or reduce the work 
function of the sample; both could be occurring. The area of the surface responsible for the

159



/. nnnancmg low neia eieciron emission.

emission current and the effective work function of this region can be related to the applied 
field and observed current density via the simplified Fowler-Nordheim relationship (Geis

[1996]):

J = F (1.54 x 102. E2  / cp) exp { -6.83 x 103 . cp3 /2  / E } (7.5)

where J is the current density, F is the fraction of the area of the surface which is emitting 
electrons (total surface area that emission may arise from is defined by the size of the slit in 
the MYLAR™ sheet: 8  mm2) , (p is the effective work function (in eV) and E the electric 

field strength. Taking I-V data recorded for AM A and MA treated samples after 40 
minutes, F and cp were found by a process of curve fitting; the I-V curves and the fits 

achieved using this approach are shown in figures 7.10(a) and (b) respectively. These 
plots yield values for F of 1.55 x 10' 3 (MA) and 6  x 10- 4  (AMA), with cp being around 

0.0042 eV in both cases.
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F igure  7.9 I-V data taken after 40 min. for (a) AMA and (b) MA treated samples compared to curve 
predicted by the simplified Fowler-Nordheim equation (solid line).

Geis and co-workers used this form of analysis to study field emission from boron doped 
microstructured single crystal diamond; small octahedral shaped stones were cemented 
together using boron doped homoepitaxial growth. In this case values for F and (p were 

0.001 and 0.2 eV; the low effective work function was attributed to field enhancement at 
the rough diamond-vacuum interface by comparison with values achieved for roughened 
metals whose work function was well known. In the present study, the MA treated surface
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yields a similar F value (at 0.00155), but the argon bombarded sample (AMA) had an 
active area around 5 times lower; this suggests that bombardment deactivates regions of the 
surface that would otherwise emit. Since both F and (p can be changed by both chemical 

and physical surface effects it is not possible to identify the origin of this difference from 
the data recorded here. The effective work function measured is extremely low. This could 

be explained in terms of surface roughness or chemical changes to the surface of the 

diamond regions of the polycrystalline film. However, a plausible explanation involving 
the inclusion of non-diamond carbon from the methane treatment into the grain boundaries 

within the film (diffusion into the diamond grains is unlikely at the temperatures used) can 
be proposed. Xu and co-workers [1993] proposed a similar explanation for their 

observations of field emission from CVD diamond film grown on a molybdenum substrate. 

They studied the area density of emitting sites from their films and observed it to increase 
with increasing applied field. The two specific properties of CVD diamond thin films that 

favoured field emission were suggested to be: (i) the NEA of the (111) facets of the 
crystallites and (ii) the presence of localised graphitic carbon inclusions. The latter would 
act as a type of conduction channel between the metallic cathode and the emitting surface. 
The thickness of the diamond used in this study was 6  |Lim. At this growth thickness, 
non-diamond carbon inclusions are still quite prevalent in the film. In the current study, 
such graphitic carbon inclusions could result in increased material conductivity which may 

lead to enhanced emission from the low work function regions of the surface. The air 
treatment step is then required to oxidise the otherwise graphitised diamond surface.

From these results, p-type doping may also be postulated as being significant in the seeding 
of field emission behaviour in CVD diamond. As mentioned before in section 7.1.1, boron 
clustering may alter the band structure favourably for field emission if in high enough 
concentration.

7.6 SUMMARY

Field emission has been shown to occur from thin film polycrystalline diamond grown on a 
silicon substrate doped with boron to a level of 6  x 1 0 19  cm-3, which has undergone a 
methane and air anneal. Neither a methane nor solely an air anneal produces the effect. 
Non-diamond carbon inclusions, the effect of boron doping, the lowering of the effective 
work function (electron affinity) by band bending, and surface roughness are the factors 
which are considered to promote the field emission from these samples. Argon atom 
bombardment is seen to reduce field emission by eliminating possible emitting areas of the 

surfaces. In this study the fields applied to achieve a reasonable emission current are not the 
lowest reported. All treatment and modification efforts were concentrated on the surface of
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the samples, however it may be postulated from these results that the methane/air treatment 
extends into the bulk of the diamond creating graphite or carbon containing conduction 

pathways.

A methane treatment alone may serve to create conducting channels, but unless it is coupled 

to the air treatment, sample breakdown occurs. This suggests that the air anneal step is the 

key to maintaining the field emitting stability of the samples. The air treatment will remove 
what surface carbon is present. Graphite or non-diamond carbon within the bulk is 

therefore locked in thus isolating it from breakdown occurrences of the surface. With 
further non-surface modifications, field emission may be observed at even lower applied 

fields. From these results it cannot be postulated that the observed emission arose from 
single crystal nucleation clusters (as it was seen to do so by Asano [1995]), as the films 

here, being 6  Jim thick, have already reached the stage of being continuous.
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8 THE NATURE OF FIELD EMISSION 
ENHANCING GAS TREATMENTS: A 

PHOTOLUMINESCENCE STUDY

OUTLINE

8 . 1 INTRODUCTION
8 . 1 1 Experimental aims

8 . 2 EXPERIMENTAL METHODS

8.3 RESULTS

8.4 DISCUSSION

SUMMARY

OUTLINE

The changes provoked by gas anneal treatments on diamond films of various origin are 
assessed using photoluminescence spectroscopy (PLS). The introduction discusses the 
advantages of photoluminescence (PL) over other characterisation techniques; recent PL 
investigations of CVD diamond are reviewed.

