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Abstract

With a wealth of extreme properties, including the highest thermal conductivity

of any known material, diamond is a highly desirable material for a wide range

of applications. However, the growth of high-quality diamond films on heteroge-

neous materials can be challenging. With the properties of diamond films highly

dependent on the substrate temperature during growth, non-uniform substrate

temperature will result in the growth of inhomogeneous films. Chapter 4 de-

tails the development of an inexpensive temperature mapping system, combin-

ing dual wavelength pyrometry with a mirror galvanometer to produce substrate

temperature maps under growth conditions. Temperature maps produced are

compared to finite element simulations and spectroscopic ellipsometry and Ra-

man spectra, with good agreement between the results.

As well as substrate temperature, the quality of diamond films is dependent

on the early stages of growth. In Chapter 5, spectroscopic ellipsometry is applied

to the initial stages of diamond growth on silicon. Ex-situ spectra are used to

develop an optical model for characterisation, which is then applied to in-situ

spectra. The model identified the point of coalescence of crystallites into a single

film through a decrease in bulk void content followed by a spike in sp2 content.

Ex-situ Raman spectra and atomic force microscopy images were used to validate

the model.

One potential application of diamond is for thermal management of gallium

nitride devices, with potential growth routes on an aluminium nitride interlayer

atop the GaN stack. This application is limited by a thermal resistance associ-

ated with the disordered transition region formed in the early stages of growth.

Chapter 6 utilises spectroscopic ellipsometry for in-situ monitoring of the early
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stages of diamond growth on AlN, with observations again verified by Raman

spectroscopy and atomic force microscopy images.
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Chapter 1

Introduction

The extreme properties of diamond films make them desirable in a wide range of

applications. These properties and several applications are discussed in Chapter

2, along with three different methods of artificial diamond synthesis. This thesis

focuses on the growth of diamond films by Microwave Plasma-Enhanced Chem-

ical Vapour Deposition (MPECVD), with the experimental techniques used de-

scribed in Chapter 3. High quality diamond films can be challenging to grow,

particularly over large areas. Firstly, the properties of a diamond film are heav-

ily dependent on the substrate temperature, with higher growth temperatures

known to result in a faster growth rate [1] and lower level of sp2 content [2]. Inho-

mogeneity in substrate temperature during growth will result in the growth of a

non-uniform film. This is a particular concern in MPECVD growth, as the plasma

generated (which causes heating of the substrate) is typically non-uniform in dis-

tribution [3]. The size, shape, and temperature of this plasma are influenced by

the microwave power and chamber pressure. Selection of the optimum parame-

ters for MPECVD growth therefore requires the ability to evaluate the uniformity

of substrate temperature. In Chapter 4 a simple-to-implement and inexpensive

non-contact method of measuring the temperature variation across the substrate

under growth conditions is detailed. The existing technique of dual-wavelength

pyrometry is combined with a mirror galvanometer, producing two-dimensional

temperature maps. Temperature maps produced are compared with Finite Ele-

ment Model (FEM) simulations and Raman and SE spectra. The work carried out

in this chapter is published in [4].
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Chapter 1. Introduction

Also important during the diamond growth process are the seeding, nucle-

ation, and early stages of film growth, with the quality of films produced heavily

dependent on these [5]. The ability to monitor growth in-situ is therefore incred-

ibly important to optimise film quality. However, the harsh plasma environment

largely restricts in-situ monitoring to optical techniques, as the relatively high

pressure during growth prevents the use of electron-based techniques such as

reflection high-energy electron diffraction. Laser and pyrometric interferometry

are commonly used to monitor the film thickness during growth [6, 7], although

these can be limited in resolution and do not provide any compositional informa-

tion. Raman spectroscopy can be used to determine the composition of diamond

films [8, 9], but it much more sensitive to sp2 material than to diamond and to-

tally insensitive to void [10]. SE provides advantages over these techniques, with

an ability to determine the thickness of diamond films as thin as 4 nm with sub-

nanometre resolution, as well as identify the diamond, sp2, and void content [11].

Furthermore, as SE relies on the measurement of a change in polarisation state

upon reflection and not intensity of the reflected light, it can be used for in-situ

measurement even in the case of a bright plasma background [12]. Whilst previ-

ous attempts at in-situ SE characterisation of diamond films have beenmade, the

ability to characterise early-stage growth has been limited by substrate damage

caused by the process of mechanical abrasion used to seed substrates. Chapter 5

details in-situ SE of diamond growth on silicon substrates seeded with diamond

nanoparticles, a process which does not cause substrate damage. Ex-situ spectra

are used to build up an optical model of the diamond film, which is then applied

to in-situ spectra, with characterisation of the initial stages of growth and deter-

mination of the point of coalescence of individual crystallites into a film demon-

strated. Atomic Force Microscopy (AFM) and Raman spectroscopy are used to

validate the model. The work detailed in this chapter is published in [13].

With its incredibly high thermal conductivity [14], diamond is an ideal mate-

rial for thermal management. When diamond layers are grown on heterogeneous

materials for this purpose, the early stages of growth are of an even greater im-

portance; the thermal barrier at the substrate-diamond interface (associated with

2



Chapter 1. Introduction

the disordered transition region formed during the early stages of growth) is of-

ten a significant limitation [15]. One potential thermal management application

of diamond is on top of gallium nitride devices. Whilst growth of a thick dia-

mond film directly on GaN is challenging [16], it is possible to grow thick diamond

films on aluminium nitride [17], leading to potential diamond growth routes on

an AlN interlayer atop the GaN stack [18]. In comparison to growth on Si sub-

strates, growth of diamond layers on AlN is less understood [17]. Chapter 6 ex-

tends the work carried out in Chapter 5 by applying SE to early-stage diamond

growth on AlN. Ex-situ spectra are used to develop an optical model for the AlN

film and then a diamond film grown on AlN, with the model then applied to in-

situ spectra. Early-stage growth and the coalescence of crystallites are observed,

with the model validated using ex-situ Raman spectroscopy and AFM. Chapter

7 concludes this thesis, with a summary of the key findings and a discussion of

potential future work.
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Chapter 2

Diamond Properties and Growth

This chapter gives a brief overview of the structure, properties and applications

of diamond, before describing several different methods of diamond synthesis.

Finally, growth of diamond on heterogeneous substrates is described, including

an evaluation of the pre-treatment processes necessary to achieve the high nu-

cleation density needed for the growth of coalesced films on these substrates.

4



Chapter 2. Diamond Properties and Growth

2.1 Structure, Properties, and Applications of Diamond

Carbon has 6 electrons which adopt the configuration 1s2 2s2 2p2 in the ground

state, with the latter four electrons available for bonding. The single 2s and three

2p orbitals can combine to form four hybrid sp3 orbitals as shown in Figure 2.1

[19]. This allows for the formation of sigma bonds with four other carbon atoms

in a tetrahedral arrangement. The bonding of a large number of carbon atoms

in this pattern results in a diamond crystal. This arrangement has a relatively

short bond length of 0.154 nm, with a high bond energy of 711 kJ mol-1 [20]. The

structure of the diamond crystal is made up of two face-centred cubic lattices

with one displaced by (1/4 a, 1/4 a, 1/4 a), with a being the lattice constant of

diamond (3.567 Å) [21]. This structure is shown in Figure 2.2.

Figure 2.1: sp3 hybridisation of carbon orbitals.

The structure and bonding of diamond result in many superlative properties,

some of which are listed below:

• Diamond has the highest atom density of any known material with a molar

density of 0.293 g-atom/cm3, and so is incredibly hard and very incompress-

ible [21].

• The very high vibrational frequencies of the bonds result in diamond having

the highest thermal conductivity of any known material at room tempera-

ture [22].

5



Chapter 2. Diamond Properties and Growth

Figure 2.2: Crystal structure of diamond. Reproduced with permission from [21].

• Diamond has a high index of refraction (2.417) and is transparent from 0.22

𝜇m all the way to the far infrared region of the spectrum [23].

• Diamond is chemically and biologically inert [24].

• Undoped diamond has a very high electronic band gap of 5.5 eV [25].

• Diamond has a low coefficient of thermal expansion [19].

• Single crystal Chemical Vapour Deposition (CVD) diamond exhibits the high-

est hole and electron mobilities of any known wide-bandgap semiconduc-

tor at room temperature [26].

With such extreme properties, diamond is a desirable material for use in many

applications such as:

• Cutters for oil and gas drilling [27].

• Thermal management for electronic devices [18, 28].

• Boron-doped diamond electrodes [29].

• Filtration of viruses and toxic molecules [30, 31].
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• Nuclear fusion reactor windows [32].

• Photodetectors for space applications [33].

• Microelectromechanical systems [34].

2.2 Diamond Synthesis

Sir Humphry Davy proved in 1814 that diamond was composed solely of carbon,

burning diamond and noting that only CO2 was produced [35]. This discovery

spurred a multitude of unsuccessful attempts at the production of synthetic dia-

mond over the course of more than a century, although success was not achieved

until the 1950s. Part of the difficulty of diamond synthesis is due to the fact that di-

amond is only metastable, with graphite being the more stable allotrope at room

temperature and pressure. However, the energy barrier required to rearrange the

structure means that conversion from diamond to graphite does not readily oc-

cur under these conditions [36]. With the application of pressure, diamond be-

comes the thermodynamically favourable allotrope [37]. Figure 2.3 shows a phase

diagram of carbon with changing temperature and pressure. Whilst diamond be-

comes thermodynamically favoured at low temperature and high pressure, the

kinetic barrier means that very high pressures and temperatures (in excess of 13

GPa and 3300 K) are required for the reaction to actually proceed at a rate that is

observable [38]. In practice, such conditions are very challenging and expensive

to produce.

2.2.1 High Pressure High Temperature

In the 1950s, work carried out simultaneously by General Electric in the USA [39],

ASEA in Sweden [40], and the Institute of High Pressure Physics in the Soviet

Union [41] resulted in the development of the catalyst-assisted High Pressure High

Temperature (HPHT) technique, creating a synthetic route with lower activation

energy than the direct transition from graphite to diamond. This technique utilises

a catalytic solvent, usually a transition metal such as iron, cobalt or nickel, cou-

pled with a graphitic carbon source and a seed diamond. The solvent dissolves

7



Chapter 2. Diamond Properties and Growth

Figure 2.3: Phase diagram of carbon with changing temperature and pressure.
Reprinted from F. P. Bundy et al., “Diamond-Graphite Equilibrium Line from
Growth and Graphitization of Diamond”, The Journal of Chemical Physics 35,
383–391 (1961), with the permission of AIP Publishing.
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carbon, breaking down carbon-carbon bonds, and transports carbon atoms to

the diamond surface. With such an approach, the pressures and temperatures

required for diamond growth are significantly reduced to the order of 1500 K and

5 GPa [19]. These conditions are typically achieved using a hydraulic press. The

limitations of this method are the high levels of incorporation of nitrogen and

solvent metals into the diamond crystal, along with the limitation of crystal sizes

to the order of millimetres [42].

2.2.2 Detonation

The shockwave from an explosion generates a very high temperature and pres-

sure for a few fractions of a second, and can be used to synthesise diamond [19].

This was discovered in the 1960s by researchers in the Soviet Union attempting

to synthesise diamond through the compression of graphite and carbon black.

It was found that placing a carbon source directly within the charge resulted in a

much greater yield [43]. Explosive mixtures with the composition CaHbNcOd with

a negative oxygen balance (where the mixture contains fewer oxygen atoms than

is necessary to oxidise all the components) are typically used for this purpose, as

these result in incomplete combustion and therefore formation of elemental car-

bon [43]. Figure 2.4 shows a phase diagram of carbon, along with a line showing

the temperature and pressure experienced during detonation synthesis. The line

AB indicates the decomposition of the explosive mixture, which moves tempera-

ture and pressure above the M1 phase line, leading to the formation of liquid car-

bon clusters which condense to form 5 nm diamond nanoparticles. The Jouguet

point, B, indicates the end of combustion. From this point the pressure rapidly

drops, with the high temperature decayingmore slowly, resulting in the formation

of graphitic shells around the diamond nanoparticles. Aggregates approximately

100-200 nm in size are typically formed by this process, shown in Figure 2.5.

2.2.3 Chemical Vapour Deposition

The challenges of methods replicating the natural conditions for diamond growth

led to the search for new methods of growth at low pressures. Initial experiments

9
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Figure 2.4: Phase diagram of carbon during detonation diamond synthesis. The
inset indicates the pressure profile of the explosion. Reproduced from [43], with
permission from Springer Nature.

10
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Figure 2.5: SEM images of detonation diamond aggregates. Reprinted from A.
Krüger et al., “Unusually tight aggregation in detonation nanodiamond: Identifi-
cation and disintegration”, Carbon 43, 1722–1730 (2005), © 2005, with permission
from Elsevier.
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by Eversole at the Union Carbide Corporation in 1958 [45] and Deryagin in Rus-

sia in 1968 grew diamond on the surface of natural diamond crystals heated to

900 °C by thermal decomposition of carbon-containing precursor gases [42, 46].

This approach was limited by the deposition of sp2 material at the same time as

diamond, limiting growth rate and purity. Angus in 1968 [47] made a key discov-

ery; that atomic hydrogen preferentially etched sp2 material if present during the

growth process, leading to the growth of pure diamond by the CVD method. It

was later shown by Russian groups [48] that heterogeneous diamond growth was

possible using such a method. The hot filament reactor was developed in 1982

at the Japanese National Institute for Research in Inorganic Materials [49], grow-

ing high quality diamond on heterogeneous substrates at rates of approximately

1 𝜇m/hour. The same group developed the microwave plasma reactor the follow-

ing year [50].

Common to all forms of CVD diamond growth is the requirement of activation

of carbon-containing precursors. To result in diamond growth and not graphite,

the carbon-containing precursor gas must be diluted in an excess of hydrogen

(typically 1-5%), with the substrate temperature in excess of 700 °C [42, 51]. Hot

Filament Chemical Vapour Deposition (HFCVD) typically operates in a vacuum

chamber maintained at approximately 20-30 Torr, with a substrate heater hold-

ing the substrate at temperatures between 700-900 °C [42]. A typical experimen-

tal setup is shown in Figure 2.6. Activation of the carbon-containing species is

carried out by a metal filament (typically tungsten or tantalum), held a few mil-

limetres above the substrate. This method is relatively inexpensive, and can pro-

duce moderate-quality polycrystalline films at rates between 1-10 𝜇m/hr. How-

ever, during growth the diamond film becomes contaminated with metal from

the filament, making HFCVD unsuitable for the growth of diamond for electronic

applications [42].

An alternative method of activating the growth species is through MPECVD,

wheremicrowaves are coupled into the chamber. Heating of gasmolecules through

collisions with electrons leads to dissociation and the formation of growth species

[42]. Diamond is then grown on a substrate immersed in the plasma. A typical

12



Chapter 2. Diamond Properties and Growth

Figure 2.6: HFCVD experimental setup. Reprinted from [42], by permission of the
Royal Society.
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MPECVD reactor is shown in Figure 2.7. Large substrates can be grown on in this

way, with highmicrowave powers allowing for growth rates exceeding 10𝜇m/hour

[42]. Furthermore, with no filament involved the problem of contamination is re-

moved, with MPECVD capable of producing high quality films. [42].

Figure 2.7: MPECVD experimental setup. Reprinted from [42], by permission of
the Royal Society.

Whilst complex, the chemistry of the CVD growth process is now largely under-

stood. A simplified version is provided below and pictured in Figure 2.8. [42, 52].

Within the plasma, H2 molecules dissociate to form reactive atomic hydrogen.

This can react with carbon-containing molecules to form reactive hydrocarbon

species such as CH3
•. Under growth conditions, the surface of the diamond is

almost completely terminated with hydrogen. Atomic hydrogen will abstract a

surface hydrogen atom, creating a reactive surface site and forming H2. Whilst

most of these reactive sites will react with nearby hydrogen atoms and return to

the previous state, in some cases a nearby CH3
• radical will react with the surface

14
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site, adding a carbon atom to the lattice. If this occurs at adjacent sites, hydro-

gen abstraction can form a reactive radical from one of the adsorbed CH3 species,

creating a CH2
• group, which can react with the neighbouring CH3 group to form

a carbon-carbon bond. Repetition of this process results in stepwise growth of

the diamond crystal.

2.3 Diamond Growth on Heterogeneous Substrates

Heterogeneous growth of single crystal diamond is only possible on single crys-

tal iridium [53], with attempts at growth on non-diamond materials resulting in

polycrystalline films [51]. However, polycrystalline films maintain many of the

extreme properties of diamond whilst allowing for growth over large areas [51].

Growth of diamond on untreated silicon results in nucleation densities that are

too low for the growth of coalesced films, to the order of 104-105 cm-2 [54]. Figure

2.9 shows AFM images of two substrates after exposure to MPECVD growth con-

ditions, one seeded with diamond nanoparticles and the other untreated. There

is no significant film growth visible in the latter. There are several reasons for

the low nucleation density. Firstly, the surface energy of diamond is significantly

higher than that of silicon (6 J/cm2 vs 1.5 J/cm2 [55]). In addition, competition

occurs from non-diamond phases, and the carbon-containing precursors have

a low sticking coefficient on the substrate. Therefore, heterogeneous substrates

require a pre-treatment step prior to growth to enhance the nucleation density.

Several different approaches have been used for this purpose.

2.3.1 Nucleation Enhancement Techniques

Mechanical abrasion of substrates with diamond powder has been shown to sig-

nificantly enhance nucleation density [56]. Spontaneous nucleation of diamond

can occur on defects in the wafer formed by this process, but the main mech-

anism for enhancing nucleation is through diamond particles being embedded

in the substrate. These act as nuclei for the growth of diamond, with nucleation

densities of up to 1010 cm-2 reported [56]. The main disadvantage of this tech-

nique is that it results in significant substrate damage.
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Figure 2.8: Simplified chemistry of the CVD growth process. Reprinted from [42],
by permission of the Royal Society.
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Figure 2.9: AFM images of silicon substrates after exposure to MPECVD diamond
growth conditions. Top: Unseeded substrate. Bottom: Substrate seeded with di-
amond nanoparticles. No significant film growth is seen on the unseeded sub-
strate.
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Ultrasonic treatment of substrates immersed in slurries containingmicron-sized

diamond particles can result in nucleation densities of up to 1011 cm-2 [57]. The

ultrasound treatment causes damage to the substrate and embeds diamond par-

ticles within it, with nucleation occurring as a result of diamond growth on these

fragments, as is the case with mechanical abrasion [57]. Whilst this process pro-

duces high nucleation densities, the problem of substrate damage is still present.

Bias-Enhanced Nucleation (BEN) involves the negative biasing of a conductive

substrate by 100-250 V relative to either a second electrode or the reactor cham-

ber. It is typically carried out under high-methane conditions (4-10% diluted in

hydrogen) [58].Incident CHX
+ ions will have an energy of approximately 80 eV,

which is sufficient to sub-plant them into the substrate, forming an amorphous

carbon layer [59]. Nucleation sites arise from either the formation of nanocrys-

talline graphite due to the high substrate temperature or the formation and an-

nealing of sp3 sites within the amorphous layer [51, 59]. BEN can produce nucle-

ation densities of 1010 cm-2 [60] but requires the use of conductive substrates.

