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ABSTRACT 

Thin film diamond is of particular interest because of its wide applicability, 

including its potential use in high temperature electronics. This thesis describes 

a study of some of the processing stages required to exploit thin film diamond as 

an electronic device. 

Initial experiments were carried out to optimise bi-metallic contact schemes 

on orientated diamond film using electrical measurements and chemical 

analysis. Temperature stability was also investigated and it was concluded that 

the most favourable ohmic contact scheme is aluminium-on-titanium. Further 

electrical measurements confirmed that the contribution of resistance made by 

the contacts themselves to the metal/diamond/metal system overall was 

acceptably low, specifically 6 Sa. cm2 for an undoped diamond system and less 

than 3x10-6 n. cm2 for boron doped diamond. 

To improve the as-grown resistivity of diamond films, an oxygen/argon 

plasma etch process was applied. The input parameters of the plasma system 

were optimised to give the maximum achievable resistivity of 41011 a. cm. This 

was attained using a statistical design procedure via analysis of resistivity and 

etch rate outputs. 

Having optimised post growth treatment and contact metallisation, undoped 

and doped orientated diamond films were characterised via voltage and 

temperature dependencies. It was concluded that the dominant charge transport 

mechanisms for undoped diamond, nitrogen and boron doped diamond were 

variable range hopping at low temperatures up to 523 K and grain boundary 

effects. At higher temperatures, valence or impurity band conduction appeared 

to be the probable mechanisms with activation energies of 0.23 eV for nitrogen 

doped diamond and 0.08 eV for boron doped diamond. Preliminary experiments 



using SEM-EBIC analysis were also carried out to aid determination of the 

electrical properties of diamond and initial results suggested the presence of a 

high density of recombination centres. 

The final stage of experimental research initiated a study of direct electron 

beam writing lithography to define device features including the definition of 

contact features. The process was optimised as far as possible and micrometre 

size features were defined. 



CHAPTER ONE INTRODUCTION 

Thin film diamond has been proposed for a wide range of applications and many 

have been realised in a laboratory environment proving their potential for a 

commercialised industrial process. 

One of the most significant efforts to grow diamond from the gas phase 

was begun by W. G Eversole in 1949 and the first successful growth of diamond 

was achieved in 1952. The beneficial effects of hydrogen on growth were also 

researched and in 1968, Hibshman synthesised diamond from carbon monoxide 

with 5% hydrogen in the presence of a platinum catalyst. By the mid 1970's, 

diamond growth at low pressures had been achieved by several research groups 

in America although there was scepticism concerning viable deposition rates for 

commercial growth technology. 

At present, the technological problems of manufacturing devices from 

diamond films now stem from the lack of chemical purity and inhomogeneous 

crystal growth but diamond films have already found application as a material for 

infra-red and x-ray detectors [1.1] alpha particle detectors [1.2] and pressure 

sensors [1.3]. Electronic devices in particular have related problems arising 

from doping limitations and whilst a great deal of progress has allowed the 

attainment of p-type diamond films, an established process of achieving n-type 

diamond remains elusive. The development of suitable ohmic and rectifying 

contacts has also been refined but the reliability of metal contact materials able 

to withstand operation over a wide range of temperatures is often questionable. 

The potential of diamond for microelectronic devices is suggested 

primarily by its large band-gap energy (5.5 eV) which suggests low leakage 

currents and operation at higher temperatures than current commercially 

1 



Introduction 

available devices fabricated from gallium arsenide (GaAs) and silicon (Si). 

Schottky diodes have been realised in diamond with breakdown voltages ranging 

from 200 V to more than 500 V at room temperature [1.4-1.5]. Diamond field 

effect transistors have also been produced for example those by Shiomi et al 

[1.6] and a favourable review of diamond transistor performance has been 

published by Geis [1.7]. Grahn et al reported numerical simulations comparing 

the transistor performance of diamond with silicon and concluded the feasibility 

of lateral MESFET diamond devices [1.8]. The photoelectronic properties of 

diamond have also been investigated and applied to detector systems involving 

photodiodes and high voltage optoelectronic switching devices [1.9-1.11]. 

The thermal conductivity of CVD diamond is strongly correlated to grain size of 

the material as well as the concentration of impurities. Diamond thermistors 

have been fabricated and the most effective temperature response was found 

from diamond material containing a higher carrier concentration of p-type 

dopants that had segregated along randomly orientated grain boundaries [1.12]. 

Other properties of diamond suggest that diamond devices will work in 

harsher environments as diamond is unaffected by acids and is chemically inert 

except to those chemicals which at high temperature act as oxidising agents. 

From these properties diamond is a good cold cathode and is not easily 

poisoned by exposure to air or water. A hydrogen sensor based on a Schottky 

diode was investigated with respect to its response rate and linearity as a 

function of temperature and hydrogen partial pressure. From steady-state 

reaction kinetics and current-voltage measurements it was confirmed that 

hydrogen adsorption induced a change in the barrier height of the diode [1.13]. 

combination of the material's electrical and thermal properties indicate their 

relative capabilities to handle high frequency and high power, for example the 

2 



Introduction 

Johnson Figure of Merit. This is given by the equation : 

Ecvs / 2n ------------------------------------- (1.1 ) 

where Ec is the electric field breakdown and vs is the carrier saturation velocity. 

As shown in a summary of semiconductor properties in Table 1.1, diamond has 

a higher Johnson Figure of Merit value than other established semiconductor 

materials. 

3 



Introduction 

GALLIUM ß- SILICON 
PROPERTIES 

11 
DIAMOND SILICON ARSENIDE CARBIDE 

Lattice Constant 
(nm) 0.356 0.543 0.565 0.435 

Theoretical 
Intrinsic Limit 1100 300-350 450 800-1200 

°C 
Hardness 
(kg mm-2 10 000 1000 600 3500 

Melting point 4000 1420 1238 2540 
(°C) (changes to (sublimes 

graphite above 1800) 
above 
1200) 

Electron Mobility 
cm2Vs-1 298 K 2200 1500 8500 400 

Hole Mobility 
cm2Vs-1 298 K) 1600 600 400 50 

Dielectric 
Constant 5.5 11.8 12.5 9.7 

Band-Gap 
Energy (eV) 5.5 1.12 1.43 2.3-2.9 

Thermal 
Expansivities 1.1 2.6 5.9 4.7 

x10-6 °C 
Thermal 

Conductivity 20 1.5 0.46 5 
Wcm-1 K-1) 
Resistivity 

S2. cm 1013-1016 103 108 150 
Johnson Figure 

of Merit 73 856 9 62.5 10 240 
x1023WS2s-2 

Table 1.1 Comparison of Semiconductor Properties 
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Introduction 

1.1 Thin Film Diamond 

Commercial diamond is polycrystalline in nature and most studies of diamond to 

the present day are concerned with developing polycrystalline material to a high 

quality for device requirements and modifying growth techniques for low 

temperature deposition [1.14-1.15]. With regard to diamond applications 

especially the electronic potential of diamond, device characteristics are 

significantly degraded by defects in crystalline structures which reduce carrier 

mobility and lifetime. If grain size is greater than 30 to 50 µm, the effects of 

grain boundaries on physical and electrical properties become insignificant. The 

chemical composition, morphology and properties of diamond films have been 

improved through the development of epitaxial diamond growth. This has 

resulted in both heteroepitaxial or homoepitaxial regions of growth among 

polycrystalline diamond being realised, especially during the last two decades. 

Epitaxy specifically refers to the ordered growth of one crystal upon 

another such that the orientations of the two crystals are well matched. The 

ordered growth of a material on a chemically different substrate is known as 

heteroepitaxy, for example, GaAIAs on GaAs and can provide high quality 

material. In contrast, homoepitaxy is defined as the growth of a material on a 

similar substrate, for example, diamond on diamond and is important for growing 

successive layers of the same material containing trace impurities for doping 

purposes. 

Epitaxy usually requires chemical compatibility between the deposited film 

and the underlying substrate, a lattice match of s1% and matching thermal 

expansions of the overlayer and substrate. Diamond epitaxy on silicon was 

considered unlikely due to a lattice mismatch of up to 50 % although the 

materials have similar thermal expansivities. However, silicon carbide can be 

5 



Introduction 

formed as an intermediate material allowing orientation of diamond film to a 

silicon substrate despite mismatches of up to 20 % [1.16-1.17]. 

1.2 Chemical Vapour Deposition (CVD ) 

The properties of epitaxial diamond depend on the substrate orientation and 

deposition conditions during growth of the diamond film. In contrast to the high 

temperature, high pressure synthesis previously established, the realisation of 

many diamond devices has been made possible through the advance of low 

pressure CVD from source gases of methane and hydrogen. This has led to a 

substantial improvement in material quality as well as the rate of synthesis. 

During the process, thin film diamond is deposited on a separately heated 

substrate (1000-1200 K) in a low pressure atmosphere of 40-100 torr. 

Nucleation may be encouraged by either scratching the surface of the non- 

diamond substrate with diamond paste or by applying a voltage to the substrate, 

bias enhanced nucleation or BEN. The surface of the growing diamond film is 

covered by chemisorbed hydrogen which acts as an intermediate when 

hydrocarbons and their radical react on the surface. As a result of the surface 

chemical reactions, carbon atoms bond to the diamond surface and bonds in the 

hydrocarbons are broken. Hydrogen on the surface is loosely bonded due to 

hydrogen desorption occurring at temperatures of 900 to 1000 T. Diamond 

growth is anisotropic, proceeding at different rates in three principal 

crystallographic directions: <100> , <110> and <111> and films grown on 

<100> faces of natural diamond have the smallest concentration of structural 

defects. 

6 
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1.3 Present Status of CVD in Technology 

A variety of CVD growth methods have emerged over recent years and the two 

most common of these are categorised as either thermally activated CVD or high 

frequency microwave plasma assisted CVD. Both randomly orientated 

polycrystalline diamond and polycrystalline diamond with epitaxial regions have 

been produced on diamond or silicon substrates. 

Weimer et al, for example, obtained homoepitaxial diamond using an oxy- 

acetylene combustion synthesis at elevated temperatures between 1200 K and 

1700 K. High growth rates were achieved for (100) and (111) facets but the 

overall quality of the diamond film degraded with increases in temperature. The 

film was also non-uniform' in thickness with facets ranging from 10 µm to 50 gm 

as the temperature increased [1.18]. 

The most common thermally activated CVD growth technique is that of 

hot filament CVD (HFCVD). This technique typically uses a tungsten or 

molybdenum filament, which is heated to - 2200 K with up to 2% methane 

concentration in hydrogen at pressures of 50 to 100 torr. The heated filament 

serves to dissociate the hydrogen molecules into atomic hydrogen, activate and 

dissociate the methane molecules and enhance surface processes such as 

diffusion as well as chemical reactions via electron bombardment. The 

substrate, which is mounted close to the filament, typically -1 cm away, is 

independently heated to a temperature of - 1000 K and can be positively biased 

to induce electron bombardment on the growing diamond surface. This 

enhances the dissociation of gases near the surface and increases the 

nucleation density and growth rate. 

High quality polycrystalline diamond films with orientated (epitaxial) regions have 

been produced using the method of chemical vapour deposition (CVD) from a 

7 
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hot filament source. Geis and co-workers grew homoepitaxial diamond using 

the hot filament CVD process and from studies of morphology and composition, 

it was concluded that a high quality diamond film in the (100) orientation had 

been produced [1.19]. The electrical properties of the diamond were also 

deemed sufficient for fabrication of a high frequency transistor device. Chen et 

a/ studied the interfacial layer grown between orientated diamond films and 

silicon substrates produced by hot filament CVD and negative biasing of the 

substrate [1.20]. The silicon substrates were polished and orientated in the 

(001) plane. High resolution transmission electron microscopy (HRTEM) 

analysis showed evidence of epitaxy occurring not only on the intermediate 

silicon carbide layer but also directly onto the silicon substrate itself. However, 

misfit dislocations which were observed in the diamond film, were thought to 

have caused the interfacial facet misorientation and the overall percentage of 

orientated crystallites was thought to be less than 20 %. 

The HFCVD method is relatively simple, inexpensive and can be scaled to cover 

a large substrate area. However, the quality of the resulting diamond film is 

questionable as carburisation of the filament occurs at high temperature and the 

filament is rendered brittle. From atomic force microscopy analysis (AFM), 

Sanchez et al observed that the diamond growth rate was quite slow, both in the 

time necessary to obtain first crystallites and the time to cover silicon surface 

[1.21]. This was thought due not to growth mechanisms but to lack of carbon 

species absorbed in the filament. 

Other alternative growth methods include a water vapour RF-plasma 

system from which polycrystalline diamond films have been obtained, for 

example by Rudder et a/ [1.22]. SEM and Raman analysis showed the films to 

be of high quality and mainly polycrystalline in nature although some regions of 

8 
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homoepitaxy were observed. Lee and co-researchers have reported the ion- 

implantation of carbon into diamond substrates to promote diamond growth 

[1.23]. Due to the inevitable formation of defects and lattice damage, a defect 

region was produced and the resulting nature of the film was polycrystalline with 

a thin surface layer graphitisation layer. Growth of diamond on silicon substrates 

was achieved by Chen via photolithography used to specify the nucleation sites 

for growth. The resulting diamond film was polycrystalline in nature and 

although the crystallites had defined facets they showed no preferred orientation 

relative to the substrate [1.24]. 

Diamond deposition has also been achieved using the bias-enhanced 

nucleation method in an electron cyclotron resonance microwave plasma 

assisted CVD system [1.25-1.26]. For example, Marechal et al reported the 

deposition of heteroepitaxial diamond film on silicon substrates via an interfacial 

layer of silicon carbide using ECR MPACVD. From RHEED and SEM analysis, 

30% of the diamond crystallites were orientated with respect to the silicon. The 

remaining non-orientated diamond film was polycrystalline in nature [1.27]. 

Pryor et a/ achieved diamond crystallites grown in a (100) orientation relative to 

the interface layers of heteroepitaxial cubic boron nitride (cBN) and laser ablated 

diamond on a silicon substrate. The cBN layer provided a lattice match between 

the silicon and the diamond and the ablated layer served as a precursor layer of 

nucleation sites [1.28]. 

1.3.1 Microwave Plasma Assisted Chemical Vapour Deposition (MPACVD) 

To date, microwave plasma assisted chemical vapour deposition (MPACVD) 

has become the most popular method for diamond growth. A typical microwave 

plasma system is shown in Figure 1.1. During a standard growth process, a 

9 
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rectangular waveguide is used to deliver the microwaves from a generator to the 

growth chamber. Plasmas of a hydrocarbon/hydrogen mixture are generated 

and sustained in a microwave cavity above the substrate on which the diamond 

is to be deposited. The conditions are similar to that for HFCVD. The substrate 

is either completely immersed in the plasma or 'remote', at a distance, and 

independently heated. 

METHANE 

HYDROGEN 

PLASMA 
MICROWAVE 

GENERATOR 

TUNER 
WAVEGUIDE SUBSTRATE 

HEATER 

TO 

PUMP 

Figure 1.1 A schematic of a typical MPACVD diamond growth system 

A modification to the MPACVD method has been to couple the rectangular 

waveguide to a cylindrical resonant cavity providing: a means of independent 

substrate heating, large area and uniform deposition, access to in-situ 

monitoring and symmetrical plasma formation reducing chamber wall 

interactions thus reducing contamination. 

Often, even homoepitaxial diamond films are not of an adequate quality for 

devices due to common problems of non-planar growth, secondary nucleation 

10 



Introduction 

and physical cracking of the films. For example, homoepitaxial diamond films 

were produced by Fujimori et al via MPACVD and the effect of substrate 

orientation on surface morphology was studied [1.29]. Surface roughness was 

seen to be minimised when substrates were of (100) orientation. Carrier hole 

mobility was also higher for (100) diamond than (110). Electrical devices were 

fabricated but their properties were not outstanding and the authors 

recommended device fabrication on heteroepitaxial diamond film. Shiomi et al 

produced orientated diamond on (100) and (110) surfaces of synthetic single 

crystal diamond substrates via MPACVD [1.30]. The surface morphologies of 

the (100) diamond films were smoother than those of (110) orientation although 

the latter had a faster growth rate. Malta used an MPACVD reactor to obtain 

homoepitaxial and polycrystalline diamond films [1.31]. From SEM micrographs, 

the polycrystalline diamond contained a greater degree of secondary nucleation 

and hence more structural defects than the orientated regions. 

A number of authors have reported the deposition of heteroepitaxial diamond on 

(100) silicon substrates via MPACVD with pre-growth treatment consisting of a 

scratched silicon substrate and a bias enhanced nucleation process. From 

spectroscopy and diffraction analyses, the resulting diamond film was 

considered to be of a high quality with localised areas of crystals that were 

orientated relative to the silicon [1.32-1.33]. Alternatively, Jiang and Klages 

reported the local deposition of orientated diamond films on polished (001) 

silicon substrates via MPACVD [1.34]. Although the silicon was not scratched 

with diamond paste, pre-growth treatment consisted of heating the substrates to 

a temperature of 1000 K and they were negatively biased in the range of -100 V 

to -300 V. Orientated facets were seen over a small area with visible grain 

boundaries. Randomly orientated crystals were especially evident and were 
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mainly of a small grain size. As they were found at grain boundaries they were 

considered an indication of secondary nucleation during growth. Heteroepitaxial 

diamond film was obtained by MPACVD on (001) silicon via an intermediate 

layer of silicon carbide. Carbon monoxide (CO) gas was incorporated into the 

growth mixture and the rough (001) surfaces were smoothed. The CO was also 

thought to suppress twinning and other structural defects [1.35]. 

1.4 The Heriot-Watt University Growth System 

The thin film heteroepitaxial diamond samples used in the following studies were 

all grown on silicon via an MPACVD process, using a UHV reactor designed and 

operated at Heriot-Watt University as described in the following sections [1.36]. 

Pre-treatment, growth and post-growth annealing treatments of the diamond 

films used in experimental work described in this thesis was undertaken by 

colleagues in the research group. My role was to specify and optimise further 

post-growth treatments for, specifically, orientated diamond film in the 

development of an electronic device and characterise the material via electrical, 

chemical and microscopy analyses. 

1.4.1 Instrumentation 

A schematic diagram of the system is shown in Figure 1.2. 

12 
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MICROWAVE SOURCE MICROWAVE AIR CAVITY 

V MULTI-PORT GROWTH CHAMBER 

0 
LOAD CHAMBER 

TO PUMP 

TO PUMP 

Figure 1.2 The Heriot-Watt University diamond growth system 

The reactor comprises a growth chamber and a separately pumped loadlock, 

the latter allowing entry and removal of samples preventing atmospheric 

contamination of the growth chamber. The microwave system consists of a one 

kilowatt magnetron source producing 2.45 GHz radiation. The waveguide is 

matched to a cylinder cavity outside a quartz window above the substrate and 

microwave emission from the reacting plasma is screened. 

A Hewlett Packard VISUAL BASIC computer program provides a mouse- 

driven, screen-based control interface. This permits remote operation of all 

components and growth processes. In addition, it controls in-situ monitoring and 

data collection. Safety aspects include a complete automatic shutdown of 

the reactor in the event of mains power loss in which all gas flows are halted and 

the plasma is extinguished. An interlock ensures the microwave power remains 

off should mains power be resumed. 

13 
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The diamond films obtained with this system are grown on 3 or 4" silicon wafers 

and typically comprise a circular polycrystalline region of diamond - 2" diameter 

with an outer ring of orientated diamond - 3mm wide. 

1.4.2 Procedure 

Treatment of the silicon wafer is required prior to diamond deposition. For 

growth of polycrystalline material only, the wafer is polished with diamond dust 

and the diamond is embedded in the surface scratches serving to define the 

nucleation centres necessary for growth. The wafer is then cleaned and excess 

dust removed by the following procedure. The wafer is first cleaned with 

acetone in an ultrasonic bath for 5 minutes. The bath is then emptied and 

refilled with methanol in which the wafer is immersed for a further 5 minutes. It 

is then removed and allowed to soak in a dilute decon solution for 10 minutes 

after which it is rinsed for 20 minutes in de-ionised water and blown dry in a 

nitrogen atmosphere. 

For epitaxial growth, the wafer is not polished but is cleaned immediately on 

removal from its packaging using the process described previously. It is then 

loaded into the chamber and subjected to a methane/hydrogen plasma for three 

hours. Nucleation is achieved via the BEN process in that a negative d. c bias 

( 300-350 V) is applied to the wafer which stimulates the growth of ß-SiC aiding 

the process of epitaxial growth. Both polycrystalline and epitaxial diamond rely 

on the main growth process as follows. 

The central growth chamber containing the wafer has a base pressure 

less than 10-6 mbar. The substrate is heated to the deposition temperature in a 

controlled hydrogen atmosphere. After a pre-determined etch time, methane is 

added as the source gas with a percentage of carbon monoxide gas to promote 

14 
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the rate of deposition which takes place at - 50 mbar. The plasma is then 

generated by microwave excitation of the reactant gases and simultaneous 

diamond deposition and etching occurs. During deposition, the plasma ball sits 

above the substrate and is remote from the chamber walls, preventing 

contamination of the films by material etched from the chamber or substrate. 

1.4.3 In-situ Monitoring 

Throughout the growth process excited species within the plasma are monitored 

by optical emission spectroscopy. Emission is mainly from atomic and molecular 

hydrogen with weak emission from C2 and CH as shown in Figure 1.3a. A 

quadruple mass spectrometer records the stable species formed in the chamber, 

for example Figure 1.3b and provides gas analysis on evacuation. 

2,000 H. (a 

H=3E" 3Zo H 
.. 1,500 1 

CH 
H, 

1,000 fl ae of due H= 
500 to ehainYer 

window C2 

-Drwný 

200 300 400 500 600 700 800 900 
Wavelemth (nm) 

RANGE e 1i> 

i0 . i 

2 
CND 

1 
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' 

0 10 20 30 40 SO 6D 70 30 9o ICo 

rn/t 

Figure 1.3 (a) Optical emission spectrum (b) Mass spectrum 
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Diffuse and specular HeNe laser reflectance allows growth rates at the centre of 

the substrate to be monitored. The periodicity of interference fringes at 633 nm 

wavelength is measured and by assuming a constant refractive index of 2.40, 

the oscillation period is converted to film thickness. For an average growth time 

of 24 hours the deposition rate is -1 µm/ hr depending on the gas mix. 

On terminating the growth process, sufficient time is allowed for the flow of 

source gas to decay to zero before extinguishing the plasma. This reduces the 

chance of thermal CVD of non-diamond carbon forming on the sample. The 

sample is subsequently removed from the chamber via the loadlock. 

1.4.4 Characterisation 

Polycrystalline film characteristics with regions of orientated epitaxial diamond 

have been determined by a variety of techniques including x-ray diffraction, 

Laser Ionisation Mass Analysis (LIMA), Raman spectroscopy, 

cathodoluminescence and scanning electron microscopy (SEM). The films 

grown in this system are known to contain carbon with a low concentration of 

hydrogen and no nitrogen contamination [1.36]. At least 25 % orientated 

crystallites are produced over the film area with grain sizes averaging 3 to 4 µm 

[1.37]. A Fourier Transform Infra Red (FTIR) spectroscopy study of the 

heteroepitaxy of diamond on silicon was conducted by collaborating researchers 

in the Heriot-Watt chemistry department [1.38]. The formation and alterations of 

the silicon carbide layer were analysed at various stages of the MPACVD growth 

process. A strong absorption peak corresponding to SiC was evident during 

initial carburisation of the silicon wafer. Between the step of bias enhanced 

nucleation and initial growth of epitaxial diamond the size of the silicon carbide 

absorption peak decreased and continued to decrease through the final stage of 

16 



Introduction 

growth. The silicon carbide layer is ultimately thicker beneath random 

polycrystalline regions than orientated diamond and so contributes to the 

defective state of the film. High quality orientated diamond films can be 

achieved with an intermediate carbide layer of only a few nanometres thick. 

1.5 Characterisation Techniques Employed In this Study 

The experiments described in the following chapters exploit a variety of optical, 

electron beam and electrical methods of characterising the properties of 

orientated diamond films at various stages of processing. These are 

summarised in the following sections. 

1.5.1 Optical Characterisation 

Optical measurements are favoured in diamond film and device processing as 

they are often non-contacting and thus avoid damage to the sample under study. 

Infrared absorption and Raman Spectroscopy are two of the most commonly 

applied methods in the characterisation of diamond films and have previously 

been established by other researchers at Heriot-Watt University and elsewhere 

as reviewed in sections 1.4.4. 

Laser Ionisation Mass Analysis (LIMA) 

LIMA is one of the most advanced methods of analysis to be applied to diamond 

films and material analysis in general. LIMA uses the absorption of laser 

radiation to ablate material from the surface of a solid so as to provide 

information on the chemical composition. The sample under study is placed in 

a chamber under vacuum and the area of study is identified via a magnified 

image on a monitor. As shown in Figure 1.4, the beam from a Nd: YAG laser is 
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focussed onto the area and ions from the sample are extracted for analysis. The 

laser pulse removes only a small amount of material at one time, most of which 

is lost through atomisation, usually vaporisation. Therefore, successive pulses, 

of up to ten on the same area, may be applied so as to study the surface and 

sub-surface layers and ions are detected by a Time of Flight mass spectrometer 

(TOFMS). TOF enables the quantitative detection of all species resulting from a 

single laser pulse. By switching polarity both positive and negative ions can be 

detected. The system can detect all light elements, molecules and ions and can 

discriminate between isotopes which yields additional information. The 

analytical sensitivity to trace elements can be - 10 ppm from a single laser 

pulse. The LIMA system also offers a high resolution of depth profiling. The 

system at Heriot-Watt University is a 401L LIMA model supplied by Kratos 

Analytical/Cambridge Mass Spectrometry Limited to Edinburgh Surface Analysis 

Technology (ESAT in the chemistry department and all analyses on diamond 

films were undertaken by technical staff of ESAT. 

EYEPIECE 

FOCUSSING HeNe LASER 

PULSE Nd-Yag 

L MASS SPECTROMETER AND ION SAMPLE 
TO DISPLAY MONITOR 

REFLECTION OPTICS 

SOURCE 

Figure 1.4 Operation of a LIMA system 
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Optical microscopy 

Optical microscopy was used in this study for monitoring crystalline morphology 

and colour contrasts during and after surface treatments and lithography 

processing. 

The microscope used in this work was an Olympus model with eyepiece 

magnifications from x10 to x100. Objective lenses were of magnification scales 

10,50 and 100 relating to numerical apertures of 0.10,0.25 and 0.65 

respectively. Definition and contrast of diamond topography was increased with 

the use of a differential interference contrast attachment based on the technique 

by Nomarski. The attachment provided a sharply defined image with contrast in 

zero to first order interference colours. A resolution of 1 to 2 µm was possible 

with this microscope. 

1.5.2 Electron Beam Characterisation 

Electron beam techniques include Auger Electron Spectroscopy (AES) and Low 

Energy Electron Diffraction from which information on diamond crystalline 

structure has been obtained by other researchers [1.39]. Details of carrier 

properties and the presence of defects can be obtained from 

Cathodoluminescence (CL) studies [1.40]. CL is sensitive to radiative 

recombination centres in diamond caused by dopant impurities or lattice 

defects. These techniques rely on the application of a scanning electron 

microscope or SEM in one of more than five available modes as summarised in 

Table 1.2. 
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SIGNAL MODE/ANALYSIS 

Emitted Electrons Emissive mode-topographic contrast 

X-Rays Microanalysis-elemental composition 

Cathodoluminescence Radiative centres-impurities / defects 

Current or Voltage Charge/defect presence- inc. EBIC 

Transmitted Electrons Scanning transmission-element/defect 

Table 1.2 Five modes of a scanning electron microscope 

Scanning Electron Microscopy (SEM) is often used to visually determine 

crystalline appearance, grain size and orientation of as-grown diamond films 

[1.41-1.42]. The SEM used in this work was a S-2700 Hitachi model. This 

model has a maximum magnification of x300,000 and a variable working 

distance of 3 to 50 mm. Accelerating voltages ranged from 0.2 kV to 30 kV and 

the minimum resolution was 7 nm. Figure 1.5 shows a schematic diagram of an 

SEM. 

Figure 1.5 A schematic view of a scanning electron microscope 
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1.5.3 Electrical Characterisation 

Electrical analysis of diamond often includes studies of capacitance - voltage 

relationships and Hall effect measurements, usually carried out in tandem. 

These provide a means of determining barrier heights, defect levels and the 

effect of compensation of carriers on charge transport. In this study, the 

emphasis was on obtaining resistivity data via current-voltage measurements. 

These were fundamental in the optimisation of the metallisation process and 

surface treatments to enhance the insulating properties of diamond, temperature 

dependencies of as-grown diamond material and calculation of activation 

energies of conduction, usually dominated by those of the charge carriers in-situ 

or intentionally doped. 

