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Preface
Diamond is much more than a precious gemstone desired for its brilliance, beauty and hardness.
It is a material with extraordinary properties that has found a place at the leading edge of technology,
earning the reputation of material of the future, despite being known for thousands of years. The
development of techniques to synthesise diamond in the laboratory, such as HPHT (high-pressure,
high-temperature synthesis) and CVD (chemical vapour deposition), opened the way for its
application in many fields of technology as anti-wear coatings, high-quality optical elements, radiation
detectors and dosimeters. More recently, fascinating new potential applications appeared in quantum
computing,

high-power

high-frequency

electronics,

lasing

systems,

in

biochemical

and

electrochemical sensing, as nanoscale magnetometers, in water treatment and purification systems, and
others. The production of synthetic (man-made) diamond has developed to an industrial level, with
major players already established, such as Element Six (from the De Beers Group) and Sumitomo
supplying various grades of diamond (single- and polycrystalline, doped and undoped, large and small,
from industrial grade to optical and electronic grade, etc.), as shown in Figure 1. Synthetic diamond is
also continuously gaining importance in the jewellery business (Scio Diamond, Diamond Foundry,
Brilliant Earth, Diamond Nexus and others), where the colour and transparency of the grown
gemstones can be precisely tuned for the desired product. Lower costs and the implicit advantage of a
“conflict-free” source are important benefits in the competition with brilliants manufactured from
natural crystals. But still, diamond technology is in its infancy, and much progress still has to be made
before it can claim part of the dominance that silicon enjoys and become a ubiquitous element in daily
life.
Arguably, the main bottleneck for the massive application of diamond in cutting-edge technology
is the difficulty to grow high-quality crystals with economically relevant sample size, or to grow large
crystals with high enough quality or specific properties for the desired applications. Diamond single
crystals of the highest quality can be obtained by CVD growth on a HPHT substrate in a clean
environment up to areas of ~1 cm2, whereas wafer-size (2″, 4″ or more) polycrystalline samples are
already established. The polycrystalline nature prevents diamond devices from achieving the ultimate
performance levels expected from single crystal diamond (SCD) in certain applications. Therefore,
other technological approaches are being developed by different research groups to bridge that gap,
the two most relevant being homoepitaxy combined with tiling, and heteroepitaxy. The former
involves laterally aligning several individual small high-quality crystals and overgrowing them
homoepitaxially by CVD to produce a larger crystal, while the latter involves growing wafer-size
single crystals, using a platform other than diamond as the substrate. Each method has its advantages
and disadvantages.
This work focuses on diamond grown heteroepitaxially on iridium single crystal films, which is
the field of expertise of our research group. This technique enables, in a very streamlined fashion, the
growth of diamond films and bulk crystals of several cm2 and up to 1-2 mm thick, which can be then
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processed (cut, shaped, polished, etc.) according to the final application. Diamonds synthesised in this
way possess distinct, or rather, unique characteristics in terms of residual structural defects, which are
inherent to the heteroepitaxial growth process. Characterising these defects and studying their
influence on the performance of devices manufactured from heteroepitaxial diamond is of paramount
importance for first applications in the near future, as well as for further material optimisation
strategies.
Many of the diamond-based technologies of interest require semiconducting or conducting
diamond in their structure, and due to the particular nature of heteroepitaxial diamond, there is an
interest to investigate how the dopant, i.e. boron, behaves in this distinct environment, and how it
changes heteroepitaxial diamond growth and the properties of this material. This topic is not only
technologically relevant, but also scientifically, because it addresses fundamental aspects of diamond
synthesis, impurity incorporation and defect formation, which are relevant to the whole diamond
community. From a technological point of view, it is of interest to assess the performance of devices
and sensors realised with such special material, and to place them in the spectrum of diamond-based
devices alongside the existing solutions. The ultimate goal behind this work is, therefore, to develop
heteroepitaxial diamond to a level which facilitates the realisation of competitive high-end electronic
devices and sensors.
This thesis is presented in a logical (rather than chronological) sequence, i.e. from synthesis to
application, revolving around heteroepitaxial diamond, but with special emphasis on boron-doped
diamond. It is organised in the following way:
•

Chapter 1 (the basics): presentation of fundamental aspects and properties of diamond,
followed by a description of growth techniques with particular focus on heteroepitaxy on
Ir, and a brief description of other relevant concepts/techniques used in this work;

•

Chapter 2 (synthesis): presentation of studies of the growth environment of diamond
during MWPCVD (microwave plasma-enhanced chemical vapour deposition), involving
interaction of gas precursors, growth rate and boron-doping;

•

Chapter 3 (properties): studies of structural properties and defects in the grown crystals,
focussing mainly on identification and characterisation of dislocations in the diamond;

•

Chapter 4 (application): presentation of a comprehensive electrochemical characterisation
of B-doped heteroepitaxial diamond applied as electrochemical sensors;

•

Chapter 5 (application): presentation of first results of Schottky diode rectifiers for highpower, high-frequency switching, manufactured from heteroepitaxial diamond.