As diamond particles act as nucleation sites for growth, nucleation density can

be enhanced by coating the surface of a substrate with diamond particles. This

has the advantage of avoiding substrate damage, and unlike BEN does not require

a conductive substrate. With the use of nanometre-scale diamond particles, pro-

duced through either milling or detonation synthesis, very high seeding densities

are possible [61]. Substrates are immersed in a diamond particle solution, with

particles adhering to the growth substrate through electrostatic attraction [61, 62].

Detonation synthesis provides very small diamond particles, ideal for high nu-

cleation densities. However, these require additional treatment prior to use in

seeding, as the high levels of sp2 material produced during the synthesis pro-

cess lead to the formation of agglomerates. These can be broken down through

techniques such as oxidation in air [63], bead-milling [44], or hydrogenation [62].

The technique used determines the zeta potential (a measure of surface charge)

of the diamond nanoparticles, with oxidation in air and acid cleaned particles

having negative zeta potential [63], whilst hydrogenated particles have a positive

zeta potential [62]. As the mechanism of adherence to the substrate is through
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electrostatic attraction, it is important to consider the zeta potential of both sub-

strate and seeds. For example, the thin SiO2 layer observed to form on silicon

wafers under ambient conditions [13] has a negative zeta potential [64], and so

high seeding densities can be achieved by using hydrogen-terminated nanopar-

ticles, which have a positive zeta potential. An AFM image of a wafer seeded with

diamond nanoparticles can be seen in Figure 2.10, showing the high nucleation

density possible with this method.

Figure 2.10: AFM image of a silicon wafer seeded with diamond nanoparticles.
Reprinted fromO. A. Williams, “Nanocrystalline diamond”, Diamond and Related
Materials 20, 621–640 (2011), © 2011, with permission from Elsevier.

2.3.2 Growth

During the initial stages of diamond growth, there is a period of time where no

film growth occurs, often referred to as the incubation period [51]. As the sub-

strate is not completely covered with diamond nuclei at this point, carbon dif-
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fuses into the substrate until either lateral growth of diamond nuclei or the for-

mation of a carbide layer on the substrate prevents this. These early stages typi-

cally follow the Volmer-Weber growth model, with adatoms preferentially bond-

ing to diamond nuclei, which leads to the forming of isolated islands [55]. The is-

lands expand both vertically and laterally until they contact, forming a coalesced

film. This intersection of crystallites results in the trapping of non-diamond car-

bon within grain boundaries [65]. After coalescence, growth continues by the van

der Drift model. Crystallographic planes normally have different growth rates as

a result of differences in sticking probability and surface diffusion rates for each

plane [66]. According to the van der Drift evolutionary selection rule, grains grow-

ing fastest in the direction perpendicular to the substrate will overgrow slower-

growing grains, dominating the film [66, 67]. This results in columnar growth,

with crystallite size and surface roughness increasing with film thickness [67, 68].

Figure 2.11 shows a schematic of the early stages of the growth process on silicon,

showing the etching of the native oxide by the plasma and the formation of a sili-

con carbide layer, the formation of isolated islands and coalescence into a single

film, as well as the transition to van der Drift-type growth. The length of the incu-

bation period varies with growth conditions, with greater substrate temperatures

[2] and higher methane concentrations [13, 51] resulting in a shorter incubation

period.

The process of re-nucleation must be considered in the growth of polycrys-

talline diamond. It occurs when the growth of a crystallite is interrupted by sec-

ondary nucleation, triggering new crystallite growth. This interruption of growth

increases the level of defects within the film, with increased levels of sp2 bonding

observed in films grown with renucleation [69]. High levels of re-nucleation will

reduce grain size, which can produce films with a low surface roughness [51]. Fig-

ure 2.12 shows SEM images of two films, one with suppressed renucleation and

one with enhanced re-nucleation. The larger grain size and increased surface

roughness is clearly visible in the former. Re-nucleation is enhanced by greater

methane concentrations and lower substrate temperatures [51].
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Figure 2.11: Schematic of the early stages of MPECVD diamond growth on silicon.
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Figure 2.12: SEM cross sections of films grown with suppression (above) and en-
hancement (below) of re-nucleation processes. Reprinted from O. A. Williams et
al., “Growth, electronic properties and applications of nanodiamond”, Diamond
and Related Materials, Proceedings of Diamond 2007, the 18th European Confer-
ence on Diamond, Diamond-Like Materials, Carbon Nanotubes, Nitrides and Sil-
icon Carbide 17, 1080–1088 (2008), © 2008, with permission from Elsevier.
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Chapter 3

Experimental Methodology

This chapter provides a brief theoretical background of the experimental tech-

niques used within this thesis. These include MPECVD, pyrometry, SE, laser and

pyrometric interferometry, Raman spectroscopy, AFM, and finite element mod-

elling.
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3.1 Microwave Plasma-Enhanced Chemical VapourDe-

position

The MPECVD reactor (pictured in Figure 3.1) used for the growth of the diamond

films in this thesis is a Carat SYstems CTS6U clamshell-type reactor, essentially a

modified Seki (formerly ASTEX) 6500-series reactor. Microwaves are coupled into

the chamber through a dielectric window from the underside of the reactor, with

the dimensions of the chamber designed to allow only one microwave mode at

2.45 GHz. This design allows for the formation of a large plasma, and so is suitable

for growth over large areas [42]. Substrates to be grown on are positioned within

a molybdenum substrate holder atop a copper stage, with both the copper stage

and reactor dome water-cooled. The pressure of the reactor is maintained using

a rotary pump, with mass flow controllers used to regulate the ratio of feed gases.

Film thickness can bemonitored using SE and laser or pyrometric interferometry,

with a dual-wavelengthWilliamsonIR Pro 92 pyrometer used tomonitor substrate

temperature.

Figure 3.1: The MPECVD reactor used for growth of samples within this thesis.
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3.2 Pyrometry

Transfer of heat occurs through three different processes: convection, conduc-

tion and radiation [70]. All matter with a temperature greater than absolute zero

emits energy in the form of electromagnetic radiation, termed thermal radiation

[71]. As the temperature of a body rises, the amount of heat emitted as thermal

radiation increases. Objects at higher temperatures will often seem brighter, and

this has been used as a crude estimation of an object’s temperature for some time.

In 1782, the potter Josiah Wedgewood noted that "red, bright red or white heat

are indeterminate expressions" [72], and such methods are still used to this day

by engineers and blacksmiths [70].

The thermal radiation emitted exhibits a dependence on wavelength, with the

spectral emissive power 𝐸𝜆 used to describe the thermal radiation emitted by a

surface per unit area [70]. For an ideal black body, the spectral emissive power

can be calculated using Planck’s law [73]:

𝐸𝜆,𝑏 =
𝐶1

𝜆5 [exp( 𝐶2
𝜆𝑇

) − 1]
(3.1)

Where 𝐸𝜆,𝑏 is the spectral emissive power for a black body in W/m3, 𝜆 is the wave-

length in m, 𝑇 is the temperature in K, and 𝐶1 and 𝐶2 are the first and second

radiation constants respectively, equal to:

𝐶1 = 2ℎ𝑐2 𝐶2 =
ℎ𝑐

𝑘𝐵
(3.2)

Where ℎ is Planck’s constant, 𝑐 is the speed of light in the medium and 𝑘𝐵 is the

Boltzmann constant.

The maximum black body spectral emission for a particular temperature can

be determined using Wien’s displacement law [74]:

𝜆𝑚𝑎𝑥𝑇 = 0.028978 m K (3.3)
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Figure 3.2 shows the variance of the spectral emissive power of a black body with

wavelength over a range of temperatures, calculated from Planck’s law.

Figure 3.2: A plot of the spectral emissive power of a black body at various tem-
peratures, calculated using Planck’s Law. Reproduced with permission from [75],
© 2001 John Wiley & Sons Ltd.

When used in infrared pyrometry, the value of the exponential term in Planck’s

law is much greater than 1. It is therefore possible to ignore the -1 term, an ap-

proximation known as Wien’s law [70]:

𝐸𝜆,𝑏 =
𝐶1

𝜆5 [exp( 𝐶2
𝜆𝑇

)]
(3.4)

The approximation is generally valid for wavelengths below 5𝜆𝑚𝑎𝑥 .
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The above equations can be used to calculate properties of radiation emitted

from an ideal black body. Unfortunately these are only valid for an ideal black

body, and therefore are of limited use for the non-ideal surfaces encountered in

the real world. For real surfaces, the quantity of radiation emitted from a surface

is a function of both the temperature and properties of the surface [70]. To fully

describe non-black body surfaces, the concept of emissivity must be introduced.

Emissivity (𝜀) is the property that governs the quantity of radiation emitted. It

is defined as the ratio of electromagnetic flux emitted from a surface to the flux

that would be emitted from an ideal black body at the same temperature, and can

take a value from 0 to 1. This value is generally dependent on wavelength [76], so

the spectral emissivity (𝜀𝜆) is defined as the emissivity at a specific wavelength.

Therefore, the spectral emissive power of a real surface differs from that of an

ideal black body in both spectral distribution and magnitude. A surface that ex-

hibits variation in in 𝜀𝜆 with wavelength is known as a selective emitter [77]. Real

bodies can also exhibit directionally-dependent properties, although it is often

sufficient to assume that an emitting material is diffuse and that directional de-

pendencies are negligible [70]. A material with spectral emissivity that is constant

(but not equal to 1) for all wavelengths is known as a grey body [75]. Grey bodies

can be used as an approximation for the behaviour of some real materials [77].

Figure 3.3 shows a comparison of the variance of emissive power with wavelength

for a black body, grey body and a real object (selective emitter).

The first modern pyrometer was the disappearing filament pyrometer, invented

independently in 1901 by Harmon Northrup Morse in the United States [79, 80]

and Ludwig Holborn and Ferdinand Kurlbaum in Germany [81]. It was the first

method to accurately measure temperatures above 1000 °C [82], and it it is pos-

sible for a skilled operator to achieve a resolution of 10 °C at temperatures up to

2000 °C [83]. This pyrometer uses the human eye as a spectrometer. It works us-

ing a lamp filament visible through the eyepiece, with a target in the background

(figure 3.4). The current of the filament is adjusted, changing its temperature, un-

til the filament is no longer visible against the background of the target. If both

the filament and target are black bodies, then they will have the same temper-
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Figure 3.3: The relation of emissive power to wavelength of a black body, grey
body and a real object (selective emitter). Reproduced from [78] with permission
from Elsevier.

ature. In practice, a disappearing filament pyrometer sighted upon a non-black

body surface will return a temperature lower than the true temperature of the

body [83]. Therefore, calibration for the emissivity of the surface is required for

accurate measurement.

The red filter in a disappearing filament pyrometer acts to restrict the mea-

sured region of the spectrum to a narrow band. Figure 3.5 shows the response of

the human eye and the transmittance of a red filter. The reduced sensitivity of the

human eye to red light acts as a long wavelength cutoff, whilst the filter prevents

transmission of light at a lower wavelength [84]. Measurements of higher tem-

peratures can be taken by the inclusion of a grey absorbing filter in the design.

Disappearing filament pyrometers have been largely superseded by other types

of pyrometer, such as the single-colour pyrometer [84].
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Figure 3.4: A disappearing filament pyrometer. The current of the filament is ad-
justed using the resistor, changing its temperature, until the filament is no longer
visible against the background of the target. Reproduced with permission from
[75], © 2001 John Wiley & Sons Ltd.

A single-colour pyrometer uses a rearranged form of Wien’s approximation to

determine the temperature of a sample.

𝑇 =
𝐶2

ln
(
𝐶1𝜀𝜆
𝜆5𝐼𝜆

) (3.5)

Where 𝜆 is the effective wavelength of the pyrometer. The disadvantage of this

form of pyrometry is that the emissivity of the substrate must be known. The

dual-wavelength pyrometer, also known as ratio or two-colour, overcomes this

issue by measuring radiation emitted at two fixed spectral bands (effective wave-

lengths 𝜆1 and 𝜆2). The ratio of emitted radiation at each spectral band 𝑅12 is

given by:

𝑅12 =
𝜀 (𝜆1)𝜆52 [exp(

𝐶2
𝜆2𝑇

) − 1]

𝜀 (𝜆2))𝜆51 [exp(
𝐶2
𝜆1𝑇

) − 1]
(3.6)

If the temperature of the target is sufficiently low, exp( 𝐶2
𝜆𝑇

) will be significantly

greater than 1, so the -1 term can be ignored:

𝑅12 =
𝜀 (𝜆1)𝜆52 [exp(

𝐶2
𝜆2𝑇

) − 1]

𝜀 (𝜆2))𝜆51 [exp(
𝐶2
𝜆1𝑇

− 1]
=
𝜀 (𝜆1)𝜆52
𝜀 (𝜆2)𝜆51

exp
(
𝐶2

𝜆2𝑇
− 𝐶2

𝜆1𝑇

)
(3.7)

Assuming the emissivity at both wavelengths is the same, the measurement will
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Figure 3.5: The combination of the response of the human eye and the transmit-
tance of a red filter restricts the detected region of the spectrum to a narrow band.
Reproduced with permission from [84], © 1998 John Wiley & Sons Ltd.

become independent of surface emissivity:

𝑅12

(
𝜆1

𝜆2

)5
= exp

(
𝐶2

(
𝜆1 − 𝜆2

𝜆1𝜆2𝑇

))
(3.8)

This can be rearranged to give:

𝑇 =
𝐶2(𝜆2 − 𝜆1)

𝜆1𝜆2

(
5 ln

(
𝜆1
𝜆2

)
− ln(𝑅12)

) (3.9)

Whilst dual-wavelength pyrometers reduce the uncertainty in emissivity, they

are less sensitive than spectral band pyrometers [70].

3.3 Spectroscopic Ellipsometry

SE involves the irradiation of a sample with polarised light at angles close to the

Brewster angle (Figure 3.6). The optical constants, film thickness and microstruc-

ture of the sample can be derived from the changes in polarisation state caused

by the reflection or transmission of light [85]. When a sample is probed with po-

larised light, reflection coefficients from the perpendicular (s) and parallel (p)

components of the light can generated by rewriting Fresnel equations using Snell’s
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law:

𝑟𝑠 ≡
𝐸𝑟 𝑠

𝐸𝑖 𝑠
=
cos 𝜃𝑖 − (𝑁 2

𝑡 𝑖
− sin 𝜃𝑖 )

1
2

cos 𝜃𝑖 + (𝑁 2
𝑡 𝑖
− sin 𝜃𝑖 )

1
2
= | 𝑟𝑠 | 𝑒 𝑖𝛿𝑟 𝑠 (3.10)

𝑟𝑝 ≡
𝐸𝑟𝑝

𝐸𝑖𝑝
=
𝑁 2
𝑡 𝑖
cos 𝜃𝑖 − (𝑁 2

𝑡 𝑖
− sin 𝜃𝑖 )

1
2

𝑁 2
𝑡 𝑖
cos 𝜃𝑖 + (𝑁 2

𝑡 𝑖
− sin 𝜃𝑖 )

1
2
= | 𝑟𝑝 | 𝑒 𝑖𝛿𝑟𝑝 (3.11)

Where Eis and Eip are the electric fields of the s and p components of the incident

light respectively, Ers and Erp are the electric fields of the s and p components of

the reflected light, 𝜃𝑖 is the angle of incidence relative to the normal, and Nti is

the ratio of the complex refractive indices of the sublayer and incident materials

[85].

Figure 3.6: The changes in polarisation state upon reflection of linearly polarised
light. Reproduced from [86] with permission of The Royal Society of Chemistry.

The two measured values in SE are delta (Δ) and psi (Ψ). When polarised light

reflects form a surface, a phase shift can occur. This phase shift is not always the

same for both p and s components of the light. The parameter Δ is defined as:

Δ = 𝛿1 − 𝛿2 (3.12)

Where 𝛿1 is the phase difference between p and s components prior to reflection,

and 𝛿2 is the phase difference after reflection. Delta, therefore, is the phase shift

caused by reflection, and can take values from -180° to +180° [87]. In addition

to this phase shift, reflection results in a reduction in amplitude for both p and

s components, and as before this is not the same for both. The quantity Ψ is

defined as:

tanΨ =
| 𝑟𝑝 |
| 𝑟𝑠 |

(3.13)
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Where 𝑟𝑝 and 𝑟𝑠 are the total reflection coefficients of the p and s components

respectively. Ψ is therefore the angle whose tangent is the ratio of the magnitudes

of the total reflection coefficients. It is a real number and can range in value from

0° to 90° [85]. The quantity rho (𝜌) is defined to be the complex ratio of the total

reflection coefficients:

𝜌 =
𝑟𝑝

𝑟𝑠
(3.14)

The fundamental equation of ellipsometry is:

𝜌 = tanΨ𝑒 𝑖Δ =
𝑟𝑝

𝑟𝑠
(3.15)

tanΨ is the magnitude of 𝜌 , and the exponential function is the phase shift [85].

The quantities Δ and Ψ are directly measured by the ellipsometer, and so these

are always correct if the instrument is functioning correctly. As the measurement

is of the change in polarisation state and not intensity of the reflected light, the

measurement is possible even when there is a bright background [12]. The phys-

ical characteristics of the sample are derived from a comparison between sim-

ulated and measured values of Δ and Ψ. An iterative fitting process is typically

used, with potential samples tructures varied to improve the Mean Square Error

(MSE) between measured and modelled spectra. Regression analysis is typically

employed to determine the combination of model parameters that results in the

lowest MSE. It is important to note that the quality of the derived parameters is

entirely dependent on the quality of the model employed.

Modern spectroscopic ellipsometers typically employ a xenon arc lamp to pro-

duce unpolarised white light. This beam is then collimated an linearly polarised

so that 𝐸𝑖𝑝 = 𝐸𝑖 𝑠 . The beam is used to irradiate the beam at an angle close to the

Brewster angle. The reflected beam, with altered Δ and Ψ, passes through a com-

pensator and analyser (with one of the two rotating), before being separated by

wavelength and measured by a charge-coupled device detector [87]. A schematic

of a rotating compensator ellipsometer is shown in Figure 3.7.

Whilst in theory the light reflected from the sample will be perfectly elliptically

polarised, in practice depolarisation can be introduced by imperfections in ei-
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Figure 3.7: A typical experimental setup for spectroscopic ellipsomety, showing a
rotating compensator instrument. Reproduced with permission from [85], © 2007
John Wiley & Sons Ltd.

ther the sample or the instrument [85]. The Stokes parameters can be used to

fully characterise all possible degrees of polarisation, from fully unpolarised to

completely polarised light. These are often mathematically represented in vector

form, termed the Stokes vector:



𝑆0

𝑆1

𝑆2

𝑆3


=



1

−𝑝 cos 2Ψ

𝑝 sin 2Ψ cosΔ

−𝑝 sin 2Ψ sinΔ


(3.16)

𝑆0 is the total light intensity, whilst the parameters 𝑆1−3 are representative of the

relative difference in light intensity between the different states of polarisation:

𝑆1 is the difference in intensity between light linearly polarised in the x direction

(horizontal) and light linearly polarised in the y direction (vertical); 𝑆2 is the dif-

ference in intensity between light polarised at +45° and light polarised at -45°; 𝑆3

is the difference in light intensity between the left circular polarisation and the

right circular polarisation. 𝑝 is the degree of polarisation given by:

𝑝 =
(𝑆21 + 𝑆22 + 𝑆23)

1
2

𝑆0
(3.17)

For totally polarised light, 𝑝 is equal to 1, whereas for totally unpolarised light it

is equal to 0 [85].
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3.4 Laser and Pyrometric Interferometry

A slightly simpler technique than spectroscopic ellipsometry frequently used for

in-situ monitoring of diamond film growth is interferometry. As shown in Figure

3.8, the intensity of a laser reflected from a substrate during diamond growth will

oscillate due to constructive and destructive interference from the growing film.