Conventional methods of resistivity measurements are based on the four- 

point probe technique in which a collinear four-point probe array is placed in 

contact with the surface of the material. It can be used to measure the resistivity 

of samples having a variety of shapes and irregular boundaries and is widely 

used in silicon and IC technology. The four-point probe method can be carried 

out without the use of metal contacts on the surface but it is unsuitable for 

materials of resistivity greater than - 106 S2. cm. However, this is useful when 

evaluating the sheet resistivity of doped diamond samples where the resistance 

is expected to decrease due to the presence of p-type impurities. As the method 

does not require the use of ohmic metal contacts, measurements can also be 

made prior to etch treatments. This, in contrast to the two-point probe method 

where contacts would be physically affected by the harsh acid or plasma 

environments. Four-point probe measurements in this study were carried out 

with a KX-3007 model probe unit with a Keithley 195A milliampere current 

source. Figure 1.6 shows a representation of the probe array. 
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Figure 1.6 A collinear four-point probe configuration 

As shown above, the array consisted of four pointed equidistant probes with 

separation s1= s2= S3 = s. The probes are placed in contact with the planar 

diamond surface and when positioned away from the sample edges, the sample 

represents an almost infinite volume of uniform sheet resistivity ps (S2 /Q). 

Current is passed through the two outer probes and the potential difference 

produced between the two inner probes is measured with a high-input 

impedence voltmeter. The two current-carrying probes often have associated 

contact and spreading resistance 'Rc and Rsp which can distort measurement. 

However, the two voltage probes have neither type of resistance as the voltage 

is usually measured with a high impedance voltmeter which draws little or no 

current. 

The resistivity of the layer can be deduced as follows. 
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Resistance( R) =V/1 =p L/ A 

So p= (V/ I) A/ L -------------------- (1.2) 

where p is resistivity, and typically, L is the length between points of 

measurement with A being the cross-sectional area. 

For a collinear four-point probe spacing 's' on a sample of width 'w' and 

thickness 8: 

p=(w/s)5(V/I) (1.3) 

In practice the effective width is not precisely defined for a large area sample 

and is dependent upon spacing, s. 

Thus, w/s should be replaced by a factor F which accounts for this sample 

geometry and probe placing effects, 

p=FS (V/I) (1.4) 

Probes on a wafer having a separation less than the thickness of the layer, 

measure a resistance independent of 8 which has to be replaced by an 

effective depth, again proportional to s. Integration then gives a resistivity [Sze- 

1979] 

p= 2n s (V / I) ------------- ------------ (1.5) 

When probe separation is greater than the layer thickness, 8 does determine 

the depth and F is calculated to ben / In 2 [Sze-1979]. Equation 1.4 for bulk 

resistivity then becomes: 

p=(n/In2) 8 (V/I) 

a=4.5324 8 V/I 

or 

---------------------- (1.6) 

Sheet resistivity (ps) can be calculated using the equation : 

Ps 'P/S -------------- --- (1.7) 
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Ion-implanted layers can have resistivity non-uniformities of less than 1% and 

probes may exhibit small spacing variations. The effect can be accounted for 

with another correction factor or more simply, by averaging several readings of 

resistivity. 

Alternatively, the 2-point probe technique has a wider measurement range and 

so it produces valid results for doped and undoped diamond. By providing the 

sample with contacts on the top surface and base substrate, a current can be 

passed via only two probes vertically through the film. The contacts need to be 

ohmic and have as low resistance as possible so that there is a small potential 

drop across the contact area compared to that across the active portion of the 

material or device being measured. 

The two-point probe system used in this work consisted of a Wentworth MP-920 

Manual Probe Station with a stage moveable in the x-y direction. This was 

connected to a Hewlett-Packard 4140B picoammeter / d. c voltage source which 

allowed the application of voltage in the range 0.1 - 100 V, either stepped or 

cycled from positive to negative bias or vice versa. The corresponding current 

measurements were also shown on the meter. The complete current-voltage 

measurement system was controlled via a Visual Basic program written by a 

research assistant to the Heriot-Watt University Diamond Group, Dr. M. Jubber. 

To characterise voltage-temperature dependencies of diamond films, a 

thermocouple from a Eurotherm Type 810 heating source, was connected to the 

moveable stage on the probe station. Typical contact geometry and probe 

configuration used for measurement is shown in Figure 1.7. Measurements 

were made vertically through the sample and from one contact to others across 

the surface. 
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Figure 1.7 Configuration for the two-point probe method 

Bulk Resistivity (p) is calculated from the two-point probe measurements using 

the equation : 

P (Q. cm) =R . AIL (1.8) 

where R is the resistance of the diamond, A is the area of the metal contact 

(rlr 2) and L is the thickness of the diamond. 

For diamond films grown on silicon substrates, the silicon resistance is assumed 

negligible and so the measured resistance is taken to be that of the diamond 

with some contributing resistance from the metal contacts. The current path is 

then assumed to travel the path of least resistance along the diamond/silicon 

interface. The clarification of one or other of these assumptions forms the basis 

of the experimental work described in Chapter 2. 

THERMOCOUPLE LEAD TO 

EUROTHERM 
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1.6 Silicon Device Fabrication Technology 

Before processing diamond in the fabrication stages for a device, it was useful to 

look at the techniques employed in silicon device fabrication. 

Silicon semiconductor fabrication consists of a sequence of processing 

steps beginning with the cleaning of the silicon wafer substrates, as wafer 

contamination can contribute to up to 50 % device failure. The 'RCA Standard 

Clean' process is well known for its successful removal of impurities [1.43]. It is 

based on the oxidation and dissolution of residual particles in an ammonium 

hydroxide solution. Trace metals are complexed and ions are chemisorbed in a 

second stage using a hydrochloric acid solution. Modifications to the process 

include gas-to-chemical generation through which gases, several orders of 

magnitude cleaner than aqueous chemicals are produced [1.44]. By combining 

gaseous ammonia, hydrochloric acid and hydrofluoric acid with ultrapure water, 

wafer cleaning and surface conditioning chemicals may be produced on-site in 

an economical manner. 

The sequence of device fabrication consists of selective depositions of thin 

layers of solid films interspersed with selective removal of some portions of 

those layers. A typical process flow is shown in Figure 1.8. 
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Figure 1.8 Process flow for silicon technology 

The formation of a silicon oxide layer masks specific regions where pattern 

etching on the silicon is not required and also acts as a diffusion barrier against 

dopants. The oxide layer is deposited via oxidation in dry oxygen or steam at 

temperatures of 900 - 1500 K. Once the oxide layer is formed it is patterned with 

the required device features using a chrome/quartz mask. Unlike silicon, 

diamond does not form a natural oxide but a silicon oxide layer can be deposited 

on the diamond surface as a sacrificial layer. The following exposure and 

development stages of patterning make up the overall process known as 

photolithography. From this procedure, specific surface areas are made open to 

dopant deposition or etching according to mask definitions. 

Controlled addition of either a Group V (n-type) element such as phosphorus, or 

a Group III (p-type) element such as boron provides a considerable change in 
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the electrical characteristics of silicon subject to device requirements. Diffusion 

or ion-implantation doping methods are most common and adjacent regions of 

p- and/or n-type material can be produced in a junction array where necessary. 

Once the remaining mask oxide is removed, the sequence of oxide 

deposition, lithography and doping can be repeated to produce 'windows' at 

different locations across the silicon and so the layers of a device including 

several metal layers are constructed. A commonly used alloy of aluminium- 

silicon-copper is deposited over select areas or over the whole wafer surface . 

Photolithography may be applied again to define the positions of the contacts 

and interconnections of the device. 

Industrial fabrication is usually an automated process with the patterning 

stages being repeated over the whole wafer surface at specified distances. The 

multiple array of devices may be interconnected to form an integrated circuit (IC) 

and at present, it is possible to produce millions of device elements over an area 

of for example 100 mm2. 
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1.7 THESIS LAYOUT 

The following chapters describe processing treatments of heteroepitaxial 

diamond initially based on silicon processing technology. 

These include the optimisation of a favourable ohmic metallisation 

scheme applicable to diamond devices operating at temperatures above 500 K 

(chapter 2). A novel application of experimental statistical design described in 

chapter 3, is the optimisation of an oxygen/argon plasma etch treatment for 

orientated regions of diamond film. The resistivity measurements were expected 

to improve and thus justify plasma etching as an alternative to a chemical etch 

process. 

The voltage and temperature dependencies of conduction of undoped orientated 

diamond grown at Heriot-Watt University required analysis. An original method 

of diamond film characterisation is Electron Beam Induced Current (EBIC) and 

initial experiments on free standing diamond strove to determine the value of 

EBIC analysis (chapter 4). Surface morphology, chemical composition and 

voltage and temperature dependencies of boron doped orientated diamond film 

have been analysed to indicate the degree of success of ion-implantation. In 

addition, the method of atom beam treatment of the orientated diamond surface, 

described in Chapter 5, is believed to be valuable as a method of enhancing the 

insulating properties of diamond. 

Finally, device patterning methods on orientated diamond film required 

optimisation. In particular, the technique of direct electron-beam writing 

lithography which appeared suitable to apply in device fabrication (chapter 6). 
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CHAPTER TWO METALLISATION 

2.1 Introduction 

The aim of this experimental work was to determine the most favourable ohmic 

metallisation scheme for the orientated thin film diamond devices under 

development at Heriot-Watt University. 

Low resistance contacts are essential for electrical devices, else the 

properties of the metal/diamond device would be altered in a defective manner. 

High resistance within a device induces heating which is often the cause of 

physical degradation. This is especially undesirable for devices produced on a 

microscopic scale. 

Contacts can be rectifying (Schottky) in character or low resistance and ohmic, 

depending on the properties of the metals, doping levels in the diamond and 

surface treatments applied prior to metallisation. Electrical characteristics of the 

contacts depend on the nature of the metal/diamond interface at which a barrier 

to current flow may exist. When a metal is deposited on a wide band-gap 

material like diamond, a large potential barrier is created. 

A number of previous published reports suggest there is a dependence 

on the work function of the metals [2.1-2.3]. However, it has been argued that 

lowering the barrier height of diamond is difficult as it has a barrier height 

essentially independent of any metal work function [2.4]. Diamond also has a 

large surface state density which effectively pins the Fermi level far from the 

conduction band edges and ohmic properties have been difficult to obtain. 

Contacts of a rectifying nature have been successfully obtained resulting 

in the development of Schottky diodes and photodiodes [2.5-2.7]. Room 

temperature metal deposition on clean or polished diamond surfaces has led to 
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the production of Schottky contacts. If the deposited metal is inert to diamond for 

example, gold, metal/diamond interfacial defects can be avoided and rectifying 

characteristics may still be obtained even after annealing at temperatures higher 

than 473 K. Many transition metals, for example tungsten, aluminium and nickel, 

provide Schottky contacts to p-type diamond as long as the crystals are not 

heavily doped. Oxidation of the diamond surface prior to metallisation also 

induces rectifying behaviour of the semiconductor. 

A metal/diamond contact is defined as ohmic if its resistance is negligible 

compared to that of the diamond so that the contact is highly conducting when 

positive and negative bias is applied. This does not necessarily imply that the 

current-voltage characteristics of the contact itself is linear or symmetrical. 

However, it is necessary that the contact should inject majority carriers. As 

mentioned, low resistance ohmic contacts have been difficult to obtain due to the 

bulk and surface properties of diamond. In contrast to the rectifying nature 

resulting from oxidation of diamond, hydrogenation of the diamond allows 

conduction to proceed by a thin surface layer and ohmic properties of the metal / 

diamond interface are obtained. Ohmic contacts have also been achieved by 

thinning the depletion layer of the contact barrier by a process of heavy doping 

near the vicinity of the contact [2.8]. However, it is difficult to achieve uniform 

and hence concentrations of dopants within the diamond lattice. Alternatively, 

defects can be created at the metal/diamond interface which introduce a number 

of recombination centres. This process can be achieved by mechanically 

damaging the diamond surface or by depositing a carbide-forming metal as the 

contact material [2.9,2.10]. Electron-hole pair recombination in the depletion 

region dominates the carrier transport and the contact has a very low resistance 

to current flow. 
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This latter approach has proved to be very successful in producing ohmic 

contacts. The deposition of a carbide-forming metal, followed by deposition of 

an inert metal and annealing of the whole contact region has become an 

established sequence by many researchers [2.11,2.12]. 

The metals used for the contact material should have the following properties: 

" High conductivity 

" Good adherence to underlying layers, reducing the risk of delamination 

" High melting point to allow device processing and operation in a high 

temperature environment 

" Inert to chemical attack 

The metals that have satisfied these criteria to date include gold or nickel with 

titanium or molybdenum as the carbide forming metals. For example, a tri- 

metallic scheme combining of gold covering a tungsten-titanium alloy on 

diamond has produced ohmic characteristics [2.13]. However, the multi-step 

evaporation or sputtering process involved in producing tri-metallic combinations 

could cause defects and porosities in turn producing weak adhesion of the 

contact and poor electrical properties. 

Bi-metallic schemes are more often used, for example, a combination of gold 

and titanium on diamond [2.14]. These are very effective although mismatch of 

contacts through the contact shaping mask should be minimised to reduce 

misalignment of the metals along the contact array or junction. 

The temperature stability of the contact systems is an important feature, if 

degradation of the materials is to be avoided. Evaporated metal contacts of 

molybdenum and gold/tungsten have been subjected to temperatures around 

400°C for more than 4 hours. The contacts responded without visible 
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degradation and retained their pure composition and electrical characteristics 

[2.15]. 

Electrical contacts are usually characterised by their specific contact 

resistance (rc) which is a product of the contact resistance ( Rc) and its 

area (A). A good ohmic contact should have a specific contact resistance of 

rc « 10-4 n. cm2. 

The simplest methods of contact measurement utilise 2-terminal structures of 

front and back contacts or contact pairs on the surface of the diamond. A recent 

method is to evaluate the contact resistance of metals on diamond by contact 

arrays along the surface [2.16]. An estimate of Rc is obtained by dividing the 

total resistance RT by the number of contacts (N) in the array but this resistance 

value can only serve as an upper limit Rc' so that Rc' > Rc. When the sheet 

resistance of the metal and the diamond are taken into consideration, the 

expected value of Rc' decreases and approaches the more realistic value of Rc. 

There are other contributions to the total resistance and as they cannot all be 

accounted for accurately, it is difficult to extract the specific contact resistance 

from Rc data. 

Alternatively, the transmission line model (TLM) has become a reliable method 

of evaluation. The theory models 2-dimensional current flow beneath the 

contact region and attempts to account for the finite thickness of the conducting 

region. It also takes into account the difference in sheet resistance beneath 

each contact and between the contacts. One form of TLM is that of cylindrical 

TLM and it has been developed to simplify the fabrication procedure. It achieves 

a more symmetrical current flow model by eliminating contact edge effects that 

exist in linear TLM [2.4,2.16]. 
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My particular experiments apply linear TLM. The linear TLM technique usually 

requires rectangular samples and rectangular pads. The cylindrical TLM 

technique assumes a pattern of a central pad with surrounding concentric rings. 

Neither of those geometries was applicable to the contact systems processed 

here. Therefore, the numerical analysis was modified accordingly to account for 

the contact scheme employed here and the best evaluation is obtained when 

resistance is measured as a function of distance between several pairs of planar 

contacts of the same size [2.8,2.17,2.18]. Extraction of the specific contact 

resistance from the Rc value requires that a certain model of a planar 

metal/semiconductor is adopted which fulfills the following conditions: 

" Current lines are normal to the metal/diamond interface 

" Thickness of the metal and diffusion layers can be neglected 

" Current-voltage (I-V) character of the contact is linear over the voltage range 

used 

From Cohen/Gildenblat 1988, for carbide contacts where part of the interface 

layer is consumed during contact formation, the sheet resistance beneath the 

contact is assumed equal to that of the surface sheet resistance so that 

Rd=Rs (2.1 ) 

Therefore, the total resistance between a pair of identical contacts of diameter Z 

and resistance Rc separated by length L is 

RT = (RS L/ Z) +2 Rc -------------------- (2.2) 

From an experimental plot of RT versus length (I) as shown for example in 

Figure 2.1, Rc is determined by linear extrapolation to where L=0. 
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TOTAL RESISTANCE RT 

RC 

0 LENGTH BETWEEN CONTACTS L 

LX 

Figure 2.1 Example Plot of Total Resistance versus distance 

Rs is calculated from the gradient of the slope as 

RS = gradient. Z ------------------ (2.3) 

The effective electrical length of the contact is denoted by LT. Extrapolation of 

the linear plot to RT =0 gives the intercept on the x-axis denoted Lx as shown 

and 

LT = Lx/2 ----------- --------- ----- (2.4) 

The specific contact resistance is then 

rc = RS LT2 ---------------------- (2.5) 

but for circular contacts of radius r1=0, r2 = r, with r» LT as used here, the 

specific contact resistance then becomes 

rc= RS 27 r LT 
------------------ (2.6) 

With radial contacts, the current crowding effect means only a small area of the 

contact is used effectively and 

Aeff = 2n r LT (2.7 ) 
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Optimisation of the ohmic metallisation process was required for device 

development using the undoped orientated diamond films grown at Heriot-Watt. 

This involved a series of experiments which compared electrical and chemical 

properties of two feasible schemes. These were heterogeneous and consisted 

of bi-metal / diamond systems. 

I chose to base my contact schemes on the carbide forming metal, titanium (Ti) 

as this was reported to form a carbide interface with diamond quite readily at an 

annealing temperature of >_ 773 K [2.15]. Gold was chosen as the anti oxidant 

contact to be evaporated onto the titanium. However, there was the possibility of 

out-diffusion occurring between titanium and gold which made this particular 

scheme unreliable [2.11,2.13]. For this reason a second scheme was chosen 

which combined aluminium with titanium on diamond. Aluminium was an 

obvious choice as it has been the most commonly used metal in IC (silicon) 

technology. It therefore has numerous favourable properties which make it 

acceptable for a metallisation scheme. For example, aluminium (like titanium) 

forms low resistance ohmic contacts during a high temperature deposition 

process. Aluminium is also classed as a weak carbide forming metal. 

Therefore, if diffusion between aluminium and titanium occurred, a carbide 

material might still be present in the vicinity of the metal diamond interface and 

ohmic properties would not be lost. 

2.2 Experimental Deposition Systems 

Metal contacts are usually formed by physical vapour deposition (PVD) via 

sputtering or evaporation. Both methods use a clean high vacuum environment 

to prevent interaction reactions of source species with residual gas molecules in 
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their path. Sputtering environments are less critical than those required for 

evaporation. Bombardment of the target metal is less controlled and surface 

material including dopants near the surface may be removed. Evaporation is 

often preferred and may be carried out using a resistively-heated boat, filament 

or an electron gun source. Figure 2.2a shows evaporation from a boat. The 

source metal (Au or Al) is heated to the evaporation temperature of the metal. 

Source vapours are then ejected up towards the substrate and contacts may be 

shaped through a contact or close proximity shadow mask. An electron beam 

source as shown in Figure 2.2b, deflects the beam into the evaporant serving to 

heat a source metal of high melting point: titanium, in these experiments. 

Degassing of the gun prior to evaporation requires the cage to be connected to 

earth inducing electron bombardment of itself. The surrounding electron shield 

and cage is then held at negative potential to repel the electrons into the melt. 

Variable electrostatic focussing over the melt surface reduces localised heating 

that would otherwise allow a crater to form resulting in non-uniform deposition. 
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Figure 2.2b Electron gun evaporation source 
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2.3 Experimental Electrical Characteristics of Metal/Diamond/Metal 

Systems 

2.3.1 Procedure 

An evaporation chamber containing a VG-EG2 electron beam source and three 

thermal sources allowed evaporation of up to four metals in succession. A 

radiant lamp for thermal annealing was also available. This allowed the whole 

process of evaporation and annealing to be carried out in the same vacuum 

environment, without exposure to atmosphere. 

An undoped (as-grown) diamond sample (No. 123) were used for a series of 

contact experiments. The diamond film was - 20 µm thick, grown on a silicon 

substrate - 350 µm thick having a resistivity of 2-4 n. cm. Postgrowth treatment 

of the diamond samples was carried out by research assistants in the chemistry 

department. The treatment involved annealing in argon for 1 hour followed by a 

chemical etch in chromic acid solution to remove non-diamond material. The 

initial sheet resistivity of the film, determined from four point-probe 

measurements, was 105 ohm. Q over orientated areas and 104 over 

polycrystalline areas. 

Aluminium was thermally evaporated onto the back (silicon side) of the sample 

under a vacuum pressure of - 10-6 torr. The resulting evaporant was - 30 nm 

thick, covering an area of 4 cm2. A gap was created using a1 mm' diameter 

piece of tungsten wire. This served to mask an area of silicon allowing 

characterisation of the Al-Si-Al junction. To form an ohmic junction the sample 

was annealed under vacuum at 723 K for 60 minutes after deposition of the 

aluminium layer. 

On cooling, the sample was turned over and titanium dots of 50 µm diameter 
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and 80 nm thick were deposited onto the diamond surface through a shadow 

mask using the electron gun source, followed immediately by gold contacts 60 

nm thick evaporated onto the titanium from one of the thermal boat sources. 

These contacts were annealed at 723 K for 30 minutes to enforce contact 

adhesion and promote ohmic properties. 

Using a contact-free area of the same orientated diamond sample, a second set 

of contacts was evaporated. Titanium contacts of 60 nm thickness were 

deposited, subsequently capped with aluminium contacts of 50 nm thickness 

and the whole sample was annealed at 723 K for 30 minutes. 

Two-point-probe IN measurements were made via the Al and Au capping 

contacts, both through the bulk of the sample and 'contact-to-contact' over the 

surface. Contact-to-contact characterisation was also carried out on the back 

AI/Si /AI junction. These geometries assumed that current flowed directly through 

and directly across the diamond and resistivity was calculated using equation 1.7 

from section 1.5.3. 

2.3.2 Results and Discussion 

All measurements taken across the Al-Si-Al back junction showed linear 

characteristics over a small range of bias levels up to 1V. At higher voltages, 

characteristics were rectifying for example Figure 2.3a. Linear characteristics 

were expected at all bias levels so the junction was thought to need a total 

annealing time of 60 minutes with reference to reports by, for example 

[2.15,2.19]. After a second anneal at 723 K for a further 30 minutes, linear 

behaviour was observed over all bias ranges as shown in Figures 2.3b . 
Consistent linear behaviour was observed for the Al-Ti /Diamond /Silicon/ Al 

contact scheme. A negligible barrier at the metal/diamond junction was implied 
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from the linearity around the origin of the IN graph as shown in Figure 2.4a. 

The non-linear, rectifying behaviour of the Au-Ti/Diamond/Silicon/Al scheme was 

evident from the IN plot shown in Figure 2.4b. The presence of a junction 

barrier could therefore be assumed for this particular contact scheme. However, 

further investigation was necessary to explain the deviation from the expected 

ohmic behaviour. 
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Figure 2.4b Rectifying Characteristics of Au-Ti Contact Diamond System 
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Table 2.1 summarises the characteristics of the metal diamond junctions with 

gold (Au) and aluminium (Al) as the capping or secondary contacts. The letters 

a to g refer to the regions shown in Figure 2.5. 

REGION METAL 

CONTACTS 

CHARACTER RESISTIVITY 

(ohms. cm) 

(a) Si (bulk) Gold / Ti Rectifying ------------ 

b Si (con-con) Gold / Ti Rectifying ------------ 

(c E pi Diamond Gold / Ti Rectifying ------------ 

(d) Si (bulk) Aluminium / Ti Rectifying 
------------ 

(e) Epi Diamond Aluminium / Ti Ohmic 1.29 x 1010 +/- 1.5x108 

(f) Epi Diamond Aluminium / Ti Ohmic 1.90 x 1010 +/- 3.7x106 
(con-con) 

)Poly Diamond Aluminium / Ti Ohmic 4.33 x 107 +/- 1.1 x106 

Table 2.1 Characteristics of Contact Schemes on Silicon and Diamond 
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Figure 2.5 Regions of Corresponding Measurements 
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2.3.3 Conclusion 

Gold on titanium evaporation produced a rectifying contact system deviating ] 

from the expected ohmic result. The rectifying trend was thought to be due to 

weak adhesion of gold to titanium at a low temperature anneal, negligible 

titanium carbide at the metal/diamond interface or from forced migration of the 

titanium with subsequent oxidation on contact with air. The latter was strongly 

implied from the colour change of the metal that was observed 24 hours after 

measurement. The surface contacts were seen to change colour from yellow to 

mauve. This is known to happen when out-diffusion of titanium into gold occurs 

and titanium oxide is formed on contact with the atmosphere [2.11]. 

In contrast, the evaporation of aluminium on titanium produced linear 

characteristics at all applied bias levels. Previous published results predicted 

that aluminium would produce rectifying contacts due to low temperature 

deposition. However, the reports did not account for the effect of annealing or of 

the deposition of the metal on top of another i. e combinations of carbide forming 

metals. 

While the physical influence of a high temperature environment may be 

responsible for the linear behaviour of the Al-Ti scheme, chemical composition 

of the combined metal contacts and the composition of the Ti/Diamond interface 

were also important influences, especially to determine the presence of a carbide 

material which was the basis of these experiments. Elemental analysis was 

therefore carried out on both Al and Au contact samples. 

2.4 Chemical Analysis of the Metal/Diamond Regions 

2.4.1 Procedure 

The Laser Ionisation Mass Analysis (LIMA) technique was used to determine the 
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components of each of the metal/diamond structures. Small pieces (-1 cm2) 

were cut from the AI/Ti and Au/Ti diamond regions and sent for analysis. Results 

in the form of mass spectra were obtained from detection of particles during 

successive laser ablation shots. The laser was focussed on the centre of a 

contact that was in turn covering an area of orientated diamond. LIMA provided 

microanalysis at progressive depths through each sample, resulting in a series of 

mass spectra that would show the presence of the evaporants with any 

impurities. It was also possible to estimate how well the heterogeneous 

interfaces achieved minimum inter diffusion during the evaporation and annealing 

processes. 

2.4.2 Results and Discussion 

The results of the Al-Ti/Diamond sample were consistent with expectations. 

From the first laser shot the surface dominantly comprised aluminium with some 

trace of aluminium oxide, as the initial spectrum shows in Figure 2.6a. 

Subsequent spectra from the third shot for example, Figure 2.6b showed the 

approaching AI-Ti interface. Sodium was present but this was thought to be a 

contaminant from the wet etch process undertaken prior to evaporation. The Al- 

Ti interface was penetrated on the fourth laser shot and aluminium and titanium 

were detected in similar amounts relative to the y-axis scale in Figure 2.6c. It 

was possible that inter diffusion had occurred between the two metals but without 

quantitative analysis and a depth profile, further discussions on this matter are 

only speculative. Carbon was also dominant in this same spectrum indicating 

that the Ti/Diamond interface had been reached and some diffusion of titanium 

into diamond appeared to have occurred. Bulk diamond was prominent from the 

series of carbon peaks obtained in Figure 2.6d. Some impurities were present 
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but the region was dominantly carbon. The mass spectra of the Au-Ti / Diamond 

/Silicon / Al contact scheme did not show the progressive presence of gold, 

titanium, titanium carbide and carbon as expected. Although a sharp series of 

Cl - C6 peaks were detected at depth, the surface was seen to be composed of 

copper and aluminium with traces of chlorine and oxygen. These elements were 

thought to have arisen from components of the chamber which was used for 

evaporation and annealing. The laser power was increased and different 

contacts across the sample were analysed but neither gold or titanium was 

detected at any location. 

It must be noted that laser pulses into a sample will create a crater. With 

successive shots the crater is enlarged around the original focus point. From 

this, surface material is ejected together with other elements at depth and this will 

cause continual detection of, in this case, aluminium and then titanium. It could 

therefore be argued that all the interfaces are sharp and that the metal 

combination on the surface would be solely responsible for current injection into 

the diamond. It was not possible to assume that a carbide material would 

participate in current transport as the isotope pattern of TiC was not detected. 

Given the sensitivity of the LIMA technique, carbide would have been detected if 

it was present. However, there was a possibility that the carbide layer was so 

thin or non-uniform that the laser shot would pass through it and the 

characteristic isotope pattern would be masked by diamond components, 

specifically C4 having the same mass number as titanium itself. Miller et al 

studied phase transitions of evaporated titanium on polycrystalline diamond and 

found that full carbidisation only occurs above temperatures of 700 K and the TiC 

layers themselves are very thin [2.20]. 
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2.4.3 Conclusion 

The gold-titanium on diamond sample was found to be contaminated with metals 

from components within the evaporation chamber for example, copper cross bars 

supporting the thermal boats. The chamber walls and elements were cleaned 

periodically and redundant source boats were masked but contamination still 

occurred. 

I did not pursue the processing and analysis of Au-Ti combination any further 

although comparative studies from additional experiments were thought an 

interesting line of research at a later date or as part of another project. 

The Al-Ti combination was successful in terms of expected metal composition, 

minimum impurities and identification of interface regions. I therefore decided to 

continue, with this particular combination of metals on diamond and determine the 

stability of this system in a high temperature environment. Ohmic contacts for 

diamond-based electronic devices should be able to withstand high operating 

temperatures without degrading. 

2.5 Temperature Stability of AI-Ti/Diamond/Al Metallisation Scheme 

Physical processes of for example, diffusion or melting of the metal contacts may 

alter the AI/Ti linear characteristics and render the diamond device unreliable. If 

these effects can be avoided and a stable system is achieved then a high 

temperature operating device with Al-Ti contacts would be a feasible option for 

diamond devices in the future. 