Chapter 1 sets the common background to all the others, and the thesis is finished by a global
summary in chapter 6. At the very end, in chapter 7, a collection of supplementary information
referred to in specific parts of the thesis is given for consultation.
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Figure 1: (a) HPHT crystals, (b) homoepitaxial diamond single crystals grown by CVD, (c) polycrystalline
diamond-coated steel, (a-c) from Element Six 1, (d) three colourless HPHT-grown diamond gems produced by
New Diamond Technology 2.
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1

Fundamentals

1.1 Diamond properties
Diamond is one of the few allotropic forms of carbon (the sixth element in the periodic table,
symbol C), among lonsdaleite, amorphous carbon, graphite, fullerenes, carbon nanotubes and
graphene. In the cubic allotrope, 8 carbon atoms per unit cell are arranged in the so-called diamond
lattice, a structure that can be understood as two interpenetrated face-centred cubic (fcc) Bravais
lattices shifted along the body diagonal by (1 4,1 4,1 4 ) a , with a = 0.3567 nm at 20 °C [1]. In this
structure, the carbon atoms are sp3-hybridised, i.e., the 2s and the three 2p orbitals combine to form a
tetrahedral assembly, allowing each carbon atom to bond with 4 other neighbours (see Figure 1-1). At
ambient conditions, diamond is a metastable phase, while graphite has a lower total energy (the Gibbs
free energy of graphite is 2.87 kJ/mol less than that of diamond). The nearest-neighbour distance
between the covalently bonded carbon atoms in diamond is 0.154 nm at room temperature, a small
value compared with other semiconductors (e.g. 0.234 nm for Si) [2].

Figure 1-1: (a) sp3-hybridised orbitals of a carbon atom. (b) Diamond unit cell. The underlying structure is fcc
with a diatomic base. One of the two atoms is sitting on the lattice point (blue) and the other one (red) is shifted
by a 4 along each axis. This forms a tetrahedral structure (c) where each atom is surrounded by four equaldistanced neighbours.

The tetrahedral bonding environment with short and strong bonds results in the highest atomic
packing of all solid materials (1.77×1023 cm−3). Furthermore it gives rise to unique mechanical
properties, like the highest Young’s modulus, E ≅ 1100 GPa, and the highest thermal conductivity,

κ ≅ 2500 W m−1 K−1 (reported for high-quality type IIa single crystals) [1]. Pure diamond is
electrically an insulator.
In contrast to diamond, in graphene the carbon atoms are sp2-hybridised, each forming strong
in-plane σ-bonds with its three nearest neighbours in a honeycomb (hexagonal) structure. The
remaining fourth electron in the non-hybridised p z orbital forms additional in-plane π-bonds. The
double bonds, which are delocalised, reduce the interatomic distance from 0.154 nm (pure σ-bond in
diamond) to 0.142 nm and cause a highly anisotropic in-plane conductivity. Stacking many of such
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sheets gives rise to graphite, where the layers are weakly bound by van der Waals forces. The
interlayer distance is 0.335 nm. As a consequence, the layers can be easily displaced and separated,
giving bulk graphite the softer mechanical properties that it is known for. Imperfect diamonds, namely
those of a polycrystalline nature, possess defects and grain boundaries containing graphitic (sp2)
and/or amorphous (sp2/sp3) carbon.
The electronic band structure and the phonon dispersion curves of diamond are shown,
respectively, in Figure 1-2 (a) and (b). The most important feature in (a) is the energy gap between
CBmin (conduction band minimum) and VBmax (valence band maximum), which has a value of

EG = 5.49 eV and is indirect, meaning that for an electron to be excited from the valence band to the
conduction band it needs to gain 5.49 eV and also transfer momentum with the lattice by means of a
phonon.

Figure 1-2: (a) The electronic band structure of diamond [3]. (b) The phonon dispersion curves of diamond [4].

The position of the conduction band minimum (CBmin) at k = 0.76 π a [100] is marked by the blue lines, the
valence band maximum (VBmax) is marked in red, and the vibrational modes for TA (transverse acoustic), LA
(longitudinal acoustic), TO (transverse optical) and LO (longitudinal optical) phonons are also indicated in (b).

An excited electron-hole pair in diamond forms a pseudo-hydrogenic system due to coulombic
attraction between them, forming an exciton with a binding energy Ex = 80 meV and an effective
radius rex = 1.58 nm. At low temperature, once excited to the conduction band, the electron will deexcite rapidly (in picoseconds) to the minimum in the conduction band, located at a wave vector
=
k 0.76 ± 0.002 of the zone-boundary value along the 001 axes. Similarly, the hole will de-excite

to its minimum energy in the valence band at k = 0 . Recombination of the electron-hole pair in
diamond requires the wave vector to be conserved by emitting a phonon with k=
0.76 ± 0.002.
001
Selection rules result in three of the phonons at that wave vector being identifiable: TA (transverse
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acoustic), TO (transverse optical) and LO (longitudinal optical). See Figure 1-2 (b). The energy of the
photon emitted by recombination of the exciton is then reduced from the free exciton bandgap energy

EGx by the energy ω of each phonon (see Table 1-1) [2, 5]:

=
hν EGx − ω

(1.1.1)

This recombination mechanism results in diamond having a characteristic luminescence
spectrum with near-bandgap peaks due to excitonic recombination involving different phonons. The
most intense of them is FETO (free exciton recombination assisted by a transverse optical phonon) at
~235 nm. Impurities such as boron or phosphorus will introduce emission peaks from impurity-bound
excitons (BE), while other types of defects involving nitrogen, silicon, dislocations, etc. will manifest
in several peaks and bands in the visible spectrum, due to impurity/defect-related energy levels in the
bandgap.
Table 1-1: Phonon energies, exciton energy gaps and binding energies measured at 100 K [5].