With reference to previous work (Feng [1993]), the experimental aims section addresses 

why PL may prove a useful technique for assessing the effect of methane annealing on 

CVD diamond. Reasons are outlined for the choice of the various diamond films used in 
this study; particular emphasis is placed on film impurity levels and film crystallinity.

The films are described in the experimental methods section. The annealing treatments they 
are subject to are briefly discussed. The method of acquiring PL data from the films at low 
temperature is covered.
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Contrasts and comparisons between the films are made from SEM, Raman, and PL 
characterisation in the results section. PL data is presented both as spectra and in tabulated 
form. The discussion begins by explaining the benefit of performing low temperature PL. 
This is followed by an examination of changes in the observed PL features from all the 

films after the annealing treatments. With reference to the history of each sample and 
previous peak assignments by other authors, grounds for the weakening/strengthening of 

peaks and/or bands are given.

8.1 INTRODUCTION

Diamond exhibits luminescence when it is irradiated by visible light, x rays, or high energy 
electron beams. Energy is absorbed from the incoming beam, some of which is emitted as 

radiation of longer wavelength in the infrared, visible, or ultraviolet part of the spectrum. 

This phenomenon of luminescence is put to practical use during diamond mining in order to 

distinguish diamond from base rock material. Impurities and defects create optical centres 
within the material giving rise to distinct luminescence. In contrast, cathodoluminescence 
is generated by electron beams. Both modes may be employed on a sample to reveal 
different defect states, the higher energy electrons employed during cathodoluminescence 

typically revealing higher energy states.

As well as being a powerful characterisation tool, photoluminescence is also non
destructive and hence, like Raman spectroscopy, has proved itself very popular when 
investigating diamond.

The background and theory to this technique has been described earlier in chapter 3. The 
following table summarises recent PL work performed on CVD grown diamond by others. 
In general CVD diamond films exhibit a broad background peak, thought to be associated 

with disordered sp2  material within the film, along with a number of sharp peaks due to 

impurities and vacancies within the diamond. The 1.68 eV peak has been identified in a 

number of studies of CVD diamond, and attributed to a Si-vacancy defect (Feng, [1993]; 
Bergman, [1993]; McCauley, [1994]; Bergman, [1994]; Brown, [1995]; Kania, [1995] 
and Dannefaer, [1996]). The broad peak centred at 2.1 eV is commonly seen in PL studies 

of polycrystalline films (Feng, [1993]; Bergman, [1993]; McCauley, [1994]; Bergman, 
[1994]; Brown, [1995]; Kania, [1995] and Dannefaer, [1996]) but has not been as clearly 
assigned; it is thought, however, to be associated with disordered, sp2, material within the 
film. The sharp feature at 1.86 eV has been observed in diamond following radiation 

damage (Collins, Kamo and Sato, [1990]). The broad feature centred around 1.7 eV may
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be related to the presence of vacancy clusters (Dannefaer, [1996]). These assignments are 
summarised in table 8 .2 .

PAPER PEAK & 
ASSIGNMENT

COMMENTS

Bergman [1994] 
Feng [1993]

1.681 eV: Si impurity Peak is higher in intensity from thinner 
rather than thicker films grown on silicon. 
Peak intensity is increased in nitrogen- 
doped films

Dannefaer [1996] broad band centred at 1.72 eV 
vacancy clusters

broad band centred at 2.1 eV not 
clearly assigned

Undoped HFCVD diamond with {111} 
surface morphology

This band may be associated with 
disordered sp2 material in the film.

Collins [1990] 1.86 eV due to radiation damage
Freitas [1990] 1.95 & 2.16 eV assigned to 

nitrogen-vacancy complexes.
Films prepared by oxyacetylene torch 
rather than CVD. Similar lines observed in 
natural diamond

Lawson [1996] broad band centred at 2.35 eV 
assigned to cobalt

broad band centred at 2.3 eV 
assigned to nickel

Diamonds were grown with a cobalt 
containing solvent -catalyst The broad 
band arises in conjunction with vibronic 
bands where the zero phonon line (ZPL) is 
at 1.989 eV

Diamonds grown using a nickel catalyst. 
ZPL present at 2.37, 2.496, 2.534 eV 
PL spectra were taken at 77 K.

Table 8.1 PL assignments for diamond.

8.1.1 Experimental aims

The field emission results of the last chapter implied that the methane/air gas treatment was 
affecting the bulk as well as the diamond surface. Investigations performed previously have 
shown that PL intensities of diamond are dependent on methane concentration during the 
growth phase (Feng [1993]). The PL intensity from the films increased as the CH4  

concentration used for growth decreased. The same result was also observed by Plano and 

Ravi [1989]. Lippold [1997] observed that the PL intensities were lower from an isolated 

single diamond crystallite than from a diamond film grown using the same concentration of 

methane during growth. The reduction in intensity was attributed to the higher 

graphite/diamond ratio in the film due to grain boundary effects.