2.5.1 Procedure 

The diamond sample with the junctions of Al-Ti / Diamond /AI was characterised 

via 2-point-probe current/voltage measurements in air over a temperature range 
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of room temperature to 673 K. Two cycles of heating and cooling were carried 

out over a period of 3 hours. 

2.5.2 Results and Conclusion 

Current/voltage characterisation of the contact scheme showed that the contacts 

retained their linear form not only with ageing at room temperature, but also after 

prolonged exposure to heating and cooling cycles. 

No melting of the metals was observed and no change in resistance was 

measured up to 673 K, all resistance measurements of the metal/diamond/metal 

arrangement were of the order 108 ohms. Due to the acrylic nature of the stub 

supporting the heating platen, temperatures above 673 K could not be exceeded. 

In addition, the contacts were seen to spread at a temperature of 653 K. As the 

melting points of aluminium and titanium are 933 K and 1933 K respectively, the 

metals were not at risk of melting but adhesion to the diamond surface was 

possibly lessening. 

The Al-Ti metallisation scheme proved robust for experiments in a laboratory 

environment but not suitable for a device required to operate in an environment 

of 773- 873 K as was hoped. 

2.6 Approximation of Specific Contact Resistance 

The next step was to determine the major influences on the resistance data and 

estimate the specific contact resistance which would characterise the proficiency 

of the ohmic contacts. This evaluation would also help determine the likely 

current paths, in turn determining the geometries applicable in calculating the 

resistivity of the metal/insulating system. 
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2.6.1 Procedure 

The resistance was evaluated by means of two-point-probe current/voltage 

measurements from top to bottom contacts. These were taken using the line of 

equidistant contacts in situ on the regions of orientated undoped diamond 

samples No. 123. 

Figure 2.7 illustrates the method of IN measurements between successive 

contacts over a distance of 2 mm. 

To Picoammeter 

Polycrystalline Diamond 

Figure 2.7 Linear array of contact evaluation 

To extract the factors controlling the measured resistance in the metal/diamond 

system, the following analysis was performed based on the theory described in 

the introduction using the equations 2.1 to 2.6. 
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2.6.2 Results and Discussion 

Figure 2.8 shows examples of current / voltage plots obtained for different pairs 

of 400 µm diameter contacts showing ohmic behaviour. Figure 2.9 shows the 

plot of the total resistance versus distance. 
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Figure 2.9 Total resistance vs. Distance 
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The graphical results for these small contacts followed the proportional trend as 

predicted from the theory discussed in Section 2.1 and Figure 2.1. Therefore, 

an estimation of the specific contact resistance for these contacts was made 

using equations 2.1 to 2.6. 

The x-axis intercept through the origin on Figure 2.9, indicated that the value of 

Rc was small compared to the diamond resistance and therefore an accurate 

measurement of the contact resistance was not possible. The contact resistance 

component of Rc was determined as approximately 10 Mohm and sheet 

resistance (RS)=5.4 x109 ohms +/- 2.5x107 S2. Additional experimental error 

would occur from the measurement of the distance between the contacts (and 

the diameter of the contact) to the scale set by the optical microscope where the 

distance from 1 division to the next was 78 µm. Other errors would be due to 

random errors during resistance measurement and calculating values to so few 

significant figures. 

LX was determined as 0.025 x 10-3 m +/- 1.25 x 10-6 so 

Lx/2=LT=1.251 

So, taking Rs as 7x 109 S2, the specific contact resistance 

rc=Rs 2ErLT 

= 34.8 c2. cm2 +/- 7 Q. cm2 

rc is very small (- 30 S2. cm2) and using the equation: Rc = rc /A, a typical 

contact resistance (Rc) of - 104 Cl is obtained compared to the order of 

magnitude of the total resistance (10 9 S2) and so the dominant influence was the 

diamond film itself. 
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From Figure 2.9 the linear characteristics show that resistance increases with 

increase in probe (or an increase in the amount of diamond film between the 

probes). It was assumed that contacts in a system would be non-interacting and 

current would flow from one contact, along the silicon interface and back to the 

next contact i. e a current path of twice the diamond film thickness. 

Due to the resistive nature of the diamond surface from post growth oxygen, it 

was also possible that the current could travel from one contact to the next 

across or just below the surface. 

Current flows along the path of least resistance but the distance of 30 pm 

between pairs of contacts (or probe placement) and the diamond thickness of 20- 

40 µm was nearly the same in all experiments. Therefore, two conditions apply 

for resistivity measurements taken contact -to-contact across the surface after 

oxygen etching treatment. 

For a probe placement separation of <28 where 8 is the diamond film 

thickness, current will travel across the surface or a short depth into the diamond 

to the next contact as for example, Figure 2.10. As current would be confined to 

the contact areas, the calulation of resistivity would have the following 

parameters. 

p=R. A /L where A= area of contact (nr2) 

L= probe separation 
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Figure 2.10 Current path in diamond with film thickness greater than probe 
geometry 
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When probe (contact) separation >25, current flows via the silicon substrate as 

for example, Figure 2.11 and resistivity is then equal to 

p=R. A /L where A= area of contact (7Er2) 

L= 28 

i- 45D U'n 4MUn 

0. iI; ENf FMli f -9o-ý 

LM 
Ti/PI 
Damd 

Figure 2.11 Current path for diamond on a conducting silicon substrate 

To see if any significant change occurred if the size and therefore separation 

between contacts was larger, AI/Ti contacts of 3 mm diameter were evaporated 

onto another area of diamond, the contacts being separated by a distance of 2 

mm from each other. The TLM linear array measurements were repeated and 

results were obtained as follows. Figure 2.12 shows the trend of IN plots as a 

function of distance and the curves are seen to be sigmoidal, reflecting a barrier 

at the contact. The values of total resistance versus distance were plotted as 

shown in Figure 2.13. 
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As results in Figure 2.13 did not correspond to the typical plot in Figure 2.1, the 

graphical TLM analysis was not applicable to this system having virtually constant 

resistance independent of probe separation. However, an estimate of the 

contact resistance (Rc) and diamond resistivity (p) with contacts of 3mm 

diameter was possible based on previous results for the smaller contacts as 

follows. 

rc for the 450 . tm diameter contacts was calulated to be 35 c . cm2" 

From Rc = rc /A, Rc = 35 /n (0.045)2 

=5.5K0 

For 3mm diameter contacts, Rc = 35 /7c (0.15)2 

= 424 92 

Then, from R= p L/ A 

=pL/8w which includes the element of sheet resistance Rs 

i. e Rs = p/8 and so the diamond resistivity is equal to 

(P) = RS 8 ------------------------------------ (2.8) 

From previous results, Rs = 5.4 x 109 ) and with a thickness of 20 µm, diamond 

film resistivity is calculated to be: 

iP)=Rs 

= 5.4 x 109 * 20 x 10-4 

=1.1x107c. cm 

So the resistance of diamond with 3mm contacts is estimated to be 

R=pL/A 

= 1.1 x 107 (20 x 10-4 )2 1n (0.15)2 

=6.24x105 S2 

This contrasts greatly with the approximate constant value measured from the y- 
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axis as 6x 109 S2 from Figure 2.13 although this figure is for total resistance 

including elements of current crowding, spreading resistance and contact 

resistance, the latter component being a sum of 1 KC alone. 

Given the high conductivity of silicon compared to diamond and the 

greater contact separation compared to the diamond film thickness, it was to be 

expected that the current would flow directly in and out of the contacts via the 

silicon substrate as illustrated previously. 

2.6.3 Conclusion 

The TLM procedure and analysis proved to be reliable for determining the 

specific contact resistance on the 450 µm diameter contacts. The current path 

can only be accurately modelled when these contacts are separated by a 

distance greater than twice the diamond film thickness. 

With this condition, future measurements with these small contacts were made 

with probes placed at least 90 µm apart. In this manner, the current would travel 

via the silicon substrate between contacts and the resulting resistance 

measurement would reflect the complete diamond thickness in preference to a 

certain depth below the contacts. These small contacts also make millimeter 

size devices possible. This is an essential conclusion for the continued 

application of orientated diamond as at present, that material is only deposited 

as a 2-3 mm wide ring on silicon at Heriot-Watt University. 

As for the larger 3mm diameter contacts, the TLM method of determining 

specific contact resistance was not applicable as the resistance values showed 

little increase with subsequent probe separation. 
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This was thought due to the length of the contact separation being so much 

greater than the diamond film thickness and therefore each resistance 

measurement accounted for the maximum amount of diamond under and 

between the probes. In addition, an increase in separation was basically radial 

around the epitaxial ring, not on a finite square region of diamond. Thus, it was 

difficult to place 3mm diameter contacts which were as large as or greater than 

the 2-3 mm width of the orientated region. Therefore, some of the resistance 

measured may well have been that of the more conducting non-orientated 

diamond. These large contacts would only be applicable for device purposes on 

an area of orientated dimaond at least 8 mm2 . 

The approximate contributing resistance of both sets of contacts (5.5 KQ 

for 450µm diameter and - 420 S for 3mm diameter) was negligible as that of 

the silicon substrate and so for resistivity measurements made through and 

across the bulk of diamond films, the measured resistance was considered that 

of the diamond film alone. 

2.7 Summary 

The gold/titanium combination of contacts produced rectifying contacts which 

underwent a colour change at room temperature. These characteristics were 

thought due to out-diffusion of the titanium. However, LIMA analysis detected 

elements of contamination on the contact surface and even when the depth of 

analysis was increased, there was no evidence of gold or titanium. In 

comparison, the aluminium/titanium contacts were greatly improved. Those 

contacts produced linear current/voltage characteristics and LIMA analysis 

showed little contamination. 
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Further electrical measurements concluded that the aluminium/titanium contact 

scheme was stable up to a temperature of 653 K and contributed no more than 

35 Q. cm2 diameter specific contact resistance. The current was also deduced to 

travel through the contacts via the silicon substrate unless the contact separation 

between probe geometry was less-than the diamond film thickness. 

So when probe geometry is <28 

p=R. Aa /L --------------------------------- (2.9) 

where Aa = area of contact 

L= probe separation 

When probe geometry is >28 

p=R. Ab /L --------------------------------- ( 2.10 ) 

where Ab = area of contact 

L =28 

For calculation of the resistivity through the bulk of the metallised diamond 

system from a top-to-bottom probe geometry, the current may travel through the 

diamond via vertical grain boundaries as diamond is known to grow in columns. 

On reaching the diamond / silicon interface the boundaries are more diverse and 

the current would spread more laterally to the silicon substrate which has a very 

low resistivity of 2 to 4Q . cm. The current would travel very easily through this to 

the back contact measurement probe and bulk resistivity could be calulated 

taking A as the area of the contact and L being the total thickness of the diamond 

film. 

As a suitable ohmic contact scheme had been found, other fabrication 

stages including surface treatments could then be investigated. 
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CHAPTER THREE STATISTICAL OPTIMISATION OF A 

PLASMA ETCH PROCESS 

3.1 Introduction 

The aim of this area of experimental work was to treat the surface of an undoped 

diamond sample with an oxygen plasma to remove impurites and non-diamond 

layers after growth. This would restore the diamond to its naturally resistive 

state. A statistically designed method was employed for the etching procedure 

allowing definition of the input parameters that had the most effect on the etch 

rate and change in resistivity, these being specified as the output functions. 

The formation of a layer of amorphous carbon or graphite on the diamond film 

surface may be produced by the cooling of the diamond film in the presence of 

carbon species without hydrogen etching species. Alternatively, band bending 

can occur where fully hydrogen-terminated surfaces from hydrogen plasma 

treatment, are deeply or weakly accumulated for holes forming a conducting 

surface layer [3.1]. It is necessary to remove any graphitic layers by wet or dry 

etching, effectively cleaning the diamond film as well as removing unwanted 

particles from between diamond grains. Reduction of the surface conductivity 

also improves the natural insulating character of the diamond material. 

Cleaning etchants for diamond are usually based on an oxidation process 

as oxygen preferentially attacks the amorphous carbon in the grain boundaries. 

Ando et a/. have investigated the reactivities and mechanisms of oxidation of 

polycrystalline diamond in the vapour phase. With increasing temperature, the 

oxidation reaction increases and induces a change in the surface structure of the 

diamond [3.2]. Chu and Pan verified that etch rates of polycrystalline diamond 
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can be close either to that of graphite or natural diamond depending on 

amorphous carbon content and orientation of crystallites [3.3]. In general , the 

etch rate increases as the quality of the diamond film decreases with respect to 

non-diamond content. Surfaces having a (111) orientation exhibit the highest 

etch rate, then (110) with (100) having the lowest rate. 

The most commonly used chemical etchant for graphite removal is a 

boiling solution of chromic / sulphuric acid [3.4-3.6]. This combination of 

chemicals is known to remove graphite and increase the resistance of diamond 

by at least a factor of one thousand. However, contamination is possible from 

reactions between species in solution. Chromium contamination has been 

reported by Iwaski [3.7] and Jackman et al have identified sulphur contaminants 

[3.8]. 

Oxygen plasma reactive-ion etching of polycrystalline diamond and 

amorphous carbon was carried out by Vivensang and Turban [3.9]. FTIR 

surface analysis detected C-O bonds on polycrystalline diamond after etching at 

a slow etch rate. The etch rate of amorphous carbon was faster with surface 

bonds of C-O and C=O detected. Consumption of oxygen was apparent from 

mass spectrometry with the appearance of large quantities of carbon monoxide 

(CO) and carbon dioxide (C02) , the latter resulting from secondary reactions. 

Benndorf et al. have also investigated the surface chemistry of oxygen treated 

diamond films, characterised by x-ray electron spectroscopy (XPS) and ultra- 

violet light induced photoelectron spectroscopy (UPS) [3.10]. The oxygen 

treated diamond was found to have a change UPS spectra relating to the 

removal of graphite. The adsorbed oxygen was also thought to modify the 
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surface, inducing downward band bending and increasing the work function of 

the material. 

The removal of graphitic carbon from diamond surfaces by gas phase etching 

has developed from the widely used CVD method of diamond growth. Mori 

demonstrated the effect of cooling polycrystalline diamond in an oxygen gas 

phase with the resistance of diamond increasing from 106 to 1013 S [3.11]. 

Other researchers, for example Shikata, have used an oxidising plasma to 

improve surface morphology with graphite removal [3.12]. The etch process 

involves an oxygen plasma generated by an RF source, often with argon to 

stabilise and enhance the plasma action on the substrate. Dorsch has applied 

an oxygen/argon plasma in a reactive ion etch (RIE) process [3.13]. The 

diamond was characterised by a scanning electron microscope and the 

appearance of the diamond crystallites was enhanced. Columns of crystallites 

were obtained relating to the anisotropic action of the plasma etch. 

The source gases of oxygen and argon are non-toxic by comparison with 

the chlorine or fluorine compunds used in silicon processing. However, the use 

of non-toxic gases does not mean the process overall is safe, as toxic 

compounds are produced from the oxygen reactions, for example, carbon 

monoxide. Residual vapours in the etch reactor should be treated with caution 

although the concentration can be diluted via a nitrogen ballast gas added at the 

pump [3.14]. However, the total amounts released by the etch process are 

usually small enough to be pumped away through the exhaust line. Safe 

handling of the feed gases is important especially with combustible gases like 

oxygen. With chemical etch solutions, the correct handling of concentrated 

acids is important with full protective clothing worn and reactions undertaken in a 
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fume cupboard. The safe disposal of acids is also vital with the chemicals 

allowed to cool and then diluted in water, small amounts at a time. 

Initial studies at Heriot-Watt University were based on the wet etch 

method using the chromic/sulphuric acid treatment. Although electrical four- 

point probe measurements indicated an increase in resistance, LIMA spectra 

showed the presence of sulphur contaminants [3.15]. As the transport 

properties of carriers in diamond are likely to be affected by these impurities, dry 

etching via an oxygen plasma was chosen as the preferred alternative for 

graphite removal. A statistical experimental method was employed to optimise 

the efficiency of the etch process. This reduces the number of experiments 

required and identifies trends and interactions between process parameters. 

3.2 Experimental System and Calibration 

3.2.1 Plasma etch system components 

The plasma was generated by a 13.5 MHz r. f source in a Nanotech model 

parallel plate chamber, 250 mm diameter and 100 mm in height. The upper 

plate was powered and the lower plate grounded, the latter being adjustable in 

height to give the preferred separation. The top plate is fixed and enclosed by 

the chamber and so is inaccessible, hinging upwards when the chamber is open. 

The system had two gas inputs with mass flow controllers allowing adjustment 

and monitoring of each flow. Whilst one flow controller was already calibrated for 

argon, the other was previously calibrated for silane so re-calibration for oxygen 

was necessary using a data table provided by the manufacturers. 
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3.2.2 Plasma Monitoring by Optical Emission Spectroscopy 

This technique is useful for analysis of species present in a plasma during 

etching and can be applied as an end point detection method. The electrons of 

the atoms in the gas feed are excited via the plasma source and radiation is 

emitted from some excited species as they relax, in the form of sharp well- 

defined lines which may overlap. Each excited species emits a characteristic 

line spectrum which is used as identification of that species. The main 

spectrometer components are shown in Figure 3.1. 

MIRROR 

DIFFRACTION GRATING 

SLI' 

OPTICAL INPUT OUTPUT DETECTOR 

OUTPUT TO COMPUTER 
SYSTEM CONTROLLER 

SIGNAL AMPLIFIER 

Figure 3.1. Optical emission spectrometer components 

For the purpose of the following experiments, the plasma was monitored using a 

Monolight 6800 series optical emission spectrum analyser. It is comprised of a 

scanning grating monochromator, photomultiplier detector, optical guide and a 

system controller. Light is received through the window of the plasma chamber 
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and directed to the spectrum analyser, via the fibre. Any second order diffraction 

is eliminated with the use of a blocking filter. The optical fibre had a cut off point 

of approximately 410 nm and thus emissions at lower wavelengths were not 

detected. By taking averages of 4000 scans to reduce the noise level, the 

spectrometer was calibrated using an external monochromator to provide 

various wavelengths as shown in Table 3.1 with respective spectra shown in 

Figure 3.2. 

Monochromator 

Wavelength /nm 

Region/Colour Detected Wavelength / 

nm 

410 Violet 410.63 

470 Blue 471.50 

520 Green 420.17 

580 Yellow 580.00 

600 Orange 600.83 

650 Red 650.02 

700 Infrared 699.00 

750 Infrared 749.50 

Table 3.1 Calibration wavelengths for optical emission analysis 
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Figure 3.2 Emission spectrum of calibrated wavelengths 

3.3 Statistical Design Matrix 

Factorial design is useful for any multivariable system and has found 

applications in the optimisation of photoresist processing and numerical 

modelling. Ring and Mantel optimised diamond growth using statistically 

designed experiments. Computer software aided the modelling and data 

analysis of seventeen combinations to resolve the varying growth rates and 

crystalline quality [3.16]. The optimisation process for my study of plasma 

etching was carried out by applying a fractional factorial design based on 

previous work by Yin and Jillie [3.17]. This aimed to determine the combination 

of etch parameters which would produce the fastest etch rate and highest 

resistance of the treated diamond. Optimisation of a process involved finding 

the best setting for each parameter that affects the process. 
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There are four input parameters of an oxygen/argon plasma etch system that 

may influence the output response. These are : (i ) the input flow of oxygen, 

( ii) the input flow of argon, ( iii) the plate separation within the chamber and 

( iv) the power from the rf source. Following the conditions for matrix design, 

Table 3.2 was drawn up showing 9 runs with 4 input parameters of 3 level 

settings, denoted overall as an L934 matrix. 

RUN POWER /W SEP. N I CM Ar / CC MIN-1 02 I CC MIN-1 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

Table 3.2 L934 Matrix for Optimisation of the Etch Process 

Fractional factorial design uses subsets of a full set of experiments, one method 

being orthogonal design. This functions by selection of certain combinations of 

input parameter level settings. These settings fit into particular orthogonal tables 

as the one above. By following the table the maximum amount of information is 

obtained from the minimum number of experiments, for example with four 
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variables at three level settings only nine experimental runs are required instead 

of eighty one. However, the following conditions must be met: - 

(i) The number of occurrences of each level setting must be the same within 

each column. 

(i i) All rows having identical level settings in a given column must have an 

equal number of occurrences of all other level settings in the other columns. 

(i i i) The matrix for a given number of columns must be the one with the 

minimal number of rows satisfying the above conditions. 

The level settings for each input were carefully considered for if they were 

too widely varying, first order effects may be missed. Similarly, if the settings 

were too close the input effects would be too small to be significant. Therefore 

results from trial experiments or smaller matrices were considered useful. The 

input settings were chosen from trial experiments which tested the ranges of 

each parameter. The power range was 0- 150 W (with 4W reflected), the plate 

separation varied from 3-7 cm and gas flows could be varied from 0- 99 sccm 

min-1. Due to the limitations of the rotary pump, the combined gas flow was 

restricted to <_ 30 sccm min-. With these ranges in mind, the values of each 

setting were chosen as shown in Table 3.3. 

LEVEL POWER /W SEP. N / cm Ar / sccm min's 1 02! sccm min-1 

1 100 3 5 5 

2 125 5 10 10 

3 150 7 15 15 

Table 3.3 Parameter Settings for each Level 
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3.4 Experimental Procedure 

An undoped polycrystalline diamond film - 20 µm thick, was grown on a 4" p- 

type silicon wafer of 2-4 Q. cm, sample number 192. This film was annealed at 

900°C for 1 hour. The heteroepitaxial area was then cut into twelve pieces of 

1 cm2 in size and these samples were used as follows. 

0 Reference Sample 

It was impractical to evaporate metal contacts on each sample prior to etching 

and 4-point probe measurements of resistance were invalid due to compliance 

voltage saturation of the highly resistive material. Therefore contacts were 

evaporated after etching and a piece of the diamond film was designated as a 

reference with no etch treatment. In all cases aluminium contacts were 

evaporated and annealed at 450°C for 1 hour. Two-point probe resistivity 

measurements were taken from one contact to another with a separation of 90 

µm across the surface. Therefore, equation 2.10 from Chapter 2 applies where 

p=R. Ab /L where Ab = area of contact 

L =28 
9 Trial 1 (etch time optimise) 

A sample denoted as Trial 1 was masked using aluminium foil with two thirds of 

the area being covered. It was etched with input parameters of 150 W power, a 

plate separation of 5 cm and argon and oxygen gas flows of 10 sccm min-1. 

After an etch period of 1 hour the middle section of the mask was removed, after 

a further 30 minutes the end section of the mask was removed and etching was 

allowed to continue for another 30 minutes over the sample as a whole. 

Exposure times of 2 hours, 1 hour and 30 minutes were then achieved across 

the sample as shown in Figure 3.3. After etching, contacts were evaporated on 

each- section and resistance measurements were made. 
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Figure 3.3 Exposure times for Plasma Etched Diamond 

During the etch periods, the plasma composition of argon and oxygen was 

constantly monitored by optical emission spectroscopy. The software allowed 

the monitoring of specific species at their distinctive emission wavelengths. 

Carbon monoxide (CO) is the most dominant product of the reaction between 

oxygen and amorphous carbon. Therefore, the CO wavelength of 662 nm was 

also monitored for intensity changes during an etch time of 1 hour. This allowed 

an estimate for the end point detection of the etch process. 

" Samples for the statistical design experiment 

Nine samples labelled A to I were required for the main factorial experiments. 

Two other samples were made available for repeat experiments ( A' and A" ) 

whose parameters were set identical to those of sample A. As output data 

contains information on random fluctuations as well as the effect of input 

variations, it was important to repeat one of the experimental runs at least twice 

to estimate the variance or standard deviation of the results. Prior and post etch 

measurements included SEM micrographs to verify initial grain appearance and 

weighing of each sample. Surface resistance measurements were also made 

using the 2-point probe method after etching. Bias values of 10 V and 100 V 
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were each applied as characteristics of I-V measurements were known to differ 

between these ranges and similar effects may occur through etching. To 

minimise absorption of atmospheric moisture and other air contaminants, for 

example nitrogen, outside the chamber all samples were kept in a desiccator 

and the plasma chamber itself was purged with argon 10 to 15 times before 

plasma ignition. These actions also helped to minimise the error in weight 

measurements. 

Plasma conditions were set for each sample as shown in Table 3.4 combining 

the matrix and chosen level settings shown previously. The output functions of 

the matrix were specified as being the resistivity (p ) in S2. cm and etch rate 

measured as mass loss during etch in µg min-1. 

SAMPLE POWER 1W SEP / CM Ar / CC MIN-1 021 CC MIN- 

A 100 3 5 5 

B 100 5 10 10 

C 100 7 15 15 

D 125 3 10 15 

E 125 5 15 5 

A' 100 3 5 5 

F 125 7 5 10 

G 150 3 15 10 

H 150 5 5 15 

150 7 10 5 

All 100 3 5 5 

Table 3.4 Experimental Parameters for the Plasma Etch Samples 
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3.4.1 Results and Discussion of Reference and Trial 1 Samples 

The resistivities of the reference sample and the Trial 1 sample are shown in 

Table 3.5. 

SAMPLE p/S2. CM(10V) p/Q. CM(100V) 

Reference 4.06E7 3.41 E7 

Time trials 30 mins 4.01 E9 4.44E9 

60 mins 5.24E10 1.52E10 

120 mins 3.55E10 1.56E10 

Table 3.5 Resistivity Values of the Reference and Time Trial Samples 

It can be seen that the largest increase in resistivity occurs between 30 and 60 

minutes by a factor of 1000 compared to the reference. The time trial samples 

were monitored by optical emission spectroscopy during the first hour of etching. 

Although an increase in resistance was likely after only 30 minutes, the etching 

efficiency of the unit was uncertain as input power fluctuations were observed 

during the first few minutes after plasma ignition. However, when the reflected 

power was minimised to a value of 4W, these fluctuations disappeared and the 

system stabilised. It was also observed that it took approximately 10 minutes 

for the feed gases to stabilise in concentration and flush out excess atmospheric 

species. This was apparent from optical emission spectra taken over a 10 

minute period for example Figure 3.4. The spectrum is labelled with the most 

intense peaks of argon (Ar) at 750 nm and oxygen (02) at 777 nm wavelength. 

The remaining peaks show lower intensity emissions from both gases as well as 
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some nitrogen (N2) peaks indicating atmospheric contamination. The latter 

however, is seen to be reduced with time. The CO monitoring showed some 

initial increase in intensity but unfortunately remained constant for the remainder 

of the etch period with no noticeable decrease to signify an endpoint, as can be 

seen in Figure 3.5. SEM micrographs in Figure 3.6 compare the nil etch sample 

with the time trial samples at magnifying scales of 18 pm. It was difficult to 

distinguish an improvement in crystalline definition from the half hour etch 

sample. Definition was seen to improve with the 1 and 2 hour etched samples 

although the latter was more orientated and therefore flatter than the reference 

piece so the crystalline surface appears smoother. 

3.4.2 Conclusion 

Allowing time for the system to stabilise and taking into account the observation 

that the largest resistance change occurred after 30 minutes with a sharper 

appearance of crystallites, it was decided to etch the remaining eleven samples 

of the statistical design set for a time of 1 hour with no risk of overetch. The 

resistivity values of those samples are included in the following section as one of 

the output functions of the statistical analysis. 

For ease of discussion the etch rate output is presented as a separate set of 

results. 
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Figure 3.4 Intensity Variations of Plasma Species over Time 

1,400- 

6 mins 
1,200- 

16 mins 
CO 

1,000- 

800- 

600- 
` 
I 

" 
4W " 

200 ! : " 

al 
l . ý *" 

Q , f 
P 

200 300 400 500 600 700 800 900 
Wavelength(nm) 

Figure 3.5 Carbon Monoxide Intensity Monitoring over Time 
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Figure 3.6 SEM Comparisons between the Reference (on left) and Time trial 
samples (on right : top= 0.5 hr, mid= I hr, bottom =2 hr) 
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3.5 Statistical analysis of results for samples A to I- Resistivity Data 

The calculated resistivities at low and high bias for each of the eleven samples 

are shown in Table 3.6. The four levels of each input parameter are numerically 

summarised from Table 3.4. For example, 1111, refers to all minimum settings 

with a power input of 100 W, a separation of 3 cm and gas flows of 5 sccm 

min-1. 

p* SAMPLE [****] p/ Sam at 10 V p1 Cl-cm at 100 V 

P1 A [1111] 8.45E10 7.89E10 

P2 B [1222] 8.45E10 8.45E10 

P3 C [1333] 6.76E10 7.32E10 

P4 D [2123] 9.01 E10 5.40E11 

P5 E [2231] 6.19E10 6.19E10 

P1' A' [1111] 8.11E10 7.60E10 

P6 F [2312] 8.45E10 7.89E10 

P7 G [3132] 7.89E10 8.45E10 

P8 H [3213] 1.01 E11 9.01 E10 

P9 I [3321] 8.45E10 8.45E10 

P1to All [1111] 8.66E10 6.92E10 

Table 3.6 Measured Resistivity Values for all Samples after Etching 

[Standard deviations = 2.78E9 at 10 V bias and 4.98E9 at 100 V bias. ] 
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As the experimental parameters had been randomised, the output function 

averages of each level setting for each input parameter were calculated using 

the equations below. The power levels are denoted by po*, plate separation by 

sep. argon gas flow by Ar* and oxygen flow by 0* . 