Parameter

Energy (eV)

Description

ωTA

0.087 ± 0.002 Transverse acoustic phonon at the conduction band minimum

ωTO

0.141 ± 0.001 Transverse optical phonon at the conduction band minimum

ωLO

0.163 ± 0.001 Longitudinal optical at the conduction band minimum

ωR

0.167 ± 0.002 Zone centre (Raman) phonon

EGx

5.409 ± 0.002 Indirect exciton energy gap related to the upper valence bands

'
EGx

5.416 ± 0.002 Indirect exciton energy gap related to the lower valence band

Ex

0.080 ± 0.005 Binding energy of the indirect exciton

EG

5.490 ± 0.005 Indirect energy gap related to the upper valence bands

E4x
'
E4x

0.053 ± 0.002 Binding energy of the upper valence band indirect exciton to the neutral
boron acceptor
0.048 ± 0.002 Binding energy of the lower valence band indirect exciton to the neutral
boron acceptor

With diamond being a homopolar solid, in its pure form it does not have electrostatic dipole
moments. The derivative of the dipole moment with respect to any deformation is also zero, and so
diamond does not satisfy the necessary condition for first-order absorption of infrared radiation with
the creation of a phonon. However, two-phonon processes are possible, and give rise to absorption
structures at around 2000 cm−1. The triply degenerate optical phonon modes at the Γ point result in
one characteristic peak centred at 1332.4 cm−1 in Raman scattering. Stress can shift and split the
Raman peak into 2 or 3 components. Inhomogeneous stress (micro stress) is a common source of peak
broadening. Furthermore, finite crystal size effects can contribute to an increased full width at half
maximum (FWHM) of the Raman line [6].
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1.2 Diamond synthesis
The synthesis of diamond was the goal of alchemists since historical times, and only in the 20th
century were diamond crystals synthesised in high-pressure high-temperature (HPHT) cells. Later,
diamond films were prepared using CVD (chemical vapour deposition). See Figure 1-3 to identify the
two growth regimes in the phase diagram of carbon. The earliest reports of CVD growth of diamond
were from Russia, the United States, and Japan. Stimulated by both the unique characteristics of the
material and its potential applications (and supported by the achievement of higher deposition rates),
by the late 1980s, researchers from around the world were preparing diamond films using home-made
plasma-enhanced or hot filament CVD systems [7], while commercial CVD systems for diamond
growth started to become available.

Figure 1-3: Phase diagram of carbon, according to [1, 8-10]. “A” marks the region of high-pressure hightemperature (HPHT) synthesis, “B” marks the region of catalysed HPHT synthesis and “C” marks the region of
metastable chemical vapour deposition (CVD). The boundary between diamond and graphite is given by

P ( GPa ) =
1.26 + 0.0025 × T ( K ) [1].

Today, CVD diamond films are prepared with high purity, and these materials resist electrical
breakdown in high electric fields (20 MV cm−1 [11]), and exhibit electron and hole mobility values
which are the highest among wide bandgap semiconductors (µp = 1800 cm2 V−1 s−1 and µn = 2200
cm2 V−1 s−1) [12]. Other authors reported even higher values [13].

1.2.1

High-pressure high-temperature (HPHT) synthesis
High pressure diamond is synthesised from other forms of carbon (especially graphite) at

conditions where diamond is thermodynamically more stable than graphite. However, the diamond
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stable condition (see Figure 1-3) is not sufficient for the synthesis, because the activation energy of
direct conversion (solid-solid transformation) from graphite to diamond is very large, and very high
temperatures and pressures are required. This is achieved with powerful multi-anvil-type presses. The
high-pressure, high-temperature (HPHT) synthesis can generate diamond in single crystal form,
polycrystalline aggregates and powder, depending on the conditions. Single crystal synthesis can be
direct or catalysed by the addition of other elements, especially metals, which act as solvents for
carbon. Other elements can also be used, and they catalyse HPHT diamond formation through
different mechanisms [1].
It is understood that HPHT diamond grows from solutions supersaturated with carbon. In the
presence of a temperature gradient in the catalyst solution, carbon dissolved in a higher temperature
region is transported to a cooler region, and there the solution becomes supersaturated. When a seed
crystal is placed at the cooler region, the carbon precipitates on the seed, and a large crystal grows.
This mechanism, termed the “temperature gradient method” can produce large crystals above 1 cm in
lateral size.