The methane/air (chapter 7) gas treatment had either stabilised existing non-diamond 
conduction routes through the bulk, or served a role in creating such routes as well as 
stabilising them. Thus it was decided to carry out a study on the diamond bulk of the field 
emitting material (H7), both before and after the methane/air gas treatment using PL, to 

observe if any key changes occurred in the nature of the observable optical centres. In
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addition, diamond samples of other origin (detailed in the next section) were also treated in 
the same manner to confirm or repeal the consistency of the effect of the methane/air 

treatment. H7 was in-situ boron-doped to 6  x 1019 cm-3, therefore its surface morphology 
as judged by SEM was cauliflower-like showing no strong faceting. Boron levels within 

polycrystalline CVD diamond films directly affect the film quality, the defect concentration 
and the surface reactivity. With this in mind, it was decided that a comparison of 
photoluminescence from gas treated films containing varying amounts of boron should be 

made. These films were titled C6 , C7, C8  and of course H7. A high quality type Ha 
diamond tile with little defect concentration and a high quality free standing polycrystalline 
randomly oriented CVD diamond film (C9) were also subject to the gas anneal treatments. 
The former was chosen because of its relatively low impurity content i.e. very little boron; 
its PL spectrum could therefore be compared to those from films C6 , C7, C 8 , and H7, and 

a possible correlation made between boron impurity content in films and spectral features of 
photoluminescence. The type Ha tile is also distinguished from all the other films used in 
this study by its lack of defects and grain boundaries. The absence of grain boundaries may 
preclude the gas anneal treatments having any permanent effect on the tiles. The possible 
inertness of the type Ha tile has to be cross-checked. To do this the C9 film was employed; 
it is of high quality, but also possesses defects and grain boundaries. C9 was grown 
without any boron incorporation also. The final film to be used, CIO, was chosen as a 

control for crystal orientation. All other films, except for the type Ha tile, were either 
randomly oriented polycrystalline or highly disordered (H7). Feng and co-workers [1993] 
observed that in some diamond films possessing a higher internal stress due to high 

orientation, certain PL peaks were seen to be quenched.

8.2 EXPERIMENTAL METHODS

Table (8.2) lists the types of diamond used and the gas treatments they were subject to. 

All samples were initially acid cleaned using treatment III (sulphuric acid: ammonium 

persulphate clean, followed by a hydrogen peroxide: aqueous ammonia rinse) in the 

experimental methods of chapter 4.
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SAM PLE NAME D E SC R IPT IO N T R EA TM EN TS(M ETH A N E 
/A IR {M  A}; VACUU M  
ANNEAL {VAC})

C6 6 |im thick CVD diamond on 
silicon substrate B implanted to 
reach a carrier concentration of 
1015 cm-3 as judged by SIMS.

MA and VAC

C l 6 pm thick CVD diamond grown 
on silicon substrate in-situ boron- 
doped to reach carrier target of 
1019cn r3.

MA and VAC

C 8 7 pm thick CVD diamond grown 
on silicon substrate in-situ boron- 
doped to target of 1017 cm'3.

MA and VAC

C9 100 pm thick undoped free 
standing polycrystalline randomly 
oriented diamond grown by 
MWPECVD.

MA

CIO (100) highly oriented diamond. MA
Ha Synthetic diamond tiles with low 

nitrogen impurity concentrations.
MA

H7 6 pm thick CVD diamond on 
silicon substrate in situ boron- 
doped to 6 x 1019 cm'3.

MA

Table 8.2 Description of the variously produced diamond films which were investigated by 
photoluminescence.

The methane/air anneal treatment is previously described in chapter 7; samples are placed 
within a specifically designed vacuum chamber with an ultimate vacuum of 10"3 Torr. The 
samples were slowly heated to 650-700°C and then treated for one hour in a methane 
ambient. The samples are then air annealed for one hour at 420°C.

Vacuum annealing the diamond samples was also performed. The samples were slowly 
heated to 650-700°C and annealed in this state for one hour. Vacuum annealing the samples 
may enhance the quantities of surface graphite present on the films. This procedure was 
performed as a control to demonstrate that the methane/air anneal treatment was not just 
graphitising the surface of the diamond films; any graphitic material would be removed 
during the air anneal step.

Photoluminescence spectra were taken according to the method set out in chapter 3 of this 

thesis. Briefly, the PL set up is shown in figure 3.3, however for these experiments spectra 
were taken when the samples were held at a temperature of 71 K. The samples were 
therefore mounted within a "JANIS ™" cryostat cooled by a continuous flow of liquid 

nitrogen. To achieve consistency of results and minimise errors due to natural fluctuations 
in the detector sensitivity, the untreated, vacuum annealed, and methane/air annealed
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samples from each type of film were mounted in cryostat together. Performing 

photoluminescence at low temperatures greatly reduces the effect lattice phonon modes 
have on energised electrons. This leads to more detailed PL spectra; peaks that would 
otherwise be masked by broad bands emerge. The Ar+ laser used was set to 476 nm (blue) 
visible light. PL spectra were recorded across 518 - 828 nm wavelength range of emitted 

light in 2 nm steps (2.4 - 1.5 eV).