Ppol = (P1 +P2+P3 )/3 

Ppo2= (P4+P5+P6)/3 

Ppo3= (P7+P8+P9)/3 

PArl = (P1 +P6+P8 )/3 

PAr2= (P2+P4+P9)/3 

PAr3= (P3+P5+P7 )/3 

Psepl = (P1 +P4+P7 )/3 

Psep2= (P2+P5+P8 )/3 

Psep3= (P3+P6+P9 )/3 

P01 = (P1 +P5+P9 )/3 

P02= (P2+P6+P7 )/3 

P03= (P3+P4+P8 )/3 

The calculated results of the averaged resistivity values are shown in Table 3.7. 

The difference between the maximum and minimum values for each input 

parameter are also calculated to estimate which input parameter has the biggest 

effect on the output. 
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pp(avq) / SQ. cm 
(10 V) (per in ut) 

1p(avq) / Q. cm 
(100 V) 

Ap / º. cm 
(per input) 

Ppol 1.91E11 7 89E10 

rpo2 2.37E11 7.30L10 7 88E10 9 30E9 

Ppo3 2.64E11 H 81 E10 

Psepl 2.01E11 6 47E11 

Psep2 8.25E10 1 22l_ 11 2 90E11 4.67E11 

Psep3 7.89E10 1 80E11 

PArl 

pAr2 

9. OE10 

8.64E10 2 05E 10 

1 89E11 

2.00E11 1.29E11 

pAr3 6.95E10 7.32E10 

pol 1.75E11 1.69E11 

p, 02 8.26E10 1.08E11 1.92E11 4.74E11 

P03 1.91 E11 0 43E11 

Table 3.7 Resistivity averages calculated for each input parameter 

It can be seen from the above values that at 10V, the largest change in resistivity 

occurs by changing the plate separation. Oxygen flow has the second major 

influence, followed by power, with the argon flow having the least effect on the 

output. At 100 V, oxygen has the most influence closely followed by separation, 

then argon flow with power having the least effect on the output. However, the 

standard deviation at 100 V is nearly double that of the 10 V bias and with that 

error margin reduced, the results may be more consistent between the biases. 

To see more clearly the trends and effects of each individual parameter, graphs 

of average resistivity versus level settings for each input were plotted as shown 

in Figure 3.7. 
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Figure 3.7 Resistivity versus Level Settings for each Input: 

(a) Power (b) Sepn (c) Argon (d) Oxygen 
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Graph (a ) shows a trend of increasing resistivity with an increase in power at 

both bias levels. This indicates that as the power level increases there is a 

higher degree of dissociation creating a greater volume of reactive particles with 

increased bombardment energy. If the plots were extended beyond the settings 

of the matrix the resistivity would continue to increase. However, the optimum 

power level may soon be reached as the lines indicate the possible start of a 

plateau of values. 

The graph of separation versus settings in graph (b) shows a decrease 

in resistivity with increasing separation. It would be logical to think the output 

would in fact be proportional to the input as the greater the plate separation, the 

greater the volume of reactive species present in the chamber. However, with a 

small distance between the plates, the volume of reactive species is 

concentrated closer to the sample and plasma bombardment is more intense. 

The diamond is then etched more effectively between the grains as well as over 

the surface hence the maximum resistivty value obtained at the lowest 

separation setting. 

Graph (c ) shows a decrease in resistivity with increasing argon flow at 

both bias levels. This result verifies the reasoning that argon is only present as a 

stabilising medium and being inert it does not react or sputter with diamond to 

remove graphite. Thus, the resistivity stays reasonably constant with change in 

flow as seen by the 10 V bias plot. 

The graph of resistivity versus oxygen flow rates in (d) shows that 

maximum resistivity occurs with maximum flow of oxygen. As oxygen is the sole 

etchant species any variation in oxygen flow will cause a change in resistivity. If 

the plot was extended beyond the 15 sccm min-1 setting, the resistivity should 

continue to increase. However, it is also apparent from the graph that a 
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minimum level of oxygen can also increase the resistivity. This may be true if 

the argon flow is also at a minimum. To verify this, the combined resistivity 

values of argon and oxygen were plotted against gas flow settings. From Figure 

3.8 it can be seen that the highest resistivity values were obtained with minimum 

Ar/O flows and maximum Ar/O flows. An interaction effect between the two 

inputs is evident. Argon alone has a minimal effect on the output but influences 

the effect that oxygen has on diamond. 

INTERACTION TRENDS OF OXYGEN AND ARGON 
3E+11 

Argon 

2.5E+11 Oxygen 

Ar +O 2E+11 

1.5E+11 

1 E+11 

5E+10 
5 10 15 
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Figure 3.8 Resistivity of Ar/O versus Gas Flow 

3.5.1 Maximised Results and Concluding Experiments 

To maximise the resistivity output, the highest average values from each input 

column were specified so at 10 V; 

power separation argon oxygen 

3 1 1 3 

or 150 W 

------- 

3 cm 

------------- 

5 sccm min-1 

------------- 

15 sccm min-1 

--------- 

86 



Statistical Optimisation 

power separation 

at100V; 31 

150 W 3cm 

argon 

2 

5 sccm min-1 

oxygen 

3 or 

15 sccm min-1 

To test this conclusion, two diamond samples cut from sample number 192 were 

etched under these conditions. A resistivity of 4.11 x 1011 a. cm was obtained 

for the 10 V test which was higher than for any of the previously etched samples; 

1.01 x 1011 n . cm for sample H being the next highest. Therefore at this bias the 

maximised method was successful. At 100 V bias, a resistivity of 1.07 x 1011 ) 

. cm was calculated but this was lower than the highest value obtained from the 

matrix, sample D having a resistivity of 5.40x 1011 n. cm. Taking into account 

the standard deviation of the calculations and the small variations in magnitude 

for resistivity, this method may still be considered valid. 

3.5.2 Conclusion 

To summarise the results with resistivity as an output function, the optimised 

etch condition was obtained with maximum power of 150 W, a plate separation 

of 3 cm, argon gas flow of 5 sccm min-1 and oxygen gas flow of 15 sccm mind. 

The most influential factors were the plate separation and the flow rate of 

oxygen. Argon has no effect itself but trends show it may interact with oxygen 

to enhance the overall etch effect. From the earlier measurements, it was 

expected that resistance would increase by the same magnitude as the voltage 

was increased. This was not observed perhaps because a resistance value of 

greater than 10 x 1011 c was impossible to measure, limited by the apparatus. 
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Other contributing factors to the resistivity measurements must also be 

considered namely the assumptions regarding the geometry of resistivity 

calculations and the standard deviation of error that was calculated. 

3.6 Statistical analysis of results for samples A to I- Etch Rate Data 

The differences in weight loss for each of the samples A to I are shown in Table 

3.8 with the four input levels numerically summarised. 

ETCH RUN* SAMPLE [ **** ] WEIGHT LOSS 1 µg min-1 

E1 A [1111] 0.833 

E2 B[ 1222 ] 0.166 

E3 C[ 1333 ] 0.666 

E4 D[ 2123 ] 2.000 

E5 E[ 2231 ] 0.333 

E1 A' [1111] 0.166 

E6 F[ 2312 ] 0.333 

E7 G[ 3132 ] 1.666 

E8 H [3213] 6.000 

Eg I[ 3321 ] 0.833 

E1 A" [1111 ] 0.83 

Table 3.8 Weight Loss Values of each Sample 

The standard deviation was calculated from El, El' and E1" and found to be +/- 

0.385. 
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Once again, due to the randomised outcome of the parameter settings, the 

output averages were calculated using the same equations stated previously on 

page 81. Table 3.9 includes these values with the calculated differences 

between maxima and minima values. 

E* E(avg) / µg AEI µg ( per input) 

Epol 1.221 

Epo2 2.449 7.278 

Epo3 8.449 

Esep1 3.388 

Esep2 2.499 2.112 

Esep3 1.276 

EArl 2.388 

EAr2 2.443 0.889 

EAr3 1.554 

Ep 1 0.666 

E02 1.054 4.000 

E03 4.666 

Table 3.9 Etch Rate Averages Calculated for each Input Parameter 

The highest value of difference between the outputs is 7.278 from the power 

input indicating that this parameter has the most influence on the etch rate. 

Oxygen is the next highest value followed by plate separation, and argon is seen 

to have the least effect on the output. The etch rate averages of each individual 

input were plotted against the respective settings as seen in Figure 3.9. 
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ETCH RATE(power) VS. POWER ETCH RATE(separation) VS. SEPARATION 

10 3.5 
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6 2.5 

4 2 

2 1.5 

0 1 
100 125 150 3 57 

POWER 1W SEPARATION/CM 

(a) (b) 

ETCH RATE (argon) VS. FLOW RATE ETCH RATE (oxygen) VS. FLOW RATE 
2.6 5 

2.4- 
4- 

2.2 
E E3 

W2- W 

m2 
1.8 W 

1.6 1 

1.4 0 5 10 15 5 10 15 
FLOW RATE / CC MIN-1 FLOW RATE I CC MIN-1 

(C) (d) 

'figure 3.9 Etch Rate Settings for each Input: 

(a) power (b) sepn (c) Ar flow (d) O2flow 
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Graph (a) for power shows a uniform trend of etch rate increasing with power 

input level. This reflects the increasing energy and bombardment of the plasma 

species providing a greater etch rate. This trend corresponds well with the result 

from the calculated difference of averages. From those values, power was 

determined as the highest and most influential input parameter. Increasing the 

power beyond the scope of the matrix would be expected to show a further 

increase in etch rate however the Nanotech model did not allow a power 

increase greater than 150 W. 

The plot of separation rates against settings in graph (b ) shows a trend 

of etch rate being inversely proportional to separation distance. By reducing the 

size of region in which the plasma is generated, the intensity of bombardment is 

increased. The percentage of ions reacting with the graphite is therefore greater 

and a more efficient etch process occurs. 

In graph (c) the etch rate as a function of argon flow shows some 

increase with increasing flow until the medium setting is reached. At this point a 

sharp decrease is seen until the point of maximum flow. This indicates that as 

an individual input argon is not influential in the etch rate output. This compares 

well with the numerical evaluation inferring that argon has a minor role in the 

etch rate determination. If there was a greater volume of argon in the plasma 

chamber compared to the amount of oxygen present, the argon may even serve 

to hinder the etch rate. An example of this is found from sample E having one of 

the lowest etch rates of 0.33 µg / min-1. 

The importance of oxygen flow for etching is verified by the trend in 

graph (d ). Oxygen was calculated to have the second greatest effect on etch 

rate and with an increase in flow ( pump limitations aside) the etch should be 

increased further. Again, this may be dependent on the interaction of argon with 
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oxygen so to see if any trends were evident, Figure 3.10 shows a plot of 

combined etch rate versus gas flow settings. The output averages for argon 

appear to have little effect when combined directly with oxygen values so the 

obvious trend is the dominance of oxygen on the output averages. However, 

this is based on quantitative effects and a specific matrix column should be 

devised for more informative effects. 

7E+0 
INTERACTION TRENDS OF ARGON AND OXYGEN 

6E+0 

5E+0 
rn 

4E+0 

3E+0 

2E+0 

IE+0 

0 

Argon 

Oxygen 

Ar +0 

:7 

OE+O I 
5 10 

GAS FLOW RATE CC MIN-1 
15 

Figure 3.10 Combined etch rates of argon + oxygen versus gas flow levels 

3.6.1 Maximised Results and Concluding Experiment 

From the highest values of each averaged input, the proposal for maximum etch 

rate had the following level settings: 

Power Separation Amon Oxvqen 

3123 or 

150 W3 cm 10 sccm min-1 15 sccm min-1 

... . 
.. _......... _................................ 
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This recipe did not appear in the original matrix. A diamond sample was cut 

from the original wafer and weighed prior to etching under the new parameters. 

The pre-etch mass was determined as 128.8 mg and after the etch the mass 

was 128.5 mg therefore a loss of 0.3 mg hr1 (+/- 0.01%) or an etch rate of 5.1 

a mine had occurred. 

With respect to the rates calculated from the original matrix, the proposed 

maximised recipe yielded the second highest etch rate, only 0.83 µg min-1 (+/- 

0.385) below the 6 gg min-1 rate for sample H. Excluding the two samples 

specifically etched for the standard deviation calculation, only 3 of the original 9 

samples had etch rates greater than 1 µg min-1. They all had similar inputs of 

high power, high oxygen flow rate and minimum plate separation. 

3.6.2 Conclusion 

From the calculations of averaged etch rates , power was seen to be the most 

influential parameter on the output. Variations in oxygen flow rate and plate 

separation were also effective in changing etch rates but argon was the least 

dominant influence. These results were verified by the graphic trends, where 

power, oxygen and separation were seen as important variables in determining 

the etch rate although the orders of influence could not be confirmed from the 

graphs. 

Experimental errors would almost certainly lie with the weighing of the 

samples as a digital balance to only four significant figures was available. 

Improvements could be made by using a balance allowing five or six figures for 

greater accuracy. Although the mass loss method was sufficient to estimate the 

etch rates in these experiments, the determination of rates could be further 
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improved by in-situ measurements of thickness changes of diamond during the 

etch process. These measurements could be obtained with an interferometer. 

Interference fringes occur when there is a difference in optical paths travelled by 

successive beams originating from a single coherent light source, for example a 

He-Ne laser. By assuming a constant refractive index, an interferometer can 

measure small changes in the thickness of diamond and this method has been 

proved successful [3.3]. 

3.6.3 Scanning Electron Microscopy 

SEM micrographs of each sample were taken prior to and after each etch 

experiment. Due to inconsistent contrast control, it was difficult to match input 

influence with the microscopy results. However, all the etched samples were 

seen to have improved crystalline definition, for example Figure 3.11 for sample 

A and Figure 3.12 for sample H. 
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Figure 3.11 SEM micrographs of sample A prior etch (left column) and after etch 
(right column) 
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Figure 3.12 SEM micrographs for sample H prior etch (left column) and after etch 
(right column) 
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3.7 Summary 

The resistivity and etch rate outputs were concluded as being dependent on 

power, oxygen flow and changes in plate separation. The maximum yield 

recipes were almost the same namely: 

POWER SEPARATION ARGON OXYGEN (Variance) 

ETCH RATE 31 23 (0.385) 

------------------------------------------------------- 

RESISTIVITY 3113 at 10 V (2.7x 109) 

31 23 at 100 V (4.9x 109) 

In theory, both output maxima can be obtained in one experimental run at a 

power level of 150 Wa separation of 3 cm, an oxygen flow of 15 sccm min-1 

and an argon flow of 10 - 15 sccm min-1, argon having the least individual effect. 

Maximum output experiments were conducted individually and the modified 

parameters achieved the highest resistivity value of 4.11 x 1011 a. cm and the 

second highest etch rate of of 5.1 µg min-1. 

The experimental results for both etch rate and resistivity can still be considered 

valid as the output differences were at least 2- 3 times larger than the standard 

deviation value, the deviation representing the random variation on the process. 

The possibility of further optimisation was explored by studying the trends of 

output function averages plotted against level settings. The differences allowed 

the relative effect of each input to be quantified. Excluding argon, the trends for 

the other inputs were uniform indicating that improvements to both output 

processes would come from increased oxygen, decreased separation or greater 

power. It is common for two inputs to interact and yield a result more dependent 

on the interaction of two parameters than on the value of each individually. 
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Argon and oxygen flow rates may come within this factor interaction category. 

To obtain more information on specific factor effects it is important to keep the 

number of input parameters to a minimum hence there is no redundant 

information. Thus further work might use a modification to the original matrix 

with one column for the ratio of oxygen to argon and another column for total 

flow of oxygen plus argon. This would elucidate any interaction effects that may 

be occurring. Other etch performance factors that might be included in further 

work are uniformity of etch depth and etch selectivity from one material to 

another. This is especially significant when applying a plasma etch process 

during lithography. As regards diamond, surface profiles of the material etched 

here were unobtainable and uniformity of resistivity measurements was 

considered an unsuitable output due to the negligible changes determined in trial 

experiments. If in-situ measurements were possible, the amount of graphite 

removed could be measured and compared to the amount of diamond removed 

perhaps by x-ray photoelectron spectroscopy analysis. This would provide a 

valuable selectivity output function. 

96 



Statistical Optimisation 

REFERENCES 

[3.1] J. Shirafuji, T. Sugino Diamond and Related Materials 5 1996 pp. 706- 

713 

[3.2] T Ando, K. Yamamoto J. Chem. Soc. Faraday Trans. 89 (19) 1993 

pp. 3635-3640 

[3.3] C. Chu , C. Pan Diamond and Related Materials 4 1995 pp. 1317- 

1324 

[3.4] J. Vandersande , L. Zoltan Diamond and Related Materials 4 1995 

pp. 641-644 

[3.5] S. Grot et al. IEEE Electron Device Lefts. 11 (2) Feb. 1990 pp. 100-102 

[3.6] P. Gonan, A. Deneuville Diamond and Related Materials 3 (4-6) 1994 

pp. 654-657 

[3.7] Iwaski et al. Diamond and Related Materials 3 1993 pp. 31-34 

[3.8] B. Baral et al J. Vac. Sci and Tech. A 14 (4) 1996 pp. 2303-2307 

[3.9] C. Vivensang , G. Turban Diamond and Related Materials 3 1994 

pp. 645-649 

[3.10] C. Benndorf et al. Diamond and Related Materials 5 (6-8) 1996 

pp. 784-789 

[3.11] Y. Mori, A. Hiraki App. Phys. Lett 58 (9) Mrch 1991 pp. 940-941 

[3.12] S. Shikata N. Fujimori App. Phys. Lett 64 (5) 1994 pp. 572-574 

[3.13] O. Dorsch, M. Werner Diamond and Related Materials 4 (1995) 

pp. 456-459 

[3.14] D. Flamm Solid State Technology Nov. 1993 pp. 43-50 

[3.15] D. Milne Former research associate, Chem. Dept. Heriot-Watt. 

Personal Communication April 1994 

97 



Statistical Optimisation 

[3.16] Z. Ring , T. Mantei Appl. Phys. Lett. 65 (1) July 1994 pp. 121-123 

[3.17] G. Yin, D. Jillie Solid State Technology May 1987 pp. 127-132 

98 



CHAPTER FOUR ELECTRICAL CHARACTERISATION OF 

UNDOPED DIAMOND 

4.1 Introduction 

The aim of this experimental work was to characterise undoped heteroepitaxial 

(orientated) diamond via voltage and temperature dependencies. SEM-EBIC 

(Electron Beam Induced Current) analysis was also attempted for the first time 

on orientated free standing diamond film. Initial experiments strove to determine 

the applicability and value of EBIC data regarding the characterisation of charge 

transport in undoped diamond. 

4_2 Conduction Mechanisms 

Thin-film diamond semiconductor material is polycrystalline in nature and the 

films are composed of crystallites joined together along grain boundaries. Grain 

size, carrier concentration and the density of trap states are parameters which 

influence the electrical properties of the material. Grain boundary conduction is 

often dominant and common to both doped and undoped diamond film. Some 

specific types of transport for example, carrier hopping along grain boundaries, 

are applicable to the experimental results described in this chapter and the next. 

For undoped diamond film with highly conducting metal electrodes, there 

are a number of mechanisms that are particular to highly insulating material and 

these are summarised in Table 4.1 together with their voltage and temperature 

dependencies. 
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Conduction Type IN Relation 

Schottky Emission Ix exp (aV 2/ kT 

Fowler - Nordheim Injection Ia V2 exp (-a /V) 

Space Charge Limited Current (SCLC) IaV( low fields ) 

I oc Vn (n>1 high fields ) 

SCLC and Poole - Frenkel I ac V2 

Poole-Frenkel I oc ,V 

Hills Law I oc Sinh (aV / kT ) 

Tunnel or Field Emission 10c 1 /V 

Ohmic I oc V 

Hopping I cc T -1/4 ( low field ) 

Ionic Conduction I oc V exp (-a / T) 

Table 4.1 Conduction Mechanisms in Insulating Materials 

Schottky Emission 

This occurs when thermally excited charges cross the metal/insulator interface or 

the insulator/semiconductor interface. A straight line graph of log current over 

the square of the temperature versus inverse temperature ( log I/ T2 versus 

1/ T) is characteristic of Schottky emission and the gradient is dependent on 

the dielectric constant of the material. 

Fowler-Nordheim Iniection 

This involves the tunnelling of carriers through a barrier having the same 

potential on both sides and it is not compatible with a large thermal activation. 
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Space-Charge-Limited-Current (SCLC) 

This results from carrier injection into an insulating material where no 

compensating charge is present. As there are no trapping centres the current 

flow is proportional to the square of the applied voltage. An ohmic component 

may dominate at low fields and will be exponentially dependent on temperature. 

In general, a power law relationship of Iý Vn is obeyed and the voltage is scaled 

to a power of thickness of the material. This suggests that SCLC occurs in the 

presence of an exponential distribution of traps and the magnitude of the current 

implies the existence of a band tail with a high density of states increasing 

exponentially towards the valence band. SCLC can then be observed as a 

trap-filled limit of the material resulting in non-linear current-voltage curves and 

the effect can be evident at room temperature or above electric fields of the 

order 104 Vcm-1. 

Poole-Frenkel Conduction 

Poole-Frenkel transport occurs when trapped electrons undergo field enhanced 

thermal excitation into the conduction band. For trap states with coulomb 

potentials the expression is that for Schottky emission. 

Hill's Law 

This type of conduction involves discrete energy levels whose overlap of 

Coulombic potentials is sufficient to allow the hopping of carriers from one site to 

the next. Hill's Law is often described as 'Poole-Frenkel conduction via 

overlapping centres. 
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Tunnel and Field Emission 

Tunnel emission occurs when electrons tunnel from the metal Fermi level energy 

into the insulator conduction band. Field emission occurs when trapped 

electrons enter the insulator conduction band due to field ionisation. Tunnel 

emission has the strongest dependence on voltage but is essentially 

independent of temperature. 

Ohmic Conduction 

This may occur in the presence of residual p-type impurities via extended states 

in the valence band or via localised states of a band tail . 

Hopping Transport 

At low temperatures of less than 500 K, hopping transport may prevail but it is 

often dependent on the crystalline quality of the material. Grain boundaries are 

known conduction paths especially where crystalline defects or impurities are 

present. Current is then carried by thermally excited electrons hopping from one 

state to the next, usually to sites having similar energies despite separation 

being some distance. At low frequencies and low conductivity, this variable 

range hopping current or VRH, follows the temperature dependence of T -1/4 

At high frequencies, conduction becomes nearly independent of temperature 

indicating that transport is not activated but occurs within a similar band of 

energies. 

Ionic Conduction 

This is similar to a diffusion process. Usually, ionic conduction decreases during 

the time that the electric field is applied since ions cannot be easily injected into 
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or taken from the insulator. After the initial current flow, positive and negative 

space charges build up near the metal/insulator and semi/insulator interfaces. 

This causes a distortion of potential distribution. When the applied field is 

removed, large internal fields remain which cause some ions to flow back 

towards the equilibrium position resulting in hysteresis. 

Identification of specific mechanisms is difficult as the experimentally observed 

characteristics may be complex. For example, conduction may involve Hill-type 

transport (in the bulk of crystallites) or VRH at low voltage and SCLC at high 

voltage, both along grain boundaries and there is insufficient evidence to favour 

either. Carrier transport is very dependent on the temperature and voltage 

ranges investigated and so a combination of mechanisms are often responsible 

for conduction. 

Previously published research on electrical properties of undoped 

diamond is quite extensive and certain temperature and field dependent 

mechanisms are well established. Ohmic and VRH conduction have been 

reported for low applied voltages with Poole-Frenkel, Schottky emission or SCLC 

conduction proposed at high voltages [4.1,4.2] Specific studies of SCLC in 

undoped diamond have been carried out, for example the published work of 

Ashok et al [4.3]. Current-voltage graphs were characteristics of SCLC 

occurring in the presence of traps and the trap concentration and energy 

distribution were deduced from temperature and thickness dependencies. A 

study of carrier transport in metal/polycrystalline diamond/silicon junctions was 

carried out and a temperature independent ohmic component was proposed for 

conduction through defective grain boundary regions with a temperature and 
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field activated conduction process occurring through the bulk diamond grains 

[4.4]. P. Gonon et a/ investigated the current-voltage behaviour of undoped 

polycrystalline diamond over a temperature range of 300-600 K [4.5]. The 

diamond resistivity was observed to have a weak temperature dependence 

below 500 K attributed to variable range hopping and an activation energy of 1 

eV at higher temperatures with conduction based on thermal ionisation of 

electrons from discrete levels. For high electric fields, the current was seen to 

increase exponentially with voltage but the gradient decreased with increasing 

temperature. This behaviour was deemed to correspond to Poole-Frenkel 

conduction where the potentials surrounding defects overlapped. The authors 

then followed the Hill model and deduced that carriers tunnelled through the 

potential barrier as opposed to acting via thermal emission. 

Muto et a/ studied the effects of annealing and hydrogenation on undoped 

polycrystalline diamond and again, ohmic conduction with a weak temperature 

dependence was evident at low voltages with conduction increasing after 

hydrogenation and decreasing after annealing [4.6]. Non-linear I-V 

characteristics were observed at high voltages and were also independent of 

surface treatment . 

Free standing undoped diamond was characterised by Fiegl et al and 

symmetrical current-voltage plots were obtained at low frequency and low 

voltage [4.7]. There was also a linear dependence on temperature which was 

stated to arise from variable range hopping. The microscopic states responsible 

for conduction were suggested as originating from dangling carbon bonds on 

surface atoms of crystallites. It was also possible that impurities or structural 

defects contributed to the conduction process resulting in a non-activated 
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conductivity hopping of carriers along grain boundaries. The effect of grain 

boundaries on absorption coefficients was also studied using polycrystalline 

diamond on a quartz substrate. A theoretical model provided a means of 

determining. the grain boundary height, the density of trap states and the 

mechanical stress on grain boundaries arising from the presence of orderly 

grains amongst defective regions [4.8,4.9]. 

4.3 Experimental Current-Voltage Analysis 

For this study I investigated the conduction properties of an as-grown undoped 

diamond film, sample number 147. The diamond was 44 µm thick and grown 

on a (100) orientated n-type silicon substrate of 390 µm thickness. Postgrowth 

treatment comprised annealing the sample at a temperature of NOT for 1 hour 

in a medium of argon and etching in an oxygen/argon plasma. For the etching 

process the optimised parameters of 150 W power, 3 cm separation, oxygen gas 

flow of 15 sccm min-1 and a stabilising argon gas flow of 5 sccm min-1 were 

used as optimised in Chapter 3 section 3.5. 

4.3.1 Procedure 

SEM micrographs of polycrystalline and orientated regions of the diamond 

sample under study were taken after the annealing and etching processes. 

Four-point probe surface current-voltage measurements were made across the 

same polycrystalline and orientated regions to establish any changes in 

resistance and its relation to crystalline texture. To deduce the current-voltage 

characteristics through the diamond-on-silicon sample, metal contacts of 
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aluminium-on-titanium were evaporated onto a surface area of diamond -1 cm2 

to include both polycrystalline and orientated (heteroepitaxial ) regions. The 

contacts had a total thickness of 150 nm and were 450 µm in diameter with a 

separation of 120 µm. 

Aluminium was also evaporated on the base of the silicon substrate, covering an 

area of 5 cm2. Two-point probe resistance measurements were then possible in 

a sandwich geometry through the bulk of the Metal/Insulator/Semiconductor 

(MIS) structure. Dark current-voltage measurements were taken in air from 298 

K to 573 K. 

To investigate the current-voltage behaviour of the heteroepitaxial diamond film 

free of the substrate, a contact-free section of the orientated diamond was 

mechanically removed from the silicon wafer. Aluminium-on-titanium contacts of 

the same dimensions as before were evaporated onto the surface of the free 

standing diamond and a subsequent evaporation of aluminium only, covered the 

back side. Two-point probe current-voltage measurements through the free 

standing diamond were taken at room temperature. 

For all two-point probe measurements the applied bias was cycled from - 10 V to 

+ 10 V in increments of 1V and then cycled from -100 V to +100 V in increments 

of 10 V. 

4.3.2 Results and Discussion 

The SEM micrographs clarified the difference in crystalline nature between 

polycrystalline and orientated regions of diamond. Figure 4.1a shows the 

random arrangement of the crystallites in polycrystalline diamond regions. In 

comparison, the more defined and orientated diamond crystallites within the 

heteroepitaxial region are shown in Figure 4.1b. This consists of localised areas 
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of epitaxy where the facets are orientated to each other as well as the substrate 

in the (100) direction. It was anticipated that the orientated polycrystalline 

diamond would have better insulating properties and reduced current leakage 

compared with the non-orientated polycrystalline diamond. 

The current-voltage graphs of the four-point probe surface measurements were 

linear for both non- orientated and (100) orientated polycrystalline diamond as 

shown in Figure 4.2. However, the resistance value of the polycrystalline region 

was lower by at least one order of magnitude. This was believed to be due to 

the random polycrystalline diamond having more intergranular boundaries than 

the orientated diamond which has a more aligned array of crystallites. It was 

also possible that the highly conducting non-diamond material present on and 

between as-grown crystallites was removed more effectively from the smoother 

orientated diamond than from the random arrangement of polycrystalline 

diamond during the oxygen plasma etch treatment. 