1.2.2

Microwave plasma-enhanced chemical vapour deposition (MWPCVD)
Chemical vapour deposition of diamond is a complex chemical process that relies on the

activation of gas precursors, usually H 2 + CH 4 , by an ionising (e.g. microwave) or thermal (e.g. hot
filament) source, to produce radicals which react on the surface of the substrate to promote diamond
growth.

Figure 1-4: Schematic of processes occurring during diamond CVD [5].

Atomic hydrogen is the key element driving CVD of diamond. In low-pressure (~20-40 mbar)
plasma-enhanced systems, such as microwave, RF or DC arcjet reactors, the external energy input
couples directly to the free electrons in the plasma, producing energetic electrons which may have
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several eV of energy, and may directly produce H according to equation (1.2.1). This reaction
proceeds through successive vibrational excitation of H 2 by electron impact, leading finally to
dissociation [5]. When the pressure increases above ~130 mbar, dissociation of H 2 by collisions with
heavier particles becomes significant and the plasma temperature can reach 3000-5000 K.

H 2 + e − → 2H + e −

(1.2.1)

The steady-state level of atomic hydrogen in the reactor is determined by a balance of the H
atom production rate and the consumption (recombination) rate. Under typical low-pressure
conditions, the rate of homogeneous recombination, which is pressure-dependent, is slow, and H
atoms can diffuse to the substrate before recombining in the gas. The rate of direct recombination
reaction can be represented by:

2H + M → H 2 + M ,

(1.2.2)

where M is a foreign body.
In the presence of a small amount of hydrocarbon, the reaction (1.2.2) competes with two
other paths:

H + CH y −1 + M → CH y + M

(1.2.3)

H + CH y  CH y−1 + H 2 ,

(1.2.4)

where the indice y ranges from 4 to 1 and is used to represent “H-shifting” reactions driven by atomic
hydrogen.
H is strongly consumed at the diamond surface, which acts as a sink, and is a predominant
radical in the CVD environment. At the same time, the concentration of carbon-containing radicals,
especially CH∗3 , increases with increasing hydrocarbon content, and is independent from the source,
whether it is CH 4 or C2 H 2 [5]. The following mechanism is believed to take place at the diamond
surface, in what is considered to be the “standard model” for MWPCVD of diamond [14]:
1. The diamond lattice is stabilised and prevented from rearranging to graphitic carbon by
termination with hydrogen atoms (or similar chemical species);
2. The H atoms created by the gaseous activation process also abstract hydrogen from the
surface C−H bonds, thereby creating surface radical sites;
3. These radical sites will occasionally react with gas phase carbon-containing radicals,
resulting in an adsorbed carbon species. Much more frequently, however, the radical
sites are simply refilled by recombining with gaseous H atoms. This constant turnover
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of the surface-terminating species (hydrogen) further drives the surface chemistry to
dehydrogenate the adsorbed carbon species and to incorporate carbon into the lattice;
4. Finally, the atomic hydrogen, and, to a lesser extent, other gaseous species, react with
any sp or sp2 carbon sites on the surface, converting them into sp3-bonded carbon.
There are several proposed mechanisms which attempt to explain how a methyl radical is
added to the relevant (100):H(2×1) reconstructed diamond surface. In this configuration, it is required
that the 5-membered rings are opened so that an additional carbon atom can be inserted and form the
6-membered rings of sp3 diamond. Such a mechanism is illustrated in Figure 1-5. From simulation,
this model was able to reproduce the kinetics of diamond growth over a wide range of parameters and
it showed good agreement with measured growth rates. The most significant result was that it
validated the assumption of CH 3 being the dominating growth species accounting for diamond growth
in the different systems [5].

Figure 1-5: (a) Mechanism for dimer opening and carbon insertion [15]. (b) Closing of the new surface layer by
a through-bridging mechanism [16].

The mechanism shown above does not account for the experimental observation that CVDgrown (001) surfaces are smooth. If carbon is able to incorporate everywhere on the surface (as the
model implies), a rough surface would result unless some form of surface migration was occurring.
Harris and Goodwin [16] suggested that the incorporation may occur preferentially at steps, due to
lower steric hindrance at these locations. Later, Bauer et al. showed that the growth rate of diamond
increases substantially when the diamond surface has a miscut (off-axis angle) of a few degrees away
from the [001] direction [17]. This procedure adds atomic steps to the diamond surface, facilitating
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incorporation and increasing growth rate, in agreement with the hypothesis discussed earlier by Harris
and Goodwin. Off-axis growth is nowadays a common strategy to improve not only the deposition
rate, but also the quality of the CVD crystals, by suppressing the formation of hillocks and nonepitaxial crystallites.

1.3 Heteroepitaxial diamond growth
Heteroepitaxy consists of growing a crystalline material in crystallographic registry with its
substrate, which is another crystalline material. Following the success for other materials like GaN,
heteroepitaxy has been adopted as a strategy to grow diamond over very large areas (e.g., 2-4″ wafersize) to overcome the limitations of homoepitaxial growth [18]. Critical factors for the successful
growth of diamond on another material are the following:
•

Stability in the diamond growth environment;

•

Chemistry, i.e. the binding between carbon and substrate material, carbide formation
and dissolution of carbon in the substrate material;

•

Geometry, i.e. crystal structure and low lattice mismatch;

•

Availability in high-quality and as large area samples.