Prior to PL characterisation, all samples were also analysed by SEM and Raman 

spectroscopy.

8.3 RESULTS

The SEMs of the films used in this PL study are presented in figure 8.1. The SEMs reveal 
great variation in morphology between the films. Film C6  shows a great deal of triangular 
faceting implying (111) growth surfaces. The facets are up to 6  -7 jam in size, and judging 
by the depth of contrast, the surface of C6  appears quite rough. C l  appears to have a more 
fine grain structure and there seems to be little evidence of growing facets, or crystal edges. 
The high level of boron incorporation during in-situ boron doping of this film explains its 
lack of crystalline morphology (Wang [1992]). C 8  was also in-situ boron-doped but to a 
target concentration two orders of magnitude below that of C7, 1017 cm-3. The actual level 

of boron incorporation into C8  was evidently not enough to induce high levels of diamond 

nucleation density as had occurred with C7. This is clearly visible in the SEM of C 8  

which shows randomly oriented crystals, the triangular (111) facets being predominant. No 
square (100) growth facets were evident. The (111) facets were, as with film C6 , around 
6-7 pm in size. The SEM of C9 reveals a well-faceted film with no particular crystalline 
orientation and size. The thickness of the film is 100 pm and the grain size also is very 
large, ~ 60 pm. The SEM of H7 shows the film to be very fine grain (Wang [1992]) with 
no discernible facets, and relatively flat with respect to the other films. The optical 

micrograph of CIO very clearly reveals it to have a highly oriented (100) square-faceted 

surface morphology.
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F igure 8.1 SEMs of  all diamond films used in the PL study.

From  the SEMs, films C6 and C8 appear to be morphologically the most similar in their 

display and concentration of growth facets. They also appear to be rougher, as judged  by 

their depth of contrast in the SEMs. C9 is the thickest film of all (100 pm ), its thickness 

being concurrent with its average grain size (60 pm). Films C7 and H7 appear to have the 

smallest surface features. Samples from the same films which were vacuum annealed or 

methane/air treated were judged by SEM to not be altered morphologically by the treatments 

they were subject to.

The Raman spectra for these films are presented in figures 8.2(a) and (b). The Raman 

spectra correlate well with the conclusions drawn from the SEM results o f  each o f  the 

films. O f the boron-containing films, C6 (post growth boron implanted) displays a strong 

1332 cm -1 peak relative to its background. C7 displays a much diminished 1332 c m '1 peak 

with a stronger background, similar to H7. These films were in-situ doped with relatively 

high boron concentrations. This has affected the quality of the growing d iam ond film 

(W ang [1992]). The background of the Raman spectrum for C8 is also relatively higher 

and more pronounced compared to C6. A second feature is observable as part o f  the 

background of the C8 spectrum. This band is seen between 1160 - 1220 cm -1 and may be 

attributed to a carbon phase in transition between nanocrystal line diamond and amorphous 

carbon. The high quality diamond films type Ila and C9 displayed a very high intensity 

1332 c m '1 peak and showed no signs of the presence o f  other carbon phases.
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For all the films, the Raman spectra of the methane/air treated samples consistently 
displayed a reduction in the 1332 cm-1 peak intensity relative to the spectral background; 
this is typified by the result for film C8  shown in figure 8.2(a) suggesting this annealing 
treatment had increased the films' measure of non-diamond carbon. This was seen 
previously in chapter 7 for film H7 which underwent methane/air treatment prior to field 
emission. The Raman spectra of the vacuum annealed samples revealed yet further 
enhancement of the non-diamond carbon background with a concurrent reduction of the 

1332 cm -1 peak intensity.

SAMPLE C8

Control

Methane/air

)-H

Vacuum annealed

1400 1500130012001100

Delta wavenumbers (cm 1)

Figure 8.2(a) Raman spectra of film C8 showing reduction in the 1332 cm"1 peak intensity relative to 
the spectral background after methane/air, and vacuum anneal treatments.
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Figure 8.2(b) Raman spectra of the untreated films C6, C l,  C8, H7, Ila, and C9.

Figures 8.3 to 8.9 show PL spectra films taken at 71 K.
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C6 comparison at 71 K
5000

4000

a 3000

2000

1000

0
2.2 2.4

Photon energy (eV)

F igure 8.3 PL spectra of diamond film C6 performed at 71 K (hairline = untreated;dotted line = 
vacuum annealed ; thick line = methane/air treated.).

C7 comparison at 71 K.
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F igure 8.4 PL spectra of diamond film C7 performed at 71 K (hairline = untreated;dotted line =
vacuum annealed ; thick line = methane/air treated.).
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C8  comparison at 71 K

C /3

C3

L-cd

21.6 1.8 2.2 2.4
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F igure  8.5 PL spectra of diamond film C8 performed at 71 K (hairline = untreated; thick line = 
methane/air treated.).