107 



Undoped Diamond 

(a) 

(b) 

Figure 4.1 SEM of (a) Non-orientated polycrystalline diamond 

(b) (100) orientated diamond 



Undoped Diamond 

500 

400 

300 

- 200 

100 

0 
0 10 20 30 40 

V/mV 

1200 

1000 

800 

600 

400 

200 

0 
0 200 400 600 801: 

V/mV 

Figure 4.2 4. p. p I-V Graphs for (a) Non- Orientated Diamond 

(b) (100) Orientated Diamond 

From the two-point probe measurements made through the bulk of the MIS 

system, it was found that the orientated diamond had a greater resistance by 

three orders of magnitude. As the free-standing diamond material alone was 

found to have a similar high resistance, it was confirmed that the diamond film 

properties dominated the electrical resistance characteristics of the system. 

Table 4.2 summarises the measured resistance and calculated resistivity of each 

region of diamond. 
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METHOD DIAMOND REGION RESISTANCE / RESISTIVITY/S2. CM 

4 Point 

Probe 

Random Orientated 7.3x104 1.29x104 +/- 1.8x103 

Orientated 6.5x105 1.15x105 +/- 1.1 x104 

Random Orientated 1.03x107 3.72x106 +/- 1.4x105 

2 Point 

Probe 

Orientated 3.4x1010 1.23x1010+/-2.4x108 

Free-Standing 

Orientated 

1.5x109 5.42x108 +/- 2.6x107 

Table 4.2 Resistance Values for Diamond Region 

Resistivity (p)4. p. p = R-4.5324 - Diamond Thickness 

Resistivity ( p) 2. p. p =R-A/L where A =Area of contact (1.59x10-3 cm2) 

L= Diamond Thickness (44x10-4 cm) 

Figure 4.3 shows the symmetrical 2. p. p current-voltage graphs for (a) non- 
m 

orientated diamond, (b) orientated diamond and (c) free standing diamond. 

Graph (a) is more linear than (b) and (c) indicating that the metal/diamond 

junction barrier is minimal for polycrystalline diamond but a conduction barrier 

exists within the orientated samples. As the contact scheme was identical for all 

three samples, it was assumed that the contacts were of sufficiently high 

conductivity and did not impede current flow. Therefore, the barrier in evidence 

was assumed to originate within the bulk of the diamond material especially as 

the same orientated material produced the highest resistance values. The 

presence of a barrier was also indicative of the quality of the diamond as any 

barrier at the metal/diamond interface is often the largest for good quality 

insulating material, especially at high bias. 
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Figure 4.3 2. p. p I-V graphs of (a) Non- Orientated (b) Heteroepitaxial 
(c) Free Standing Orientated Diamond 
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The 2. p. p current-voltage characteristics of the orientated diamond (on silicon) 

were studied from room temperature to 573K. The current was seen to 

increase linearly with voltage at all temperatures and both voltage cycles of -/+ 

10V and -/+ 100V for example Figure 4.4. The metal/diamond barrier was not 

so obvious at higher temperatures until the bias was increased ten-fold and the 

current-voltage behaviour became sigmoidal. 
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Figure 4.4 2. p. p I-V of (100) Orientated Diamond at 250°C 
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From the semilog plot of resistance versus inverse temperature in Figure 4.5, it 

was evident from the change in gradient that two different transport mechanisms 

were operating over the temperature range investigated. At low temperatures, 

from 298 K to 373 K, the activation energy was relatively constant and calculated 

to be 0.076 eV. From 423 K to 573 K, the resistance became more 

temperature dependent with an activation energy of 0.23 eV. Neither value 

corresponded to characteristic values of known impurities in undoped diamond, 

such as nitrogen having a deep energy level of 1.7 eV. However, other authors 

have published activation energy values of the order - 0.20-0.30 eV and have 

either stated that the mechanism was unclear or attributed the results to the 

presence of hydrogen impurities obtained during the diamond growth process 

with the effects of grain boundary conductance [4.4,4.10]. At low temperatures, 

a dependence of T-1/4 was established as shown in Figure 4.6, confirming a 

variable range hopping mechanism occurring up to - 373 K. 

The current-voltage data was analysed for Poole-Frenkel, Hills Law, 

Schottky or SCLC characteristics but the data was linear and no sharp increase 

of current with voltage to indicate a power law due to trap states was observed. 

4.3.3 Conclusion 

From the four-point probe and two-point probe current-voltage measurements, 

orientated diamond was more resistive than randomly orientated diamond by at 

least two orders of magnitude. The current-voltage graphs for orientated 

diamond showed evidence of a potential barrier at the metal/diamond interface 

indicative of the highly insulating nature of the material. There were no 

indications of transport processes being governed by trap states and thus no 

SCLC mechanism or related process appeared to operate. Conduction was 
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observed to be weakly temperature dependent up to 373 K and a linear plot of 

Log R versus T-114 suggested the likelihood of conduction via variable range 

hopping. At higher temperatures the resistance became more strongly 

dependent on temperature and an activation energy of 0.23 eV was calculated. 

A specific mechanism for this dependence could not be stated although the high 

temperature conduction could have contributions from grain boundaries . 
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4_4 Electron Beam Induced Current (EBIC) Analysis of Orientated Diamond 

EBIC analysis involves the measurement of current due to mobile electron-hole 

pairs generated within a material during electron bombardment from a source, 

typically in a scanning electron microscope which is set to conductive mode. As 

the induced current depends on the structure of the sample and local electrical 

characteristics including carrier concentration and electric potential, information 

on localised properties as well as the presence of defects and surface 

inhomogeneities can often be deduced. 

EBIC analysis of undoped heteroepitaxial diamond film was original to the 

research undertaken to date at Heriot-Watt University and to the best of my 

knowledge, few studies have been published in the field of diamond research in 

general. 

It was known that EBIC analysis had potential value in the 

characterisation and understanding of the electrical properties of undoped 

orientated diamond film but its true applicability was unknown. Also, due to the 

insulating properties of orientated diamond, experimental results were 

unpredictable. With this in mind, the experiments described here were primarily 

to explore the response of undoped diamond to an operational EBIC system. 

Most of the experiments yielded interesting results but no firm conclusions could 

be drawn as to the electrical properties of the material. Additional work was not 

possible at the time but further experimental work is recommended. 

4.4.1 Theorv of the EBIC Process 

EBIC is commonly known as a method for determining minority carrier diffusion 

lengths or lateral dopant diffusivity within a material such as silicon [4.11]. In 

addition, EBIC analysis is also capable of revealing all electrical barriers within a 
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device as well as electrically active grain boundaries and structural defects. 

Figure 4.7 shows a typical EBIC system. 

Figure 4.7 EBIC Process for a p-n Junction 

For EBIC analysis of an as-grown sample using planar geometry, metal contacts 

are required. One contact is positioned on the surface where electron 

bombardment will occur and a second contact is made on the back side of the 

sample. Typically the top contact is Schottky and the lower is ohmic although 

geometries using similar contacts are possible. 

EBIC employs the focussed electron beam in an SEM to generate electron-hole 

pairs (ehp's) just below the surface of the sample. The ehp's are created from 
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the excitation of electrons from the valence band to unfilled states in the 

conduction band. For the generation of a detectable external current, electron 

bombardment and therefore ehp generation must occur in the region of- an 

electrical barrier such as a p-n junction, Schottky barrier or a heterojunction of 

two different materials. All electrical barriers are essentially dipole layers and 

are brought about by a space charge region which is created by the 

recombination of electrons and holes that have diffused through the junction. 

These dipole layers are depleted of free carriers and have an associated 

potential drop which causes band bending. The depletion region then 

constitutes a highly resistive barrier. For a Schottky barrier, the dipole layer 

consists of a surface charge (usually negative) on the metal and a space charge 

extending into the semiconducting sample. The depletion layer therefore lies 

entirely within the material under study. A phenomenon known as the Barrier 

Electron Voltaic Effect (BEVE) is the source of EBIC signals and results from the 

action of the internal field separating the electrons and holes created in or near 

the depletion region. The voltaic effect causes the collection of electrons at one 

contact and collection of holes at the other. The separated carriers cannot flow 

back across the barrier due to the non-conducting depletion region and the 

potential step. Instead they form a non-equilibrium emf which causes current to 

flow to the external detection circuit. 

In the EBIC-SEM mode, the electron beam rasters across the sample 

and a micrograph is created on the SEM screen according to the collected 

current. Variations in brightness or contrast only arise if the junction is non- 

uniform in depth or recombination effectiveness. Therefore a good quality 

junction will appear uniform and any structural imperfections or electrically active 

defects near the junction are visible. Surface recombination effects are reduced 
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if electron beam penetration is increased via an increase in the accelerating 

voltage. If ehp's are generated in the vicinity of an electrical defect, 

recombination can occur before the charge is collected and as the measurable 

current decreases a dark contrast image is produced. Image contrast and 

therefore the ability to detect dopant variations and crystal defects, depends on 

the magnitude of the generation rate for the minority carriers and the collection 

efficiency of the Schottky barrier. These parameters are in turn dependent on 

the electron beam current, voltage and charge carrier transport properties of the 

material. 

EBIC has an excellent spatial resolution allowing the measurement of electrical 

properties of defects as well as variations in material structure and barrier 

properties in non-uniform materials. For example, Galloway et al have studied 

dislocations and carrier recombination behaviour in gallium arsenide [4.12]. 

EBIC analysis of defect-metal impurity interactions within silicon has been 

carried out by Wilshaw et a/ [4.13]. Palm has carried out localised investigations 

of carrier recombination at grain boundaries in silicon using two ohmic contacts 

in preference to at least one Schottky contact, with the grain boundary acting as 

the collection field [4.14]. 

EBIC research on diamond includes identification of the- existence of a 

depletion region around the interface of a device consisting of n and p-type 

polycrystalline diamond. The diamond layers were grown via hot filament CVD 

and n-type diamond was claimed to have been achieved by in-growth doping of 

the diamond using diphosphorus pentaoxide [4.15]. Various scanning 

microscopy techniques were employed by Heiderhoff et a/ to analyse undoped 

polycrystalline diamond films grown via MPACVD [4.16]. Scanning tunnelling 
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microscopy EBIC or STM-EBIC and contrast SEM-EBIC methods were used in a 

series of other experiments to help determine and correlate the optical, thermal 

and electrical properties of the diamond films. A gold Schottky contact and silver 

ohmic contacts were used for the SEM-EBIC analysis. The contrast images 

displayed bright contrast around the crystals indicating the presence of electrical 

fields but the properties of the grain boundaries were still unclear and additional 

defects, for example dislocations were masked by surface topography. The 

STM-EBIC technique provided a higher resolution and intragranular point 

defects and dislocations became visible. 

One of the most recent journal papers described a study on EBIC imaging 

of CVD epitaxial diamond by A. Cremades et al. High quality contrast imaging 

was found to have a strong dependence on grain orientation in relation to the 

incident electron beam. CL studies also proved that epitaxial (100) layers were 

preferential radiative recombination sites [4.17]. 

However, numerical measurements of induced currents were not described or 

published in the papers reviewed. 

4.4.2 Experimental Procedure for EBIC Measurements on Undoped Orientated 

Diamond 

My own EBIC measurements were all made on an orientated section of free- 

standing diamond approximately 3 mm2. A 30 nm thick Schottky contact of gold 

was evaporated on the smooth side of the diamond that had been next to the 

silicon substrate and an ohmic contact of aluminium was evaporated on the 

other, rougher diamond surface. Current-voltage characteristics were 

determined as rectifying prior to EBIC measurements via 2 point-probe 
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measurements made through the bulk of the diamond with voltages cycled from 

-10 to +10V in increments of 1V 
. 

The EBIC analysis was carried out on a system which was designed for the 

JEOL JSM-IC848 model of SEM in the Physics Department at Durham 

University. The operation of the SEM-EBIC system was performed by Dr. K. 

Durose but I assisted in all experiments and utilised an adjacent p. c to record 

data 

The EBIC analysis employed a planar view configuration with the electron 

beam normal to the diamond surface as shown in Figure 4.8. 

FOCUSSED ELECTRON BEAM 

TO AMP 

COPPER WIRE 

ER DAG 

CONTACT (30 um thick) 

)TH SUB STRATE SIDE OF 
OND FILM 

STANDING DIAMOND 

GH GROWTH SIDE OF DIAMOND 

NIINIUM CONTACT (100 um thick) 

ER DAG 

Figure 4.8 Planar EBIC Geometry 

The following series of experiments was carried out on the sample: - 

I EBIC Contrast Imaging: The surface of the diamond sample was scanned 

to obtain an EBIC contrast image. The initial accelerating voltage was 15 kV, this 

value differing from the usual 8-10 kV accelerating voltage for SEM imaging . 
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in II Constant Beam Current: Numerical values of induced current were 

measured by applying a constant beam current with varying accelerating 

voltages. The beam current was initially set to a constant value of 1x 10-8 A so 

that a constant density of minority carriers would be generated. EBIC values 

were measured over a range of accelerating beam voltages from 0.5 kV to 35 

kV. By increasing the stationary electron beam voltage, the depth of electron 

penetration increased at the same point thus effectively measuring the induced 

current at increasing depths within the sample. As a point of interest, the beam 

current was then set to a constant value of 1x10-10 A and EBIC values were 

again determined at increasing depths over the 0.5 kV to 35 kV voltage range. 

The penetration range of electrons ( Pe ) is given by the equation from Grun 

(HoIUJoy 1989) as: 

Pe (µm) - (3.98x10-2 / Pm) .E1.75 -------------------- (4.1) 

where pm is the density of the material in g cm-3 ( 3.51 g cm-3 for diamond) 
E is the incident energy (kV) 

If incident energy is measured in eV, penetration depth is measured in 

centimeters. 

III Constant Beam Voltage: The accelerating voltage was set to a constant 

value of 15 kV and EBIC values were measured over a varying beam current 

range of 1 nA to 8 nA. The voltage was then set at 4 kV and EBIC values were 

measured over a varying beam current range of 10 nA to 60 nA. 

The diamond sample was then cleaved through the contact area to investigate 

the EBIC response of the cross-section of diamond. The geometry is shown in 
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Figure 4.9. The cross-section area was scanned horizontally with an initial 

accelerating voltage 15 kV 
. 

Figure 4.9 Geometry of Cross-Section EBIC Analysis 

4.4.3 Results and Discussion 

EBIC Contrast Imaging: At 15 kV the surface was seen to be 

homogeneous with no visible features. To reduce charging effects the beam 

voltage was decreased to 10 kV but the image contrast was still weak and 

focussing was difficult to improve. However, an image was obtained with a 

network of pale lines around the grain boundaries indicative of electric fields as 

shown in Figure 4.10. The EBIC image was very similar to the normal SEM 

micrograph taken before analysis and shown here for comparison. However, 

surface topography can mask underlying features and intracrystalline defects 

could possibly be detected in an EBIC system of higher resolution. 
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Figure 4.10 (a) EBIC Contrast Image (b) SEM Micrograph 
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II Constant Beam Current : The EBIC values obtained for a constant beam 

current of 1x 10-8 A (lb ) were plotted against electron penetration depth Pe, 

calculated from equation 4.1. 
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Figure 4.11 EBIC vs. Depth at a constant beam current of 1x10-8 A 

The initial decrease of induced current suggested that at electron penetration 

depths of 0.0034 to 0.038 µm (0.5 to 2 kV) into the diamond, effectively 

penetrating the diamond surface, the separation of carriers was suppressed by 

recombination centres. These could take the form of crystalline defects, 

dislocations or grain boundaries. Any damage at the metal contact/diamond 

interface behaves as a defective region acting as a sink for charges. 

As the depth of penetration increased, the carriers were less restricted by 

defects until reaching a depth of 2.14 µm (20 kV) after which the current gain 
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increased more slowly. When the beam current was reduced to 1x10-10 A the 

same trends were apparent at similar depths although in proportion with the 

beam current, the induced current had decreased by a factor of 100. 

The efficiency ( icc) of the EBIC system was calculated from the following 

equation: 

Tlcc = IEBIC / (Vb. Ib) --------------------------------------------------- (4.2) 

where IEBIC is the measured current, Vb is the accelerating beam voltage 

in kilovolts and lb is the electron beam current in nanoamps. 

The efficiency for both constant beam currents was then plotted against electron 

penetration depth and was seen to decrease with penetration range as shown, 

for example in Figure 4.12 for a beam current of 1x10-8 A. A sharper decrease 

was observed for the lower beam current of 1x10-10 A, due to the lower beam 

current generates less carriers and so the density of separated carriers ( and 

induced current) will decrease. 
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Figure 4.12 EBIC efficiency at a constant beam current of lxlO-8 A 
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The general trend of decrease in efficiency with increased depth suggested that 

more recombination centres were present within the bulk of the diamond. It is 

often electrically active defects which reduce efficiency, not only quenching the 

separation and collection of carriers but also inhibiting the number of carriers 

reaching the internal electric field for separation. In addition, Schottky barriers 

are known to absorb some of the beam energy which not only reduces the 

number of generated carriers but also decreases the width of the depletion 

region. 

Another possible cause for the decrease in efficiency may be that the depth of 

penetration became greater than the depletion length and the diffusion length of 

the carriers. When electrons first penetrate the diamond film, the electron range 

is less than the depletion width and the charge collection efficiency is unity. As 

carriers begin to be generated below the depletion region, carriers to be 

collected must diffuse to the edge of the region and so the current gain will 

increase more slowly with increased voltage until a depth is reached where 

subsequent diffusion and separation is minimal. 

III Constant Beam Voltage : EBIC measurements that were obtained by 

varying the beam current as a function of a constant beam voltage of 15 kV and 

4 kV were observed to increase linearly with beam current as shown, for 

example in Figure 4.13. These results supported the theory that at a constant 

voltage of 15 kV or equivalent depth of 1.3 µm, an increase in carrier generation 

produces an increase in carrier separation within the depletion region and more 

current is induced. The linear relationship may also imply a low number of 

recombination centres or band bending effects at the Schottky barrier. 
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Figure 4.13 EBIC at a constant voltage of 15 kV 

When the cleaved sample was studied with an accelerating voltage of 15 kV, the 

EBIC values were very unreliable due to noise. Charging effects occurred very 

quickly, seen as dark contrasting areas down the centre of the diamond and so 

contrast image results were invalid. The voltage was reduced to 8 kV but there 

was no improvement in the reliability of EBIC or reduced charging effects. The 

sample was rotated 90° and rastered down the central length of the diamond. At 

9 kV with varying beam current, only a few induced current values were 

measured increasing slightly from 1.29 to 1.37 nA after which the diamond 

became too charged. When the voltage was reduced to 4 kV more induced 

current values were measured and ranged from 1.20 to 1.5 nA. 
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w) 

The sample was then biased with an external voltage from 1 to 3V but no ! °; I 

change in EBIC profile was observed. 
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4.4.4 Conclusion 

From the EBIC contrast image there was some evidence of conduction along 

grain boundaries but a higher resolution is required for optical detection of 

structural defects and barriers. During the experiments of constant beam current 

and voltage, there was an indication of defect states on the diamond surface 

beneath the contact. Once the electron range had penetrated down to a depth 

of -2 µm there appeared to be a significant decrease in the number of 

electrically active defects suggesting that the bulk diamond was of good 

crystalline quality. In conflict with those results, the efficiency of the charge 

collection was observed to decrease steadily with increasing electron range. 

This suggested that recombination centres of some nature were present in the 

bulk. However, a decrease in efficiency could also arise from an inefficient 

Schottky contact or even an electron range which became greater than the 

average carrier diffusion length. 

The response of the diamond to EBIC analysis was promising and the trial 

experiments described here yielded interesting results of some value. Further 

experiments on depth profile and charge collection on both undoped and doped 

diamond films would be worthwhile as well as an alternative EBIC method known 

as Remote Electron Beam Induced Current or REBIC. This would require two 

ohmic contacts instead of a Schottky/ohmic combination. Contrast images 

together with induced current values may be able to highlight barriers, 

dislocations and perhaps a more detailed view of the grain boundaries within the 

diamond. REBIC also allows cathodoluminescence analysis to be run 

simultaneously if facilities are available. 

i 

4ý ißt 

+i 
Ii 

ýt} 
'f 

`ä 

if 

Hi, t 
j. ýj 

s''' 

127 lei, 

yi 
. tt 

ýý 

ýýErý 
r 



Undoped Diamond 

REFERENCES 

[4.1] C Jany et al Diamond and Related Materials 5 1996 pp. 741-746 

[4.2] T. Sugino et al Diamond and Related Materials 2 1993 pp. 797-802 

[4.3] S. Ashok, K. Srikanth Appl. Phys. Lett. 50 (12) 1987 pp. 736-765 

[4.4] G. De Cesare et al Diamond and Related Materials 4 1995 pp. 628-631 

[4.5] P. Gonon et al J. Appl. Phys. 79 (7) 1996 pp. 3778-3780 

[4.6] Y. Muto et al Appi. Phys. Lett. 59 (7) 1991 pp. 843-845 

[4.7] B. Fiegl et al Appl. Phys. Lett. 65 (3) 1994 pp. 371-373 

[4.8] A. Maity Vacuum 46 (3) 1995 pp. 319-322 

[4.9] K. Chattopadhyay et al Diamond and Related Materials 4 1995 pp. 122- 

127 

[4.10] T. Borst, O. Weis Diamond and Related Materials 3 1994 pp. 515-519 

[4.11] A. Boudjani Semiconductor Science Technology 10 1995 pp. 1151-1155 

[4.12] S. A. Galloway, P. R. Wilshaw Mats. Sci. Eng. B 24 1994 pp. 91-97 

[4.13] P. R Wilshaw, T. FeII J. Electrochem. Soc. 142 (12) 1995 pp. 4298-4303 

[4.14] J. PaIm J. Appl. Phys 74 (2) 1993 pp. 1169-1177 

[4.15] K. Okano et al Appl. Phys. Lett 58 (8) 1991 pp. 840-841 

[4.16] R. Heiderhoff Diamond and Related Materials 4 1995 pp. 645-651 

[4.17] A. Cremades et al Diamond and Related Materials 6 (1) 1997 pp. 95-98 

128 
aýý. 

'ý 
ý, 

ý' i 
f1ýý 
r 



CHAPTER FIVE 

5.1 Introduction 

DOPING OF DIAMOND 

The aim of this experimental work was to investigate the electrical 

characteristics of heteroepitaxial diamond films after intentional doping with 

boron ( shallow p-type) and nitrogen (deep n-type) impurities. The degree of 

success achieved from the doping methods has been assessed in terms of 

resulting current voltage behaviour and crystalline quality. By attaining doped 

orientated diamond, it has been found that the properties of the material could 

be controlled to suit a variety of electronic device applications. 

Electronic properties of diamond are largely determined by the number 

and types of impurities and defects present. Impurities may give rise to 

electrically active centres whose localised levels are found close to the edges of 

energy bands. Such shallow levels are easily ionised and act as a source of 

current carriers over a wide temperature range. Some elements may provide 

two or three acceptor (or donor) levels depending on the number of valence 

electrons needed to form covalent bonds with the host diamond lattice. Deep 

lying energy levels act as traps or recombination centres for charge carriers. 

They will not determine the carrier density since their electrons or holes cannot 

be thermally promoted at room temperature so the electrical activity of a deep 

donor is weak. They have a role in non-equilibrium processes in that they 

decrease the lifetime and increase the recombination rate of minority carriers in 

devices. However, both deep impurities and native defects will act as 

recombination centres or deep trapping centres as well as light absorbers. 

When considering the potential of impurities as dopants, the mechanisms of 

impurity incorporation are taken into account since the diffusion of impurities to 
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the surface or complexing with structural defects leads to electrical inactivation. 

For substitutional impurities, for example, boron, phosphorus or nitrogen, their 

diffusion will be dominated by vacancy mechanisms. Vacancy assisted diffusion 

will cause the impurities to have a high activation energy and they should remain 

immobile even at high temperatures. However, if growth or processing of 

diamond results in the injection of vacancies, the activation energy of impurity 

carrier conduction becomes equal to the migration energy. 

5.1.1 Intentional Diffusion of Impurities into Diamond 

The impurity diffusion process relies on diffusion of the dopant species through 

the solid diamond and may be controlled by the solubility of the species at the 

dopant gas/solid interface. The differences in electrical activity of various 

elements depends on their ability to diffuse within the diamond lattice and the 

ease with which each may be ionised to provide charge carriers. This in turn 

depends on the crystalline quality of the diamond as there is more diffusion in a 

deformed lattice than undeformed. In a perfect crystal, vacancies appear at the 

surface and then diffuse into the bulk. As the temperature increases, the 

difference in terms of vacancy concentration between perfect and deformed 

lattices becomes less. 

Boron (p-type) doping of polycrystalline and homoepitaxial diamond has 

been achieved by adding diborane gas during the MPACVD growth process [5.1, 

5.2]. Diborane however, is a toxic substance and alternative boron sources 

have been successfully used. These include boron trioxide powder placed near 

the substrate during growth [5.3,5.4, ]. Boron trioxide powder has also been 

dissolved in methyl alcohol, diluted in acetone and converted into vapour. It was 

then fed into the growth chamber in conjunction with the feed gases for growth 
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[5.5,5.6]. More recently, the addition of a gas mixture of boron trichloride in 

argon, was reported as successfully producing boron-doped polycrystalline 

diamond films during growth with an activation energy of conduction of 0.37 eV 

which decreased with increasing dopant concentration [5.7,5.8]. 

Diffusion of n-type dopants into diamond films has met with limited or 

questionable success. Okano et al reported the attainment of phosphorus- 

doped polycrystalline diamond by adding a vapour flow of diphosphorus 

pentoxide during growth of diamond [5.9]. SEM and Raman spectroscopy 

identified high quality polycrystalline diamond with little graphitic content. Hall 

effect measurements confirmed electrical conduction as n-type and a high 

conductivity of 100 Q. cm was obtained. The temperature dependence was 

investigated and an activation energy of 0.05 eV was calculated. However, it 

was uncertain if this activation energy corresponded to the activation of the 

phosphorus donor species and so the influence of phosphorus on conduction 

was not confirmed. More recent attempts at phosphorus doping include those 

where a solid compound of ammonium phosphate was placed above a (100) 

orientated diamond substrate [5.10]. As growth occurred, the solid was 

evaporated and incorporated during the growth process. Post growth SIMS 

analysis revealed a high concentration of phosphorus within the diamond film. 

Raman spectroscopy provided spectra with little graphitic content indicating the 

high quality of the film. Interestingly, it was also observed that the addition of a 

nitrogen gas flow increased the growth rate of the epitaxial diamond film and 

enhanced the incorporation of phosphorus during growth of diamond films 

Borst and Weis investigated the potential of phosphorus, lithium and sodium 

elements as n-type dopants in epitaxial diamond films [5.11]. Solid oxide 
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powders of each element were diffused into diamond as growth proceeded. An 

activation energy of 0.16 eV was obtained for lithium in diamond but the 

conduction mechanism was unclear. It was observed that a high concentration 

of lithium decreased the growth rate of diamond and the surface of the diamond 

was very rough. Sodium doped diamond samples had very high resistivities and 

measured activation energies were unreliable and unreproducible. Phosphorus 

doped diamond films also had high resistivities with an activation energy of 0.32 

eV. Again, transport mechanisms were undetermined and the potential as n-type 

dopants of all the elements studied was not favourable. It was suggested that 

small monovalent atoms like sodium may not be able to retain their sites and will 

pass through the diamond lattice, especially at elevated temperatures. Large 

pentavalent atoms like phosphorus may be physically too large to undergo 

substitutional insertion into diamond [5.1]. The effects of phosphine gas addition 

to the growth gases of diamond were studied by Bohr et al [5.12]. No electrical 

measurements were made but crystallinity, surface morphology and growth rate 

were investigated. Phosphorus was seen to increase the growth rate of 

y 4; 

polycrystalline diamond but it roughened the surface facets and the quality of the 

crystallites was degraded. 

Diffusion of a lithium salt into free standing diamond was undertaken by 

Popovici et al [5.13]. Auger analysis showed traces of chlorine and oxygen and 

a high concentration of lithium, of the order - 1019 cm-3. Room temperature 

current/voltage measurements gave a surface resistivity of 105 S2. cm but it was 

difficult to obtain ohmic contacts on the 'n-type' diamond. The specific transport 

mechanism was unclear but it was proposed that lithium was the dominant 
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impurity influencing conduction. However, a more complex mechanism involving 

oxygen was also possible. 

A recognised problem with the conventional diffusion method of doping 

during growth concerns the incorporation of dopant atoms into the growing film. 

Many dopants are likely to re-evaporate instead of being taken in to the 

diamond. Dopants may also be driven to the surface via strain energy and re- 

evaporate. Atoms in thermal equilibrium with the growing diamond surface are 

more likely to be incorporated into the growing diamond [5.14]. Diffusion of 

impurities into diamond is believed to be very low due to the high atomic density 

and strong covalent bonding within the diamond lattice. With respect to a 

functioning semiconductor device, the concentration of atoms must be 

controlled. It is not possible to lay down a discrete layer of specific thickness, 

uniform concentration and with minimum spatial distribution. Dopant atoms have 

a small but finite diffusion coefficient therefore atoms tend to diffuse away from 

the required sites especially during growth and post doping heat treatments. 

The latter may also inadvertently redistribute the dopant species so the resulting 

electrical behaviour is unreliable. 