Several different platforms for diamond heteroepitaxy were investigated in the past, many of
which led to oriented growth, e.g. on sapphire, silicon, compound semiconductors (c-BN, 3C-SiC),
metal carbides (TiC), carbide-forming (Co, Ni) and non-carbide forming metals (Pt, Re, Ir). Some of
these materials resulted in poor oriented growth of diamond, while others excelled, namely Ir [19].
Crucial for the growth of diamond on a foreign material is the nucleation step, and the high
nucleation barrier resulting from the large surface energy of diamond is a very challenging aspect of it.
A modification of the seeding technique (deposition of tiny diamond particles) employed for
polycrystalline growth on various substrates yielded oriented growth on different metal substrates (Pt,
Ni, Co), but with rather poor crystalline quality. Currently, bias-enhanced nucleation (BEN) is the
most efficient process to generate epitaxial diamond islands. Since Ir is now the established platform
for diamond heteroepitaxy, exclusive focus will be given to it. For a more detailed review of the
development of diamond heteroepitaxy, please refer to [18, 20].

1.3.1

Diamond nucleation
In classical nucleation theory the critical cluster size, above which further growth of a particle

is more probable than its decay, is called the nucleus size. For homogeneous nucleation of a spherical
particle with radius r, the critical size is given by the change in the free energy between the gas phase
and the solid phase, which is composed of a bulk contribution (∝ r 3 ) and a surface contribution
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(∝ r 2 ). For a positive supersaturation, the bulk contribution is negative, i.e. condensation of particles
is energetically favourable. In contrast, formation of a free surface gives a positive energy
contribution. The sum of both yields a maximum in the free energy at a small radius, which
corresponds to the formation energy of the nucleus. In heterogeneous nucleation, i.e. when
condensation takes place on a solid surface, the surface energy of the substrate and the interface
deposit-substrate energy have to be taken into account as additional contributions [18].
A simple transfer of this concept to diamond is hampered by the complexity of diamond CVD,
since it involves a metastable phase that has to be stabilised, and requires conditions which suppress
nucleation and growth of the thermodynamically stable graphite phase. In diamond, breaking bonds
and forming a free surface costs a high amount of energy (about 6 J m−2). Reconstruction and surface
termination can significantly modify this value. However, the generally low nucleation densities

(< 106 cm −2 ) on untreated non-diamond substrates confirm the existence of a high energy barrier for
nucleus formation [18]. Only on c-BN, with its similar crystal structure, bonding and surface energy,
the barrier is apparently low enough for spontaneous, high-density nucleation [21, 22].

1.3.1.1

Bias-enhanced nucleation (BEN) on Ir
In 1991 Yugo et al. introduced a method which was later termed “bias-enhanced nucleation”

(BEN), in a microwave plasma (MWPCVD) setup [23]. The method consists in applying a negative
DC voltage of typically 100-300 V to the substrate and having a gas composition with high methane
concentrations. The microwave discharge is combined with a DC discharge that produces a localised
region of higher electrical field strength in the plasma, directly above the substrate, similar to the
cathode fall region in a classical glow discharge [24]. As a consequence, positive ions (e.g. CH 3+ ) are
accelerated to energies that induce the critical processes for in situ nuclei formation at, or just below
the surface [25]. Extended studies, performed for the BEN process on silicon, revealed that critical
factors for the achievement of oriented nucleation are [18]:
•

The duration of the biasing procedure: epitaxial diamond crystallites are only
observed within a well-defined process time window;

•

Choosing textured growth conditions adapted to the specific growth surface, e.g.
(001) or (111), otherwise renucleation and twinning will lead to a polycrystalline
film covering the initially oriented nuclei;

Both conditions are directly connected to the fact that during BEN on Si the diamond nuclei
can immediately start to grow in size.
The first report on diamond heteroepitaxy using Ir/MgO(001) as a substrate was presented by
Sawabe et al. in 1996 [26]. Iridium is a metal that neither forms carbides, nor does it take up any
significant amount of carbon even under intense ion bombardment during BEN [27]. The nucleation
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density is extremely high, in the order 1011 cm−2, usually only oriented grains are found, the binding to
diamond is very strong, and the lattice mismatch between the two materials is only 7.1%. Such
properties allowed smooth layers with excellent epitaxial alignment to be achieved at very low film
thickness [28]. Since that seminal report, iridium emerged as the most promising substrate for
heteroepitaxial diamond wafer technology. Its actual implementation requires a careful control and
profound understanding of the nucleation process, of the textured growth process, and a concept for
upscaling.
The nucleation process on Ir, which differs completely from the processes taking place on
any other material [18, 20], unfolds in the following way: immediately after BEN, no epitaxial
diamond crystals are observable. Instead, scanning electron microscopy (SEM) images using the
appropriate in-lens detector reveal a pattern formation consisting of well-defined bright areas, called
“domains” [29-31]. Nucleation on Ir apparently proceeds under etching conditions for which the bulk
phase of diamond is unstable, thus being incompatible with classical nucleation theory. With
subsequent application of standard diamond growth conditions, diamond crystals evolve from the
domain areas [29], with local areal densities of ~ 2 × 1011 cm–2 [32]. High-resolution TEM (HRTEM)
and X-ray photoelectron spectroscopy (XPS) analyses have shown that the deposit formed by BEN
consists of a closed carbon layer with a thickness ranging from 1-2 nm [32]. One other group has
reported a thickness of 8 nm [33], a value that is far from all observations in our lab. The definitive
proof of the presence of crystalline diamond structures in the pure nucleation layer was derived from
X-ray photoelectron diffraction (XPD) measurements [34, 35]. The data suggests a highly defective
diamond structure in the BEN layer, which can be attributed to the harsh ion bombardment during
BEN. The bombardment completely suppresses vertical diamond growth [36], while lateral growth
remains possible, thus yielding a conclusive mechanism for “domain” formation [18]. This mechanism
is able to explain the observation that the diamond crystals which evolve from the nucleation layer
after BEN are, essentially, all epitaxially oriented, with a low angular spread.