The growth rate of the film can be determined from the period of oscillations

using the following equation [7, 88]:

𝑅 =
1
𝑇

× 𝜆

2𝑛 cos 𝜃
(3.18)

Where 𝑅 is the growth rate, 𝑇 is the period of oscillations, 𝜆 is the wavelength

of the laser used, 𝜃 is the angle of incidence, and 𝑛 is the refractive index of the

diamond film. Over time, the intensity of the signal will decrease due to scattering

from the increasing diamond film roughness with growth duration [7, 88].

Figure 3.8: Intensity of a laser reflected from a silicon substrate during diamond
film growth, showing fluctuating intensity due to interference.

Interference caused by changing thicknesses of the film will also influence the

apparent temperature of the substrate measured by a pyrometer, [6, 89]. This can
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be used to measure the growth rate, and if a dual-wavelength pyrometer is used

the growth rate can be determined using [6]:

𝑅 =
(𝜆1 + 𝜆2) cos 𝜃

4𝑛𝑇
(3.19)

Where 𝜆1 and 𝜆2 are the two wavelengths of the pyrometer.

3.5 Raman Spectroscopy

When intense monochromatic light is incident upon a sample, the electric field

of the radiation distorts electron cloudsmaking up chemical bonds of the sample,

absorbing energy. As the field reverses, the distorted electron clouds relax, releas-

ing this absorbed energy as radiation. The majority of this is emitted at the same

energy as the incident light, a phenomenon known as Rayleigh scattering [90, 91].

A fraction of the absorbed energy excites vibrational modes within the sample, re-

sulting in a small re-emission at lower energies than the incident light [92]. This

is termed Stokes scattering. The difference in energy between the Rayleigh and

Stokes bands is directly related to the vibrational energies of the sample [90]. It

is also possible for the opposite to occur, with a decrease in vibrational energy

within the sample resulting in re-emission at greater energies than the incident

light (anti-Stokes scattering). As this phenomenon is due to existing vibrational

states within the sample, its intensity is heavily dependent on the temperature

of the sample. Stokes scattering, on the other hand, is only mildly temperature-

dependent. As a result of this, anti-Stokes scattering is not commonly measured

in Raman spectroscopy [90]. Figure 3.9 shows energy level diagrams for the dif-

ferent kinds or scattering.

Whilst the original experiments by the Indian physicist C. V. Raman in 1928 used

a mercury lamp as an excitation source [94], most modern experiments use a

laser for this purpose. Typical wavelengths employed include 514, 633, and 780

nm [95]. Scattered light is typically separated by a grating and collected by a de-

tector to form a spectrum. With the degree of scattering directly related to the

vibrational energies of the bonds in a sample, Raman spectroscopy can be used
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Figure 3.9: Model for the dispersion of light by molecules, showing different kinds
of scattering. Reproduced with permission from [93], © 2013 John Wiley & Sons
Ltd.

to determine the forms of carbon present within a diamond film [8, 9, 96].

3.6 Atomic Force Microscopy

First developed by Binnig in 1986 [97], AFM is a high-resolution technique for sur-

face imaging. Typically, areas imaged are under 150 × 150 𝜇mwith maximum sur-

face roughness on the order of 10-20 𝜇m [98]. The technique involves the scan-

ning of the nanometre-sharp tip of a cantilever across the surface of a sample. As

the tip experiences forces, the cantilever will deflect in accordance with Hooke’s

law. This is typically measured by reflecting a laser off the top of the cantilever,

with movement of the laser spot tracked using a four-quadrant photodiode (Fig-

ure 3.10).

AFM is typically used in one of three regimes, shown in Figure 3.11 [100, 101].

The simplest of these is contact mode, where the tip is pressed against the surface

of the sample and experiences repulsive forces. This is operated in one of two

ways. The first, constant force, is where a feedback loop operates to maintain a

constant distance from the sample, with the change in height of the tip recorded
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Figure 3.10: Typical AFM experimental setup. A laser beam is focused at the end of
the cantilever, and a reflected beam is aligned at the center of the four-quadrant
photodiode. When the cantilever bends, the A–B signal of the PSPD is changed
and fed to the controller to control the height of the cantilever through the Z-
actuator. Reproduced with permission from Y. Seo and W. Jhe, “Atomic force mi-
croscopy and spectroscopy”, Reports on Progress in Physics 71, 016101 (2007). ©
IOP Publishing. All rights reserved.
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to measure the topography of the sample. The second is variable force, where no

feedback loop is employed and deflection of the tip is measured as it is dragged

across the sample. This only possible for smooth samples, as roughness can result

in damage to the tip. Whilst contact mode can produce a high resolution, it can

also result in damage to the sample, and frictional or adhesive forces between the

sample and tip produce image artefacts.

Figure 3.11: Schematic of the force experienced by the tip as a function of dis-
tance from the surface. As the tip moves into contact, there is a shift from at-
tractive to repulsive forces. The three imaging regimes are defined by which area
of this curve the measurement is operating in. Reproduced with permission of
IOP Publishing through PLSclear from K. Morrison, Characterisation Methods in
Solid State and Materials Science (IOP Publishing, Oct. 2019). © IOP Publishing
Ltd 2019.

Non-contact mode is where the probe is positioned at a greater distance from

the sample, with long-range attractive forces causing deflection of the tip. The tip

is oscillated at its resonant frequency, with the small deflections caused by these

forces resulting in a shift in amplitude. The comparatively weak forces experi-

enced by the tip in this mode result in a limited resolution, although the risk of

damage to the sample or tip is eliminated [102].

The final mode of operation is tapping mode. In this mode, the cantilever is

oscillated at a greater amplitude than in non-contact mode, with the tip coming
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into contact with the sample. This contact results in a reduction in amplitude

of the oscillations. This mode minimises the loss of resolution in comparison

to contact mode, whilst exerting less force on the sample; whilst contact mode

typically exerts forces of 1-100 nN on the sample [102], the forces produced by

tapping mode are on the order of 0.1 nN [103], reducing the chances of damage

to the tip or sample.

3.7 Finite Element Modelling

The laws of physics are often described by partial differential equations. For more

complex systems, it is generally not possible to obtain exact solutions [104]. The

finite elementmethod is a computational method used to obtain approximate so-

lutions. Figure 3.12a shows an example of a two-dimensional field variable 𝜙(x,y)

defined by a known equation. Figure 3.12b shows a triangular finite element within

the field. The vertices of this element are termed nodes; specific points within the

finite element where it is possible to calculate the value of the field variable. Fur-

ther triangular elements can be added to this to form a mesh, shown in Figure

3.12c. In finite element analysis, the values of the modelled variables are com-

puted only at nodes, with interpolation used to approximate the values at points

between the nodes [105] The size of the mesh used must be carefully chosen for

a particular problem, as whilst a smaller mesh size will result in a more accurate

solution, a smaller mesh will have more nodes and therefore the simulation will

be more computationally intensive. The convergence of simulated values and the

exact physical solution can be evaluated by increasing the number of nodes and

observing how this impacts the values obtained by the simulation [105].
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Figure 3.12: (a) A general two-dimensional domain of field variable 𝜙(x,y). (b) A
three-node finite element within the domain. (c) Addition of further elements
forming a partial finite element mesh of the domain.
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Substrate Temperature Mapping

During Diamond Growth

The substrate temperature during (MPECVD) diamond growth has a significant

influence on the properties of the deposited film. Therefore, a non-uniform sub-

strate temperature will result in the growth of an inhomogeneous film, presenting

issues for the scalability of MPECVD diamond growth. This chapter reviews the

effect of substrate temperature on diamond film properties (section 4.1), as well

as existing methods for evaluating substrate temperature during growth (section

4.2), before describing experimental work developing a technique employing a

dual-wavelength pyrometer coupled with a mirror galvanometer to map the sub-

strate temperature during MPECVD diamond growth (section 4.3). Temperature

maps generated are compared to plasma electron densities simulated using a fi-

nite element model, as well as the properties of nanocrystalline diamond films

mapped using ex-situ Raman spectroscopy and SE.

This chapter is adapted from the manuscript published in [4].
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4.1 Effects of Substrate Temperature onDiamond Film

Properties

Along with methane concentration, substrate temperature is a hugely important

parameter for nanocrystalline diamond growth by MPECVD. Typical substrate

temperatures for nanocrystalline diamond growth byMPECVD are within the range

of 700-900 °C [51]. Whilst low-temperature growth has been reported (in one case

as low as 150 °C [106]), the quality of such material is often poor when compared

to that grown at high temperatures, with the low growth rates at extremely low

temperature often impractical [51].

Several SE studies have evaluated the level of sp2 content within the film with

varying growth temperature. Windischmann et al. grew several diamond films

at temperatures between 600-900 °C, finding that the sp2 fraction measured by

SE decreased with increasing substrate temperature. Additionally, the level of in-

trinsic stress increased with deposition temperature, which was attributed to the

lower levels of sp2 content. The trends of these properties with temperature can

be seen in Figure 4.1. In-situ SE study by Hong et al [2] indicated that increas-

ing the substrate temperature from 626 °C to 841 °C reduced the peak sp2 fraction

formed during coalescence from 45% of the bulk layer volume to 20%.

Similar observations have been seen in Raman spectroscopy. Fortunato et al.

[108] grew a series of diamond films by MPECVD at substrate temperatures be-

tween 786-906 °C. Spectra (shown in Figure 4.2 were evaluated using the diamond/

graphite ratio (to evaluate phase purity), as well as the Full Width at Half Max-

imum (FWHM) (to evaluate crystalline quality). It was found that the highest

phase purity and crystalline quality increased with increasing substrate temper-

ature. The growth rate of diamond films has also been shown to vary with sub-

strate temperature. Lee et al. [109] used real-time SE to measure the thickness

of diamond layers grown by MPECVD on silicon at substrate temperatures be-

tween 461-841 °C, finding that the growth rate significantly increased with increas-

ing substrate temperature (Figure 4.3).
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Figure 4.1: Top: Variation of absorbing sp2 C fraction incorporated in diamond
film on deposition temperature, measured by SE. Bottom: Total and intrinsic
stress variation with deposition temperature. Used with permission of the Amer-
ican Institute of Physics, from H. Windischmann et al., “Intrinsic stress in dia-
mond films prepared by microwave plasma CVD”, Journal of Applied Physics 69,
2231–2237 (1991). Permission conveyed through Copyright Clearance Center, Inc.
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Figure 4.2: Ex-situ Raman spectra of samples grown by MPECVD at various de-
position temperatures. Reproduced with permission from Springer Nature from
[108].

Figure 4.3: Diamond mass thickness, defined as the physical thickness times
the diamond volume fraction, plotted vs time during nucleation for diamond
films prepared on separate seeded Si wafers at selected temperatures. Used
with permission of the American Institute of Physics, from J. Lee et al., “Nucle-
ation and bulk film growth kinetics of nanocrystalline diamond prepared by mi-
crowave plasma-enhanced chemical vapor deposition on silicon substrates”, Ap-
plied Physics Letters 69, 1716–1718 (1996). Permission conveyed through Copyright
Clearance Center, Inc.
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4.2 Substrate TemperatureMeasurement DuringDi-

amond Growth

With such variance in film properties with substrate temperature during growth,

it is clearly of great interest to be able to measure this. Thermocouples have fre-

quently been used to attempt tomeasure the substrate temperature under growth

conditions [107, 110–112]. In HFCVD growth, these can be placed atop the sub-

strate. Such an approach was employed by Zimmer et al., who used 12 thermo-

couples bonded to the surface of a silicon wafer to measure the substrate tem-

perature uniformity during growth, with observed temperature variations corre-

sponding with the non-uniformity of film thickness (Figure 4.4). Whilst slightly

limited by the small number of points at which the temperature is measured, this

approach is undeniably useful. Unfortunately, the harsh plasma environment

during MPECVD diamond growth makes it impractical to place thermocouples

on the surface of the substrate. It is possible to avoid this issue by placing them

on the back of the substrate, but this presents its own problems as it results in

thermocouples sitting between the substrate and water-cooled stage, adding a

significant source of uncertainty in the temperature measurement.

Figure 4.4: Film thickness (t) and corresponding radial temperature deviation
(dT) for three different reactor configurations. tx, ty and tz are film thicknesses
for three different reactor configurations with the corresponding radial temper-
ature deviations (dTx, dTy and Tz). Reproduced with permission from Elsevier
from [110]. © 2005 Elsevier BV.
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The limitations of the thermocouple method mean that the predominant sub-

strate temperature measurement technique during MPECVD is pyrometery, typi-

cally single colour or dual-wavelength. A more detailed background of the theory

of thermal radiation can be found in Chapter 3, so only a brief overview will be

included here. Single-colour pyrometers determine the temperature of a sample

using Wien’s approximation:

𝑇 =
𝐶2

ln
(
𝐶1𝜀𝜆
𝜆5𝐼𝜆

) (4.1)

where T is the temperature of the sample, 𝐶1 and 𝐶2 are the first and second ra-

diation constants, 𝐼𝜆 is the intensity of the sample at the effective wavelength of

the pyrometer 𝜆, and 𝜀𝜆 is the emissivity of the sample at wavelength 𝜆. The

use of pyrometry does produce some additional sources of uncertainty; the ef-

fective wavelength must be carefully selected in order to avoid emission from the

plasma, and windows can result in absorbance of the emitted radiation from the

substrate, particularly if dirty. Even so, it is possible to use single-wavelength py-

rometry to both measure the substrate temperature and evaluate its uniformity

during growth. With the emissivity of a single-colour pyrometer set to 0.6, Zuo et

al. [113] investigated the temperature uniformity in a MPECVD reactor consisting

of a 2.45 GHz cavity applicator inside a 12 cm diameter fused silica bell jar, prob-

ing temperature variation at a range of microwave power and chamber pressure

conditions. It was found that both temperature variation and absolute tempera-

ture at the centre of the substrate increased with increasing power and pressure

(Figure 4.5).

However, this method has a further disadvantage as a result of its dependence

on the emissivity of the substrate. The changes in emissivity of the substrate seen

during the growth process can result in significant errors in the measured tem-

perature [114, 115]. The problem of changing emissivity can be circumvented by

employing a dual-wavelength (or two-colour) pyrometer. This uses readings at

two different wavelengths to determine the substrate temperature, which is mea-
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Figure 4.5: Substrate center temperature vs. pressure and absorbed microwave
power for the deposition plasma without argon. The vertical bars represent the
minimum/maximum variation of temperature across a 75 mm diameter wafer.
Reproduced with permission of Elsevier from [113]. © 2008 Elsevier BV.

sured using the ratio of the two intensities 𝑅12:

𝑇 =
𝐶2(𝜆2 − 𝜆1)

𝜆1𝜆2

(
5 ln

(
𝜆1
𝜆2

)
− ln(𝑅12) + 𝑙𝑛

(
𝜀1
𝜀2

)) (4.2)

Assuming the emissivity at the two wavelengths used is the same, the emissivity

term will equal zero and therefore temperature measurement becomes indepen-

dent of emissivity:

𝑇 =
𝐶2(𝜆2 − 𝜆1)

𝜆1𝜆2

(
5 ln

(
𝜆1
𝜆2

)
− ln(𝑅12)

) (4.3)

Such an approach was employed byMallik et al. [116, 117] to investigate the sub-

strate temperature uniformity in a MPECVD reactor, with a dual-wavelength py-

rometer used to measure the substrate temperature across nine different points

of the substrate (Figure 4.6). Figure 4.7 shows the variation in substrate temper-

ature with the change in reactor parameters. It was found that changes in mi-

crowave power, chamber pressure, stage height, and short position had a signif-

icant impact in plasma uniformity, whilst the methane fraction did not have as

significant an impact on temperature distribution. Differences in thickness ob-

served using cross-section SEM correlated with the observed temperature gradi-

ent, whilst Raman spectra did not appear to correlate with growth temperature.

Whilst the insight of this work is obvious, it is somewhat limited by the small

number of points of the substrate measured; with only three points from edge
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to edge of the wafer in any particular axis measured, it is difficult to properly

evaluate the shape of the substrate temperature distribution. A more thorough

mapping of the temperature of the entire substrate is necessary to achieve this.

Figure 4.6: Schematic of (a) the design of the insulating quartz plate used to hold
the sample during growth (b) the top view of the distribution of substrate surface
points at which temperatures were measured, along with the plan view of Si wafer
and quartz plate assembly. Reproduced with permission from Elsevier from [116].
© 2012 Elsevier BV.

As the properties of diamond films are dependent on the substrate temperature

during growth, it is possible to investigate the temperature uniformity through

mapping of film properties alone. Ayres et al. [118] investigated the variance of

electrochemical properties of boron-doped diamondwafers grown at varyingmethane

fractions, finding a radial variation in sp2 content from centre to edge of the wafer.

The notable disadvantage of this approach is that it is reliant on the growth of di-

amond films, which is time-consuming when evaluating the impact of changing

growth parameters on substrate temperature uniformity. Other work has com-

bined this property mapping with a computational approach. Cuenca et al. [3]

employed a finite element model to investigate the impact of changing the height

of the molybdenum substrate holder on plasma distribution during growth, com-

paring simulation results with Raman spectra and SEM images of various regions

of the sample, finding good agreement between the two. However, the authors

note that the ability to monitor the temperature distribution of a substrate under

growth conditions is needed to allow for further optimisation of holder design.
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Whilst considerable work into evaluating the uniformity of substrate temper-

ature during growth has been carried out, up to this point any probing of the

substrate temperature distribution under growth conditions has either focused

on a small number of isolated points on the substrate, with no ability to map the

temperature across the entire substrate, or is reliant on the time-consuming pro-

cess of growing diamond films for post-growth characterisation. The ability to

quickly evaluate the impact of changing growth parameters on substrate temper-

ature would be very powerful as a tool to improve substrate temperature unifor-

mity. The next section of this chapter details the development of an inexpensive

and simple to implement non-contact method of measuring of the temperature

variation across a substrate under growth conditions, combining existing pyro-

metric techniques with a mirror galvanometer to produce two-dimensional sub-

strate temperature maps.
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Figure 4.7: Graphs showing the variation of the substrate temperature and the
arising temperature difference (Δ𝑇 = 𝑇𝑚𝑎𝑥 −𝑇𝑚𝑖𝑛) among nine different surface
points, with change in (a) microwave power, (b) chamber pressure, (c) stage posi-
tion, (d) short position, and (e) methane flow rate. Reproduced with permission
from Elsevier from [116]. © 2012 Elsevier BV.
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4.3 Mapping the Effect of Substrate Temperature In-

homogeneity During Diamond Growth

4.3.1 Experimental Methodology

A two-dimensional gold mirror galvanometer (galvo) system (Figures 4.8 and 4.9)

was used to scan the field of view of a WilliamsonIR Pro 92 dual-wavelength py-

rometer of nominal spectral response 2 µm through a top-down 2.75” ConFlat

viewport in a Carat Systems CTS6U clamshell-type microwave CVD reactor, pro-

ducing temperature maps of three different molybdenum substrate holders that

are typically used for diamond growth at varying microwave power and chamber

pressures. The dimensions and details regarding the typical usage of the three

holders are summarised in Table 4.1 and Figures 4.10 and 4.11. The three hold-

ers were selected to ensure that the temperature mapping system can evaluate

substrate temperature for various holder designs, as a wide range of holder mor-

phologies are typically used for diamond growth on different substrates. All tem-

perature maps were taken using the maximum extents of the field of view of the

galvanometer, which was limited by the geometry of the reactor.