5.1.2 Ion-Implantation of Impurities into Diamond 

The technique of ion-implantation to achieve doped diamond thin films has been 

the subject of many published papers. It has become the preferred method of 

introducing impurities into diamond, providing better control of dopant 

concentration, uniformity and minimal lateral diffusion when compared to the 

diffusion method alone. This is especially important where selectively placed 

dopants are required for example, p and n -type wells in FET devices 

[5.15,5.16]. 
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A typical ion implant system consists of a carousel of wafers that are 

rotated and scanned past a beam of the required ions, as in the system 

employed by, for example, the Microfabrication Facility at Edinburgh University. 

The penetration depth of the ions is determined by the crystal system, 

orientation of the diamond film to the ion beam and the energy of the ions 

bombarding the samples. Ions are scattered on contact with the diamond 

surface and collisions with surface atoms occur. The implant distribution then 

has a concentration based on random scattering. Stopping mechanisms depend 

on the nature of the ions. Ions of heavy mass, for example, argon or 

phosphorus, come to rest through dissipation of their kinetic energy after a 

series of particle collisions. Their penetration depth is proportional to the kinetic 

energy acquired before collision. Lighter ions, for example boron, are usually 

stopped via interaction with electrons. Heavy ions will not travel as far into 

diamond as lighter ions but the latter will diffuse more laterally and create more Ä 

deviations of the implantation concentration profile. A high implantation dose is 

therefore required to maintain a high dopant concentration. Channelling may 

occur as a result of ion penetration between fixed atomic positions in the 

diamond lattice. Therefore, ions may penetrate deeper into the diamond than 

required. To reduce this effect, the implantation can be performed with the ion 

beam tilted at a small angle of say 7° to the major axes of the diamond lattice. 

During the time taken for the ions to come to rest, atomic displacements 

occur. Disordered regions are then created around the ions path and crystallinity 

quality is reduced. If the implantation dose is strong enough, amorphous 

regions are produced thereby degrading the electrical activity of the implanted 

layer. Associated defect structures produce traps at deep energy levels within 

the diamond. Once a carrier is trapped, there is insufficient thermal energy 
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available at room temperature to free the carrier resulting in a diamond film with 

enhanced insulating properties. Continued ion bombardment leads to collapse 

of the lattice structure and graphitisation results. The diamond then exhibits high 

electrical conductivity dominated by hopping transport of carriers and has a very 

high optical absorption. The diamond structure cannot be restored even with 

post doping heat treatment [ 5.5,5.17 ]. 

To compensate for this effect, a parameter known as the critical dose (Dc) 

is heeded when carrying out the implantation procedure. It is related to the 

critical density of defects when a sufficient number of sp3 diamond bonds are 

disrupted. Fontaine investigated the ion implantation of boron ions into CVD 

polycrystalline diamond, over a temperature range of 73 to 923 K [5.18]. Boron 

implantation doses ranged from 1013 to 1016 atms cm-2. The diamond 

samples that were implanted with a boron concentration greater than 4x 1015 

atoms cm-2 were analysed by Raman spectroscopy. The resulting spectra 

exhibited a broad band at 1550 cm-1 characteristic of amorphous carbon and 

Fontaine concluded that the critical dose was -3x 1015 atoms cm-2. 

Popovici and Prelas reviewed the possibility of implanting n-type dopants 

namely nitrogen, sodium. phosphorus and lithium [5.14]. Nitrogen is known to 

occupy deep donor energy levels which are very effective in compensating 

acceptor states but induce insulating properties, thus nitrogen has a limited 

value as a semiconducting dopant. The experimental results for phosphorus 

were contradictory with both shallow and deep donor states being determined. 

Theoretical models predict that phosphorus will not enter the diamond lattice as 

a single substitutional atom but will form impurity-vacancy complexes. This 

theory is made more plausible by considering that phosphorus is a large atom 

and may only be accommodated via a lattice complex. Sodium and lithium 
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appear to be the most promising n-type dopants and are interstitial species 

rather then substitutional. The electrical behaviour of polycrystalline diamond 

films implanted separately with sodium and lithium was investigated by Prawer et 

a/ [5.19]. The dopants were reported as being the dominant influence on 

conduction with activation energies approaching those theoretically predicted, 

0.11 eV for lithium (T< 670K) and 0.13 eV for sodium (T < 400K), 0.21 eV 

(T> 670K ). However, the conduction mechanism was thought to be a 

combination of carrier hopping and the thermal activation of impurities. 

Whilst some authors claim to have obtained n-type diamond through 

those elements, in many cases, the influence of defects on electrical behaviour 

is greater than the effect of the impurities themselves and n-type conducting 

characteristics have been obtained via defects [5.20]. Prins took advantage of 

the radiation damage induced by ion implantation to create n-type regions in a p- 

type diamond substrate and produced a transistor device [5.21]. The transistor 

action of the diamond was promising but the quality and efficiency of the device 

was low. 

As well as a doping method, implantation of carbon ions into diamond 

substrates has been used to promote selective homoepitaxial growth [5.22]. A 

modified technique combined ion implantation with an electrochemical etch 

resulting in thin diamond layers with minimum amorphous carbon content. This 

was proven to be an acceptable method for seeding a substrate for 

homoepitaxial or polycrystalline diamond films [5.23]. 

Ion implantation has also been used to produce ohmic contacts by implanting 

boron into the regions of polycrystalline diamond where the metal contacts were 

to be evaporated [5.24,5.25]. Electrical IN characteristics were linear for all 
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diamond samples with low resistance contacts. This method of selective doping 

eliminates the dependence on a chemical interaction occurring between the 

metal and the diamond namely the formation of a highly conducting carbide 

interface. 

During ion implantation, diamond crystals expand which is reflected in a 

swelling of the implanted region. Swelling is a function of implantation 

temperature and is related to the diffusion of vacancies as well as graphite 

formation. Weiser reported studies of the effects of strain and defects on the 

growth of homoepitaxial diamond films [5.26]. Helium ions were implanted into 

selected regions which caused localised surface swelling of the diamond 

substrate. The growth rate of diamond was stated as unchanged but the 

implanted areas were found to be under tensile strain thereby influencing the 

properties of the epitaxial diamond. 

The most recent modification made to the doping process of diamond is 

to carry out ion implantation with the diamond film held at a high temperature 

greater than NOT [5.19,5.27]. When diamond is ion implanted at high 

temperatures the radiation damage is reduced in tandem with implant process. 

Graphitisation is avoided and a high percentage of dopant species are thought to 

occupy electrically active sites within the diamond structure. 

5.1.3 Post-doping Annealing Treatment 

Annealing serves two important purposes during the fabrication sequence of an 

electrical device, one being to remove damage caused by ion implantation. 

Thermal treatment of diamond can induce regrowth of the crystalline layers, 

restoring the structure of the diamond lattice. If active regions, including 

junctions of the diamond device remain unaltered, excessive leakage currents 
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are created and the device is useless. Annealing also induces the activation of 

dopant impurities. For the dopants to be electrically active, they must reside on 

a lattice site. The ions implanted into diamond do not automatically occupy an ; '' 

active site on entering the lattice. Their movement to such sites occurs during 

the post- doping annealing process when rearrangement of atoms takes place. 

The degree of activation depends on the temperature and duration of the anneal 

as well as the solubility of the impurity in diamond material. The annealing 

temperature that activates the dopants may not eliminate all the damage and 

related defects. Diffusion of the defects themselves may occur at temperatures 

of around 1273 K and this may result in the capture and passivation of dopants 

thus conductivity decreases [5.27]. This is due to trapping at a vacancy site of 

an electron donated for conduction by, for example, a phosphorus atom. 

Rapid thermal annealing (RTA) is an effective method based on the 

application of the necessary energy over a very short time period. It can 

produce a high degree of activation and create shallow junctions within a device 

structure [5.28,5.29]. There is no major change in concentration profile or loss 

of dopant species at the surface through re-evaporation. RTA can, however, 

induce stress and fracture lines in the material due to the rapid heating and 

cooling cycles. Diamond films are particularly susceptible to this having been 

under thermal stress during the high temperature CVD growth process. 

Alternative annealing methods of annealing include laser annealing and use of a 

high intensity tungsten lamp [5.13]. Diamond thin films grown by MPECVD 

already contain hydrogen from the mixture of growth gases. However specific 

annealing of diamond films within a hydrogen atmosphere has also been carried 

out. The passivation effect of hydrogen on single crystal diamond was 
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investigated by Landstrass and Ravi [5.30]. The resistivity of the diamond was 

decreased from 1016 S2 to 105 Cl after exposure to hydrogen. The high resistivity 

was recovered after a high temperature anneal in air thus removing the 

hydrogen in the process. Albin and Watkins compared experimentally 

determined I-V characteristics of natural diamond, CVD polycrystalline diamond 

and free standing diamond prior to and after exposure to hydrogen. It was 

proposed that grain boundaries in the polycrystalline diamond were passivated, 

whilst it was the deep traps in the free standing diamond film that were 

passivated. Natural diamond was assumed to contain traps that were electrically 

inactive. Current-voltage characteristics suggested the conduction process 

followed a- V2 power law [5.31]. Mori et al compared the effects of thermal 

annealing treatment of p-type homoepitaxial diamond films, with annealing of a 

replica diamond film in a hydrogen plasma. Experimental results showed that 

the hydrogen plasma was more effective than thermal annealing in recovering 

crystallinity after radiation damage from the ion implantation procedure. The 

hydrogen also acted to passivate the defects and induced electrical activation of 

a greater number of boron impurities with an activation energy of 0.35 eV. 

The most common method used for annealing diamond samples utilises a 

high temperature furnace [5.32]. Whole wafers of silicon-supported diamond 

films are usually heated to temperatures in excess of 1173 K for 30 to 

60minutes under vacuum or in an inert medium, for example, argon which 

prevents atmospheric contamination. This method of uniform heating eliminates 

the risk of thermal stresses in the diamond samples. 
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5.2 Transport Mechanisms in Doped CVD Diamond Films 

It has been established in Chapter Four that carrier transport mechanisms are 

determined by a combination of more than one factor. These include crystalline 

structure, chemical composition, the intentional presence of impurities and 

effects of temperature. In addition, experimental measurements are often 

limited by the measuring equipment itself and as a result a model of some 

complexity has evolved. 

As with undoped diamond films, the transport processes that have been 

proposed for doped diamond films have often originated from carrier conduction 

models and data for silicon in the early seventies. The most influential of these 

are discussed in the following subsections. 

5.2.1 Grain Boundary Effects 

A grain boundary model was proposed by Seto to explain the decrease in carrier 

mobility in silicon [5.33]. Incomplete atomic bonding at the grain boundaries 

creates defects which behave like traps to carriers. The number of free carriers 

is then reduced and conduction decreases. The traps become electrically 

charged and a potential barrier is created which further impedes the flow of 

carriers across the grain boundary. Therefore, if grain size and acceptor 

concentration are sufficiently large, grain boundaries can significantly degrade 

carrier mobility. This model was modified over the next few years to account for 

grains of any size and include an average carrier concentration within the 

crystallites [5.34]. 

From experiments carried out on n-type silicon, segregation of n-type 

impurities was stated to occur at grain boundaries. Segregation caused a 
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decrease in the filling of grain boundary traps and therefore the trapped carrier 

concentration was reduced. If the substituted impurity has a high formation 

energy, segregation is energetically favourable and may occur if vacancies are 

injected at high temperatures. 

With reference to lightly doped diamond films, most of the dopant 

segregates at the grain boundary where they become electrically inactive and 

the total dopant concentration of the diamond is reduced. Parallel conduction 

along grain boundaries can also occur if non diamond material is present 

resulting in lower activation energies. For higher dopant concentrations, the 

grain boundaries become saturated and the remaining dopant is absorbed 

directly into the grains. In this manner, the resistance of heavily doped 

polycrystalline diamond approaches that of doped epitaxial diamond. Therefore, 

the effects of grain boundaries depend on dopant type, concentration and grain 

size. If the grain size and dopant concentration are sufficiently large, the grain 

boundaries degrade mobility but have a negligible effect on dopant carrier 

concentration. Grain boundary trapping models cannot wholly explain 

conduction in polycrystalline diamond. It is possible that additional impurities 

and defects influence mobility and activation energy. 

In a published review by Matare, it was stated that strong electrical effects 

arise at defect dislocations due to the uncompensated charge on dangling bonds 

[5.35]. High resolution electron microscopy of grain boundaries showed the 

atoms lining up within the grain boundary in an orderly fashion to form a sub 

lattice structure. Atoms not accommodated by the boundary were left as 

distorted lattice repetitions along the grain boundary leading to deformed regions 

in the material. The effects of intragranular structural defects are not expected 
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to have a greater influence over grain boundaries but may contribute towards 

loss of mobility [5.36]. 

Yam and Moustakas proposed a model for conduction based on the high 

concentration of vacancies that are present near the growth face of diamond 

[5.37]. Many of these vacancies will be filled as growth continues but a 

significant concentration is present in the resulting diamond film. These 

vacancies will affect the electrical and optical properties of the film. The authors 

suggested that to grow diamond with a minimum concentration of vacancies, 

doping of the material should be done during growth so that the diamond is 

dominated by p or n-type carriers. The Fermi energy is controlled by electron 

bombardment so the energy of the incorporated dopant is lowered and ease of 

incorporation increases. Under electron rich conditions, growth of p-type 

diamond is easier and the doping efficiency in the resulting film is then controlled 

by a balance of vacancies and dopants. Kiyota investigated the influence of 

defect states on p-n heterojunctions via Isothermal Capacitance Transient 

Spectroscopy (ICTS) analysis [5.38]. The defect states were assumed to 

produce deep energy levels in the diamond and being electrically active, 

behaved like trapping or recombination centres. ICTS confirmed the presence 

of deep levels in diamond - 0.6 eV above the valence band edge. In the grain 

boundary models discussed here, compensation of charges by impurities was 

not seen to have a dominant role in the transport properties of a material. 

However, as with grain boundaries, compensation also acts to reduce the 

conductivity of a material. 

5.2.2 Compensation Effects 

When donor impurities from an n-type material are added to a p-type material, 
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there is a redistribution of mobile carriers as the charged impurities introduced 

into the p-type material are compensated by those charges already present. For 

example, the diffusion of n-type charges from silicon into p-type diamond. The 

concentration of mobile carriers is then reduced until the resistivity of the 

semiconductor approaches that of intrinsic diamond. In this manner, the 

resistivity of a semiconductor can be varied over a wide range. Ion implantation 

generates donor levels in diamond resulting in a diamond film that behaves like 

a compensated semiconductor. The occurrence of various energy values 

implies the existence of compensating donor centres. It is stated that the 

activation energy value depends on the degree of compensation that occurs 

[5.18]. Low activation energy values are therefore thought to arise from a very 

high level of compensation between large numbers of donors and acceptors 

present in the material [5.15]. Compensation is known to have a large influence 

on the three forms of carrier transport that occur in p-type diamond: those of 

valence band conduction, impurity band conduction and variable hopping 

conduction. 

5.2.3 Carrier Conduction Mechanisms 

The conductivity of a semiconductor can be written: 

a= exp(-El/kT)+a2exp(-E2/kT)+a3exp(-E3/kT)------------ (5.1) 

For a p-type material El relates to the characteristic acceptor ionisation energy 

required for activated transitions from the ground state to the valence band i. e 

valence band conduction. This is observed as long as the acceptor or donor 

concentration is not too high. Valence band conduction decreases as 
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compensation increases. Activated conduction is confirmed by obtaining a 

straight line from a plot of log conductivity versus inverse temperature. 

E2 relates to the motion of carriers over neutral impurities i. e impurity band 

conduction. This is believed to occur within an impurity band that is formed by } 

the interaction of closely spaced donors or acceptors. Conduction occurs 

because carriers are then able to tunnel from one impurity centre to another. It 

can be observed for diamond films having an intermediate doping concentration 

of say 1018-1020 atms cm-3. For this transport to occur, the material must be 

compensated. E2 must then be larger than the band width and the moving 

electron has a band of energy levels. The density of states therefore has two 

impurity bands, each containing one state per donor centre. E2 depends very 

strongly on the degree of compensation. If the diamond is compensated, the 

Fermi energy will be in the lower band and low activation energies result. E2 21 

Ei at low doping concentrations and decreases with an increase in 

concentration. Researchers have proposed that low activation energies are 

indicative of impurity band conduction [5.1,5.7]. 

E3 relates to the movement of charge carriers from an occupied to an 

unoccupied site i. e hopping conduction. E3 is always less than El and any 

variations in E3 are due to changes in compensation states. If the behaviour is 

temperature independent, hopping is likely to be of the nearest neighbour type. 

However, carriers will not always jump to the nearest neighbour site which may 

have a different energy. Transitions are often to a more distant site which has a 

similar energy. Variable range hopping or VRH has been the confirmed 

mechanism for diamond with a high boron concentration and is most prominent 

at low temperatures [5.2,5.5]. This mechanism is temperature dependent and at 

xV 
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low temperatures it follows Motts Law [5.39] so that there is a proportional 

relationship between log conductivity and 1/T 1/4 
. If this plot is a straight line 

then variable range hopping is confirmed. However true confirmation of VRH 

ideally requires a series of samples with different compensation ratios. 

Although the electrical behaviour of diamond is known to depend on 

factors of doping concentration, crystalline quality and compensation effects, 

there are no sharply defined regions where one mechanism dominates over 

another. This is especially so when electrical measurements are made over a 

narrow temperature range. 

5.3 Nitrogen Deep Level Doping 

Nitrogen is a common impurity found in natural single-crystal diamond and has 

been found as an aggregate or as a single isolated form which introduces a 

deep level at 1.7 eV below the conduction band [5.14]. This is unexpected since 

an impurity atom having one more electron than the host atom should be a 

shallow donor, as phosphorus is in silicon. Of the possible Group V elements. 

nitrogen has a high solubility in diamond and found to be either concentrated in 

small aggregates or dispersed in substitutional sites [5.40]. It is theoretically 

easier to introduce into diamond than the others, including phosphorus. As well 

as possessing a lower energy of bond formation, nitrogen is one of the few 

elements small enough to substitutionally enter the diamond lattice. Carbon 

atoms have an atomic radius of - 0.08 nm and are therefore able to 

accommodate nitrogen atoms of atomic radius 0.06 nm without distorting the 

lattice due to size alone [5.10,5.41]. However, substitutional incorporation of 
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nitrogen does result in distortion of the diamond lattice. This is attributed to the ;i 

tendency of nitrogen to be 3-fold coordinated and the remaining two electrons 

occupy a lone pair orbital. Distortion has also been attributed to Pauli 

electrostatic repulsion between a nitrogen lone pair and dangling bonds on 

carbon atoms [5.42]. 

There have been a few reports of using ion implantation to dope diamond 

with nitrogen in literature researched to date for example Teicher et al ion- 

implanted natural diamond with antimony and nitrogen to investigate the nature 

of defects as a function of the ion-implantation process and dose. For nitrogen 

doses greater than 4x1014 ions cm-2, multiple defects were created and 

graphitisation occurred for doses above 1016 ions cm-2 [5.43]. 

The most common method of doping diamond with nitrogen has been to add a 

gas flow of nitrogen or ammonia to the growth feed of methane and hydrogen 

during a MPECVD process [5.44,5.45]. 

An alternative method of introducing impurities into orientated diamond 

was investigated by researchers at Heriot-Watt University. It is based on the 

novel process of atom beam bombardment of diamond in which neutral atoms 

of, for example oxygen or nitrogen are not implanted into the diamond lattice 

structure but undergo substitution with hydrogen atoms already present. Atom 

beam treatment was considered advantageous in that the process employed 

controlled fluxes of thermal energy causing minimal damage during treatment of 

diamond. This is in contrast to ion implantation where the bombardment is 

known to cause surface damage, creating defects which influence the electrical 

properties of the diamond causing it to portray characteristics of n-type 

conductivity. 
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The etching effect of atomic hydrogen on CVD polycrystalline diamond has been 

reported but this particular method of diamond exposure to active hydrogen was 

achieved simply by the continuation of the hydrogen flow after McCullough et al 

used an atomic beam source to dissociate hydrogen, chlorine, oxygen and 

nitrogen gases and give details of dissociation fractions [5.47]. At present, and 

to the best of my knowledge, there is limited literature available on the atom 

beam procedure and the experimental results described in this chapter. 

In experiments to date at Heriot-Watt samples have been treated with 

atomic hydrogen, oxygen and nitrogen using a source provided by McCullough 

et al. Spectroscopy analysis confirmed the incorporation of each element in the 

respective diamond samples. I have characterised those samples via four-point 

probe current- voltage measurements and found that all three elements acted to 

increase the resistance of diamond. This was especially so for the nitrogen 

treated samples, as the resistance increased to an immeasurable value, limited 

by the 100 V voltage compliance of the current source. The sheet resistance 

was estimated as being greater than 105 S2 [5.48]. 

As part of my continuing research it was thought atom beam treatment could be 

used as an alternative to oxygen plasma etching and/or localised surface doping 

to produce insulating material useful for a MISFET device. The following 

describes experiments that I carried out to compare the two-point probe current- 

voltage behaviour of oxygen-etched and non-etched nitrogen treated orientated 

diamond film. Temperature dependencies were investigated and plausible 

transport mechanisms were discussed . 
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5.3.1 Atom Beam Treatment System 
;J fl t3ý 

A microwave discharge source for reactive atom beams has been developed {'{ 

which allows dissociation of a gas. As already mentioned, the atom beam 

source described here, was supplied by researchers at Queens University, 

Belfast [5.47]. The remainder of the treatment system was designed and built 
', fiel 

at Heriot-Watt University by research assistants in the Department of Chemistry. 

It consisted of a growth chamber with a loadlock connecting it to a second 

chamber which housed the atom beam source. Diamond films could be grown , s! 
in one chamber and subsequently transferred to the other for atom beam 

deposition whilst maintaining a clean environment under vacuum. At the time of 

these experiments the growth chamber was not functional but the atom beam 

section of the system had been operated previously [5.48]. Figure 5.1 shows a 

schematic diagram of the atom beam source. It was designed to fit on top of 

the chamber allowing impingement of atoms onto the diamond sample directly 

below. The source itself consists of two half cylinder slotted line microwaves 

radiators which are clamped around a pyrex tube. Gas is introduced through the 

top inlet and is ionised by ignition with a Tesla gun. The gas is dissociated and 

the atom beam emerges from the exit channel. The atoms are then fed directly 

into the chamber passing between two electrodes which deflect any ions 

present. 
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Figure 5.1. Schematic diagram of the atom beam source 

5.3.2 Experimental Procedure 

A film of diamond, 20 gm thick, was grown on a p-type silicon substrate, sample 

number 195. The as-grown sample was annealed at 1173 K for 1 hour in an 

argon atmosphere. 

This wafer was then supplied to me for the following experiments. It was first cut 

into segments and each underwent a sequence of processing as summarised in 

Table 5.1. SEM micrographs and LIMA spectra were taken of samples before 

and after processing. 
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5.3.3 Results and Discussion 

Physical Observations and Chemical composition 

The diamond surfaces for non-oxygen treated samples f and g, were visibly 

darker after exposure to nitrogen. The pre-etched oxygen and nitrogen treated 

samples, c-e, were not as discoloured. This indicated that surface reactions may 

be more vigorous with non-diamond, graphitic material that was brought to the 

surface rather than diamond alone. From a published report by Cao, orientated 

diamond films darkened in colour after a growth process in which a solid 

compound of ammonium phosphate was placed near the growing film. As the 

absorption coefficient of nitrogen in diamond was much lower than expected, it 

was concluded that the brown discolouration of the diamond was not due to 

nitrogen or phosphate impurities but arose from the presence of non- diamond 

carbon defects [5.10]. The presence of nitrogen was confirmed by LIMA 

analysis. Mass spectra of the blank untreated sample a in Figure 5.2a, showed a 

relatively low level of CN bonding. For example, mass spectra of sample g, in 

Figure 5.2b, showed an increase in the CN components on the same scale. 

Hence it was confirmed that the diamond had been successfully treated with 

atomic nitrogen. SEM micrographs taken prior to and after nitrogen exposure 

showed changes in crystalline quality. For the diamond samples treated by 

nitrogen alone, the facets became less defined, rounder and flatter, for example 

Figure 5.3a. It has been reported that concentrations of nitrogen as low as 10% 

have degraded crystalline quality in terms of an increase in non-diamond material 

and/or disordered carbon elements [5.49]. For the oxygen + nitrogen treated 

diamond samples, the crystalline facets remained distinct with no obvious loss in 

definition for example Figure 5.3b. This observation was comparable with that 

diamond material treated with a chemical or plasma etchant. 
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Figure 5.2b LIMA spectra of Nitrogen treated sample g 
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Figure 5.3a SEM Micrograph showing softening of features (i) before and (ii) after 
Nitrogen Treatment 

Figure 5.3b SEM Micrograph showing etch effect (i) before and (ii) after 
Oxygen/Nitrogen Treatment 
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Oxygen Plasma Etched plus Nitrogen Atom Beam Treated Samples 

The semilog plots of Resistance versus inverse temperature of oxygen plus 

nitrogen treated samples c-e are shown in Figure 5.4. The plots of the control 
bl ý. 

samples with nil nitrogen treatment are shown for comparison. The increase in 

resistance after atomic nitrogen treatment to 1010 ) was similar to that induced 

by the oxygen etch treatment alone. The remaining curves showed that 

resistance increased with nitrogen concentration. It appeared that the addition of 

nitrogen to pre-etched samples served to reduce the amount of conducting non- 

material present in between grains more effectively than oxygen alone. diamond 

The diamond samples showed a weak dependence of resistance on 

temperature up to - 400K. At temperatures above this, the resistance became 

strongly temperature dependent as observed from the sharp change in gradient. -'' 

The identification of two temperature regimes indicated that at least two transport 

mechanisms were operating. In addition, the break between these regions 

occurred in the same temperature range of 373-473 K, for each sample a to e. 

Therefore the change in transport mechanism appeared to occur irrespective of 

the nature of the surface treatment. 
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Figure 5.4 Resistance versus inverse Temperature trends for Samples a-e 

An attempt to identify the specific mechanisms was made by calculating the 

activation energies over the two temperature regimes as presented in Table 5.2. 

SAMPLE TREATMENT Ea /eV Ea /eV 

For T (298-423 K) For T (473-573 K) 

a None 0.036 1.06 

b Oxygen 0.095 1.13 

c Oxygen and 
3x1017 atms cm-2 0.092 0.86 

Nitrogen 
d Oxygen and 

W017 atms cm- 0.054 0.95 
2 Nitrogen 

e Oxygen and 
2x1018 atms cm- 0.035 0.83 

2 Nitrogen 

Table 5.2 Activation Energies for Samples a-e over Different 
Temperature Regimes 
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For the room temperature to - 400 K regime, there was a proportional trend 

between the increase in nitrogen concentration and a corresponding decrease in 

activation energies. Although resistance effectively increased with increasing 

concentration of nitrogen the temperature dependence for all samples remained 

weak over the low temperature range and little can be concluded. A weak 

temperature dependence suggests a tunnelling process of carriers through the 

potential barrier. Data plots were made to determine if the current/voltage 

results obtained here followed the established trends of various mechanisms. 

Hopping conduction, lattice scattering, impurity scattering and trap related Poole- 

Frenkel or Space charge limiting mechanisms were all considered but the IN 

graphs did not obey the trends expected for any of the above mentioned 

processes. In addition, specific n values were determined from plots of log R 

versus T -1/4 as from Motts Law 

a= ape-(T0/T)nand AE=dlna/d(1/kT)=nkT0(T0/T)n"1 ----- ----(5.2) 

where the gradient, having a negative slope would be equal to n-1 and in theory, 

n should equal 0.25. 

For all samples a-e, n values were calculated to be whole integers ranging from 3 

to 10, inconsistent with Motts Law. 

Over the higher temperature range, the activation energy values alone 

could be seen as relatively constant. However, in relation to the nitrogen 

concentration, the energy values were seen to decrease slightly with increase in 

nitrogen concentration. 

When diamond is heated to high temperatures of say greater than 523 K as 

carried out with these samples, the changes that occur in properties may depend 
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on the environment surrounding the diamond. If oxygen from the plasma etch 

remains in the diamond, an oxidation process may occur on heating but this does 

not lead to graphitisation as well. It is known that the greater the oxygen and/ or 

nitrogen content, the higher the resistivity of diamond [5.32]. Oxygen may also 

hinder carbide formation causing poor interface quality. Therefore the 

conduction mechanism for oxygen and nitrogen heated films may well be 

dominated by a complex involving the oxygen species from the plasma etch, 

masking any effect that nitrogen may have on the diamond. 

Nitrogen and oxygen are known to form relatively deep donor levels in 

silicon. An N-O complex in silicon forms a shallow level with a very low activation 

energy of - 0.035 eV [5.13]. Although a direct comparison between silicon and 

diamond is not always valid, energy values of 0.035 - 0.9 eV were obtained for 

the samples treated here lending some evidence towards the existence of an 

electrically active complex. 

Shirafuji and co- workers obtained low activation energies and resistivity 

measurements of the order 1013 Q. cm for oxygen treated polycrystalline diamond 

[5.49]. The reduced electrical conduction was attributed to the existence of a 

depleted surface for holes and further analysis implicated the occurrence of band 

bending related to the adsorption of oxygen atoms. 