1.3.2

Mechanism of texture improvement
The excellent initial alignment of epitaxial crystals on iridium (~1° angular spread) enables a

very efficient reduction of mosaic spread in the subsequent growth of thick layers [37]. On a densely
nucleated surface, coalescence of the diamond grains and the formation of a closed layer occur at a
thickness below 100 nm in the subsequent growth step. At this stage, individual grains can still be
clearly seen. When the growth of thicker films continues this feature gets lost progressively, as shown
in Figure 1-6. After a few tens of µm the film transforms into a continuous single crystal with low
mosaic spread, but still with a high density of structural defects, namely dislocations [38].
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Figure 1-6: (a-c) Plan-view TEM images of epitaxial diamond layers on Ir/SrTiO3(001) with different
thicknesses. (d) Schematic drawing of the defect lines in the TEM image shown in (c) [37].

The dramatic improvement in crystalline quality is explained in terms of the substitution of
low angle grain boundaries between two neighbouring grains by energetically more favourable
disclinations. In other words, when the misorientation between them is small enough, the grain
boundary stops at a certain point in the film and growth develops as a continuous crystal, leaving a
disclination behind (see Figure 1-7). When a partial wedge disclination is formed instead of a grain
boundary, the misorientation between grains is partially accommodated by elastic deformation [37].

Figure 1-7: Schematic representation of stopping a low-angle grain boundary by introduction of a disclination
(black dot) [39].

1.3.3

Scaling up: silicon-based multilayer structures
Because Ir is a rare and expensive material, and producing bulk Ir single crystals would be

1

cost prohibitive, growth on iridium always means on iridium layers grown epitaxially on another
substrate. Heteroepitaxial Ir films have been grown on MgO(001), SrTiO3(001), sapphire and
YSZ/Si(001) for nucleation and growth studies of diamond on Ir [28, 40-43]. From an epitaxy point of
view, and taking into account potential upscaling, all these substrates are suitable. For example,
available wafer sizes are at least 2″ for SrTiO3 and MgO, 8″ for Al2O3 (sapphire), and 12″ for Si.
However, from a production point of view, Si offers the important advantage of a better fit of the
thermal expansion coefficient with diamond. Figure 1-8 compares the thermal stress induced in a thin
1

Prices in December 2015 in unit of USD/oz t.: (Ir) 525; (Au) 1075; (Pt) 871. Source: BASF Catalysts.

Fundamentals

12

diamond layer on thick substrates of various materials, after cooling down from the deposition
temperature, with Si resulting in much lower thermal stress than the three oxides. As a consequence,
the grown diamond film becomes much less prone to delamination.
Heteroepitaxial growth of Ir on Si requires the insertion of a buffer layer in order to avoid
them reacting to form iridium silicides, which possess different crystal structures and low symmetry.
SrTiO3 and yttria-stabilised zirconia (YSZ) turned out to be suitable candidates. The mosaic spread in
these oxide buffer layers is typically above 1° (FWHM). Nevertheless, single crystal iridium films
with one order of magnitude lower angular spread can be grown on top [44]. The nucleation and
growth of high-quality epitaxial diamond films has been shown on both Ir/SrTiO3/Si(001) [45] and
Ir/YSZ/Si(001) [42]. In the meantime, Ir/YSZ/Si samples with (001) and (111) orientations are
available in 4″ wafer size, and epitaxial diamond films have been deposited on both of these types of
substrates [43, 46].

Figure 1-8: Thermal stress σ xx in diamond layers on different substrates, versus deposition temperature [42].
The vertical line and the numbers at the right-hand side indicate the values for a rather low deposition
temperature of 700 °C. Nevertheless, the compressive stress for the oxide single crystals varies from −4 GPa for
sapphire to more than −8 GPa for MgO.