Table 4.1: Summary of the three molybdenum substrate holders used.
Holder Dimensions Typical Usage

1 Cylinder of diameter 40 mm and
height 10 mm

Growth on small samples, typi-
cally less than 20 × 20 mm.

2 58 mm diameter, height of 5 mm
with 1.5 mm deep recess on top
surface and 0.1 mm recess on un-
derside

Thick film growth on 2" wafers of
thickness 2 mm or greater.

3 76.2 mm diameter, height of 4.2
mm. 51.3 mm diameter 0.4 mm
deep recess on top surface, 1.5
mm deep recess on underside

Thin film growth on 2" wafers of
thickness 500 µm.

Holder 1 was mapped under a hydrogen plasma with a range of forward mi-

crowave power and chamber pressure conditions, summarised in Table 4.2. Tem-

perature maps were taken in two scan directions; "Y", in which all positions of a

single Y-value were mapped before moving on to the next row, and "X", in which
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Figure 4.8: Schematic of galvo scanning system. The white beam illustrates the
field of view of the pyrometer.
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Figure 4.9: Top: Clamshell-type reactor with galvo mounted to the top window.
Bottom: Closer look of galvo mounting system. The pyrometer is visible on the
right hand side.
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Figure 4.10: Schematics of the three molybdenum substrate holders used. Top
row, from left: Holder 1; top side of holder 2; bottom side of holder 2. Bottom
row, from left: Top side of holder 3; bottom side of holder 3.

all positions of a single X-value were mapped before moving on to the next col-

umn. Unless stated otherwise, all scans were taken in the "Y" direction, with the

step size for all scans set to 0.2°.

Table 4.2: Conditions used for temperature mapping of holder 1.
Microwave Power (kW) Chamber Pressure (Torr) Substrate

3 45 None
3.5 75 None
5 90 None

Seeding of silicon substrates is necessary to ensure sufficient nucleation den-

sities for the growth of coalesced films [51, 119]. This was carried out by immers-

ing substrates in a monodisperse hydrogen-terminated nanodiamond/deionised

H2O colloid and placing them in an ultrasonic bath for 10minutes. This technique

is known to produce seeding densities in excess of 1011 cm-1 [120].

The second holder was mapped under a hydrogen plasma at various power

and pressure conditions, both empty and containing a 2 mm thick, 2" diame-

ter seeded silicon (100) wafer. The conditions used for mapping are summarised
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Figure 4.11: Cross-sections of the three molybdenum substrate holders used. Top
left: Holder 1. Top right: Holder 2 with enlarged view of the 0.1 mm recess under-
neath. Bottom: Holder 3.

in Table 4.3. To evaluate the effect of the inclusion of methane in the plasma

on temperature distribution, a temperature map of the second holder containing

an unseeded 2 mm thick, 2" diameter silicon wafer was taken under a hydrogen

plasma at 4 kW 65 Torr. The wafer was unseeded to eliminate the convolution

of temperature readings of the pyrometer with the constructive and destructive

interference associated with film growth [6, 121]. The feed gas composition was

changed to 3% methane diluted in hydrogen and a second temperature map was

taken. The flow of methane was then ceased, with the system left for 16 hours in

a hydrogen plasma to ensure the elimination of plasma from the reactor, with a

third temperature map then taken. A polycrystalline diamond wafer for ex-situ

Raman characterisation (sample 1) was grown on a seeded silicon wafer of 2 mm

thickness in a plasma containing 3% methane diluted in hydrogen, at forward

power of 5 kW and chamber pressure of 90 Torr for a period of 86 minutes. The

centre thickness of this wafer was estimated at approximately 600 nm using py-

rometric interferometry.

The third holder was used to grow a thin wafer for ex-situ SE characterisation

(sample 2). The film was grown on a 500 µm thick, 2" diameter seeded silicon

(100) wafer, at 4.5 kW and 57 Torr, with a 3-min incubation period at 5% methane

to prevent etching of the seeds. The methane level during growth was set to 0.4%

to maintain a slow growth rate, and therefore reduce the impact of pyrometric

interferometry on the temperature maps generated. Temperature was mapped
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Table 4.3: Conditions used for temperature mapping of holder 2.
Microwave Power (kW) Chamber Pressure (Torr) Substrate

3 45 None
4 65 None
4.5 70 None
5 90 None
3 45 Seeded 2 mm thick 2"

Si (100) wafer
4 65 Seeded 2 mm thick 2"

Si (100) wafer
4.5 70 Seeded 2 mm thick 2"

Si (100) wafer
5 90 Seeded 2 mm thick 2"

Si (100) wafer

in the "Y" scan direction, with a second scan in the "X" direction taken to evalu-

ate whether pyrometric interferometry had significantly impacted the measured

apparent temperature. Attempts to map the holder containing a 500 µm thick sili-

con wafer under a purely hydrogen-fed plasma resulted in fracturing of the wafer,

likely the result of etching of the wafer by the plasma.

A J. A. Woollam M-2000D rotating compensator ellipsometer was used for SE

characterisation of the sample grown in holder 3, at an incidence angle of 70° and

wavelength range between 193-1000 nm. Sample mapping was carried out using

a motorised tilt/translation stage. An iterative fitting procedure was used within

the CompleteEASE software, iterating modelled sample structure to minimise the

MSE between measured and modelled spectra.

Ex-situ Raman spectroscopy was performed using a HORIBA LabRAM spec-

trometer at an excitation wavelength of 532 nm. A motorised XYZ stage was used

to map the intensity of the diamond Raman peak at 1333 cm-1. A line scan of

the intensity of the same peak across the thin sample grown in holder 3 was also

taken.

To investigate the plasma distribution during growth, a FEM of the reactor was

used. Built in COMSOL Multiphysics®, the model simulates the electric field dis-

tribution of the cavity, the plasma fluid distribution and the heat transfer solu-
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tion for a simplified hydrogen plasma model [122] using a cross section from the

Itikawa database. Full details of the model are given in [3].

4.3.2 Temperature Mapping of Holder 1

Figures 4.12 and 4.13 show temperature maps of the first holder at under a hydro-

gen plasma at a range of power and pressure conditions. Unsurprisingly, higher

power and pressure resulted in greater substrate temperatures. It is worth noting

that temperatures measured with the galvanometer did not differ substantially

from those measured with it. The greatest temperature was observed around the

edges of the holder for all conditions, consistent with observations of the edges of

the holder glowing under plasma conditions due to the formation of a secondary

plasma around the edge of the holder (see Figure 4.14). If these glowing edges

are used as a reference, a significant limitation is highlighted in that there is an

obvious spatial distortion; the sample holder is observed to be approximately 30

mm in diameter as opposed to the actual diameter of 40 mm. This is due to the

spot size of the pyrometer (10 mm at the distance used). With the system aimed

at the edge of the holder, there is only partial view of the target. In this case, the

apparent temperature can read artificially low.

Figure 4.12: Temperature maps of the first holder under a hydrogen plasma at
different power and pressure conditions. The dashed line indicates the region of
the holder used for line scans of temperature.

The observed spatial distortion becomes obvious when compared with the FEM

result under the same conditions. This limitation aside, a similar effect is seen in

the model where the edges of the sample holder are hotter than the centre. This
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Figure 4.13: Above: Line scans across the centre of the first holder at Y=0 (region
indicated by the dashed line in Figure 4.12) at varying power and pressure condi-
tions. Below: Simulation of the plasma density across the same region.

Figure 4.14: Photograph of the first holder under a hydrogen plasma from above,
with the glowing edge due to the formation of a secondary plasma visible.
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is attributed to the high electric field at the edges of the puck, thereby focusing

the plasma around here. Additionally, the centre of the sample is at a marginally

elevated temperature which is also corroborated with the model and is simply

due to the plasma ball being centred in the middle of the cavity.

4.3.3 Temperature Mapping of Holder 2

Figure 4.15 shows temperaturemaps of the second holder under a hydrogen plasma

at a range of power and pressure conditions, with scans of both the empty holder

and the holder containing a 2" diameter, 2 mm thick silicon wafer, seeded with

hydrogen terminated nanodiamond. Figure 4.16 shows a comparison of temper-

ature distribution along a line across the centre of the holder at Y = 0, as well as

plots of plasma electron density simulated by the FEM across the same region.

Figure 4.15: Top: Temperature maps of the empty second holder under a hydro-
gen plasma at different power and pressure conditions. Bottom: Temperature
maps of the larger wafer holder containing a seeded 2 mm thick, 2" diameter Si
(100) wafer at various power and pressure conditions under a hydrogen plasma.
The dashed line indicates the region used for line scans.

As with holder 1, the greatest temperatures were seen around the edges of the

holder, consistent with observations of the edges of the holder glowing. Again,

these observations were attributed to the higher electric field at the edge of the
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Figure 4.16: Top: Comparison of temperature line scans across the centre of the
empty second holder (left) and the second holder at Y = 0 (region indicated by
the dashed line in Figure 4.15) containing a 2 mm-thick seeded 2" silicon wafer
(right) at various power and pressure conditions under a hydrogen plasma. Bot-
tom: Simulation of the plasma density across the same region of each holder.

holder resulting in the formation of a secondary plasma around the edges of the

holder. Unlike holder 1, there was no region of elevated temperature at the centre

of the holder, despite an increase in simulated plasma density in this region. It is

believed that this is a result of the morphology of the holder. It contains a 1.5 mm

deep recess at the centre, and therefore does not protrude as much towards the

centre of the plasma ball, resulting in less heating. Also seen is a region of lower

temperature towards the edges of the holder, just before the spike in temperature

at the edge. This is also believed to be an artefact of holder shape. Holder 2 does

not contact the water-cooled reactor stage throughout its entire diameter in order

to reduce cooling and allow for the high substrate temperatures at lower power

and pressure (in excess of 700 °C) typically required for high quality diamond film

growth [2, 121, 123–125]. As contact with the reactor stage is only through a narrow,

1.5 mmwide, ring near the edge of the base of the holder, the cooling of the holder

will non-uniform. Such non-uniform cooling is thought to be responsible for this

aspect of the observed temperature distribution.

With the placement of a 2 mm-thick seeded 2" silicon wafer in the recess of

the holder, a region of elevated temperature was again seen in the centre of the
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substrate. As the recess in the holder is 1.5 mm deep, the wafer stands 0.5 mm

proud from the top surface of the holder, and therefore protrudes further towards

the plasma ball, resulting inmore heating. At the centre, the temperature increase

between an empty and non-empty holder was between 120 and 222 °C, greater

for higher power and pressure, with a similar increase in temperature seen at the

edges of the holder. A similar increase in temperature was seen at the edges of the

holder. Whilst simulated plasma density across the central region is very similar

for both the empty and non-empty holder, there is a divergence around the edges;

whilst an increase in plasma density is seen at the edge of the holder containing

a silicon wafer, this is less pronounced than with the empty holder.

Up to this point, temperature mapping was carried out under a plasma con-

taining only hydrogen to prevent diamond film growth. During film growth, the

apparent pyrometer temperature measured will oscillate over time due to inter-

ference from varying thickness of the film [6, 89], and film growth will therefore

result the production of in an inaccurate temperature map. It is therefore impor-

tant to evaluate the effectiveness of a hydrogen plasma to approximate MPECVD

diamond growth conditions.

To evaluate this, a sequence of temperature maps of holder 2 containing an

unseeded 2 mm-thick 2" Si (100) wafer were taken; the first of which under a hy-

drogen plasma, the second in a plasma comprising 3%methane diluted in hydro-

gen (typical for MPECVD diamond growth [121, 123–125]) for 55 minutes, and the

third after being left in a hydrogen plasma for 16 hours to ensure the elimination

of methane from the chamber. Figure 4.17 shows temperature maps from this

sequence along with the differences in temperature between these maps, whilst

Figure 4.18 shows line scans across the centre of the temperature maps. The ad-

dition of methane resulted in an increase in temperature across the centre of the

substrate of approximately 50 °C as a result of heat released by the reaction be-

tween CH and H species [126]. A greater increase in temperature was seen around

the edge of the holder. It is important to note that whilst the measured tem-

perature increased, across the central region of the substrate this increase was

uniform. As a result, the temperature maps generated under a hydrogen plasma
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are a suitable approximation for the shape of the temperature distribution under

growth conditions.

Figure 4.17: Top, from left: Sequential temperature maps of holder 2 containing
an unseeded 2 mm thick 2" Si wafer under a hydrogen plasma, under a plasma
consisting of 3% methane diluted in hydrogen, and after 16 hours in a hydrogen
plasma. Bottom, from left: Temperature distribution difference between map 1
and 2, temperature difference between map 2 and 3.

Interestingly, removal of methane from the plasma did not result in a signifi-

cant decrease in temperature across the centre of the substrate, although a de-

crease was seen around the edge of the holder. Given that nucleation density on

untreated substrates is too low for the growth of coalesced films [51, 119], it is un-

likely that this is the result of any significant film growth. Instead, it is likely due

to the observed etching of the substrate. The emissivity of silicon is influenced

by surface roughness [127], and as the dual-wavelength pyrometer measurement

is dependent on this remaining constant the apparent temperature will change.

Ex-situ Raman spectroscopy was used to evaluate the effect of temperature in-

homogeneity during growth on both the thickness and quality of the film. As de-
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Figure 4.18: From left: Sequential line scans scans of holder 2 containing an un-
seeded 2 mm thick 2" Si wafer under a hydrogen plasma at Y = 0 (region indicated
by the dashed line in Figure 4.17), under a plasma consisting of 3% methane di-
luted in hydrogen, and after 16 hours in a hydrogen plasma.
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tailed earlier in this chapter, previous studies have shown that higher growth tem-

peratures can result in both a faster growth rate and a lower sp2 volume fraction

[1, 2]. Figure 4.19 shows a comparison of substrate temperature with the inten-

sity of the diamond Raman peak for a film grown at the same power and pres-

sure (sample 1), whilst Figure 4.20 shows representative Raman spectra at various

points across the sample. The first order diamond Raman peak was visible as a

sharp peak across the entire wafer at 1333 cm-1, with a FWHM of 7.7 ± 0.2 cm-1 at

the centre of the film, indicative of a high-quality diamond film [128]. The mea-

sured intensity of this peak displayed a similar trend to the substrate temperature,

with the greatest Raman intensity seen in the higher temperature central region

of the film, decreasing towards the edge. The Raman intensity alone cannot be

used to evaluate film quality; with the film thickness estimated at 600 nm by py-

rometric interferometry, the laser is capable of penetrating the entire film, and as

such this greater intensity is the product of both a higher quality and thicker film

in this region. For a better indication of film quality without convolution with the

effects of film thickness, FWHM can be used. A higher level of defects within the

film will result in broadening of the peak [129, 130]. The lowest FWHM was seen

at the centre of the film, increasing towards the edge, indicating that the greater

substrate temperature in the centre has resulted in a higher quality film.
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Figure 4.19: Top, from left: Temperature map of the substrate holder containing
a 2 mm thick 2" Si wafer under a hydrogen plasma at 5 kW 90 Torr, rotated to
match the orientation of the property maps; Map of the intensity of the first order
diamond Raman peak at 1333 cm-1. Bottom: Line scans across the region of the
film indicated by the dashed line in the temperature map: Temperature line scan
under a hydrogen plasma; Intensity of the first order diamond Raman peak at
1333 cm-1; FWHM of the first order diamond Raman peak at 1333 cm-1. All Raman
spectra were taken ex-situ after growth.
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Figure 4.20: Representative Raman spectra from the positions of sample 1 indi-
cated in Figure 4.19
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4.3.4 Temperature Mapping of Holder 3

Whilst attempts were made at mapping the temperature of the third holder

containing a seeded 500 µm-thick 2" silicon wafer under a solely hydrogen-containing

plasma, wafers fractured before any temperature maps could be completed. This

was the result of etching of the wafer by the plasma, with etch pits visible on the

wafer shards. As a result, mapping was carried out at a low methane concen-

tration, resulting in slow diamond film growth to prevent etching of the silicon

substrate. Figure 4.21 shows sequential temperature maps in both the "Y" and "X"

scan directions, as well as line scans across the centre of the holder. Taken imme-

diately after the "Y" scan, the "X" scan results in an almost identical temperature

map, indicating that pyrometric interferometry has not resulted in a substantial

distortion of the temperature mapping.

Figure 4.21: Top:Sequential scans of holder 3 containing a seeded 500 µm thick
2" Si wafer in a plasma consisting of 0.4% methane diluted in hydrogen, in the
"Y" (left) and "X" (right) scan directions. Bottom: Line scans at Y = 0 (regions
indicated by the dashed line).
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When compared to holders 1 and 2, holder 3 exhibits a rather substantial hot

spot in the centre. This holder is substantially wider than the other two, with the

only contact with the water-cooled copper stage occurring around the outside;

there is no contact between the centre of the holder and the stage, preventing

any conductive cooling here. As a result, the non-uniform cooling is a lot more

pronounced than with the second holder. The width of this holder also illustrates

an additional limitation of the temperature mapping method, with the geometry

of the reactor meaning that the edges of the third holder extend out of the field

of the view of the temperature mapping system. The area of greatest temperature

around the edge seen with the other two holders was only visible in the bottom

left corner of the temperaturemap. Whilst this preventedmapping of the edges of

the holder, the recessed region in the centre holding the silicon wafer was entirely

within the field of view of the mapping system.

The slow rate of growth resulted in a very thin sample (approximately 60 nm

in the centre), allowing for characterisation using SE. Most previous use of SE for

the characterisation of diamond films involves the use of a Bruggeman Effective

Medium Approximation (EMA) to approximate the bulk layer, combining optical

constants of anticipated components of the film [2, 11, 131, 132]. Typically, opti-

cal constants of diamond, void and sp2 carbon are employed in this bulk layer,

although those of sp2 carbon within polycrystalline films are not easily quantifi-

able, so it is necessary to use those of another material, such as glassy carbon to

approximate them. A more detailed review of previous use of SE for characteri-

sation of diamond films can be found in chapter 5.