Nitrogen Atom Treated Diamond Samples 

From semilog plots of resistance versus inverse temperature shown in Figure 

5.5, resistance increased by one order of magnitude after nitrogen treatment 

compared to the untreated diamond sample. As nitrogen concentration 

increased greater resistance was obtained at higher temperatures. The diamond 

samples were all weakly temperature dependent up to about 373 K. At 
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temperatures above this, the resistance became increasingly more dependent on 

temperature. 

26 
Ea 

24 

f 
22 f 

4* (a) Nil Etch Nil N 
2O # (f) 3xD^17 N cmti2 

(9) 7 c1Yi7 N cmti2 

44 
15 2 25 3 3.5 

1300 /T 

Figure 5.5 Resistance versus inverse Temperature trends for Samples a, f 
and g 

The knee of each curve, representing the change in transport mechanism, was 

seen to shift slightly towards the low temperature regime with increasing nitrogen 

concentration. For sample f, having a concentration of -3 x 1017atms cm-3, 

there appeared to be at least two mechanisms operating over two different 

temperature regimes. For sample g with a concentration of -7 x 1017atms cm-3, 

two mechanisms were also apparent and the resistance saturated at the highest 

temperature of 573 K. Activation energies for each sample over the temperature 

regimes were calculated as shown in Table 5.3. 
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SAMPLE TREATMENT Ea/eV Ea l eV 
For T(298-423 K For T 473-523 

a None 0.036 (+/-0.0003) 1.06 (+/- 0.0001) 

f 3x 1017atms cm-2 0.055 (+/- 0.0005) 0.89 (+/- 0.002) 
Nitrogen 

g 7x 1017atms cm-2 0.066 (+/- 0.0004) 0.82 (+/- 0.004) 
Nitrogen 

Table 5.3 Activation Energies for Samples a, f and g 

Over both temperature regimes studied, the activation energy of sample f 

increased quite significantly compared to the control sample with nil treatment. It 

was reasonable to assume that valence band conduction played an influential 

role in the transport process. 

For sample g with -7x 1017 atoms cm-2, again, two transport 

mechanisms seemed to be operating. At low temperatures, the activation energy 

was the highest value compared to the other two samples. At higher 

temperatures the energy value was slightly less than that calculated for f 

suggesting the trend of high impurity concentration leading to a decrease in 

activation energy. However, impurity conduction was doubtful as the nitrogen 

concentrations were not heavy doses. As before, the data trends that were 

characteristic of hopping, scattering and space charge limiting mechanisms were 

not observed with plotted resistance versus temperature values. Motts Law was 

deemed invalid as graphs of differential activation energy versus 1/kT were 

plotted and n values were found to be -- 6 for sample f and - 12 for sample g. 
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5.3.4 Conclusion 

The addition of atomic nitrogen to pre-treated oxygen etched orientated diamond 

resulted in a material that retained its insulating properties in a high temperature 

environment more than oxygen treated diamond alone. Crystal quality was not 

diminished and as the orientated regions were known to be smoother with less 

defects, this factor was not considered influential in the transport process. The 

conduction mechanism was thought to be dominated by oxygen species or an 

oxygen-nitrogen complex. 

Nitrogen treatment of diamond alone served to increase the resistance at 

all measured temperatures, more so than oxygen/nitrogen treated diamond. 

However, crystal definition was lost and a greater content of non-diamond 

material was thought to be present. This would be influential in the conduction 

process and the resulting mechanism was thought to include valence band 

conduction and conduction along parallel grains. Therefore, atomic nitrogen 

treatment of diamond could not replace oxygen as an etchant but it may find use 

as a means of obtaining highly insulating material for MISFET devices. 

Future work should include a repeat of the resistance on temperature 

dependence measurements over a broader temperature range for example, 173 

to 873. This may allow more discrimination between temperature dependent 

transport mechnisms. More information is also needed, ideally from frequency 

dependent capacitance/voltage and Hall effect measurements. Carrier 

concentration and mobility values would be very useful, providing a more 

accurate analysis of conduction processes in orientated diamond films. 

If the atom beam treatment system were to be used again for diamond surface 

doping of any atomic gas, a series of calibration experiments could be carried 

out as shown in the modified flow chart in Table 5.4. 
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5.4 Boron p-type doping 

Boron is an acceptor-type element behaving as a p-type impurity and can be ,J 
=< 

found in situ in natural single crystal diamonds. It has been successfully 

incorporated in commercially grown polycrystalline and epitaxial diamond films. ; 

Boron occupies substitutional sites within the diamond lattice and has a 

characteristic ionisation energy of 0.37 eV which decreases as dopant 

concentration increases. Numerous studies on the electrical behaviour of 

intentionally doped diamond samples have resulted in homoepitaxial diamond 

having similar properties to those of high quality natural diamond. 
(f 

F Ff 

J. von Windheim investigated the electrical properties of natural single crystal 

diamond, boron doped polycrystalline diamond and boron doped homoepitaxial 

diamond [5.1]. The effects of doping level and compensation on conduction i; . ̀. 

mechanisms were investigated. Valence band conduction was understood to 

occur for boron doses of around 1021 atms cm-2. Impurity band conduction was 

observed over an intermediate range of 1018 to 1020 atms cm-2 and hopping 

conduction for doses less than 1018 atms cm-2 . For natural diamond a single 

activation energy of 0.36 eV was evaluated, this value associated with valence 

band conduction. From a plot of log resistivity versus 1/T for the homoepitaxial 

diamond, a sharp change in gradient was seen and two activation energies over '. -_: 

different temperature regimes were calculated. The dominant mechanism at low 

temperature was deduced as hopping transport of activation energy E3 and at 

high temperatures, the mechanism was associated with valence band 

conduction having energy El. Data plots for polycrystalline diamond showed E 

evidence of three mechanisms in operation with the calculation of three separate 

activation energies. Whilst the results indicated the likelihood of mechanisms 
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related to El and E3 activations the researchers could not confirm the third 

activation energy as representing impurity conduction E2. Compensation values 

were estimated for all samples and a higher degree of compensation was 

calculated for polycrystalline diamond than homoepitaxial and natural diamond 

Research to date includes investigation of the electrical properties of boron 

doped homoepitaxial diamond, compared with those of doped polycrystalline 

diamond [5.2]. Conduction mechanisms for polycrystalline diamond were 

deduced as valence band conduction at high temperature and hopping 

conduction at low temperature. All samples investigated had two distinct 

activation energies but the temperatures at which the transitions occurred were 

higher for polycrystalline diamond than for homoepitaxial diamond. This was 

attributed to the greater content of defects and the lower mobility of carriers 

within the polycrystalline material. At temperatures above the transition 

temperature homoepitaxial diamond exhibited valence band conduction with an 

activation energy of 0.37 eV. The mechanism for polycrystalline transport was 

deemed more complex having an activation energy of 0.22 eV. The orientated 

regions of the polycrystalline diamond had a greater incorporation of boron that 

was thought to be related to impurity segregation. As grain boundaries and 

defects can act as sinks for impurities, this leads to a high local concentration of 

dopant and therefore an increase in the average boron concentration. This may 

induce a hopping transport but additional defects in the polycrystalline diamond 

could act as traps increasing the compensation of donors and reducing mobility. 

It was suggested that surface roughness could contribute to the mechanism and 

that at higher doses of boron, impurity band conduction was also possible. 

Conduction at low temperature was concluded to be dominated by hopping 

162 



Doping ! 

transport of carriers. Variations' in activation energies were related to 

compensation effects. If there is low compensation then no VRH occurs. The 

temperature independence of hopping suggests that hopping is of the nearest 

neighbour type in the temperature range studied. 

High temperature current-voltage measurements of boron doped polycrystalline Vii' Ii= 

diamond on silicon were carried out by Fontaine and Deneuville [5.50]. The 

resistivity of the diamond-on-silicon structure was thought to be controlled by the ä 

grain boundary network within the diamond layer. Activation energies in the 

range 0.6 to 0.8 eV were calculated over a temperature regime of 300 to 1000 K, 

higher than the expected energy value - 0.37 eV. The silicon substrate` was 

etched away and the resistivity of the free standing diamond was measured over ;: ly 

the same temperature range as before. The free standing diamond was 

measured as having a higher resistivity and a lower activation energy value 

compared to the film supported by silicon. A donor compensation model was 

attributed to the behaviour of the free standing diamond. The classical model of 

compensation effects for boron doped diamond predicts that R/ T312 is 
3L 

proportional to the exponential [0.37 eV / kT] and then saturates at high 
' 

y` 1 

temperature as the donor states are depopulated. The compensating donor 

level is assumed fully ionised, i. e the Fermi level is situated close to the ä s' 

conduction band. Plots of R if 3/2 versus 1/T were made and activation 

energies were determined as 0.36 eV for T< 670 K and 1.33 eV for T> 850 K. 

The authors of these results claimed that the classical model of compensation 

was not able to explain the increase of activation energy at high temperatures. 

Instead they proposed a state of partial donor occupation and introduced a high 
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degeneracy factor to allow experimental reproduction of high activation energies 

at high temperature. 

More recent research by the same authors investigated conduction mechanisms 

of boron- implanted polycrystalline diamond-on-silicon films over a temperature 

range of 100 to 400 K with a variation in boron dose of 1013 to 1016 atms cm-2 

[5.5]. The data plots of log R versus 1/T and log R versus T-114 were not linear 

for boron doses less than 1015 atms cm-2. For boron doses above this 

concentration and at temperatures below 300 K, linear plots of log R versus T-1/4 

were obtained. These results indicated the dominance of variable range hopping 

transport occurring between localised levels from spa dangling bonds or defects. 

From ESR studies, only a small percentage of these bonds participated in this 

conduction. 

The experimental work described here aimed to characterise boron ion- 

implanted heteroepitaxial diamond from current/voltage measurements, LIMA 

and SEM analysis. Temperature dependencies were investigated and feasible 

transport processes were discussed. 

5.4.1 Experimental Pre-Treatment Analysis 

The diamond film under study here (sample number 132) was grown by 

research assistants in the Chemistry Department on a 3" (100) n-type silicon 

wafer of - 390 µm thickness. Growth of the diamond occurred at a temperature 

of up to 1273 K and conditions were maintained for a period of 40 hours 

resulting in a diamond film of 40 µm thick. The sample was then submitted to 

me for initial SEM and current-voltage analysis. 
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When viewed under the SEM, the diamond was seen to consist of outer 

polycrystalline material with inner orientated regions across the radius of the 

sample, as in Figure 5.6. The bulk resistivity was measured via the four-point 

probe technique prior to implantation and determined as 1.2 x 104 n. cm. This 

was considered a low value for an undoped orientated film and so it was etched 

with chromic acid using the conditions described in section 5.4.5, to remove 

conducting non-diamond material. Subsequent resistivity values were 

unobtainable due to insufficient voltage compliance. This indicated a resistivity 

greater than 106 Q. cm. 

5.4.2 Implantation procedure and analysis 

The sample was boron ion implanted at the Microfabrication Facility at 

Edinburgh University. A dose of 1x 1015 atoms cm-2 at 60 keV was applied 

and a blank n-type silicon wafer of (100) orientation and 2-4 Q. cm, was treated 

simultaneously as a control. LIMA analysis of the control was carried out to 

confirm the presence of boron before processing the diamond sample. The 

LIMA spectra obtained confirmed not only the presence of boron but also implied 

surface contamination with fluorine, phosphorus and hydrocarbon fragments as 

shown in Figure 5.7a. Etching with hydrofluoric acid failed to remove the 

contaminants and further analysis showed the presence of hydrocarbons on a 

third blank wafer taken from the original batch, prior to any treatments and 

implantation. LIMA analysis of the diamond film showed the presence of boron 

and similar contaminants as in the control. However the expected carbon peaks 

of the form Cn (Cn + 1) were also obtained as in Figure 5.7b. 
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Figure 5.6. SEM micrographs of diamond sample 132 
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Figure 5.7b. LIMA spectra of boron doped diamond film 
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It was concluded that contamination arose from the natural exposure of -the 

original wafers to ambient surroundings and back-streaming of oil during the 

implanter shutdown procedure. However, a depth profile of the samples showed 

boron extending to a depth of approximately 2 µm below the surface although 

contamination was only present on the surface. This could explain the decrease 

in resistivity to 1.4 x 103 Sam after implantation. 

5.4.3 Experimental Processing of boron implanted film 

The wafer was cut into four pieces which were labelled A to D. Sample A was 

designated an annealing treatment followed by an oxygen plasma etch. Sample 

B was annealed and then chemically etched with chromic acid. Samples C and 

D were kept as reference samples and remained doped but not activated. 

5.4.4 Annealing Procedure 

This process served to activate the implanted ions and repair the implantation 

damage. All annealing treatments were carried out in the diamond growth 

chamber allowing a high temperature anneal in an inert gas. Samples were 

annealed with a platen temperature of 1500 K for 1 hour in argon with a 

chamber pressure of 20 torr. 

5.4.5 Etching Procedures 

Plasma and chemical etching served to remove any graphite formed naturally 

and during annealing. Plasma etching was carried out using an oxygen/argon 

mixture. Gas flows of 10 sccm min-1 and 15 sccm min-1 were maintained for 

argon and oxygen respectively. The plate separation was 3 cm and the pressure 

in the chamber remained at 0.8 torr throughout the 30 minute etch period. 
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Chemical etching was undertaken using a modified method combining previous 

work by Lee et al [5.51] and a standard preparation from Vogel's Textbook of 

Practical Organic Chemistry (3`d edition). 

The preparation comprised the dissolving of 5g of sodium dichromate in 5 ml of 

de-ionised water in a 250ml beaker. The solution was then heated to 453 K and 

the samples were immersed for 20 minutes. They were then rinsed in a 1: 1 

boiling solution of H202 : NH4OH for 10 minutes followed by a final rinse with de- 

ionised water. 

Surface four-point probe resistivity measurements of the doped diamond were 

determined before and after each treatment. 

5.4.6 Results and Discussion 

Table 5.5 summarises the surface resistance values in ohms after each 

treatment. Linear I-V graphs were obtained for A and B after the annealing 

stage and again after the individual etching stages as shown in Figures 5.8a. 

and 5.8b. 

SAMPLE 132 

Y Initial resistivity )=1.4x 103 ccm 

A B 
First Step Anneal Anneal 

p= 35.62 p= 33.6 

Second Step Plasma Etch Chemical Etch 

= 14.7 = 19.6 

Table 5.5 Resistivity of samples A and B after each treatment 
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Figure 5.8a. Sample A after annealing Figure 5.8b. Sample A after etching 

For both samples there was a decrease in resistance after annealing suggesting 

the activation of the dopant and/or the presence of conducting non-diamond 

material. The etch treatment was assumed to remove the conducting material 

from the uppermost layers of each diamond film. This treatment would often 

result in an increase in resistance but instead the resistance decreased further. 

This suggested that the sub layers containing the implanted boron ions were 

exposed and these were responsible for the increased conductivity of the 

samples. 

5.4.7 Conclusion 

Although the final resistance values of A and B were very similar, it was already 

established from experimental results in section 4.1, that chemical etching left 

residues of unwanted traces of impurities which contributed to the resistance 
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decrease. With this in mind, it was decided that sample A was more reliable for 

further experiments. LIMA analysis had confirmed the presence of boron in the 

diamond sample. However, it has been stated that only a small percentage of 

implanted boron ions are sufficiently thermally activated to participate in 

conduction. 

It was therefore necessary to investigate the behaviour of sample A over a 

temperature range from 298-573 K and calculate the activation energies which 

may be characteristic of the boron impurity. The temperature I-V 

measurements were made using the two-point probe technique. 

Aluminium/titanium contacts were evaporated on the surface of the diamond and 

aluminium was evaporated on the back of the silicon substrate. With the 

addition of these highly conducting metals, it was necessary to deduce their 

influence on the IN measurements. Whilst the contacts on undoped diamond 

were estimated as contributing a minimum percentage to the resistance of the 

diamond on silicon films, metal contacts on doped diamond regions were 

expected to have even less effect with contact resistivity decreasing with dopant 

concentration. 
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5.5 Experimental Approximation of Specific Contact Resistance 

5.5.1 Procedure 

The procedure for determining contact resistance is a repeat of the linear array 

method described in section 2.6.1 and applies the following equations : 

R total = (RS d /Z) +2 RC -------------------------------------------------- (5.3) 

The resistance between pairs of contacts increasingly further apart was plotted 

as a function of the total inter electrode distance. A linear graph was obtained 

with a y-axis intercept equal to 2Rc. The gradient was proportional to sheet 

resistance and so 

RS = gradient xZ -------- ---------------------------- ---- (5.4) 

where Z= diameter of the contact which for sample 132 equalled 468 µm. 

The current penetration depth is denoted by L which equals LX /2 where LX is 

the extrapolated value towards zero on the x-axis. The specific contact 

resistance (pc) is then 

pc = Rs 27ir LT ---------------------------------------------- (5.5) 

5.5.2 Results and Discussion 

From the IN results in Figure 5.9 all plots are seen to be linear, indicative of the 

ohmic nature of the contact. The plots also show there is a distinct increase in 

resistance measured between the first and last contact in the array. This may 

suggest the contact is on an area of diamond where less boron is present. 

Figure 5.10 shows the plot of total resistance versus distance between contacts 

in the array. 

171 



Doping 

0.015 

0.01 ý' 
- 

0.005 

oý1, 

ý1 
0.005 

-0.01 

-0.015 

-15 -10 -5 05 10 15 

VIV 

30 um 

60 um 

90 um 

'$ 120 um 

-le'150um 

Figure 5.9 Current Voltage Curves as a Function of Distance Between 
Contacts 

1100 

E 1000 
0 

900 
co 

800 

es 

700 

0 0.05 0.1 0.15 0.2 

Distance / *1 OA-3 m 

Figure 5.10 Total Resistance versus Distance between Contacts 

172 



Doping 

It can be seen that the resistance values increase relatively linearly at each 

successive contact so the resistance is dependent on the influence of the 

contact. As the surface/subsurface layers contain boron ions, the 

metal/diamond interface is likely to be more conductive than the diamond/silicon 

interface. After a distance of 90 µm between contacts, the graph begins to 

flatten indicating that resistance is becoming independent of the metal contacts 

and the bulk is more dominant. However, it could also indicate there is a non- 

uniform distribution of boron or, equally likely that the diamond/silicon interface 

has more effect than the boron. Compared to the undoped samples in chapter 

3, the same shape graph was obtained but the doped sample here is 

approximately 6 times more conducting. Therefore the boron dopants appeared 

to be electrically active. 

5.5.3 Conclusion 

From the graph of Resistance versus Distance in Figure 5.10 the contact 

resistance calculated from the intercept on the y-axis was 

Rc = 355 0 +l- 3.6 92. 

Sheet resistance = gradient xZ 

= 2.42 x 106 x 468 x 10-6 so 

Rs =1.13x10352. 

The x-axis intercept Lx, was found to be =4x 10-6 m so Lx /2= LT =2x 10-6 

The specific contact resistivity was therefore 

Pc = Rs 2nr LT 

= 3.32 x 10-6 S2. cm2. +/- 0.7 x 10-6 Q. cm2 . 

173 



Doping 

Acceptable pc values are usually less than 10-4 units Q. cm2 so the specific 

contact resistivity calculated here was more than sufficient. However, current 

crowding effects around the edges of the contacts were ignored and so the 

above value is overestimated. 

compared resistance measurements of each layer in the metal contact / p- 

Diamond / n-Silicon structure by taking two-point probe current/voltage 

measurements of the diamond on silicon then mechanically removing the 

diamond and evaporating contacts on the back of the free standing diamond 

material. Two- point probe values were also taken of the silicon substrate. 

Figure 5.11 shows an annotated diagram of the resistance of each layer through 

the bulk (front-to-back) of the junction and contact-to-contact. The most 

plausible current path of least resistance is via the boron-doped diamond 

through or across the diamond surface with the metal contacts contributing 

negligible resistance . 

Whilst the thickness of the diamond alone is a great deal less than the average 

distance between probe positions on contacts (40 µm compared to 430 µm ), 

the resistance of the free standing diamond layer was measured to be very high, 

U1011 Q. As a subsurface layer of boron is present, creating a sheet resistance 

between contacts of only 150 S2 , it is reasonable to suggest the current flow is 

dominated by the boron. 
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Figure 5.11 Proposed Current Path for Boron Doped Diamond 

5.6 Determination of Activation Energy of B-doped Orientated Diamond. 

5.6.1 Procedure 

Two-point probe current/voltage measurements were taken front-to-back through 

the diamond on silicon substrate over a temperature range from room 

temperature to 723 K. 

As previously, the temperature dependence is given by ; 

pv = constant. exp (-Ea/kT ) 

where Ea is activation energy, k is the Boltzmann Constant and T is the absolute 

temperature. 

The activation energies over various temperature regimes were calculated from 
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the plot of Log conductivity (or resistance) versus inverse temperature. Ea is 

then equal to gradient. (k/e) in eV. 

5.6.2 Results and Discussion 

The current/voltage curves were linear at lower temperatures as shown in Figure 

5.12, indicating the ohmic behaviour of the contacts. As the temperature 

increased, the resistance decreased and the curves became more sigmoidal. 

Some hysteresis is evident at room temperature but the remaining data is clearly 

ohmic for both positive and negative bias. 

From the semilog plot of resistance versus inverse temperature in Figure 5.13, 

two transitions were evident indicating that there were at least two transport 

mechanisms in operation over the relevant temperature regimes. This 

contrasted with published results of Windheim for example, who found three 

transitions for B-doped non-orientated polycrystalline diamond compared to only 

two for homoepitaxial diamond [5.1]. 

The diamond regions measured here were well defined crystal facets orientated 

to the silicon substrate and the electrical properties appeared to resemble higher 

quality diamond than those of polycrystalline diamond. However, the orientation 

plane is known to influence the incorporation of impurities. Growth planes with 

(111) crystal orientation were found to incorporate more boron atoms than those 

with (100) orientation as studied here. 

The semilog graph also showed the temperature dependence of resistance 

noticeably stronger from room temperature to 523K. At higher temperatures, the 

resistance variation grew weakly dependent and approached saturation. 
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Activation energies were calculated from the gradients marked on the graph . 

From 323-523 K Eal = 0.085 eV 

573-723 K Ea2 = 0.003 eV 

As a non-linear plot of resistance versus inverse temperature was 

obtained and the activation energies were less than 0.1 eV, valence band 

conduction could not be said to account for all the transport processes occurring 

in this sample. 

Hopping conduction was a possible mechanism especially as low activation 

energies of the scale seen here are indicative of enhanced hopping at low 

temperatures. To determine this, a plot of resistance versus T-114 was made 

over the mid range of temperatures from 373 K to 523 K. A linear plot resulted 

as shown in Figure 5.14. and was confirmation of variable range hopping 

conduction. 
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With valence band conduction unconfirmed, impurity band conduction was also 

considered. This often occurs for intermediate to high boron concentrations 

usually those greater than 1018 atms cm-2 which is higher than the dose 

implanted in sample 132. However, it is also characterised by a weak 

temperature dependence and hence low activation energies of the range 

deduced here. Compensation of carriers is an additional effect of impurity 

conduction and ion implantation procedures were known to introduce donor 

impurity defect states via radiation damage which may contribute to 

compensation levels. However, compensation cannot be confirmed without 

actual compensation values and these are not calculable without additional 

electrical data, for example Hall Measurements. 

5.6.3 Conclusion 

Current/voltage measurements made at increasing temperatures on boron- 

doped heteroepitaxial diamond produced evidence of a carrier conduction 

mechanism that was dominated by variable range hopping conduction at low 

temperatures with low activation energies. This also suggested that the 

transport mechanisms could be influenced by dopant segregation at grain 

boundaries and parallel conduction along grains. The overall conduction 

process was therefore thought to be a combination of hopping transport with 

impurity band conduction and grain boundary effects. The low values of the 

calculated activation energies reflected a reasonable activation of boron carriers 

but future work could apply a dose of at least 1017 atoms cm-2 or a range of 

doses from 1016 -1020 for comparative analysis. In addition, as the presence of 

boron in the diamond film was confirmed by LIMA, the ion implantation process 

was considered an effective means of altering the conductivity of the material. 
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The aim of the experimental work described in this chapter was to determine the 

feasibility of producing highly resolved device features on orientated diamond 

material. Conventional photolithography and direct electron-beam lithography 

methods were experimented with. Although the fabrication of specific devices 

with orientated diamond material was not possible at the time of experimental 

work, the processing stages were completed as far as possible providing a 

working sequence of steps towards device fabrication. 

6.1 Introduction 

Lithography employs a series of processing steps as illustrated in Figure 6.1 
. 
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Figure 6.1 Lithography Process 
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6.1.1 Photolithography 

Photolithography is based on the optical projection of a pattern onto a light 

sensitive resist. The process requires a quartz/chrome mask consisting of the 

pattern to be produced. The substrate is coated with the photosensitive resist 

solution and soft baking ensures resist hardening and adhesion to the substrate. 

The mask is aligned with the resist coated substrate using an optical microscope 

and then it may be pressed into hard contact with the resist, this process known 

as 'contact printing'. If a gap is maintained between the mask and the wafer, this 

process of 'soft printing' or 'proximity printing' minimises the damage caused by 

contact but the resolution is reduced. More complex projection mask aligners 

are used commercially. Ultra violet light is then projected through the mask, the 

light chemically reacting with the exposed resist in the areas where the mask is 

transparent. The exposed resist is then developed or dissolved away using a 

selective wet etch solution depending on the positive or negative nature of the 

resist. The structural features of the pattern are therefore left as resist on the 

substrate surface after this development process. The minimum size of features 

that can be formed using photolithography is ultimately limited by the wavelength 

of the exposing radiation. Ultra violet light of wavelength approximately 430,400 

or 360 nm is most commonly used and can provide a minimum feature size of 1 

µm. 

Through the windows in the resist, selective etching of the substrate, 

doping and metallisation processes can be carried out to further the device 

fabrication process. The remaining resist is then removed by plasma or solvent 

etching. The sequence of lithography and subsequent treatments may be 

repeated several times in order to lay down the lines of conducting material or 

define dopant regions in a device. 
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Metal contact patterns have been fabricated using conventional 

photolithography as an alternative to straight forward shadow mask physical 

vapour deposition [6.1]. Many working devices have been fabricated by 

standard photolithography on polycrystalline diamond including multichip 

modules of active devices comprising transistors and resistors [6.2,6.3]. 

MISFET's and P-type homoepitaxial FET's have been made and the 

characteristics of the devices were seen to improve with improved diamond 

deposition conditions [6.4,6.5]. FET's and diodes have also been fabricated and 

successfully tested for their stability in a high temperature environment up to 673 

K [6.6,6.7]. R. McKeag et al characterised a planar photoconductive device 

formed in a free-standing layer of polycrystalline diamond fabricated via 

photolithography. The rectangular electrodes were seen to be separated by 

single crystal facets and provided high dark currents with some increase in 

current when illuminated by light in the UV-VISIBLE wavelength range of 180 to 

800nm, especially at wavelengths less then 225 nm. After annealing the 

diamond in methane, the turn-off time period for the device increased by more 

than a factor of two from -500 seconds to -150 , seconds [6.8]. Temperature 

sensors have been fabricated from p-type polycrystalline diamond and were 

observed in operation from 80 to 1373 K with a response time of 25 µS in the 

highest temperature regime [6.9]. P-type pressure sensors have also been 

developed using photolithography schemes [6.10]. Piezoresistors were 

patterned onto polycrystalline diamond with an undoped layer of diamond acting 

as an insulator between the doped diamond layer and the silicon substrate. 

Linear changes of resistivity to pressure up to - 700 torr were obtained [6.11]. 

Some high resolution diamond patterning techniques utilise silicon substrates 

with photolithography and etching procedures to define nucleation sites. 
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Chemical vapour deposition of diamond then occurs in the selected areas 

creating the required pattern of the device. For example, P. Roberts et al 

achieved selective nucleation of diamond on silicon using photolithography to 

pattern an initial layer of silicon dioxide deposited on the silicon surface [6.12]. 

Nucleation was carried out using the BEN procedure and then a lift-off process 

using hydroflouric acid to remove the dioxide layer prior to growth. The 

delineated nucleation pattern was replicated by diamond growth. Although 

individually faceted crystallites grew on the square matrix of nucleation sites, 

orientation of the crystals was random with respect to the silicon substrate. 

J. Davidson et al a , boron doped polycrystalline diamond film was grown on an 

insulating diamond substrate and resistors were patterned using a selective 

deposition and lift-off procedure with sputtered silicon oxide as a sacrificial layer. 

The resistor designs were 1200 µm in diameter and although isolation between 

devices was maintained, some current leakage was evident [6.13]. 

6.1.2 Electron Beam Lithography 

Electron beam writing lithography is generally accepted to yield the highest 

practical resolution of all lithography techniques. It is capable of producing 

submicrometer patterns with greater accuracy and definition than 

photolithography. 

Electron beam writing is a computer controlled process involving the direct 

projection of electrons onto a resist coated substrate. The electron beam is 

focussed and scanned over the area where a device is required. The device 

features are written directly onto the substrate in a single step. Individual masks 

are not necessary and so a variety of structures can be exposed on the same 

substrate in rapid succession. Specific electron beam writing systems have 
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been developed and are similar to scanning electron microscopes although the 

data transfer and computer control are more complex. Alternatively, equipment 

is available that allows an SEM to be modified as a writing tool for lithography. 