Figure 1-9 gives an overview of the Diamond/Ir/YSZ/Si(001) stack with FWHM values for
the polar and azimuthal angular spread of, respectively, 0.16° and 0.34° for the diamond, measured
over 10 cm2 [42]. Since then, both tilt and twist have been improved to values below 0.1° (see Figure
1-10). They currently represent the state of the art for diamond-on-iridium layers. Successful scalingup of the Ir/YSZ/Si(001) substrates to 4″ wafer dimensions has been shown [42], and the transfer of
the BEN process to 4″ substrates is currently in progress.
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Figure 1-9: (a) Schematic view of the Diamond/Ir/YSZ/Si(001) epitaxial multilayer structure [42]. In the YSZ
crystal the large spheres correspond to the oxygen ions. The numbers indicate the lattice mismatch between
consecutive layers. (b) XRD θ -2θ scan showing the epitaxial alignment of the different layers/materials. (c, d)
Surface and cross section SEM images of a representative sample.

The figure below shows the texture (tilt and twist) improvement of diamond films grown on
Ir/YSZ/Si(001), as a function of film thickness. It highlights the potential of this structure for the
fabrication of high-quality, large-area diamond, but also its limitations.
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Figure 1-10: Texture improvement of heteroepitaxial (001)-oriented diamond on Ir as a function of film
thickness, reproduced from [47]. Full symbols correspond to diamond films on Ir/YSZ/Si(001), 4° off-axis
substrate. Open symbols correspond to diamond films on Ir/SrTiO3(001) for comparison.
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1.4 Defects and impurities in diamond
Defects in a real crystal can be divided into chemical impurities, nonstoichiometry and lattice
defects. Lattice defects are: a) point defects (interstitials, vacancies, substitutions and antisites); b) line
defects (dislocations); c) area defects (crystal surfaces, grain boundaries, twin boundaries, stacking
faults, domain boundaries, homo- and heterojunctions, growth striations, growth sector boundaries,
etc.), and volume defects (inclusions, precipitates and clusters of point defects) [48]. Due to the nature
of diamond epitaxy on iridium, the most relevant types of defects are generally threading dislocations
(individual or clusters), and impurities such as N, Si and B.

1.4.1

Dislocations
Dislocations are line defects arising from the distortion of the crystal lattice caused by the

introduction of an extra lattice plane (edge-type dislocation) or by torsion of the lattice (screw-type
b
dislocation), as illustrated in Figure 1-11. They are characterised by a Burgers vector b .
The Burgers vector can be derived from the Burgers circuit, which is any atom-to-atom,
closed path taken in the crystal where a dislocation is enclosed. If the same atom-to-atom sequence is
made in a dislocation-free crystal, the circuit will not close, and the vector required to complete/close
this circuit is then the Burgers vector [48, 49].

Figure 1-11: Schematic view of (a) an edge-type dislocation and (b) a screw-type dislocation in a cubic lattice.
The bold black lines represent the dislocation lines, the red curves correspond to the Burgers circuit, and the
black arrows indicate the direction of the Burgers vectors.

Dislocations are found in all types of diamond, natural and synthetic. In homoepitaxial layers
they are either continuations of the defects existing in the seed, or they nucleate from defects on the
surface of the substrate (e.g., due to mechanical polishing). Dislocations are especially inherent to
heteroepitaxial diamond due to the nature of the growth process: the merging of the initial small
diamond grains formed after nucleation, with starting mosaic spread of ~1°, leads to high dislocation
densities on the order of > 1010 cm −2 . As the crystal grows, the polygonised network of grain
boundaries shown in Figure 1-6 decomposes into individual or agglomerated dislocations.
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Remarkably, not only the mosaic spread, but also the dislocation density can be reduced significantly
within a few ten µm under appropriate growth conditions, as recently shown by our group [50].
Interaction processes between dislocations with different Burgers vectors lead to a decrease [51] of the
dislocation density with film thickness, which follows roughly a 1 d law (see Figure 1-12). In the mm
range the dislocation density can be decreased down to ~ 107 cm −2 .
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Figure 1-12: Dislocation density derived from the analysis of etch-pits (red squares) and from TEM
measurements (blue open circles) versus the crystal thickness. The dashed red line shows a 1 d fit in the range
20-1000 µm. Reproduced from [50].

In heteroepitaxial diamond on iridium the dislocations are characterised by a Burgers vector
which is typically of the a 2 110 family. The long-range strain field can be calculated analytically
for the different configurations. The core energy depends on the reconstruction, which is studied
theoretically, e.g. by DFT (Density Functional Theory) calculations [52, 53].
Generally speaking, dislocations have a detrimental effect in the properties of diamond,
especially electrical and optical, and it is the goal for high-end applications that the dislocation density
be minimised. More on this subject will be presented in upcoming chapters.