Characterisation of nanocrystalline diamond films outside of the very early stages

of growth presents several difficulties. The effective medium approximation used

to model the bulk layer is only valid where the size of phases are smaller than one

tenth of the probing wavelength [85]. Furthermore, surface roughness resulting

from the overgrowth of competing crystallites can lead to scattering of the inci-

dent light, causing depolarisation [85, 133]. Such issues were particularly evident

in the initial analysis of spectra taken between 193 and 1000 nm. Analysis of these

using a model previously shown to effectively characterise early-stage diamond
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film growth [131] resulted in significant MSE between measured and modelled

spectra. The model is made up of a three layer stack atop a silicon substrate mod-

elled using reference optical constants of silicon [134]. The next layer accounts for

the carburisation of silicon substrates that typically observed under MPECVD di-

amond growth conditions [58, 135] using the optical constants of silicon carbide

[136]. The polycrystalline diamond film was represented using an EMA mixing

the optical constants of three components; a general oscillator matched to refer-

ence optical constants of diamond [136], glassy carbon to approximate sp2 con-

tent [137], and void. The top layer of this stack was an EMA made up of 50% bulk

and 50% void to approximate surface roughness. It was observed that there was

a high level of parameter correlation between the thickness of the SiC layer and

other parameters, including surface roughness and bulk layer thickness. As a re-

sult of this, the thickness of this layer was not allowed to vary across the whole

film and was instead fixed at the 1.75 nm measured in the centre of the film.

The films previously characterised using this model were thinner than the film

characterised in this work, and therefore exhibited lower surface roughness and

smaller crystallites [131]. In this work, a significant degree of depolarisation was

observed at the shortest wavelengths, resulting in an increase in MSE. To reduce

the impact of scattering due to surface roughness, the minimum wavelength was

increased to 300 nm, resulting in a significant reduction in MSE. In the final it-

eration of the model, the only quantities allowed to vary through the fit process

were the surface roughness and the thickness and composition of the bulk layer.

An instrument bandwidth of 5 nmwas incorporated into themodel to account for

depolarisation. This final iteration of the model, shown in Figure 4.22, produced

a good fit between measured and simulated spectra.

Figure 4.23 compares maps of the SE-derived properties andMSE with the tem-

perature map of the sample during growth, whilst Figure 4.24 shows line scans of

the same parameters, comparing themwith the intensity of the first-order Raman

peak in the same region. Representative Raman spectra from various regions of

the sample are shown in Figure 4.25. Due to the limited thickness of sample 2,

very long laser exposure times were required to generate sufficient signal for Ra-
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Figure 4.22: Top: Schematic of the SE model used to fit sample 2. Bottom: Com-
parison of measured and modelled spectra at the centre of sample 2.
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man characterisation. As a result of this, Raman mapping of the sample was re-

stricted to a line scan across the centre. The region of greatest temperature in the

centre of the wafer corresponded with the greatest SE-measured bulk thickness.

As noted earlier, it has previously been seen that higher substrate temperatures

result in faster growth rates [1]. The opposite trend was seen seen in the levels of

bulk impurity in the diamond film; the glassy carbon (approximating sp2 mate-

rial) and void fractions were lowest in the centre, increasing towards the edges.

This is consistent with previous SE measurements suggesting that a greater pro-

portion of sp2 material is incorporated in the early stages of film growth at lower

substrate temperatures [2]. The area of very low bulk thickness in the top left of

the sample is the result of slight delamination of the film here.

As seen in sample 1, the intensity of the first-order diamond Raman peak was

greatest in the high-temperature central region, decreasing towards the edge. Given

that sample 2 is very thin, the intensity of this peak will be impacted by the thick-

ness as well as the quality of the film, as the laser is easily capable of penetrating

through the entire film. A thicker film will result in a more intense peak, as will a

higher-quality film. This observation correlates with the SE model showing both

greater bulk thickness and a greater proportion of sp3 (and therefore higher qual-

ity film) in the centre. It is notable that the diamond Raman peak is broader in the

thinner sample 2, with broadening occurring as is typical with smaller crystallite

size [138].

4.4 Conclusion

Substrate temperature inhomogeneity under MPECVD growth conditions was in-

vestigated in-situ using a mirror galvanometer, scanning the field of view of a

dual-wavelength pyrometer to produce temperature maps. An increase in tem-

perature was seen towards the centre of the holder, matching FEM simulations

of a greater plasma density in this region. Similarly, the observation of high tem-

perature around the edge of the holders was validated with high plasma den-

sity in this area. The properties of diamond films were mapped using ex-situ

Raman spectroscopy and SE and compared with temperature maps at the same
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Figure 4.23: Property maps of sample 2, with black dots indicating the locations
SE spectra were taken. Top, from left: Thickness of surface roughness layer in the
SE model across sample 2; thickness of the bulk EMA layer. Middle, from left:
Bulk EMA glassy carbon fraction; bulk EMA void fraction. Bottom, from left: MSE
of the model; temperature map of the sample during growth, rotated to match
the orientation of the SE spectra.
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Figure 4.24: Line scans across the centre of sample 2 at Y = 0 (region indicated by
the solid line in Figure 4.23. Top: Temperature during growth and intensity of the
first order diamond Raman peak. Bottom: SE-derived bulk layer thickness and
impurity fractions.
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Figure 4.25: Representative Raman spectra from the positions of sample 1 indi-
cated in Figure 4.24
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power and pressure. A greater SE-measured bulk thickness and bulk sp3 fraction

were seen in the central region of higher temperature, as was a greater intensity

and lower FWHM of the first-order diamond Raman peak, indicative of a thicker

and higher-quality film. The correlation between mapped temperature, simu-

lated plasma density and thickness and composition of diamond films demon-

strates that this technique is an effective measurement of substrate temperature

distribution. Given that ensuring film uniformity is a significant challenge to di-

amond growth, the ability to map the substrate temperature is a powerful tool to

evaluate the impact of substrate holder design, microwave power and chamber

pressure allowing for further optimisation of growth conditions.
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Chapter 5

In-Situ Monitoring of Diamond

Growth on Silicon

The quality of polycrystalline diamond films grown byMPECVD is heavily depen-

dent on the nucleation and early stages of growth. However, the harsh plasma

environment and relatively high pressure during growth largely restrict in-situ

characterisation to optical methods. Whilst laser and pyrometric interferometry

have previously been used for this purpose, they are limited in resolution and

do not provide any compositional information. SE can be used to provide real-

time monitoring of the thickness, composition and microstructure of early-stage

MPECVD diamond growth with sub-nanometre resolution, although previous at-

tempts have been limited by damage to the substrate caused by substrate prepa-

ration using mechanical abrasion with diamond grit. This chapter reviews pre-

vious use of SE for the characterisation of diamond films in section 5.1 before

detailing experimental work utilising SE to monitor early-stage diamond growth

in section 5.2. Ex-situ SE spectra are used to develop an optical model for film

characterisation, which is then applied to in-situ spectra. The model is validated

with ex-situ AFM images and Raman spectra, and is also used to evaluate the im-

pact of varying the methane concentration on early-stage growth.

This chapter is adapted from the manuscript published in [13].
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5.1 Previous Use of Spectroscopic Ellipsometry For

Characterisation of Diamond Films

With polycrystalline diamond exhibiting many of the extreme properties of bulk

diamond, this allows for exploitation of such properties over large areas at sig-

nificantly lower cost [51], presenting applications such as microelectromechani-

cal systems [34], boron-doped diamond electrodes [29] and thermal management

solutions [18, 28]. With the quality of these films heavily dependent on the seed-

ing and early stages of growth [5], the ability to monitor these early stages is cru-

cial to optimise growth conditions. However, the relatively high pressure during

MPECVD growth prevents the use of electron-based techniques such as reflec-

tion high-energy electron diffraction, with the harsh plasma environment largely

limiting characterisation to optical techniques [2]. Whilst pyrometric and laser

interferometry are typically used to monitor film thickness during growth [6, 7],

these are limited in resolution and provide no compositional information. Raman

spectroscopy is commonly used to characterise diamond films, it is significantly

more sensitive to non-diamond carbon than to diamond material, and is com-

pletely insensitive to void [10]. In comparison with these techniques, SE presents

a number of advantages, with an ability to determine the thickness and diamond,

void and sp2 content (with equal sensitivity) of films as thin as 4 nm [11].

5.1.1 Bulk Layer Characterisation

If the grains and interfacial regions of the polycrystalline diamond film are signifi-

cantly large so as to retain bulk optical constants and the mixing is homogeneous

on the scale of the wavelength of the probing light, the film can be modelled us-

ing an effective medium approximation (EMA):
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Where𝑁𝑒 , 𝑁ℎ , 𝑁1, and𝑁2 are the complex refractive indices of the effectivemedium,

host medium, and inclusions of type 1 and 2 respectively. 𝑓1 and 𝑓2 are the vol-

ume fractions of inclusions 1 and 2 [87]. The main assumption of this model is
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that the inclusions and dipole interactions are spherical [139]. Whilst this is not

always satisfied, it proves to be a reasonable approximation [87]. Further approx-

imations are required to define the host medium. The Maxwell-Garnett approxi-

mation describes inclusions in a host material. For a single inclusion in a single

host, the equation is:
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This model breaks down when used to model surface roughness, or in other cases

where the volume fractions of inclusion and host are similar [140]. To prevent

such breakdown, the Bruggeman approximation sets the complex refractive index

of the host material to that of the effective medium. For two materials, the EMA

is:
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This equation can be extended for additional inclusions.

5.1.2 Early Stage Growth

Using a Bruggeman EMA, Cong et al. [10] performed ex-situ SE on polycrystalline

diamond films between 100 and 400 nm thick, grown on silicon substrates seeded

by polishing with diamond powder. Using regression analysis, an iterative fitting

process was applied (see Figure 5.1). An initial model using optical constants of

bulk diamond from literature resulted in a poor fit, with theMSE greatly improved

by the addition of glassy carbon, representing sp2 material in grain boundaries,

and void. A further decrease in MSE was observed from the inclusion of sec-

ond EMA, consisting of a mixture of diamond and void, to represent the surface

roughness. The addition of an sp2 component to the surface roughness layer did

not significantly reduce MSE, whilst reducing the predicted sp2 volume fraction

in the bulk layer. These two volume fractions were found to be highly corre-

lated. As it was anticipated that much of the sp2 content in the film is located

in grain boundaries, it was suggested that the high sp2 volume fraction found

in the roughness layer was a result of model inaccuracy or experimental error,

and thus the inclusion of a three-component roughness layer was unwarranted.

The model was later used to investigate the impacts of substrate temperature and
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methane concentration during growth on sp2 content, finding that this increased

with greater methane concentration and lower substrate temperature.

Figure 5.1: The evolution of the fitting process used by Cong et al, showing the
changes in mean square error (𝜎) with the inclusion of diamond, void (V) and
sp2 carbon (G) components. Reprinted from Y. Cong et al., “Spectroellipsometry
characterization of optical quality vapor-deposited diamond thin films”, Applied
Physics Letters 58, 819–821 (1991), with the permission of AIP Publishing.

Collins et al. [141] used SE to investigate the effects of the growth environment

on the silicon substrate. Untreated silicon wafers were mounted on a graphite

holder, then exposed to a microwave plasma optimised for diamond growth for

varying duration between 2 minutes and one hour. The plasma heater the sub-

strate and holder, and an equilibrium temperature of 980 °C was reached after 5

minutes of exposure to the plasma. Using SE, a damaged surface layer approxi-

mately 10 nm thick was identified on top of the substrates exposed for less than

5 minutes. This surface layer was best approximated as an EMA mixture of crys-

talline silicon, amorphous silicon, and void. On top of this, a weakly absorbing

surface layer of approximately 7 nm thickness was observed, consisting of silicon

carbide with a 63% void fraction. In those samples exposed in excess of 5 minutes,

annealing of the the damaged layer was observed. It displayed a much lower void
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fraction, along with no detectable amorphous silicon phase. The damaged layer

remained relatively constant in thickness, between 10 and 20 nm. The weakly ab-

sorbing surface layer also decreased in void fraction, with its thickness remaining

within the range of 4-7 nm and not showing any trend with increasing exposure

time.

Accurate determination of the composition of the weakly absorbing surface

layer was difficult, as whilst the best fit employed a silicon carbide/void mixture,

it could also be modelled using other materials. 3 possibilities were identified: A

discontinuous diamond layer, a silicon oxide layer, and the aforementioned low

density silicon carbide layer. The possibility of a diamond layer was ruled out

due to the thickness remaining constant with increasing exposure time; if dia-

mond had nucleated, the thickness of the layer would increase with increasing

exposure time. Whilst SiO2 is unstable in the plasma environment [142], it is pos-

sible that post-oxidation had occurred. In order to identify the composition of

the surface layer, several chemical etches were performed. Following treatment

with HF in methanol, a known etch for SiO2 [143], the thin layer remained intact

with some surface roughening, ruling out the possibility of an oxide layer. A sec-

ond treatment with a 50/50 mixture of K3Fe(CN)6 and NaOH, a mixture known

to etch SiC [144], was performed. SE analysis revealed this treatment reduced the

thickness of the layer by 2 nm, suggesting a defective carbide layer.

As detailed earlier in this thesis, the nucleation density of diamond on un-

treated silicon substrates is too low for the growth of coalesced films, necessi-

tating a pretreatment step [51, 119]. Several SE studies have investigated the seed

layer formed by these processes in detail. Notably, attempts at using SE for this

purpose on substrates treated by mechanical abrasion with diamond grit have

proved unable to determine any diamond content due to the resultant surface

damage [2, 145]. More recently, SE studies of substrates treated using alternative

seeding methods that cause less substrate damage have proved more fruitful.

Mistrik et al. [146] used silicon substrates seeded with monodispersed nan-

odiamond particles with a mean diameter of 4-6 nm, resulting in surface densi-

80



Chapter 5. In-Situ Monitoring of Diamond Growth on Silicon

ties of approximately 1010 cm-2. A series of nanocrystalline diamond films were

deposited at different substrate temperatures (520, 550 and 600 °C and pulsed

plasma frequencies (2.7, 4.5 and 14.3 kHz). SE spectra were taken between 0.7-

5.5 eV (225-1770 nm). A seed layer was modelled using a Bruggeman EMA, using

optical constants of diamond and amorphous carbon taken from literature. Over

the sample set, the inclusion of this seed layer, between 15 and 32 nm thick, re-

duced the MSE from approximately 15 to approximately 13. The addition of the

seed layer did not significantly impact the modelled bulk thickness. AFM scans of

seeded substrates showed a discontinuous nanodiamond seed layer, with a mean

thickness of 12.3 nm, corresponding with the SE modelled seed layer thickness.

Micro-Raman was carried out to determine the non-sp2 content, estimating be-

tween 92-97% diamond content. This value was close to the SE-obtained value of

between 84-93%.

Pinter et al. [147] carried out SE silicon substrates cleaned in a hydrogen plasma

and seeded by BEN. The seeded substrates were exposed to diamond growth con-

ditions for various times between 8 and 180 minutes. After plasma cleaning and

8 minutes of BEN, SE models predicted a 3.5 nm thick layer, consisting of 95%

diamond, 0.6% graphite (to account for sp2 material) and 7% SiO2. Following

an hour of growth, SE indicated a 20.5 nm thick seed layer, consisting of 50%

graphite, 43% void and 7% SiC, underneath a 189 nm thick bulk layer with 2%

graphite content. Rutherford backscattering spectroscopy and elastic recoil de-

tection were performed, estimating a 3% graphite content in the bulk layer, which

corresponded well with the SE-predicted 2% graphite content.

Lohner et al. [148] performed SE on diamond films grown on BEN-treated sili-

con substrates by MPECVD. SE was performed between 0.7-6.5 eV (190-1700 nm)

at angles between 55 and 70°. Using linear regression analysis and effectivemedium

approximations with optical constants taken from literature, a three-layer optical

model of the deposited film was constructed. Closest to the substrate was a seed

layer, approximately 41 nm thick, containing 69% sp3 and 31% sp2 carbon (ap-

proximated using glassy carbon), with a small void component. Directly above

this layer was a 278 nm thick bulk layer, containing upwards of 99% sp3 carbon,
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with small amounts of sp2 and void. The third and final layer was a 11-16 nm thick

surface roughness layer. This study extended the SE measurement further into

the UV region than previous work, and observed a deviation between modelled

and measured Ψ between 190 and 220 nm. In order to account for this, a second

model was constructed, using a Tauc-Lorentz optical model to more accurately

describe the changing dielectric function of the sp3 component of the three lay-

ers with the loss of long range order. This revised model, shown in Figure 5.2, also

indicated the existence of a 41 nm seed layer, containing 21.6% glassy carbon, as

well as a bulk nanocrystalline layer containing 0.77% sp2 carbon.

Figure 5.2: Final iteration of the model used by Lohner et al. to fit spectra. Repro-
duced with permission from [148].

Thomas et al. [131] performed SE of a series of 25-75 nm thick nanocrystalline

diamond films grown on silicon wafers seeded with a hydrogen-terminatedmono-

dispersed nano-diamond/DI H2O colloid. Films were grown by MPECVD in a

methane/hydrogen plasma for between 4 and 123 minutes. A 1.64 nm native ox-

ide layer was identified on top of the substrate with refractive index between Si

and SiO2 due to incomplete oxidation. A bulk layer consisting of two oscillators

matched to optical constants of type 1 and type 2 diamond was added on top of

this, with a final surface roughness EMA layer consisting of 50% bulk and 50%

void. It was found that use of optical constants from a Tauc-Lorentz oscillator

fitted to polished thicker films had minimal impact on the simulated composi-

tion and absolute values. An iterative fitting process as detailed in Figure 5.3 was

applied. Addition of a void and glassy carbon component to the bulk EMA layer
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resulted in a reduction in MSE, as did removal of the native oxide and addition of

a silicon carbide layer, attributed to the etching of the native oxide and carburisa-

tion previously observed in hydrogen and methane containing plasmas [135, 142].

Figure 5.3: a) The iterative fitting process applied to the SE data, featuring the
evolution of the model composition and illustrating the decreasing mean square
error (MSE) with improvement of the model. b) Simulated spectra of the first
model fitted to SE data c) Simulated spectra of the final model fitted to SE data.
Reproduced with permission from [131].

After the optimal structure had been identified, optical constants of the car-

bide and non-diamond content were varied using reference dielectric functions

of amorphous SiC, alpha-SiC, various forms of diamond-like carbon, tetrahedral

amorphous carbon, and graphite from literature. Changes to the optical constant

of the non-diamond material in the bulk EMA resulted in variance of the concen-
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tration of non-diamond material in the samples, as previously observed by Cella

et al. [132]. The trend with growth duration remained the same, and changes in

the MSE were relatively minor, although it was found that that the glassy carbon

optical function best followed the composition trends identified through Raman

spectroscopy, so this was used to approximate sp2 content in the final model.

During variance of the SiC optical constant, all except the beta-SiC optical con-

stant demonstrated inconsistent trends in surface roughness compared with AFM

data.

The seed layer was found to be best modelled by an EMA layer of 4.38 nm thick-

ness, with 54.9% void content 4.5% glassy carbon content, on top of a 1.64 native

oxide layer. Trends in SE-derived parameters for samples grown at different dura-

tion are shown in Figure 5.4. Over the first 8 minutes of exposure to growth condi-

tions, the thickness of the top layer increased to approximately 30 nm whilst de-

creasing in void content to 28.8%, suggesting lateral Volmer-Weber island growth.

The ratio of glassy carbon to diamond content remained constant over this pe-

riod. After 13 minutes of growth, the SE model required the addition of a surface

roughness layer. This correlated with a peak in roughness observed by AFM. After

this point, the bulk thickness began to rapidly increase. Such a peak in SE rough-

ness has previously been observed in in-situ studies of nanocrystalline growth

and has been deduced to be a result of crystallites reaching a maximum size prior

to the coalescence and formation of a complete film [2, 11].