C9 comparison at 71 K

1.6 1.8 2.0 2.2 2.4
Photon energy (eV)

Figure 8.6 PL spectra of diamond film C9 performed at 71 K (hairline = untreated; thick line =
methane/air treated.).
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F igure  8.7 PL spectra of diamond film C 10 performed at room temperature (298 K) and 71 K

Type Ha diamond comparison at 71
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Figure 8.8 PL spectra of diamond film Ha performed at 71 K (hairline = untreated; thick line =
methane/air treated.).
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H7 comparison at 71 K
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F igure  8.9 PL spectra of diamond film H7 performed at 71 K (hairline = untreated; thick line = 
methane/air treated.).

C6  (figure 8.3) reveals one broad feature centred around 2.1 eV but two sharp peaks are 
evident at 1. 6 8  eV and 1.86 eV. Whilst the intensity of the 1.86 eV peak is little changed by 
either of the treatments, the broad band at 2.1 eV is increased by vacuum annealing; this 
band is reduced in intensity by the methane-air treatment which also reduces the strength of 
the 1.68 eV feature. Similar trends are observed for sample types C7 and C8  (figures 8.4 
and 8.5 respectively), although the intensity of the 1.86 eV peak is greater than for C6 , 
being strongest in sample type C8 .

The 71 K PL spectra recorded for sample type C9 (figure 8 .6 ) in untreated and methane-air 

treated conditions are shown. Broad peaks centred at 1.7 eV and 2.2 eV are again visible 
with a strong 1.68 eV feature apparent in both spectra. The methane-air treatment again 

reduces the intensity of the 2.1 eV broad band and the sharp 1.68 eV peak. This trend is 

not repeated for the type Ha natural diamond crystal (figure 8 .8 ). In this case a broad band 

is evident from 1.9 eV which possibly peaks around 2.35 eV, although this is close to the 
end of the spectral region over which PL data was recorded. The sharp feature at 1.86 eV is 
again evident, but no 1.68 eV feature can be seen. There is a weak, broad band centred at

1.7 eV.

The PL spectra recorded for CIO (figure 8.7) do not contain any sharp peaks, only broad 
features spanning the entire energy range studied, although two bands centred at around
1.7 and 2.1 eV can again be identified. For sample CIO ((100) highly oriented diamond) 
the spectrum compares the methane/air treated sample at room temperature and at 71 K.
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There is no untreated sample In CIO's case. The 1.865 eV peak and the 1.8-2.3 eV broad 
band are enhanced in intensity by cooling to 71 K.

In the case of sample type H7 (figure 8.9), the PL spectrum for the untreated sample can be 

seen to be comprise of two overlapping broad bands centred around 1.7 eV and 2.1 eV 

along with sharp features at 1.68 eV and 1.86 eV. The effect of the methane-air treatment is 
to reduce the intensity of all bands.

The results of the spectra in figures 8.3 to 8.9 are summarised below in table 8.3.

P E A K

(+++ stron.
S  A N D  B A N D S

g: + +  m ed iu m : +  w e a k )

S A M P L E 1.68 e V 1.865 e V 1.8 - 2.3 eV 2.03 e V C O M M E N T S

C6  CON +++ + ++ + VAC & M/A treatments

C6 M/A ++ + + + reduce broad band intensity

C6  VAC +++ + +++ + but no shift

C l  CON +++ +++ +++ + M/A treatment reduces broad

C7M/A +++ +++ +++ + band intensity: VAC has no

C l VAC ++ ++ ++ + effect.

C8  CON +++ +++ +++ ++ Broad band centre; 2.25 eV for

C8 M/A +++ +++ +++ ++ C8 CON. This shifts to

C8  VAC +++ 2.1 eV for C8 M/A.

C9 CON ++ ++ Very strong 1.68 eV peak.

C9M/A ++ M/A supresses broad band.

CIO ++ ++ 1.865 eV pk. enhanced at 71K

Ha CON ++ + + M/A treatment enhances broad

HaM/A +++ +++ + band. 1.865 eV peak visible.

H7 CON ++ +++ M/A treatment suppresses

H7M/A ++ broad band.

T able 8.3 A comparison of peak and broad band PL intensities for both treated and untreated films.
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8.4 DISCUSSION

During PL, there are two competing processes; radiative and non-radiative transitions of 
photon-excited electrons occur. What is seen on all the PL spectra are, as their title 

suggests, radiative transitions whether peaks or broad bands. A non-radiative transition is 

entirely dependent on the presence of a lattice phonon. As an electron relaxes from its 

excited state, it will interact with a lattice phonon to a greater or lesser extent. If the 

transition is non-radiative the electron returns to its original energy level in a series of 
discrete steps as it interacts with one or more of the lattice phonon modes. Therefore its 
excited energy is dissipated by the phonon interaction and not emitted as light. By cooling 
samples prior to PL investigations, the probability of phonon interactions is diminished but 
not entirely eliminated (even if cooled as far as 0 K). What can be said about these spectra 
at 71 K is that the phonon interaction is reduced somewhat, and as a result all peaks and 

bands are enhanced in intensity.