Design and transfer of patterns is made possible through relevant software 

stored on an additional computer. Electron beam writing is based on the 

principles of vector or raster scanning and scanning systems use an electron 

beam focussed to a diameter between 10 and 1000 nm. Vector scanning 

systems are most common as the electron beam is scanned across the areas of 

interest and the pattern is exposed to the substrate on a pixel to pixel basis. 

Between exposures the beam is blanked. Resolution determines the accuracy 

to which a feature can be placed on the substrate and for electron beam writing, 

resolution reflects the beam step size (exposure step size) or multiples of step 

size. This parameter can be altered through the software on an electron beam 

writer or a modified electron microscope. The positions and dimensions of the 

structures are primarily determined by the electron beam writing system. 

Vertical and horizontal accuracy is often dependent on the processing stages 

after exposure. 

Diffraction effects are negligible but resolution can be limited by a process 

known as the proximity effect. This is mainly caused by electrons which are 

backscattered from the substrate leading to a secondary resist exposure from 

underneath the exposed area. The electron scattering is diffusive and strongly 

dependent on the neighbouring or proximity areas that are exposed. Features 

may become widened, misaligned or generally over exposed. The subject has 

been well researched and modelled via Monte Carlo simulations of electron 

penetration in resists [6.14,6.15]. The proximity effect can be predicted and 
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compensated for through electron beam writing software when other writing 

parameters are set and nanometer dimensions can be achieved. 

A common application for electron beam writing is in the fabrication of 

masks for optical lithography with which feature sizes of 0.25 µm are attainable 

[6.16]. Interconnecting wires for device circuits on silicon substrates were 

fabricated via electron beam lithography. The minimum width of the NiCr wires 

was found to be 3 µm [6.17]. Transistors patterned via electron beam writing 

have also been fabricated over a surface area of silicon - 0.9 µm x 1.5 µm. The 

base, collector and emitter components of the devices were 1.9 to 5 nm in height 

[6.18]. The technique has been successful in the fabrication of digital holograms 

where pixel sizes of 1 µm were achieved [6.19]. Electron beam writing has been 

used to specify growth areas and write micrometre size structures for a transistor 

device on GaAs material [6.20[. No published literature on the direct electron 

beam lithography on diamond was found at this time of writing. 

6.1.3 Resist Characteristics 

Resist materials are polymeric substances whose molecular weight is altered by 

radiation absorption from photons, electrons or x-rays. Therefore, the resist 

must have a controllable response to radiation. For 'positive' resist, the areas 

exposed to the radiation are made more soluble to the developing solution and 

these regions are easily removed by the developer, leaving behind the pattern 

created by the mask. For negative resist the areas exposed to radiation are 

made less soluble and so the masked regions surrounding the exposed pattern 

are relatively more easy to remove. Positive resist is predominantly used as it 

gives better dimensional control compared to negative resist which has been 

known to swell during development and distort line features. 
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Electron beam writing obviously requires a different resist to that of 

photolithography and so an electron sensitive resist such as polymethyl 

methylacrylate (PMMA) is used. It is possible to achieve a resolution of 10 nm 

with PMMA resist and a well focussed electron beam of 100 pA current. PMMA 

is more viscous than the resists used for photolithography and requires a strong 

developing solution. PMMA is resistant to water, alcohol and dilute acids but is 

easily attacked by ketones, chlorobenzene and concentrated acid. Developing 

solutions are therefore often a mixture of isopropyl alcohol (IPA) and a ketone, 4- 

Methylpentan-2-one methyl -4 pentanone-2-isobutyl methylketone (MiBK). A 

1: 1 mixture by volume of IPA: MiBK is suitable for developing PMMA on facet 

diameters of 5 µm diameter [6.21]. 

6.2 Experimental Fabrication using Photolithography 

The objective of experimental work was to process a section of orientated 

diamond with a series of electrode pairs fabricated via photolithography. The 

electrodes were designed to lay over the orientated grains, separated by a5 µm 

gap. If the fabrication was successful, a single column or top facet of diamond 

could be electrically probed and characterised for its potential as device material 

as illustrated in Figure 6.2. 

A boron doped heteroepitaxial diamond sample, number 161, was used in this 

experimental work. It underwent the standard postgrowth processing of 

annealing and plasma etching prior to the following lithography procedure. 

Apart from surface profile measurements, the lithography processing was carried 

out on my behalf by Mr. N. Ross, technician of the Microfabrication Facility in the 

Physics Department at Heriot-Watt University. 
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Figure 6.2 Electrodes to be fabricated via Photolithography 

6.2.1 Lithography Procedure 

The diamond sample was first rinsed in acetone and blown dry with compressed 

air. It was then washed in an ultrasonic bath of Decon 90 solution, rinsed with 

de-ionised water and blown dry again with compressed air. The sample was 

subjected to a soft bake in an oven for 15 minutes at a temperature of 360 K to 

ensure no moisture remained. 

The next stage of processing was the spin coating of the sample with UV- 

reactive photoresist via a CONVAC MANUAL COATER 1001 S/ST147. The spin 

parameters were set to provide an initial acceleration of 5 rpm with a spin speed 

of 3000 rpm for 20 seconds. The diamond sample was then placed in an oven 

and soft baked for 30 minutes at 370 K. Due to the uneven nature of the 

diamond surface a second coat of resist was spun on and soft baked. It was 

hoped that the bilayer of resist would be more effective on the uneven surface 

than a single layer. As the resist thickness was an important consideration, I 

wanted to verify the total thickness of the resist coating and ensure it was 
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sufficient for further processing. Thickness measurements were obtained via a 

DEKTAK 3030 surface profiler, over the radius of the sample from the silicon 

region to the inner polycrystalline area, as show in Figure 6.3. Once a uniform 

layer was obtained the remaining processes were carried out as follows. 
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Figure 6.3 Points of thickness measurement 

A chrome quartz mask consisting of four electrode pairs had been commercially 

manufactured and this was fitted to the UV exposure system, model KARL 

SUSS MJB3. The active area of the diamond to be patterned was placed under 

the mask and the area was exposed to ultra-violet light, of wavelength 360 nm 

and 450 nm, for 4 seconds. To avoid overlapping electrodes, the diamond 

sample was turned 90° before exposing the sample to UV again. An area of 

silicon was also patterned with a pair of electrodes for comparison of processing 

quality. After UV exposure, the pattern was developed in a base solution and 
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then the sample was coated with a layer of aluminium - 100 nm thick. It was 

then placed in acetone thus completing the lithography fabrication of the 

electrodes by the lift-off technique. 

6.2.2 Results and Discussion 

The spin coating procedure had produced a resist layer of sufficient thickness 

and uniformity on the orientated area of diamond as shown in Table 6.1. 

REGION DISTANCE FROM RESIST THICKNESS / µm 
WAFER CENTRE / mm 

Silicon 35 1.53 

Diamond Orientated 25.6 1.75 
Outer 

Diamond Orientated 
Mid 25.25 1.43 

Diamond Orientated 25 0.70 
Inner 

Diamond 20 0.45 
Polycrystalline 

Table 6.1 Resist thickness over radius of sample no. 161 

The UV exposure and development in base solution was successful as the 

design could be seen under a microscope. However, after the lift-off procedure 

the metal remained only in patches on the diamond area and so rendered the 

electrodes useless. 
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The procedures of exposure, development and lift-off were repeated several 

times on fresh areas of diamond but the lift-off process was not successful. It 

was then decided to fabricate the pattern by a reverse mask procedure, 

illustrated in Figure 6.4 and use a bi-metal scheme of aluminium-on-chromium. 

Chromium was known to have excellent adhesion properties and so improve the 

metal patterning process. 

coarwn CrAND SPINCNRESSST D'CGEPtU CP UFfCFF 
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Figure 6.4 Lithography by reverse mask procedure 

The remaining unprocessed sections of orientated diamond were cut from the 

original wafer into 3 pieces and cleaned in acetone. Once dried, chromium was 

evaporated over the surface, followed by a top layer of aluminium and then they 

were coated with photoresist. The electrodes were patterned onto one of the 

pieces through the reversed mask by UV exposure and then developed in 

solution. The unprotected aluminium was removed with an aluminium etch 

solution and the photoresist was washed away with acetone. 

When the sample was viewed under a microscope the metallisation was still 

patchy and so the exposure and developing process was repeated several times 
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on the other diamond pieces. However, instead of immersing those pieces in 

acetone, an acetone spray was used to avoid saturating the diamond and lifting 

all the metal away. The photographs in Figure 6.5 show individual sets of 

electrodes with 7 µm spacings that were fabricated less than 1 millimetre away 

from each other. Although adhesion to diamond was improved the electrodes 

did not appear complete and the quality of the electrodes was unreliable from 

one area of orientated diamond to another. 

6.2.3 Conclusion 

It was thought that the diamond was too porous and so absorbed the acetone 

during the lift-off process. In addition, the diamond surface was known to be 

quite rough and may have contributed to the non-uniformity of the metal layers. 

For further photolithography work in the future, it is recommended that the 

diamond be polished to reduce the surface granular effects. 

194 



Diamond Lithography 

'ý(ý i 

Figure 6.5 Electrodes Patterned via Photolithography 



Lithography 

6.3 Electron Beam Lithography 

As the standard photolithography process on diamond had proved unsuccessful, 

an alternative method of fabrication using direct electron beam writing was 

experimented with. 

6.3.1 Electron Beam Writing System 

Modified scanning electron microscope 

The system used for direct electron beam writing comprised the Hitachi S2700 

scanning electron microscope (SEM) with an operational beam blanking device 

fitted into the column as shown in Figure 6.6. An external beam blanking 

control unit was plugged into the rear of the SEM, replacing the electron scan 

unit usually present for normal SEM use. The beam blanker operated by using a 

large electrostatic field to deflect the beam during the required periods of non- 

exposure. It was possible to control the blanking mechanism internally via the 

computer, or externally by a switch box. This external control box, switching 

between internal and external beam control, was connected between the beam 

blanking unit and a computer. The computer was fitted with two digital-to- 

analogue converters and the e-beam writing software, providing complete 

computerised control of the writing system. 
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Figure 6.6 Direct electron beam writing system with modified SEM 

The SEM operated with accelerating voltages ranging from 0.2 kV to 30 kV and 

had a minimum resolution of 7 nm as quoted by the manufacturer. The electron 

source was a hot tungsten filament which was manually aligned when fitted and 

there were four manually selectable apertures decreasing in diameter. The SEM 

stage could be moved in x-y directions over a maximum area of 10 cm by 10 cm. 

Changes in sample height (z-direction) were measured as the focussed working 

distance and could be varied from 2 to 70 mm. Rotation of the sample was 

possible through 360° and the stage could be tilted from -15° to + 90°. 

6.3.2 Electron Beam Writing Software 

The software was supplied by RAITHGmbH and was installed as two sub- 

programs under the name of 'PROXY', which was related to the proximity 

correction operation included in the software facilities. The first part of the 
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program contained all the pattern design operations, allowing shapes, lines and 

multiple patterns to be drawn to a micrometer scale within a selected boundary 

area. Post processing functions for example, shrink and rotate modifications 

were also available as were all file manipulation functions. The file manipulation 

functions also allowed designs to be imported from other design packages for 

example, the DXF format used by AutoCAD. The PROXY editorial program 

provided access to the second program entitled PROXY-WRITER. This allowed 

simulation of exposure with an estimated time and dose level. Once optimised 

the program would then direct write the pattern to the required substrate via the 

electron beam source. 

The computer used for both pattern design and writing was an ESCOM 486DX. 

It had a maximum resolution of 65536 pixels for electron beam writing. The step 

size was limited by the software, the minimum possible being 67 nm by 45.7 nm 

at the maximum usable field size of 2.2 mm by 1.5 mm. Stepwise reduction 

allowed a field smaller than the minimum achievable with standard 

photolithography. Therefore electron beam writing was more precise and on a 

smaller scale. 

6.4 Experimental Writing to an Oscilloscope 

6.4.1 Objectives 

To become familiar with the software and identify the most influential 

parameters, I chose to write each designed pattern to an x-y mode oscilloscope, 

prior to experiments with the SEM. This would ensure that a well defined pattern 

could be achieved with minimum distortion and maximum alignment. Any initial 

errors with alignment or resolution could then be traced back to the software or 
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control thus eliminating possible source of writing error during future transfers of 

patterns to the SEM. 

6.4.2 Procedure 

Channels 1 and 2 were both set to scales of 0.5 Vdiv-1, d. c mode with a time 

base in x/y mode when writing to the scope. The x-directional lead was fed to 

channel 1 and the y-directional lead was fed to channel 2. 

Four test patterns were designed and drawn via the PROXY editorial program, 

as shown in Figure 6.7. The number of pixels used was the default value of 

50001 which would correspond to exposure step sizes of 0.05 µm. -The electron 

spot dwell time was 50 µS and the grid boundary parameters were 50 gm by 50 

µm to give a grid scale of 20 µm :3 cm. The use of default values permitted 

observation of the accuracy in the written images using them as a control or 

reference from which modifications and comparisons could be made. 
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Figure 6.7 Patterns for electron beam writing 

199 



Lithography 

6.4.3 Results and Discussion 

Initially, all four patterns seen on the oscilloscope screen, were badly misaligned 

with poor resolution. From Equation 6.1, it was known that the most influential 

parameters on resolution and alignment were dwell time and exposure step size, 

the latter governed by the number of pixels being illuminated. 

Dwell Time (mS) = resist sensitivity * x-step size * y-step size -- - (6.1 ) 
beam current 

where resist sensitivity is measured in µC mm-2, x and y-step size are measured 

in µm and beam current is measured in nA. 

Different combinations of dwell time and exposure step size were tried when 

writing, for example, the electrode pattern. It was found that a dwell time of 5 µS 

and exposure step sizes (for both x and y) of 1 µm gave the best resolution and 

alignment. However, when the other three patterns were written with the same 

parameters, they were still poorly exposed and misaligned as, for example, 

Figure 6.8. 

Figure 6.8 Misaligned patterns 
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It was found that the number of pixels were still at the default value of 50001 so 

this value was increased to the maximum allowed value of 64001. This 

accordingly changed the step size to 0.4 µm. The dwell time was kept at 5 pS 

and all four patterns were written to the oscilloscope with greatly improved 

resolution and excellent alignment as shown in Figure 6.9. 

6.4.4 Conclusion 

If the dwell time of the electron beam is decreased, the image raster decreases 

producing a defined complete image. With dwell times in the range of 10 -50 µs 

an incomplete pattern is produced therefore to maximise definition, a short dwell 

time is required. With exposure step sizes less than 1 µm, exposure occurs in 

small segments reducing alignment between segments and causing distortion. 

The optimum parameters were therefore found to be a total number of pixel 

points of 64001, a dwell time of 5µs and a step size (x and y) of 0.4 µm. 

These were considered sufficient to progress to experimental optimisation of 

electron beam writing to an actual resist with the SEM. 

6.5 Optimisation of Direct Electron Beam Lithography on Silicon 

As I had no previous practical experience of electron beam-lithography 

processes, initial experiments, shown as a process flow diagram in Figure 6.10, 

were carried out on a plain, polished 4" silicon wafer. This material provided a 

means of carrying out a series of trial runs of the spin coating procedure, 

exposure and subsequent chemical development of patterns, minimising 

wastage of diamond samples. 

201 



Diamond Lithography 

Figure 6.9 Optimised patterns for electron beam writing 



Lithography 

DESIGN PATTERNS 

CLEAN SILICON WAFER 

SPIN COAT WITH RESIST 

EXPOSE WITH 
ELECTRONS 

DEVELOP 1MTH ELSE EXPOSE ON FRESH REGION 
IPA/MiBK 

GOOD RESOLUT1 

YES 

PROCESS DIAMOND 

Figure 6.10 Process Flow Diagram for Trial Silicon Electron Beam Writing 
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6.5.1 Spin Coating with PMMA 

The method of spin coating a material with PMMA was fundamentally the same 

for both UV-reactive and electron reactive resists. However, PMMA was more 

viscous than the photoresist used previously and some modifications were 

necessary. For the purpose of comparison, a summarised method is described 

in this section. 

The silicon wafer was cleaned in an ultrasonic acetone bath for ten minutes after 

which it was blown dry with compressed air. The wafer had to be reduced in 

size because the vacuum pad on the CONVAC 1001 S/ST147 spin coating unit 

only allowed samples of 3" diameter or less. Once cut to fit the unit, the silicon 

was centred over the vacuum pad and purged with nitrogen to remove any 

foreign particles. 

The PMMA resist was poured drop-wise from a small beaker onto the centre of 

the silicon leaving the edges clear of resist. A syringe and filter could not be 

used to apply the resist because the viscosity was much greater than typical 

photoresists and air bubbles were continuously formed. The acceleration was 

set to 5 rpm and the spin speed was set to 2000 rpm for a time of 20 seconds. 

If the coating was seen to be patchy and uneven, the resist was easily removed 

by spraying with acetone and the spin coating procedure was repeated until a 

satisfactory coat of resist was obtained. Once an even coating was achieved 

over the silicon, the wafer was soft baked at a temperature of 100°C for 45-60 

minutes. 
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With an average thickness of 0.442 µm +/- 0.00662 µm, the silicon had an 

approximate resist thickness of 0.5 µm which was considered sufficient for 

electron-beam writing. 

6.5.3 Procedure for Electron-Beam Writing to Silicon 

The coated silicon wafer was cut into 16 pieces of approximately 2 cm2 and four 

of these were clamped to the sample mount of the SEM and placed within the 

chamber. Column alignment, aperture alignment, focus and astigmatism were 

adjusted to give the brightest, sharpest image. Those parameters were 

calibrated by focussing on an edge of the silicon substrate to avoid premature 

exposure of the resist. Satisfactory resolution was achieved when the minimum 

size feature was observable at high magnification. The area of silicon to be 

exposed was aligned with reference to the stage controller axes with the beam 

blanker switched on. The accelerating voltage was set to 20 kV with a beam 

current of 100 pA and magnification of 90 µm. The aperture was set to the 

smallest diameter to finely focus the area of electron bombardment and reduce 

spread. 

Software parameters for electron-beam writing were 64001 pixels, field 

exposure step sizes of 0.4 µm, a dwell time of 5 µS and a total exposure time of 

10 seconds. The electrode pattern was written to all the samples and was then 

in need of development. 

A solution of 1: 1 MiBK and IPA was known to be an effective developer 

for PMMA resist when heated to just above room temperature. However, the 

time needed for effective development of the electrode patterns with PMMA was 

not known. 
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The exposed samples were therefore placed in a beaker of the MiBK: IPA 

solution which was warmed to - 25°C (298K). The samples were removed from 

the developer and examined at regular time intervals under an optical 

microscope. The microscope was fitted with a Nomarski accessory to 

emphasise the colour changes that had occurred and from these, the optimum 

time for development was deduced. 

6.5.4 Results and Conclusion 

The appearance of the samples during development is summarised in Table 6.3 

and the photographs shown in Figure 6.12 were taken after 60,150 and 210 

seconds. 

Development Time / Temperature /K Pattern Appearance 

30 296 Pale pink, good definition 

60 297 Yellow/white, distinct pattern 

90 298 Colour change to green/blue 

150 298 Multicoloured, poor definition 

180 298 Multicoloured, pattern 

distorted 

210 298 Major distortion of pattern 

and surrounding area 
270 299 As above, experiment 

stopped 

Table 6.3 Appearance of Silicon samples in heated development 

solution MiBKIIPA 
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From the observations made, development was most effective after 60 to 70 

seconds when the pattern was most distinct. Further reactions in solution 

resulted in over- development of the pattern with loss of resolution and resist 

changes in the surrounding area of the pattern. 

From these trial experiments of writing and developing patterns on silicon 

material, I had become familiar with the processing involved and had optimised 

the relevant parameters to be able to experiment on orientated diamond film. 

6.6 Optimisation of Direct Electron-Beam Lithography on Heteroepitaxial 

Diamond 

A boron doped heteroepitaxial diamond sample number 165 was used for this 

series of experiments. The method of fabrication is summarised in the process 

flow diagrams shown in Figure 6.13. 
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6.6.1 Procedure of Spin Coating Diamond 

The sample was coated with PMMA resist to cover both silicon and diamond 

regions. Patterns could then be exposed on the adjacent silicon areas for 

comparison and to confirm the processing was effective. 

Two coats of resist were once again spun onto the diamond to account for the 

uneven surface of the material. Spin coating parameters were again set to an 

acceleration of 5 rpm and a spin speed of 2000 rpm for a total spin time of 20 

seconds. After each spin coating the samples were soft baked for 30 minutes at 

370 K. Thickness measurements were taken across the sample as recorded in 

Table 6.4. The respective Dektak profiles are shown in Figure 6.14. 

6.6.2 Results 

REGION RESIST THICKNESS / µm 

Silicon 1.46 

Orientated Diamond 1.79 

Table 6.4 Resist thickness for regions over Samples No. 165 
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Figure 6.14 Dektak profiles for (a) Silicon and (b) Diamond 
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6.6.3 Procedure of Electron-Beam Writing 

The SEM and software parameters were identical to those used for silicon 

samples, namely an accelerating voltage of 20 kV, a beam current of 100 µA, an 

aperture of 4, magnification of 100 µm and a working distance of 12 mm. The 

number of pixels used for resolution on both diamond and silicon regions was 

64001 with an exposure step size of 0.4 µm, a dwell time of 5 µs and a total 

exposure time of 10 seconds. 

An area of silicon was first exposed to a ring pattern after which an 

electrode pattern was written a few millimetres away. The SEM stage was then 

moved to where the electron beam would be aligned over an orientated region of 

diamond and the same patterns were exposed on the diamond at a separation 

distance of 2 millimetres. 

A single crystal of diamond was located at the edge of the orientated 

region and was focussed for a magnification of 7 µm. The electrode pattern was 

decreased to a smaller scale of 5 µm total diameter, and then exposed onto the 

uppermost facet of the crystal, parameters as before. The samples were 

subsequently removed from the SEM chamber and placed in a heated solution 

of 1: 1 MiBK: IPA for development. The temperature of the solution was 297 K 

and development was allowed to progress for 60 seconds. 

6.6.4 Results 

On the silicon region, both patterns were well exposed and quite successfully 

developed, for example the electrode pattern in Figure 6.15a. The diamond 

pattern was more difficult to identify under the optical microscope and normal 

scanning electron microscopy. The electrode design was not visible but the ring 

pattern was in the first stages of development as shown by the orange coloured 
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circle in Figure 6.15b. Immediately after exposure, an image of the pattern 

written to the single crystal facet was visible on the screen so the writing process 

itself was successful. However, no trace of the electrode pattern was found on 

the single crystal after development. 

The sample was returned to the solution on two further occasions for periods of 

20 seconds and then again for 30 seconds with examinations under the 

microscope after each duration. Unfortunately, there was still no trace of the 

electrode pattern on the diamond region or on the single facet. This suggested 

that either the resist coating was too thin and/or the pattern had been lost during 

the initial 60 second developing stage. The process flow of experiments for both 

samples was to be repeated on a fresh diamond sample with a change in spin 

coating parameters and a longer exposure time for writing the pattern. 

Unfortunately at this stage of experimental work, the SEM chamber became 

contaminated with pump oil and availability of the facility was delayed beyond 

the duration of this period of research. 
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6.6.5 Conclusion 

Initial experiments have defined the conditions for using the RaithGmbh software 

with a Hitachi s2700 SEM to direct electron-beam write patterns on PMMA 

coated diamond. Patterns were transferred to an area of orientated grains and 

a facet on a single crystal. Pattern development has yet to be optimised but it 

has been established that the potential for a quality diamond device can be 

realised through electron beam writing on heteroepitaxial diamond. 

Initial modifications to the sequence of processing experimented with here 

would be to polish the surface of the diamond film prior to resist coating. To 

date, surface smoothing of diamond has been achieved by reactive ion etching 

(RIE) using a sulphur hexaflouride / oxygen plasma [6.22] and by XeCI laser 

ablation [6.23]. Either method would be worth optimising for heteroepitaxial 

diamond device fabrication. 

As regards the lithography experiments, the development stage could be 

modified by changing the ratio of the developing solution from 1: 1 to 3: 1 

MiBK: IPA. The higher ratio produces a slower, more controllable development 

process and offers a higher contrast and greater resolution. If development on 

multi grains and single crystal facets was still non-uniform, the heated 

development solution could be applied by spray or syringe at time intervals to be 

optimised in preference to complete immersion of the sample. The development 

could then be more selective and controlled. Once a successful development 

process had been optimised a bilayer of titanium, at least 250 nm thick, could be 

thermally evaporated and contacts patterned via a wet etch lift-off procedure. 

An alternative sequence of device fabrication could utilise the process of 

selective area deposition (SAD) of diamond on the substrate as the features of 

the device itself. For example, J. Davidson et al grew undoped diamond on 
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silicon and then deposited a sacrificial layer of silicon dioxide on the diamond 

[6.24]. The silicon dioxide layer was patterned via photolithography so that 

windows of device features were laid bare. The subsequent deposited layer of 

doped diamond was then grown exclusively on the exposed undoped diamond. 

The remaining silicon dioxide was removed with hydroflouric acid. If metal 

contacts were required the SAD procedure could be followed as above with the 

sample then being coated with titanium and/or platinum. A wet etch/lift-off 

process would complete the metallisation stage of fabrication. Alternatively, 

SAD can be performed via a silicon dioxide layer on the silicon substrate and 

doped or undoped diamond can be selectively grown in the pattern required. 
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CHAPTER SEVEN CONCLUSION 

This study aimed to develop stages of device processing which would allow the 

application of diamond films in electronic devices. In particular, the techniques 

of contact metallisation, plasma etching, doping and lithography required 

optimisation. A number of these goals were achieved whilst in other cases key 

problems were identified. Specifically, gold-on-titanium contacts were found to 

be unsuitable, as contamination and out-diffusion of the titanium degraded the 

quality of the electrical measurements. 

The aluminium/titanium contact scheme proved to be much better although the 

limitation on operating temperature was a problem. Although the measurement 

apparatus applied its own operating limit of 673 K, the aluminium contacts were 

observed to slide at a temperature of 653 K. Therefore, adhesion studies and 

experiments with tri-metal schemes or an aluminium alloy/titanium scheme 

would be worthwhile topics for future research. 

The voltage and temperature dependencies of conductivity in undoped diamond 

were also difficult to clarify and there was no evidence of the expected 

conduction mechanism governed by trap-filled states. Further work could 

extend the temperature and voltage ranges applied here and CV and Hall 

measurements would also aid discrimination of transport mechanisms for both 

doped and undoped diamond films. 

From the experiments with lithography, it was concluded that polishing the 

diamond film prior to processing would be advantageous because of the non- 

uniformity of the metallisation stage. The chemical development procedure also 

required further optimisation. 
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Conclusion 

The most successful experimental work included that of the original application 

of statistical design to determine the optimum parameters for the oxygen plasma 

etch process via outputs of resistivity and etch rate. The analysis of resistivity 

data concluded that the optimum etch occurred with input parameters of 150 W 

power, a3 cm plate separation and gas flows of 5 sccm min-1 of argon with 15 

sccm min-1 of oxygen. These parameters were tested and the newly etched 

diamond sample was measured as having a resistivity of 4x 1011 Q. cm, the 

highest of all experiments in the series. Statistical analysis of etch rate data 

concluded a similar series of input parameters as before but with a greater argon 

flow. - 

By modifying the experimental design matrix to include ratios of gas mixes, 

interaction effects can be studied in more detail as well as additional outputs of 

etch depth and etch selectivity should in-situ measurements be made possible. 

SEM-EBIC analysis was found to be a valuable source of information 

regarding conduction properties of diamond. Contrast analysis showed some 

evidence of conduction along grain boundaries. Novel measurements of 

induced current as a function of constant beam currents and beam voltages to 

the sample under study suggested the presence of high densities of 

recombination centres. The application of EBIC to doped orientated diamond 

would be interesting as a comparative study and to aid evaluation of impurity 

carrier conduction. 

Recently, A Cremades published a paper discussing EBIC imaging of CVD 

diamond films [7.1]. Enhanced recombination of carriers was found to be 

dependent on grain orientation and cathodoluminescence was reported to show 

that orientated (100) grains were preferential radiative recombination sites. 
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Conclusion 

Orientated polycrystalline diamond was justified as having higher crystalline 

quality and a greater electrical resistance than randomly orientated diamond film. 

The intentional doping of pre-etched diamond with nitrogen from an atom beam 

source proved to be a valuable method of increasing the resistivity without 

degrading crystal definition. Ion-implantation of diamond with boron was also 

considered successful as the presence of boron in the diamond was confirmed 

and activation of the carriers did occur. 

The lithography processing of doped orientated diamond samples utilised 

a direct electron beam writing method which was experimented with to define 

device characteristics. Experimental results were favourable in that writing a 

pattern over a multi-grain area and a single crystal facet were possible. 

As regards diamond film research overall, more investigations are required into 

electrical characteristics of heteroepitaxial diamond, n-type doping and the 

applications of device fabrication/lithography on p-, n-type and intrinsic diamond. 

More complex devices would then be available and further research could also 

include development of devices on a smaller, nanoscale for advanced IC 

processing. 
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