5.1.3 Microcrystalline and Thicker Nanocrystalline Films

Whilst a Bruggeman EMA allows for calculation of optical constants of diamond

films comprised of multiple phases, it is only valid under the following condi-

tions: The size of phases in a composite material must be significantly greater

than atomic sizes, but smaller than one tenth of the probing wavelength, and the

dielectric functions of phases must be independent of size and shape [85]. As the

thickness of nanocrystalline films increases, overgrowth of the competing crys-

tallites can lead to values of surface roughness in excess of 100 nm. If this rough-

ness is greater than 30% of the probing light wavelength, multiple scattering from
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Figure 5.4: Trends in the SE-derived parameters for the seeded substrate and sam-
ples grown for 4-123 minutes. The dashed line indicates the point of coalescence,
after which a second EMA layer was required to model the surface roughness. Re-
produced with permission from [131].
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the crystallite peaks can cause significant depolarisation of the reflected light [85,

133].

Cella et al. [132] performed SEon a series of films between 0.6 and 2 𝜇m thick,

grown using MPECVD on silicon substrates seeded using a 45 𝜇m diamond pow-

der in alcohol solution in an ultrasonic bath. AFM measurements indicated a

relatively thin surface roughness with some deeper canyons. To account for this,

an SE model was constructed involving two surface roughness layers consisting

of diamond and void: A layer consisting of 38% void atop a layer with 9% void

content. The average thickness of these layers was 27 and 47 nm respectively.

The impact of scattering of incident light and EMA breakdown can be avoided

by extending wavelengths into the infrared region of the spectrum. Such an ap-

proach was taken byWang et al. [149], who carried out SE at wavelengths between

3-12 /𝑚𝑢m for films approximately by hot filament CVD and MPECVD. SE mod-

elling using reference optical constants from literature indicated the presence of

a 879 nm surface layer, comprised of an EMA mixture of diamond on void atop a

12 𝜇m bulk diamond layer. This long-wavelength SE displayed limited sensitivity

to thin layers, and the inclusion of a SiO2 layer did not significantly impact the

error of the fit, making it very difficult to characterise the interfacial region be-

tween film and substrate. Fang et al. [150] also carried out infrared SE on films

grown on silicon substrates, identifying a 12 𝜇m thick bulk diamond layer, with a

rough surface layer of approximately 870 nm thickness and 28% void content.

Cifre et al. [151] avoided the issues posed by surface roughness by carrying out

SE of the much smoother substrate side of the film (Figure). The front surface

of the film was embedded in a polyester resin. The silicon substrate was then

removed by chemical etching with a hydrofluoric acid/nitric acid/acetic acid so-

lution, exposing the smoother nucleation side of the film. This side of the film

turned out to have a roughness sufficiently low so as to avoid depolarisation due

to scattering. SE, in combination with x-ray diffraction, allowed for the detection

of a 25 nm thick seed layer comprised of beta-SiC, glassy carbon and air on top

of an approximately 5 𝜇m thick bulk layer.
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Figure 5.5: SEM images of the front surface of the film (top) and the much
smoother substrate side of the film (bottom). Reprinted from J. Cifre et al., “Spec-
troscopic ellipsometry measurements of the diamond-crystalline Si interface in
chemically vapour-deposited polycrystalline diamond films”, Diamond and Re-
lated Materials, Diamond 1992 2, 728–731 (1993). © 1993 by the American Physical
Society.

87

https://doi.org/10.1016/0925-9635(93)90212-K
https://doi.org/10.1016/0925-9635(93)90212-K


Chapter 5. In-Situ Monitoring of Diamond Growth on Silicon

Whilst it has been demonstrated that SE can be performed to some degree of

success on thicker nanocrystalline and microcrystalline films, the issues encoun-

tered with such an approach indicate that the technique is more suited to the

characterisation of early stage diamond growth, prior to the development of sig-

nificant surface roughness.

5.1.4 In-Situ Characterisation

Ex-situ work has provided insight into the diamond growth process by CVD, but

ultimately real-time monitoring is necessary to allow for greater control over the

early stages of growth. Although the resolution of such monitoring is limited by

the acquisition time of the ellipsometer, With acquisition times as short as 1 s

demonstrated [13] (corresponding to approximately 0.3 nm of growth at a typical

growth rate of 1 𝜇m hour-1) SE is clearly suitable for real-time growth monitoring.

The elevated substrate temperature at diamond growth conditions will affect

the optical constants of the silicon substrate. To obtain the dielectric function

of the substrate at high temperatures, Hong et al. [2] subjected an unseeded sili-

con wafer to growth conditions. With the very low nucleation density of diamond

on unseeded wafers [51, 55], diamond growth did not impact SE spectra prior to

thermal equilibration. Temperature calibration of the substrate was possible use-

ing a well-defined feature in the silicon substrate optical function, found at ap-

proximately 3.37 eV at 25 °C. This feature caused by the E1 transition along the Λ

direction in the band structure [140, 152]. The energy position of this transition

decreases linearly with increasing temperatures, from 3.23 eV at 36 °C to 3.04 eV

at 830 °C [152] (see Figure 5.6). From this, the temperature of the substrate can be

calculated using critical point analysis to extract the position of the E1 peak. Such

a method extracts the temperature within approximately 3𝛼−1 of the surface. 𝛼−1

is the absorption coefficient of the substrate at the E1 energy, approximately 20

nm, so the temperature measured is within 60 nm of the surface [2, 11].

Hong et al. [2] applied in-situ SE to silicon substrates seeded by mechanical

scratching at growth temperatures of 626 and 841 °C, with a gas flow ratio of 1%
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Figure 5.6: Dielectric function of silicon at various temperatures. Used with per-
mission from the American Institute of Physics, from P. Lautenschlager et al.,
“Temperature dependence of the dielectric function and interband critical points
in silicon”, Physical Review B 36, 4821–4830 (1987). Permission conveyed through
Copyright Clearance Centre, Inc.

[CH4]/([CH4]+[H2]). A four layer model was developed (Figure 5.7). The first layer

was a crystalline silicon substrate, with a disordered amorphous silicon layer on

top of this. A low-density roughness EMA layer made up of amorphous silicon,

crystalline silicon and void was added to simulate damage to the substrate by the

seeding process. Finally, a surface oxide layer was added atop the stack. This

model was validated with AFM measurements. The proposed model was able

to describe the seeded substrates without the inclusion of any carbon material in

the simulation. This is because the complex nature of the damaged substrate sur-

face layers, and the similarity of low density a-Si and sp2 optical functions made

the detection of sp2 material impossible. Similarly, any diamond layer is difficult

to discern from a surface dielectric layer, voids or surface roughness. The max-

imum potential volume fraction of carbon was estimated to be 0.08, which was

not anticipated to be optically detectable.

Using dielectric constants of the silicon substrates at elevated temperatures,

in-situ SE data was analysed using regression analysis with one and two layer

models of the diamond film, with an EMA made up of optical constants of di-

amond, void, and glassy carbon. At the point of coalescence, a surface roughness
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Figure 5.7: The microstructural model developed for the seeded silicon wafers,
and the optical model used by Hong et al. to simulate this during fitting of SE
data. Reprinted from Diamond and Related Materials 6, B. Hong et al., "Effects of
processing conditions on the growth of nanocrystalline diamond thin films: real
time spectroscopic ellipsometry studies", 55–80, © 1997, with permission from El-
sevier.

layer made up of 50% diamond and 50% void was added. Parameters derived

from this model are shown in Figure 5.8. Films were grown to approximately 220

nm thickness. In the initial stages of growth, the damage to the substrate from

the seeding process made it impossible to determine volume fractions of void

and sp2, requiring these to be fixed. In the early stages of growth, the nucleation

layer increased in thickness. The rate of this growth increased by a factor of ap-

proximately 12 with the temperature increase from 626 to 841 °C. By comparison,

the rate of bulk layer growth only increased by a factor of 1.4. Coalescence was

identified to occur at the point at which the void fraction in the nucleation layer

dropped to 50%, predicted by modelling of hemispheres on a square grid. The

contact thickness of the film grown at 841 °C predicted by SE matched grain sizes

determined by cross-sectional transmission electron microscopy.

Following coalescence, a number of changes in composition were observed.

Most notably, the sp2 volume fraction significantly increased, suggesting that this

non-diamond content is formed in between grains during the coalescence pro-
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Figure 5.8: The changing SE-derived composition of the deposited nanocrys-
talline diamond film at substrate temperatures of 626 °C (left) and 841 °C (right).
The vertical line indicates the point of coalescence, at which point a second EMA
layer was required tomodel the bulk growth. The top panels show the thicknesses
of the nucleation/surface roughness (ds) and bulk (db) layers, whilst the bottom
two panels show the volume fractions of void (fv) and sp2 (fsp2) content in the nu-
cleating (s) and bulk (b) layers. Horizontal dashed lines indicate times for which
the composition could not be determined and so was fixed to allow for calcula-
tion of the thickness. Reprinted from Diamond and Related Materials 6, B. Hong
et al., "Effects of processing conditions on the growth of nanocrystalline diamond
thin films: real time spectroscopic ellipsometry studies", 55–80, © 1997, with per-
mission from Elsevier.
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cess. The volume fraction of sp2 increase during coalescence was observed to

be temperature dependent, with the peak sp2 content decreasing from approx-

imately 45% in the 626 °C growth to about 20% in the 841 °C growth. Surface

roughness was seen to decrease by 10-20 nm due to the joining of islands into

a complete film. After this, the bulk film thickness linearly increased, whilst sur-

face roughness remained relatively stable and the sp2 content decreased rapidly.

This decrease in sp2 volume fraction with increasing thickness suggests that most

of the sp2 content exists in the first 30 nm of the film.

A number of films were grown using different gas concentrations. As antici-

pated, an increase in the ratio of [CH4] to ([CH4]+[H2]) from 1% to 6% resulted

in an increase in the volume fraction of sp2 in grain boundaries close to the in-

terface from 23% to 34%. In addition to this, the rate of decrease in sp2 content

over time was lower, and the proportion of sp2 in the final film increased from 2%

to 16%. The authors suggested that the slower decay of sp2 with increasing [CH4]

to ([CH4]+[H2]) ratio indicated that the sp2 propagates throughout the film dur-

ing growth. In films grown with higher levels of CH4, a slight increase in contact

thickness was observed, although this was at least partly attributed to the limited

reproducability of the the seeding process.

In-situ SE has proved successful for the study of early-stage diamond growth

by MPECVD. However, analysis of the seeding and nucleation has been limited

by the substrate damage by mechanical abrasion process used to seed the sub-

strate prior to growth, preventing determination of bulk volume fractions prior

to coalescence. More recent developments in seeding techniques have produced

methods that do not cause damage to the substrate, such as seeding with dia-

mond nanoparticles [120]. In the next section of this chapter, these seeding meth-

ods are combined with in-situ SE to provide insight into the nucleation and early

stages of diamond film growth.
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5.2 In-situ Spectroscopic Ellipsometry of Diamond

Growth on Silicon

5.2.1 Experimental Methodology

All samples were grown on 15 × 15 mm, 0.5 mm thick polished P-type Si {100}

wafers. To ensure a uniform oxide layer thickness and remove any organic con-

taminants, wafers were cleaned using the RCA SC-1 process [153, 154]. Silicon

substrates require pre-treatment to result in sufficient nucleation densities for

the growth of coalesced diamond films [51, 119]. This was done by immersing

substrates in a hydrogen-terminated/DI H2O colloid for 10 minutes, a technique

known to result in seeding densities in excess of 1011 cm-1 [120].

Growth was carried out in a Carat Systems CTS6U clamshell-type MPECVD re-

actor, at a microwave power of 3 kW and a chamber pressure of 55 Torr. Sub-

strate temperatures were measured at approximately 710 °C using a WilliamsonIR

Pro92 dual-wavelength pyrometer. This relatively low substrate temperature was

chosen to result in a slower growth rate and therefore greater resolution for the

in-situ SE monitoring. 5 samples were grown for durations of 5–30 minutes at

3% methane diluted in hydrogen. 2 further growths were carried out to inves-

tigate the effect of a variance in methane flow rate, one for 30 minutes at 5%

methane, the other for 90 minutes at 1% methane. The plasma was sparked at

a microwave power of 1.5 kW and chamber pressure of 15 Torr, with microwave

power and chamber pressure ramped up to growth conditions over a period of 3

minutes. This ramp up in power and pressure was software-controlled to ensure

that the process was uniform for all samples. The growth timer was started at the

conclusion of this ramp as soon as the microwave power and chamber pressure

reached growth conditions. Methane concentration remained constant through-

out the spark, ramp up and growth process. At the end of each growth, samples

were cooled in a purely hydrogen-fed plasma to reduce the formation of non-sp3

material.
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SE was performed both in-situ and ex-situ with a J. A. Woollam M-2000D ro-

tating compensator ellipsometer and CompleteEASE software over a wavelength

range of 300-1000 nm. In-situ spectra were taken through fixed fused silica view-

ports at an angle of incidence of approximately 66 °, with an acquisition time of

1 s. Figure 5.9 shows the experimental setup used for collection of in-situ data.

Ex-situ spectra were taken at incidence angles of 65, 70 and 75 °. An iterative fit-

ting process within the CompleteEASE software was used, with various sample

structures iterated to minimise the difference between simulated and measured

spectra. This fitting process is detailed later on in the chapter.

Raman spectroscopy was performed using a HORIBA LabRAM spectrometer

using an excitation wavelength of 473 nm, chosen to maximise sensitivity to both

sp3 and sp2 carbon [95]. AFM was performed using a Bruker Dimension Icon

microscope equipped with a ScanAsyst tip in peak force tapping mode.

5.2.2 Model Development

Ex-Situ spectra of the 20-minute growth duration sample were used to develop an

optical model for characterisation of other samples, with an iterative fitting pro-

cess used to minimise the MSE between measured and modelled spectra. Figure

5.10 shows the development of this model through the fitting process.

The first iteration of the model consisted of a bulk layer comprising two oscil-

lators matched to optical constants of type I and II natural diamond [136] atop a

silicon substrate [134], resulting in an MSE of over 100. This model was therefore

unsuitable for the characterisation of this sample. Addition of a layer to account

for surface roughness, a Bruggeman EMA made up of 50% void and 50% bulk

layer, resulted in a huge reduction in MSE to 25.72. A further reduction in MSE

by almost 50% to 13.66 was achieved by changing the bulk layer to a second EMA,

mixing optical constants of diamond and void, with the bulk void fraction allowed

to vary. The optical constants of glassy carbon [137] have previously been shown

to be a good approximation for sp2 material within the bulk layer [131]. Addition

of this third component to the bulk EMA again reduced the MSE to 10.18.
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Figure 5.9: Top: Reactor with SE mounted for collection of in-situ spectra. Bot-
tom: Schematic of the reactor setup, with the thickness of the sample exaggerated
for visibility.
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Figure 5.10: Top: Development of the model fitted to the 20-minute growth dura-
tion sample, showing MSE, layer thicknesses, and bulk layer diamond (D), void
(V) and glassy carbon (G) content for each iteration of the model. Bottom: Com-
parison of the modelled parameters with measured parameters at an incidence
angle of 70 ° for the first iteration (left) and final iteration (right).
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Prior to seeding, a 1.69 nm-thick native oxide layer was observed on the surface

of the silicon substrates by SE. However, addition of this to the optical model of

the 20-minute sample increased the MSE, so this was not included in future iter-

ations. Such etching of the native oxide layer is typical of H2 and H2/CH4 plasmas

[142, 155]. Previous XPS and SE studies have also identified the existence of a sub-

10 nm amorphous SiC layer in the early stages of diamond growth, resulting from

carburisation of the silicon substrate [58, 131, 135]. The inclusion of such a layer

(modelled using optical constants of cubic SiC [136]) reduced MSE to 6.09. The

thickness of this SiC layer was 7.38 nm. When applied to samples with a growth

duration of 15 minutes or less, removal of the surface roughness layer did not sig-

nificantly impact MSE, so was unnecessary to include when characterising these

samples.

5.2.3 Application to In-Situ Spectra

The application of the model to in-situ data required several additional consid-

erations. The in-plane window effects were accounted for using spectra of a ref-

erence sample as detailed in [156]. Substrate temperatures routinely exceed 700

°C at MPECVD growth conditions [2, 51, 121, 123], influencing the optical proper-

ties of the substrate. However, as the refractive index of nanocrystalline diamond

films does not vary substantially with temperature [157], it was not considered

necessary to vary the optical constants of the film components. Similarly, the

optical constants of the SiC layer were not varied because the trajectories of el-

lipsometric parameters are very close together for extremely thin films [87].

The substrate temperature at growth conditions was extracted using a library

of temperature-dependent optical constants of silicon within the CompleteEASE

software, built by interpolating optical constants at known temperatures using an

algorithm based on the critical point shifting algorithm detailed in [158]. Whilst

this method proved effective at accounting for the changes in optical constants

of the substrate in the ramp up and very early stages of growth, a high level of

parameter correlation between the temperature and bulk glassy carbon fraction

was observed as the film approached coalescence. Parameter correlation is the
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result of the data fitting process where the sensitivity of multiple parameters (in

this case bulk glassy carbon fraction and temperature) exhibits the same spectral

signature, meaning that the parameter values determined are not unique; there

are multiple combinations of substrate temperature and bulk glassy carbon frac-

tion values that provide the same quality of fit. As a result of this, it was nec-

essary to fix the substrate temperature parameter. This was fixed from a point 1

minute after the completion of the ramp up in power and pressure, to allow the

temperature time to equilibrate. This was justified by comparing the SE-derived

temperature to the temperature measured by the dual-wavelength pyrometer. In

the case of the latter, the apparent temperature remained constant following the

initial ramp. It is therefore significantly more likely that the changes in the SE

spectra are the result of compositional changes in the film than the result of sub-

strate temperature changes. A constant substrate temperature is to be expected

at this point, as themicrowave power and chamber pressure conditions remained

constant following the ramp up to growth conditions.

As with the ex-situmodelling process, the addition of a surface roughness layer

to the model was unnecessary in the early stages of growth. This was included

from 18 minutes onward, the point at which its inclusion reduced MSE by more

than 10%. This was consistent with ex-situ characterisation, which did not require

a roughness layer after 15 minutes but did after 20 minutes. The two different

models and the differing morphology of the samples they are fit to are shown in

Figure 5.11.

Figure 5.12 shows parameters from the in-situ SE model for a sample of growth

duration 30 minutes at a methane concentration of 3%. A high level of parame-

ter correlation between the bulk layer thickness and void content was evident in

the first 4 minutes of growth. This resulted in a model that suggested an unreal-

istically thick bulk layer with very high void content, illustrating the importance

of validating SE models of complex sample structures with alternative measure-

ment techniques. After 4 minutes, the level of parameter correlation decreased,

resulting in a more realistic bulk thickness and void content. From approximately

18 minutes of growth, a parabolic decrease in the bulk void fraction is seen as the
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Figure 5.11: Schematic of sample structures (left) at different stages of the growth
process and the optical models used to fit them (right).
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individual islands expand laterally. Just before 25 minutes, a peak in glassy car-

bon content of approximately 23.5% is seen, due to the trapping of non-diamond

carbon in grain boundaries following the coalescence of the individual crystal-

lites into single film. The parabolic decrease in bulk void content followed by a

peak in sp2 content at the point of coalescence matches observations from pre-

vious studies [2, 11, 131]. The individual islands can be modelled as hemispheres

on a grid. Assuming a hemispherical grid, a highly efficient spacing, contact be-

tween the islands would occur at a void fraction of 40%. In reality, the islands are

not as efficiently spaced or perfectly hemispherical. The contact between islands,

marked by the beginning of a steep increase in void fraction and corresponding

increase in sp2 fraction, occurs at approximately 50% void fraction. This is closer

to the contact point of 48% void fraction predicted by modelling the islands as

hemispheres on a square grid, which is a less efficient spacing.