At the visible wavelengths explored here, photoluminescence will emerge from the bulk of 
the diamond film; the fact that strongly modified PL spectra can be recorded following the 
treatments used in this study implies that they are affecting more than just the outermost 
few atom layers of the material. The peak at 1.68 eV has been observed in PL recorded for 
a number of types of thin film diamond. An interesting study by Feng [1993] found the 
peak to be strongly modified by the methane concentration used to grow films by 

MWPECVD; increased methane concentrations, which are normally associated with 

decreasing diamond quality, led to strongly decreased PL intensity at 1.68 eV. They 
suggested that residual stress quenches the PL emission intensity but did not affect the peak 
position or half width. Vibronic bands associated with this peak were primarily due to 
lattice phonons, but some local modes may contribute. The authors broadly agreed with 
earlier work suggesting the peak was associated with Si impurities. Work on textured 

MWPECVD diamond films by Kania [1995] showed that the 1.68 eV peak was stronger in 
randomly textured films than in (100) aligned ones, whilst Brown [1995] et al have 

suggested that the defect responsible for the 1. 6 8  eV emission is (110) oriented. Bergman 
and co-workers [1993, 1994] found that isolated diamond nuclei grown by CVD emitted 
this PL band which was again attributed to Si defects. The strong 1.68 eV peak observed 
for C9 (figure 8 .6 ) is therefore to be expected in high quality randomly oriented 
MWPECVD diamond; it is possible to identify the vibronic structure on both the high and 
low energy side of the peak. The peak intensity appears to be reduced by the methane-air 
treatment (figure 8 .6 ) but the peak position is unchanged; this implies that there is an 
increase in the stress level within the film. The absence of the 1.68 eV peak in the CIO
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spectra (figure 8.7, highly oriented (100) poly crystalline diamond film supported on a 
silicon wafer) lends weight to previous arguments (Kania [1995]) that the defect 
responsible is oriented in a direction other than the (1 0 0 ), making it difficult to detect in this 
film. Alternatively, this film may be sufficiently stressed that this emission line is fully 
suppressed (Feng [1993]). The 1.68 eV peak is also greatly diminished in the H7 spectra 

(figure 8.9 ) (thin film Si supported poly crystalline diamond, 'cauliflower' structure); it is 

highly unlikely that this film contains significantly less Si impurity than other CVD films 

considered (such as C9). However, this film does contain a relatively high sp2  content and 

boron concentration implying that it will be highly stressed which may be the reason for the 
suppression of this emission line.

The 1.68 eV peak is visible in the spectra of samples C6 , C7 and C8  (figures 8.3, 8.4, 8.5) 
(randomly oriented, Si supported thin film polycrystalline diamond, boron-doped). This 
would appear to support the assertion that it is the stress in both the highly disordered (H7) 
and high ordered (CIO) films that is responsible for its suppression.

Films C6 , C7, C8 , Ila, and H7 all display a peak at 1.86 eV which has previously been 
associated to radiation damage (Collins, [1990]). However only films C6  and Da have been 
subject to radiation damage; C6  by boron ion implantation and Ila by exposure to 
penetrating radiation whilst being used previously in a radiation detector study. This peak 
may be related to a broad band observed by Freitas and co-workers [1994] that peaked at 
1.84 eV in PL studies of boron-doped synthetic HPHT diamond and was attributed to 

donor-acceptor pair recombination from distant pairs; a nitrogen related donor around 3.6 
eV below the conduction band edge and boron acceptors at 0.37 eV above the valence band 
edge. This may be one explanation for the peak. Another explanation is that the defect 
responsible for the luminescence could have been created not only by radiation damage, but 
also during the stage of film growth. This may be the reason why PL of films C7, C 8 , and 
H7 (all well over 6  jam thick) display a stronger intensity of the 1.86 eV peak than does 

C6 , where boron ion implantation only penetrated as far as 0.2 pm into the film. As this 
peak is present in the PL spectra of both boron-containing and boron-free films, radiation- 

damaged and undamaged films, its assignment is at present unclear.

Bergman et. al [1993, 1994] have studied the broad band PL emission from CVD films 
that occurs around the 2 eV spectral region. They concluded that amorphous material within 
the film, with sp2  bonding, was responsible; it was proposed that a wide distribution of 
continuous in-gap states would result from the random nature of this form of defect. PL 

measurements made on amorphous hydrogenated carbon films (diamond-like carbons) 
have shown similar broad band characteristics over this energy range (Glesener, [1993]). 
The methane-air gas treatment used in the current study strongly modifies the intensity and
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position of this broad band. In all cases other than for the type Ila natural diamond the 
band diminishes in intensity becoming more asymmetric as the lower energy side of the 
band reduces more than the high energy side. This implies that the nature of the 
amorphous material within the film is being changed. The detailed study carried out by 
Bergman [1994] correlated increasing broad band intensity with increasing a-C or C-H 

content, with the PL originating from p - p* transitions. If this is the case the methane/air 

treatment must either be reducing the concentration of these phases or quenching the 

luminescence from them. When the additional stress in the films (implied by the decrease 

in the 1. 6 8  eV peak intensity) is considered, the most likely explanation would appear to be 
the introduction of new carbon species into the disordered regions of the film leading to a 

higher level of crystallinity and hence a reduction in the broad band PL signal. Since these 
disordered regions are primarily located at grain boundaries the diffusion of carbon to these 
regions throughout a considerable volume of the film seems reasonable. The mechanism of 

self-diffusion in diamond has been described by Bernholc and co-workers [1988, 1989]. 

Self-diffusion was shown to occur via a number of different mechanisms through diamond 
but was dominated by a vacancy as opposed to any interstitial diffusion mechanism. The 
activation energies for these diffusion mechanisms quoted by these workers are high, e.g. 
9.1 eV ~ 881 kJ mol-1 for the neutral vacancy. Spits and co-workers [1990] report that 
carbon self-interstitials become mobile at 320 K. Since the grain boundaries are the regions 
of the film where defect and vacancy concentrations are expected to be highest, it is to be 
expected that most of the carbon self-diffusion would occur within these regions in 
preference to diffusion through the actual diamond lattice and at a greater rate.

8.5 SUMMARY

The results presented here support the assertion that the methane/air anneal treatment 
affects more than just the surface of thin film polycrystalline diamond. The numerous 

defects and grain boundaries possessed by such films allow the gases to freely pervade the 

bulk of the material at the annealing temperatures employed here. Another option to be 
considered for future investigations may be to anneal the samples within an inert 
atmosphere such as argon as a control procedure. In the current work the extent of 
graphitisation of the samples by vacuum annealing provides the control required in such a 
set of experiments.

The results presented here imply that highly ordered (CIO) and highly disordered (H7) 
films show high degree of stress, although other techniques need to be deployed to confirm 
this.
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The possible sources for the peak observed by PL at 1.86 eV from samples C6 , C7, C8 , 
Ila and H7 have been outlined in the discussion section. An interesting future study would 
be to assess which of the possible explanations for this peaks presence is the most 
significant. This may be achieved by comparing PL spectra of films which are grown with 
boron/nitrogen incorporation (to effect donor-acceptor pair recombination), with similarly 

doped films subject to radiation damage post growth. If the peak's presence is due to a 

defect that emerges during growth, a further PL investigation of polycrystalline diamond 

films taken at different stages of their growth run may be desirable also.

It is observed that the 1.68 eV peak significantly reduces in intensity upon methane/air 
treatment used in this investigation. This observation is consistent for the polycrystalline 
randomly oriented CVD films. Thus this intensity reduction may be employed as a further 
indication that the treatment has had an effect in future research involving such films, or as 

an indicator of intrinsic stress within as-grown polycrystalline CVD diamond films.
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9 CONCLUDING REMARKS

For CVD polycrystalline diamond to continue to make further progress as an electronic 

material, a still deeper insight into the nature of its surface must be sought. Cost is a major 

factor to be considered. Polycrystalline CVD diamond is cheaper and simpler to 
manufacture than HPHT single crystal material, and where in earlier years the generally 

accepted forecast within the international diamond community was that good quality single 
crystal material could eventually be easily grown by CVD and would supercede 

polycrystalline orientated/randomly orientated diamond films, now the polycrystalline 
material has been accepted in its own right as a feasible electronic material.

The purpose of this thesis has been to illustrate a number of surface modification concepts, 
each one tailored to promote a specific condition of the film: in chapter 4 a clean diamond 
surface as judged by AES was desired; in chapter 7 surface modifications were geared to 
promoting electron emission from the CVD diamond films. This serves to highlight that 
despite maintaining its overall structure CVD polycrystalline diamond may be very 
diversely put to use and need not necessarily always be of good quality. It has been shown 
that the chemical reactivity of the film surface varies from adsorbate to adsorbate.

The influences of such surface modifications upon as-grown diamond films depend on the 
original growth conditions of the film. It is these conditions which govern the film quality. 
Heteroepitaxial growth of single crystal material would be the preferred outcome in the 
following years as it combines the synthesis of top quality diamond upon a freely available 
uncostly substrate. Bias enhanced nucleation techniques (Lee [1990], Mao [1995]) have 
furthered this goal by showing that the orientation of crystalline growth of diamond films 

is controllable to an extent.

This study has used Auger electron spectroscopy (AES) as the main characterisation 

technique to analyse the surfaces of the CVD diamond films. In its high resolution mode, it 
has provided invaluable information as to the fine structure of the film surfaces (chapter 4). 
All of the cleaning pre-treatments may have removed significant quantities of non-diamond 
material from the films' surfaces, but AES results emphatically showed that our chosen 

treatment III (Sulphuric acid / ammonium persulphate) exposed a significantly greater 
measure of diamond on the surface of the films. Thus treatment III was employed as a 
diamond film pre-treatment before all the further investigations.
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The results of the adsorption / desorption work of chapters 5 and 6  suggest that the use of 
dopant-containing precursors post growth may turn out to be a viable pathway to achieving 
doping of polycrystalline CVD diamond, without the disadvantages of material damage by 
ion implantation techniques and compromised film quality from doping during the growth 
stage. A future direction of research in this particular area may be the need to address the 

issue of identifying a precursor compound that has minimum effect on the surface whilst 
still providing dopant for incorporation into the bulk material. Boron trichloride has 

provided some evidence of perhaps being capable of this. It was also noted that the thermal 
decomposition of TMAB on the diamond surface would only be required for a layer of 

boron to be placed on the surface of diamond; no growth plasma would need be employed. 