The SiC layer increased in thickness up to the point of coalescence, before

starting to decrease in thickness following coalescence. This trend matches pre-

vious SE analysis of early-stage diamond growth on silicon seeded with diamond

nanoparticles [131]. When comparing in-situ and ex=situ data, it can be seen that

the ex-situ model suggests a higher void fraction and lower glassy carbon frac-

tion prior to coalescence. It is likely that this is at least partially the result of the

process of cooling in a hydrogen plasma, which is known to preferentially etch

non-diamond carbon [135, 159]. Immediately prior to and following coalescence,

the reduction in this glassy carbon fraction is not seen. This is due to coalescence

resulting in the trapping of sp2 carbon within the grain boundaries, where it is not

accessible to the plasma, so no etching occurs.

A peak in the thickness of the roughness layer was also seen around the point

of coalescence, as the crystallites reach a maximum size prior to forming a coa-

lesced film. This roughness decreased after coalescence, before again increasing

due to the overgrowth of competing crystallites [160].
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Figure 5.12: In-situ SE-derived data from a 30-minute growth at 3% methane con-
centration. From top panel: SE-measured temperature and MSE; bulk layer im-
purity fractions; bulk thickness and surface roughness; SiC layer thickness. X-axis
colours in the top panel indicate the SE model used to fit the different stages of
the growth process, with the two models used shown in Figure 5.11. The square
points plotted in the bottom three panels are from ex-situ spectra of samples
grown for the same duration.
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5.2.4 Model Validation

Given that the quality of the parameters obtained from SE spectra are only as

good as the model used to fit them, it is important to validate the accuracy of

the model. In this case, the model was validated using Raman spectra and AFM

images. Figure 5.13 shows ex-situ Raman spectra of several samples with growth

duration from 5-30 minutes, normalised to the second-order silicon Raman peak

at 950 cm-1. The second-order Raman peak was used because the laser intensities

and exposure times required to generate sufficient signal from the components

of the diamond film resulted in an intensity of the first-order peak great enough

to saturate the detector. As is to be expected for such early stage diamond growth,

the most significant peaks in the spectrum are from the silicon substrate; the first

and second-order Raman peaks at 520 and 980 cm-1 [161], with the minor peak at

approximately 830 cm-1 also a component of the second-order silicon spectrum

[162, 163]. The two peaks at 620 and 644 cm-1 result from local vibrational modes

of boron atoms within the doped silicon substrate [164, 165].

Raman peaks from the diamond film are more visible in the magnified spec-

tra. Note that these are offset for clarity. The first order diamond Raman peak

at 1332.5 cm-1 is only visible from 20 minutes onward. This corresponds with the

SE model, which indicates an increase in bulk diamond content from approxi-

mately 18 minutes. By 30 minutes, the diamond Raman peak intensity has signif-

icantly increased, consistent with the SEmodel indicating coalescence just before

25minutes, with the corresponding increase in bulk layer diamond content at this

point. As is typical for nanocrystalline films, the first-order diamond Raman peak

exhibits broadening due to the limited thickness and crystallite size [9, 138].

In-plane stretching of pairs of sp2 sites results in the G-band, which is seen in

all samples at approximately 1450 cm-1. Whilst this would be typically seen closer

to 1560 cm-1 [9], the downshift in the position of this peak indicates an increased

level of disorder within the sp2 component of the film, suggesting that is more

amorphous in nature [9]. The G-band is more intense in the 30-minute sample.

The G-peak, the result of bond-stretching of pairs of sp2 atoms rings and chains
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Figure 5.13: Top: Ex-situ Raman spectra of samples with varying growth duration,
normalised to the second-order silicon Raman peak. Bottom: Magnified view of
the same spectra (region indicated by the box above), offset for clarity.
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[96] is seen in all samples at 1555 cm-1.

Only visible in the 30-minute growth duration sample is a peak at 1140 cm-1.

This is assigned to trans-polyacetylene, which is present within the grain bound-

aries [8]. As this peak does not appear in the 20-minute sample, this suggests

that coalescence (resulting in the formation of grain boundaries) occurs between

20 and 30 minutes, which is also consistent with the SE model’s indication that

this occurs just before 25 minutes. Whilst this peak is always accompanied by a

second peak at 1450 cm-1, the latter is obscured by the G-band in this case.

Figure 5.14 shows AFM images of samples grown for durations between 5-30

minutes, with Figure 5.15 showing the Root Mean Square (RMS) roughness and

maximum roughness depth (Rmax) of the same samples. In the 5-minute growth

duration sample, individual islands are visible. It can be seen that as suggested

earlier, these islands are not regularly shaped or evenly spaced. The lateral sizes

of these islands increase with growth duration, with a coalesced film evident by

30 minutes, as suggested by the SE model and Raman spectra. As is expected, the

RMS roughness increases with growth duration, with the rate of increase greater

in the first 15 minutes of growth. The peak in RMS roughness immediately before

coalescence seen in previous ex-situ SE work [131] is not seen in this case. When

comparing this result with the in-situ model, the reason for this becomes clear.

The spike in roughness occurs between approximately 22-27 minutes, whilst the

closest two AFM images to this are from growth duration of 20 minutes, before

the spike appears, and 30 minutes, after the spike has disappeared. The maxi-

mum roughness depth increases with growth duration up to 20 minutes, before

decreasing by 30 minutes as the voids between crystallites are filled.

5.2.5 Impact of Methane Concentration

With an SE model developed, applied to in-situ data and validated using alter-

native techniques, the logical next step is to examine the impact of varying the

growth conditions on the early stages of growth. Perhaps the easiest of these

to control is the methane concentration, as varying the microwave power and
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Figure 5.14: AFM images of samples grown for durations of 5–30 minutes.
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Figure 5.15: RMS roughness and maximum roughness depth for samples of vary-
ing growth duration.

chamber pressure can impact the substrate temperature distribution (this is ex-

amined in chapter 4). The methane concentration during growth is an important

parameter, as it impacts the level of renucleation seen during film growth and

therefore crystallite size and film sp2 content [51].

Figure 5.16 shows in-situ SE-derived parameters for a sample grown for 20 min

at a methane concentration of 5%. As seen in the 3% growth, high parameter

correlation resulted in an unrealistically high bulk thickness and void fraction

being suggested by the model in the first 2 minutes of growth. After 2 minutes

of growth, the level of correlation decreased, with more realistic bulk thickness

and void content values suggested by the model. As before, further parameter

correlation between substrate temperature and glassy carbon fraction was elimi-

nated by fixing the substrate temperature after 1 minute of growth. The SiC layer

thickness parameter presented issues with parameter correlation not seen in the

3% growth, with a high correlation between this and the bulk thickness follow-

ing coalescence. Due to this, the SiC thickness was fixed in the model prior to

coalescence.

Perhaps the most obvious change with the increase in methane concentration

was the point of coalescence; this occurred much earlier at around 7 min com-

pared the almost 25 minutes seen with 3% methane. Additionally, the peak in

glassy carbon content at the point of coalescence was higher with 5% methane

(25.6% instead of 23.5%). It is important to note at this point that whilst the SE
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Figure 5.16: In-situ SE-derived parameters from a 20-min growth at 5% methane
concentration. From top panel: SE-measured temperature and MSE; bulk layer
impurity fractions; bulk thickness and surface roughness; SiC layer thickness.
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model estimates sp2 content within the bulk layer, the bulk composition values

provided by the model are best used for comparison than as absolute compo-

sitional values. The use of glassy carbon here is only an approximation for sp2

material within the film, as the optical constants of this are not possible to quan-

tify. Previous work has observed that whilst changing the optical constants used

to approximate sp2 material changes the concentrations of bulk impurities, the

trends seen are similar [131, 132]. The higher glassy carbon fraction seen in the

model is the result of increased renucleation, a process enhanced by a greater

methane concentration [51], which leads to increased levels of sp2 bonding. The

earlier coalescence and greater sp2 fraction is consistent with previous in-situ ob-

servations by Hong et al. [2, 11].

Following coalescence, he growth rate at higher methane concentration was

significantly faster than at 3%. From approximately 16 minutes onwards, the MSE

began to increase as a result of depolarisation caused by the increase in surface

roughness from overgrowth of crystallites. This roughness causes scattering of

the incident light, and limits the use of SE for the characterisation of the later

stages of growth.

Figure 5.17 shows in-situ SE data for a sample grown for 90minutes at amethane

concentration of 1%. Immediately obvious is that the point of coalescence is sig-

nificantly later than in either of the other two growths. The peak in glassy carbon

previously indicative of coalescence did not begin to appear until 60 minutes,

with an initial peak at around 75 minutes taken to be the point of coalescence.

Unlike the other two growths, an initial increase in void content is seen up to 30

minutes, and the bulk thickness at coalescence is greater. This is likely due to

etching of the diamond seeds by the plasma, which can occur at low methane

concentrations and results in a lower nucleation density [54]. These are not the

only differences between the growths. At 1% methane concentration, the glassy

carbon concentration continued to increase following coalescence, although there

is some level of correlation between this parameter and the surface roughness

layer thickness, which may explain the observation. A slightly greater MSE is seen

following coalescence here. The slow growth rate as as result of the relatively low
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substrate temperature and methane concentrations makes an increase in gradi-

ent of the bulk thickness due to the switch to columnar growth particularly vis-

ible at around 70 minutes. Long incubation periods typically result in a slightly

thicker SiC layer forming on the silicon substrate [55], and this is seen here with

a slightly thicker SiC layer at the time of fixing than in the 5% growth.

Figure 5.17: In-situ SE-derived parameters from a 90-min growth at 1% methane
concentration. From top panel: SE-measured temperature and MSE; bulk layer
impurity fractions; bulk thickness and surface roughness; SiC layer thickness.
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5.3 Conclusion

SE was applied to the early stages of MPECVD diamond growth on silicon. Ex-

situ spectra were used to develop an optical model of the substrate and diamond

film, with an iterative fitting process used to refine the model, allowing a num-

ber of different parameters to vary. The model consisted of an EMA using optical

constants of diamond, void and glassy carbon (approximating sp2 content) to ap-

proximate the bulk diamond layer atop a silicon substrate, with a third layermade

up of 50% void and 50% bulk to account for surface roughness. The model was

modified for application to in-situ data, accounting for the effects of the elevated

substrate temperature and reactor windows. A parabolic decrease in void con-

tent was seen, with the point of coalescence of the individual crystallites marked

by a peak in bulk glassy carbon content and surface roughness. Ex-situ AFM im-

ages and Raman spectra of samples grown for varying duration displayed simi-

lar trends, validating the model. The impact of varying methane concentration

on the initial stages of growth was also investigated using SE. An increase in the

methane concentration to 5% resulted in earlier coalescence and a higher peak

glassy carbon fraction, whereas decreasing the methane fraction to 1% signifi-

cantly delayed coalescence.

Such application of SE to diamond growth presents a powerful tool for in-situ

monitoring of the critical early stages of growth, with a sub-nanometre resolution

and ability to identify changes in the composition of the film. Whilst growth on

silicon is reasonably well understood, the growth on substrates such as gallium

nitride and aluminium nitride is less understood, with the model of the diamond

developed and validated here well-suited for application to growth on these ma-

terials, as these are often challenging to grow diamond layers on. The next chap-

ter extends this work for SE characterisation of diamond growth on aluminium

nitride.
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In-Situ Monitoring of Diamond

Growth on Aluminium Nitride

High electron mobility transistors made from GaN display a significant reduction

in device lifetime with increasing operating temperature. With the highest ther-

mal conductivity of any known material, diamond is ideally suited as a thermal

management layer. Whilst growth of thick diamond layers directly on GaN is very

challenging, successful growth of thick diamond layers on AlN has been demon-

strated, leading to potential diamond growth routes on an AlN interlayer atop the

GaN stack. A significant limiting factor for the use of diamond in thermal man-

agement applications is the thermal barrier at the substrate-diamond interface,

associated with the disordered transition region produced during the early stages

of growth. The ability to monitor these early stages is therefore highly desirable to

optimise growth conditions. As demonstrated in the previous chapter, SE is ide-

ally suited to this purpose. This chapter reviews previous use of diamond thermal

management layers on GaN devices, as well as diamond growth on AlN in section

6.1 and previous use of SE for characterisation of AlN films in section 6.2. Section

6.3 describes experimental work utilising SE for the monitoring of the early stages

of diamond growth on AlN. Ex-situ spectra are used to develop an optical model

of the diamond film, which is then applied to in-situ data and validated with AFM

and Raman spectroscopy.
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6.1 Diamond Thermal Management Layers on Gal-

lium Nitride

Gallium nitride is a promising material for high electron mobility transistors in

high-frequency and high-power applications [166–168]. However, increases in the

operating temperature of these devices can result in a significant reduction in

device lifetime [169]. Currently, thermal management solutions involve the man-

ufacture of devices from GaN grown atop silicon carbide [170], which has a ther-

mal conductivity of between 360-490 W/m.K [171]. The thermal conductivity of

polycrystalline diamond is significantly higher, at approximately 1200 W/m.K for

a 100𝜇m thick layer [14].

In order to utilise diamond as a thermal management layer, the diamond film

must be bonded to the GaN device. The bonding is incredibly important, because

the thermal barrier resistance of the interface limits the thermal properties of the

device [14]. Whilst wafer bonding has been utilised to realise GaN-on-diamond

layers [172, 173], it has been calculated that this will result in a high thermal bar-

rier resistance [174], necessitating an alternative approach. One such approach is

through the growth of GaN on top of a single crystal diamond substrate. Hirama

et al. [175] demonstrated the growth of a single-crystal AlGaN/GaN heterostruc-

ture (pictured in Figure 6.1) atop a single crystal diamond 111 substrate by Met-

alorganic Vapour-Phase Epitaxy (MOCVD). First, a 180 nm AlN buffer layer was

deposited on the substrate, followed by the growth of 20 AlN/GaN multilayers,

with the AlGaN/GaN heterostructure deposited on top of this. A thermal resis-

tance of 4.1 K mm/W was measured, significantly lower than the 7.9 K mm/W

measured for the same heterostructure grown on a SiC substrate. Whilst this ap-

proach is promising, the high cost and limited scalability of single crystal dia-

mond are significant limitations [16].

A third approach involves the growth of diamond films on top of GaN. As with

almost all heterogeneous substrates, growth of diamond on GaN results in poly-

crystalline films [16, 51]. Pomeroy et al. [14] deposited a 50 nm thick dielectric

interlayer on top of a GaN device, with a 120 𝜇m thick diamond film grown by
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Figure 6.1: Heterostructure grown by Hirama et al., showing a GaN device grown
atop a diamond substrate. Used with permission from the American Institute of
Physics K. Hirama et al., “AlGaN/GaN high-electron mobility transistors with low
thermal resistance grown on single-crystal diamond (111) substrates by metalor-
ganic vapor-phase epitaxy”, Applied Physics Letters 98, 162112 (2011). Permission
conveyed through Copyright Clearance Centre, Inc.

MPECVD. However, the interlayer used acted as a thermal bottleneck, reducing

the effectiveness of the diamond as a thermal management layer. A similar ap-

proach was taken by Zhou et al. [176], who utilised a 50 nm-thick layer of amor-

phous Si3N4. Polycrystalline diamond films of thicknesses between 155-1000 nm

were successfully grown atop this layer, with the structure of the resulting stack

shown in Figure 6.2. However, as before increased thermal resistance was intro-

duced by the passivating Si3N4 layer.

A potential solution to the thermal issues presented by the interlayer is by at-

tempting growth directly atop the GaN layer. After measuring the zeta potential

of GaN films, Mandal et al. [16] achieved seeding densities in excess of 1011 cm-2

using hydrogen-terminated nanodiamond seeds on the GaN surface, which re-

sulted in the successful growth of thin diamond films. However, the lack of a car-

bide bond between the GaN and diamond film as well as the differences in ther-

mal expansion coefficients between the two makes the growth of thick diamond

films directly on GaN incredibly challenging [17]. For this reason, an interlayer is

still necessary, although there is room for optimisation of the interlayer material.

One example of a potential interlayer material is aluminium nitride.
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Figure 6.2: Cross-sectional TEM image of the GaN stack grown by by Zhou et al.,
showing a diamond layer grown atop a GaN device. Used with permission from
the American Institute of Physics, from Y. Zhou et al., “Thermal characterization
of polycrystalline diamond thin film heat spreaders grown on GaN HEMTs”, Ap-
plied Physics Letters 111, 041901 (2017). Permission conveyed through Copyright
Clearance Center, Inc.
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Using a H2/N2 plasma pretreatment process and oxygen-terminated nanodi-

amond seeds, Mandal et al. [17] demonstrated the growth of a thick polycrys-

talline diamond layer on an AlN substrate, with a low thermal barrier resistance

measured between the AlN substrate and diamond film. Using the same seeding

technique, Smith et al. [18] successfully grew a polycrystalline diamond film on

an AlN interlayer atop a GaN device stack, with a high-quality interface observed

using cross-sectional Scanning Transmission Electron Microscopy (STEM) (Fig-

ure 6.3).

Figure 6.3: Cross-sectional STEM image of the AlN/diamond interface produced
by Smith et al.. Reproduced with permission from [18].

Thermal resistance is not just introduced by the interlayer, but also by the dis-

ordered transition region of the diamond film formed during the early stages of

growth [15]. For this reason, monitoring of the early stages of diamond film growth

is critical. As demonstrated in Chapter 5, SE is ideally suited for in-situ monitor-

ing of diamond film growth. The remainder of this chapter will discuss the use of

SE for in-situ monitoring of the growth of diamond films on AlN.

6.2 Spectroscopic Ellipsometry of AluminiumNitride

Whilst SE has not previously been applied to diamond films grown on aluminium

nitride, it has previously been used for characterisation of AlN films. Given that

the optical constants of AlN vary significantly with growth conditions [177, 178],

it is impractical to utilise reference optical constants to model this layer. Previ-
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ous attempts at characterisation of AlN films using SE have employed a Cauchy

[179] or Cauchy-Urbach [180] dispersion to approximate optical constants of the

AlN layer. The Cauchy dispersion accounts for refractive index as a function of

wavelength:

𝑛 (𝜆) = 𝐴 + 𝐵

𝜆2
+ 𝐶

𝜆4
(6.1)

Where 𝑛 (𝜆) ) is the refractive index at wavelength 𝜆 and A, B, and C are fitted

model parameters. This model assumes that the modelled layer is transparent in

the wavelength range used, with the extinction coefficient k assumed to be zero.