If such a dopant-containing precursor could be further developed, this would eliminate the 

need for a graphitic etch, a step regularly used to regain diamond crystallinity of dopant-ion 
implanted diamond films post anneal. Future investigations in this area should address the 

issue of interactions of the precursors with the diamond surface in the presence of a 
hydrogen plasma to observe to what degree its presence enhances boron incorporation into 
the material bulk.

The diffusion coefficient for sulphur through polycrystalline CVD diamond has been 
calculated, and a comparative study of the surface behaviour of DES on CVD diamond and 
GaAs substrates conducted. DES again seems to be a good choice of dopant-containing 
precursor compound as its decomposition is thermally activated leaving behind surface 
sulphur at temperatures below 1000 K. There is very little work in the literature that 
addresses sulphur's interaction with the diamond surface and bulk material, and no doubt 
there are other equally suitable sulphur-containing precursors which will perhaps behave 
through alternative mechanisms on the surface upon adsorption. On the subject of 

diffusivity, the same adsorption experiments may be performed on single crystal material as 
well as on CVD diamond films of varying average grain size to observe whether such 

alterations will alter the diffusivity.

In order to design electronic devices on the surface of polycrystalline thin film diamond, 
one must first ensure that the surface is suitable for laying down accurate micron-size 
structures. On a polycrystalline film, this may be achieved by a number of ways or even a 
combination of them: by milling or laser ablation of the surface; reactive ion etching; by 

careful control of the growth conditions; by other surface processing techniques such as 
acid cleaning or gas annealing. However, flattening the surface will never entirely rid the 
film of grain boundaries and defects, features native to CVD diamond films. In certain 
situations such defect concentrations may be advantageous: McKeag and co-workers 
[1997] benefitted from the CVD nature of their freestanding polycrystalline diamond film 
when it was subject to gas anneal treatments. These treatments subsequently enhanced the
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UV photoconductive response of their device, but would not have had any effect had a 
single crystal diamond substrate been used instead.

The phenomenon of negative electron affinity (NEA) (chapter 7) that diamond films may 
exhibit exemplifies clearly the importance of the diamond surface state. It is apparent from 

these studies that the gas anneal treatments have modified the bulk material as well as the 
surface of the films (chapter 7 and chapter 8 ), ultimately giving rise to electron emission by 

lowering the electron affinity of the diamond surface and stabilising electron conducting 
channels through the material bulk. Similar surface electron affinity reductions have been 
observed by selectively depositing electron donating species on the surfaces of films e.g 
Caesium (Pate [1995], Geis [1995], Loh [1997]). The drive to create low power 

consumption flat panel displays has seen the area of CVD diamond growth proliferate with 

various qualities and "grades" of polycrystalline diamond material all specifically designed 
to emit electrons at low applied fields, without the requirement for post-growth lithographic 

processing.

The potential applications of diamond have been described in chapter 2. Some are realised 
and others are yet to leave the drawing board. Of the applications mentioned, flat panel 
display (FPD) technology from electron emitting diamond is arguably the most important 

financially. If FPD's from diamond are realised, the revenue from the ensuing years of 
worldwide commercial sales of FPD products will assure funding for further research and 
development of CVD diamond.
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G L O S S A R Y  O F  T E R M S

AES Auger electron spectroscopy
AMA Argon/methane/air treatment
BC13 Boron trichloride
CMA Cylindrical mirror analyser
CVD Chemical vapour deposition
DCCVD Direct current plasma chemical vapour deposition
DES Diethyl sulphide
ESD Electron stimulated desorption
ESR Electron spin resonance
FAB Fast atom bombardment
FCC Face centred cubic
HFCVD Hot filament chemical vapour deposition
HPHT High pressure high temperature
HV High vacuum
IR Infra-red
KF Knotek Feibelman
LEED Low energy electron diffraction
MA Methane/air treatment
MWPECVD Microwave plasma enhanced chemical vapour deposition
PL Photoluminescence
PLS Photoluminescence spectroscopy
QMS Quadrupole mass spectrometer
RFA Retarding field analyser
RFCVD Radio frequency chemical vapour deposition
RMG Redhead, Mendel, Gomez model
SAW Surface acoustic wave
SIMS Secondary-ion mass spectroscopy
TBT Tertiary butyl thiol
TEM Transmission electron microscopy
TDS Thermal desorption spectroscopy
TMAB boron trimethylamine complex
UHV Ultra high vacuum
UV Ultraviolet
XPS X-ray photoelectron spectroscopy
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