The Cauchy-Urbach model adds a second function to account for the absorp-

tion tail, with the extinction coefficient as a function of wavelength given by:

𝑘 (𝜆) = 𝛼 exp 𝛽
(
12400

(
1
𝜆
− 1
𝛾

))
(6.2)

Where k(𝜆) is the extinction coefficient at wavelength 𝜆, 𝛼 and 𝛽 are fit para-

maters, and 𝛾 is the band edge. These two models are only valid in the case of

normal dispersion, where the refractive index increases with shorter wavelength.

The reader is referred to Chapter 5 for a discussion of the use of SE for the

characterisation of diamond films.

6.3 In-situ Spectroscopic Ellipsometry of Diamond

Growth on Aluminium Nitride

6.3.1 Experimental Methodology

The AlN layer was grown on a 150 mm Si substrate by MOCVD using an Aixtron

1x6” close coupled shower head reactor. The Si substrate was first annealed at

high temperature (approximately 1070 °C) to remove the native oxide and was

then exposed to a brief NH3 flux to nitridate the Si surface. AlN growth was then

initiated for 660s at a temperature of 960 °C using trimethyl aluminium as a pre-

cursor in a H2 carrier gas, before the temperature was increased to approximately
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1100 °C for the remainder of the growth process. The reactor pressure was main-

tained at 50 Torr.

The total thickness of the AlN layer was measured at approximately 180 nm

using SE, with no significant variation seen between samples. Prior to diamond

growth, samples were pre-treated for 10 minutes in a N2/H2 plasma as detailed

in [17] to improve the adherence of the diamond film to the AlN substrate. Sub-

strates were seeded by immersing them in a nanodiamond/DI H2O colloid [120]

and placing them in an ultrasonic bath for 10 minutes, a technique previously

shown to result in high seeding densities on aluminium nitride [17]. Diamond

growth was carried out in a Carat Systems CTS6U clamshell-type microwave CVD

reactor, at microwave power of 3kW and chamber pressure of 50 Torr, resulting in

substrate temperatures of approximately 730 °C measured using a WilliamsonIR

Pro92 dual-wavelength pyrometer. Samples were grown for durations of 3-90min-

utes, with a gas flow of 3% methane diluted in hydrogen. SE spectra were mea-

sured in-situ and ex-situ with a J. A. Woollam M-2000 rotating compensator el-

lipsometer over a wavelength range of 370-1000 nm. Ex situ spectra were taken at

angles of 65, 70 and 75 °, with in-situ spectra taken through fixed fused silica view-

ports at an angle of incidence of approximately 66 °. A schematic of the in-situ

SE setup is shown in Figure 6.4.

Figure 6.4: Schematic of the setup used for collection of in-situ SE spectra. The
sample thickness has been exaggerated for visibility.
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An iterative fitting process was used within the CompleteEASE software to gen-

erate a SE model for sample characterisation, with measured spectra compared

with simulated spectra, and potential sample structures and parameters varied

to minimise the MSE between these. Raman spectra were taken using a HORIBA

LabRAM spectrometer with an excitation wavelength of 532 nm. AFM was pre-

formed using a Bruker Dimension Icon microscope in peak force tapping mode

equipped with a ScanAsyst tip.

6.3.2 Modelling the AlN Layer

An AlN sample was used to develop an optical model for characterisation of the

AlN film after pre-treatment. The first iteration of themodel consisted of a Cauchy

layer atop a silicon substrate [134] with the A and B parameters allowed to vary,

resulting in a MSE of 14.804 between measured and modelled spectra. Also al-

lowing the C parameter to vary further reduced MSE to 10.141. The addition of an

Urbach term proved unnecessary in this case, as its inclusion did not change the

MSE, with the magnitude of k suggested extremely low. Finally, MSE was reduced

to 8.439 by the inclusion of a 1.82 nm thick layer consisting of 50% void and 50%

bulk layer to approximate surface roughness. The thickness of the AlN layer in

this final iteration of the model was 179.87 nm. A schematic of this model as well

as the the fit of psi and delta to SE spectra at an angle of 70° are shown in Figure

6.5, showing a good match between measured and modelled spectra.

6.3.3 Ex-Situ Model of Diamond Film

Ex-situ spectra of a diamond sample grown for a duration of 10 minutes were

used to develop an SE model to characterise the diamond film. Figure 6.6 shows

the development of this model over the fitting process. The first iteration of this

model consisted of a silicon substrate [134] with a 179.87 nm thick AlN layer using

the optical constants previously determined. This layer was fixed to avoid issues

with parameter correlation. The diamond layer atop this was approximated using

two oscillators matched to the optical constants of type I and II natural diamond

[136]. The spectra simulated using this model significantly differed from mea-
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Figure 6.5: Top: Schematic of the SE model used to fit the AlN sample. Bottom:
Comparison between SE model and measured spectra at an angle of 70 °.
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sured spectra, with MSE exceeding 140. A very large reduction in MSE to 25.380

was achieved by accounting for void content within the bulk layer. This was done

by using an EMA containing both diamond and void content to approximate this

layer, with the void content allowed to vary. MSE was further reduced to 15.796

by the addition of the optical constants of glassy carbon [137] to approximate sp2

content within the film. Previous studies have shown this to be a good approxi-

mation for non-diamond content within the film. [2, 13, 131, 132].

Figure 6.6: Top: Development of the model over the fitting process, showing MSE,
bulk layer thickness and diamond (D), void (V) and glassy carbon (G) content for
the 10-minute growth duration sample. Bottom: Comparison between measured
and modelled spectra at an incidence angle of 70° for the initial (left) and final
(right) models.

Finally, surface roughness was accounted for with a second EMA atop the bulk

layer made up of 50% bulk and 50% void, resulting in reduction of the MSE to

9.554. Upon application of the model to samples of growth duration between 3-20
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Figure 6.7: Schematic of the SE model used to fit the ex-situ sample.

minutes, as well as a seeded sample, it was found that the inclusion of the rough-

ness layer was only necessary from the 10-minute sample onwards; its inclusion

did not decrease the MSE of the 3-minute sample and was rejected by the fitting

process when fitting the 5-minute and seeded samples. This observationmatches

what has previously been seen in SE characterisation of early-stage diamond film

growth on silicon [13, 131]. Application of the SE model to a sample grown for 20

minutes resulted in an MSE in excess of 100 as a result of depolarisation due to

increased surface roughness caused by crystallite overgrowth.

6.3.4 Application to In-Situ Spectra

Themodel wasmodified slightly to account for the changes introduced by the ap-

plication to in-situ data. In-plane window effects from the fused silica windows

were accounted by the CompleteEASE software using spectra of a reference sam-

ple as detailed in [156]. A second consideration was the impact of the elevated

temperature on the optical constants of the silicon substrate. The optical con-

stants used were replaced with those of silicon from a temperature-dependent
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library within the CompleteEASE software, with the temperature set to the sub-

strate temperature of 730 °Cmeasured using a dual-wavelength pyrometer. Whilst

the refractive index of the modelled AlN layer did vary slightly when the Cauchy

parameters were allowed to vary when fitting the in-situ data, this did not im-

pact the trends seen in the modelled diamond layer thickness and composition.

As a result, the Cauchy parameters were not allowed to vary in the in-situ model

to reduce the impact of parameter correlation on the derived parameters. Such

parameter correlation can occur during the data fitting process in cases where

changes in multiple different parameters exhibit the same spectral signature, re-

sulting in multiple combinations of parameter values producing the same quality

of fit. This means that there will be no unique determination of optimal param-

eter values [181]. It was unnecessary to vary the optical constants of the diamond

film components as the refractive index of diamond films does not vary substan-

tially with temperature [157].

Figure 6.8 shows in-situ SE-derived parameters for the first 30 minutes of the

90-minute growth duration sample, along with ex-situmeasurements taken from

samples of varying growth duration. In the first 10 minutes of growth, a decrease

in sp2 content was seen, which is typical of the preferential etching of non-diamond

carbon observed in hydrogen-containing plasmas [159]. Simultaneously, a de-

crease in void content was observed due to the lateral and vertical Volmer-Weber

growth of diamond nuclei. A sharp increase in the sp2 content is seen from ap-

proximately 13 minutes onwards, due to the trapping of non-diamond carbon

within grain boundaries in the process of coalescence of individual crystallites

into a single film [2, 13, 131]. A peak in surface roughness was seen just before co-

alescence, as individual islands reach their maximum size whilst still remaining

isolated [131]. Following coalescence, growth proceeds by the van der Drift mech-

anism [131], with competitive overgrowth of crystallites resulting in increased sur-

face roughness with growth duration [67]. Accordingly, a steep increase in surface

roughness is seen after coalescence. This increasing surface roughness does re-

sult in increases in MSE further into the growth process due to depolarisation,

and as such SE characterisation is limited to the early stages of growth.
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Figure 6.8: In situ and ex situ SEmodel parameters. Top: MSE.Middle: SE-derived
void and glassy carbon fractions. Inset: Zoomed out view. Bottom: SE-derived
bulk thickness and roughness layer thickness. All ex-situ parameters are plotted
as individual points.
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As seen previously in SE of diamond film grown on silicon, models of ex-situ

spectra suggested a greater void fraction than in-situ spectra, although the same

trend of decreasing void fraction with growth duration is seen. This is attributed

to the cooling of samples in a purely hydrogen plasma, which can result in etch-

ing of sp2material [159]. Whilst results from fitting ex-situ spectra of the 20-minute

growth duration sample are included for completeness, the very high MSE be-

tween measured and modelled spectra means that it is likely that parameters de-

rived from the SEdo not accurately reflect the true nature of this specific sample.

6.3.5 Raman Spectroscopy

Figure 6.9 shows Raman spectra for samples of varying growth duration, nor-

malised to the second order silicon Raman peak at 950 cm-1. The limited dia-

mond film and AlN layer thicknesses means that the most prominent peaks are

from the Si substrate. These are the first and second-order Si Raman peaks, which

are seen at 520 and 980 cm-1 respectively [161]. Minor peaks at 620 and 644 cm-1

are caused by local vibrational modes of boron atoms within the heavily doped Si

substrate. For growth durations below 10 minutes, the the diamond Raman peak

at 1332.5 cm-1 [9] is not observed, due to the limited bulk thickness and diamond

fraction of these samples. At 10 minutes, SE measurements suggest a greater bulk

diamond fraction and thickness, which is matched by the appearance of the dia-

mond Raman peak. This peak exhibits broadening as is typical for samples with

small crystallite size [9, 138]. Appearing for the first time in this sample are peaks

at 1140 and 1450 cm-1, assigned to trans-polyacetylene [8], as well as the G-band

at around 1550 cm-1 caused by in-plane stretching of pairs of sp2 sites [9]. Whilst

the G peak, caused by bond stretching of pairs of sp2 atoms in rings and chains,

is typically visible at around 1560 cm-1 [96], it is obscured by the G-band in this

case.

At 20 minutes, a significant increase in the intensity of the diamond peak is

seen due to the increase in both thickness and diamond content by this point.

Similar increases in the intensity of the G-band and trans-polyacetylene peaks

were seen, with the intensities of those also increasing relative to that of the dia-

mond peak. As trans-polyacetylene is found within the grain boundaries [8], its
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Figure 6.9: Top: Ex-situ Raman spectra of samples with varying growth duration,
normalised to the second-order silicon Raman peak. Bottom: Magnified view of
the region of the region of the spectrum indicated above.
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appearance is indicative of the formation of these during the coalescence of crys-

tallites into a single film, suggesting that this occurs prior to 20 minutes. This is

consistent with the in-situ SE model suggesting that coalescence occurs between

10 and 20 minutes. Seen for the first time in the 20 minute sample is the D peak

at 1350 cm-1, caused by the breathing mode of graphitic rings [96].

The intensity of the diamond peak is greater in the 90-minute growth sample

due to its increased thickness. Additionally, the trans-polyacetylene peaks and G-

band are lower in intensity relative to the diamond peak, indicating a decrease in

sp2 content relative to the 20-minute sample because of the larger crystallite size

of the thicker film. The sharp diamond peak seen in this sample is indicative of

a high-quality polycrystalline diamond film.

6.3.6 Atomic Force Microscopy

Figure 6.10 shows AFM images of samples with increasing growth durations, with

Figure 6.11 showing the AFM-measured RMS roughness of the same samples. A

gradual increase in RMS roughness and crystallite size is seen up to 10 minutes.

Between 10 and 20 minutes, a significant increase in crystallite size and rough-

ness is observed due to coalescence and the switch to van der Drift type growth,

another indication that coalescence occurs between 10 and 20 minutes as sug-

gested by the in-situ SE model. Crystallite size continues to increase with growth

duration due to the overgrowth of crystallites, with the greatest roughness and

crystallite size seen in the 90 minute growth duration sample. Figure 6.12 shows

a zoomed-out image of the 90 minute sample.

6.4 Conclusion

The early stages of polycrystalline diamond growth on aluminium nitride were

investigated using SE. Ex-situ spectra were used to develop an optical model for

film characterisation, with an iterative fitting process allowing parameters to vary

to minimise MSE between measured and modelled spectra. This model was then

applied to in-situ data and compared to AFM images and Raman spectra from
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Figure 6.10: AFM images of samples grown for various durations
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Figure 6.11: AFM-measured RMS roughness of samples with varying growth du-
ration.

Figure 6.12: Zoomed-out AFM image of the 90 minute sample
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samples of varying growth duration. An initial reduction in bulk layer void con-

tent was seen, followed by an increase in sp2 content indicative of the formation

of grain boundaries during coalescence of individual islands into a single film.

The increase in sp2 was also seen in Raman spectra, with peaks caused by trans-

polyacetylene, found in grain boundaries, increasing in intensity following the

point of coalescence indicated by the in-situ SEmodel. AFM images showed RMS

roughness and crystallite size increasing with growth duration.

Application of SE to diamond growth on AlN in this way provides a highly use-

ful ability to characterise the critical early stages of diamond growth, with sub-

nanometre resolution and an ability to determine the composition and morphol-

ogy of the film. The model developed in this chapter allows for further under-

standing and optimisation of these early stages, which is important to reduce

the thermal barrier resistance associated with the disordered transition region

formed during this period, improving the effectiveness of diamond thermal man-

agement layers. In addition to this, by demonstrating the adaptation of an ex-

isting SE model of diamond growth on silicon to growth on aluminium nitride,

this work presents a clear blueprint for developing in-situmonitoring of diamond

growth on new substrates.
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Conclusions and Future Work

This thesis focuses on in-situ monitoring of diamond growth by MPECVD, at-

tempting to provide diagnostic measurements to optimise film growth. Firstly,

the uniformity of substrate temperature under growth conditions is investigated.

Substrate temperature during growth has a significant impact on film properties,

with higher temperatures result in faster growth rates and lower levels of sp2 con-

tent. Non-uniform substrate temperature will result in the growth of an inhomo-

geneous film. Chapter 4 details the employment of a mirror galvanometer sys-

tem coupled with a dual-wavelength pyrometer to produce temperature maps of

substrate holders under growth conditions. Three differently-shaped substrate

holders were mapped, with increases in substrate temperature seen towards the

centre of the holders, as well as around the edge. These showed good agreement

with FEM simulations, which predicted a higher plasma density in these regions,

as well as observations of the formation of a secondary plasma around the edge

of the holder.

The temperaturemapping technique was further validated by growing diamond

films at the same power and pressure that temperature maps were taken, with

the properties of these films mapped using ex-situ Raman spectroscopy and SE. A

greater SE-measured bulk thickness and bulk sp3 fraction were seen in the higher-

temperature central region of the film. A greater intensity and lower FWHM of

the first-order diamond Raman peak was also seen in this region, indicative of a

thicker and higher-quality film.
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With the temperature mapping system demonstrated and measurements vali-

dated, the next stage will be to utilise it, coupled with FEM simulations, to opti-

mise substrate holder design. The impact of varying substrate holder design can

be quickly evaluated, with easy experimental validation of FEM simulations of

plasma density and substrate temperature. In addition, for existing holder de-

signs the system can be utilised to easily determine the optimal combination of

microwave power and chamber pressure to produce a uniform substrate temper-

ature, and therefore a uniform diamond film.

Whilst substrate temperature has a significant impact on diamond film quality,

it is not the only factor impacting this. Film quality is heavily dependent on seed-

ing, nucleation, and the early stages of growth. With the ability to determine film

composition and thickness with sub-nanometre resolution SE is ideally suited

forin-situ monitoring early-stage diamond film growth. Chapter 5 describes the

use of SE for this purpose. First, a model is developed using ex-situ spectra, con-

sisting of an EMA mixing optical constants of diamond, void, and glassy carbon

to approximate the different components of the diamond film atop a silicon sub-

strate, with a third layer made up of 50% bulk and 50% void to account for sur-

face roughness. The model was modified to account for window effects and the

elevated substrate temperature and applied to in-situ spectra. After a short dura-

tion, a parabolic decrease in bulk void content was seen due to lateral growth of

the individual crystallites. The coalescence of these into a single film was iden-

tified by a peak in glassy carbon content due to the trapping of sp2 material in

grain boundaries, with a peak in surface roughness just before coalescence as

crystallites reach the maximum size whilst still remaining separate. The model

was validated using ex-situ AFM and Raman spectra of samples grown for vary-

ing duration, with the same trends observed in diamond content, sp2 content,

and surface roughness.

With a model for characterisation of the diamond film developed and vali-

dated, it was then used to investigate the impact of varying the methane concen-

tration during growth. It was found that increasing the methane concentration

from 3% to 5% caused an increase in growth rate, with earlier coalescence and a
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greater peak in glassy carbon content at the point of coalescence. Decreasing the

methane concentration to 1% resulted in much slower growth, with coalescence

significantly delayed. Whilst methane concentration is an important growth pa-

rameter as it impacts the level of renucleation during growth, it is not the only

important parameter. As demonstrated in Chapter 4, the substrate temperature

during growth has a significant impact on the growth rate and properties of the

film. Further work therefore could utilise the model developed here to investigate

the impact of varying substrate temperature on the point of coalescence and peak

sp2 content.

Chapter 6 builds on the previous chapter by applying SE to the growth of dia-

mond on AlN. Whilst diamond growth on silicon is routine and well understood,

growth on AlN can be challenging and is less understood. In thermal manage-

ment applications, the disordered interfacial region formed in the early stages

of film growth is associated with a thermal barrier resistance and is therefore a

significant limiting factor. As in Chapter 5, ex-situ spectra are used to develop

an optical model for a diamond film grown on AlN. The diamond film was again

modelled using an EMAwith diamond, void and glassy carbon, with the AlN layer

modelled using a three-term Cauchy dispersion. The point of coalescence was

observed through a reduction in void content followed by a peak in glassy car-

bon content, with the in-situ model validated using ex-situ Raman spectra and

AFM.

This chapter successfully demonstrated in-situ SE characterisation of diamond

film growth on AlN for the first time. Given that growth wasmonitored for a single

set of substrate temperature and methane concentration parameters, the clear

next step is to employ the SE model to investigate the impact of varying these

on the initial stages of the film, identifying the optimum growth conditions for a

high quality interface and low thermal resistance. By demonstrating that SE can

be applied to diamond growth on materials other than silicon, this work opens

the door to characterisation of early-stage diamond growth on alternative hetero-

geneous materials such as GaN.
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This thesis has attempted to developmethods for in-situmonitoring ofMPECVD

diamond growth. It is hoped that the techniques demonstrated here provide the

reader with a toolset to optimise growth parameters for a greater diamond film

uniformity and quality.
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