1.4.2

Nitrogen
Nitrogen (N) is the most common impurity in natural diamond. Its presence led to the

classification scheme for diamonds: type I diamonds are nitrogen-containing; type II diamonds are not
(or with very small concentrations). In natural diamond the nitrogen is normally aggregated (type Ia),
but in synthetic diamonds it is mainly in the form of single substitutional atoms (type Ib). Although in
this form it is a donor, its ionisation energy of ~1.7 eV [6] is too high to be useful as an n-type dopant
for electronic applications.
The optical properties and particular attributes of nitrogen-containing diamond, which are of
interest in gemmology, are not relevant here, but it is worth mentioning that certain defects involving
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nitrogen, particularly the nitrogen-vacancy (NV) complexes, have recently been under the spotlight in
quantum information processing, single-spin magnetometry, and plasmonics [54]. They exploit the
fact that the spin state of a negatively charged NV centre (NV–) can be initialised and read out
optically, and that the charge state (NV0 or NV–) of this complex can be controlled electronically by
designing FET structures on the diamond.
Most important in the context of this thesis is, however, the special role that nitrogen plays in
MWPCVD of (001)-oriented diamond as a growth catalyst [55]. When nitrogen is added to the gas
phase in quantities of a few ppm during diamond CVD, the growth rate is reported to increase by up to
an order of magnitude [56-58]. It is proposed [55] that once nitrogen incorporates into the diamond
lattice, donor electrons from sub-surface N lengthen and weaken the (100):H(2×1) surface dimer
bonds, allowing growth species to directly incorporate in sp3 configuration, thus facilitating the
nucleation of new atomic terraces (see Figure 1-13). This model would suggest, however, that
incorporation of other donor impurities, such as phosphorus (an n-type dopant with even lower
activation energy), would lead to a similar effect. The lack of experimental observation to corroborate
this hypothesis leaves the possibility for other explanations for the nitrogen-induced growth rate
enhancement of diamond still open.

Figure 1-13: Growth model with N-doping of (100):H(2×1) diamond. (1) The extra electron from a sub-surface
N migrates to the surface and opens a dimer bond. (2) A CH 2 adsorbs to the open dimer and the neighbouring
dimer is opened. (3) Another CH 2 adsorbs to the open dimer and the next dimer (not shown) is opened. (4) H 2
is abstracted and a new isolated dimer is formed on the upper terrace [55].

Dunst et al. [59] have shown that, contrary to the above mechanism, the nucleation of new
lattice planes may not be a decisive step for the nitrogen-induced growth acceleration. Instead,
nitrogen is deemed to compete for adsorption with other growth species, and once adsorbed, it
catalyses further incorporation of carbon-containing species. The growth rate of on-axis and off-axis,
(001)-oriented samples in nitrogen-rich conditions were identical in that study, which was performed
in a low-pressure regime (30 mbar). This result differed from studies in a high-pressure regime
(~200 mbar) [17], where the growth rate of diamond was shown to increase when its surface has a
miscut angle of a few degrees away from the [001] direction, presumably due to preferential
incorporation of growth species at atomic steps.
The influence of nitrogen on the microstructure of the diamond surface was discussed by de
Theije et al. [58]. In the presence of nitrogen, besides the nucleation of new atomic terraces being
enhanced, also step bunching occurs due to nitrogen impurities on the surface hampering the lateral
propagation of atomic steps. This phenomenon is strongly anisotropic, with a tendency for large
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step/terrace structures being formed aligned parallel to the [110] direction [58, 60]. Such structures
were nicely reproduced from simulation, although the predicted slowdown of the growth rate
contradicted the experimentally observed increase.

1.4.3

Boron
Boron (B) is undoubtedly the most technologically relevant impurity in diamond. It is the only

known shallow dopant, with activation energy of 0.368 eV, and is found in natural diamond (type IIb).
The incorporation of boron attributes a blue tonality to the crystals [1]. Being a very rare type, the
Hope Diamond is an example of what is probably the most famous blue diamond currently known.
Boron can also be introduced into synthetic high-pressure high-temperature (HPHT) crystals and CVD
diamond layers, in the latter case using gas precursors such as B2 H 6 (diborane) or B ( CH 3 )3
(trimethylborane), which decompose in the hot plasma into active BH x species and incorporate into
the lattice in concentrations as high as ~ 1021 cm−3, more particularly when growth occurs on {111}
crystallographic facets. At such high concentrations ( > 3 × 1020 B cm−3), apart from turning black in
colour, the material undergoes a metal-to-insulator transition (MIT) [61, 62], becoming highly
electrically conductive at room temperature (see Figure 1-14 (a)). This is due to the activation energy
of the boron acceptors decreasing towards zero with increasing doping concentration (see Figure 1-14
(b) and Figure 1-17). At liquid helium temperature, heavily (metallic) B-doped diamond was found to
be a superconductor [63, 64].

Figure 1-14: (a) Room temperature resistivity as a function of doping concentration. Regions 1, 2 and 3
correspond to, respectively, low-medium, high and heavy doping levels. (b) Activation energy as a function of
doping concentration. Reproduced from [65].

The increase in B-doping concentration is associated with a decrease of the hole mobility (see
Figure 1-15), which can be detrimental to the performance of diamond-based electronic devices, such
as high-frequency transistors [66]. This difficulty has led to the concept of δ-doping [67], which
consists in growing a ~2 nm thick heavily B-doped layer in between two intrinsic layers of several tens
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of nm [68, 69]. In this particular case, a carrier delocalisation from the δ-doped region into the
intrinsic regions occurs, and in this way a large number of carriers are made available in the high
mobility region of the device. However, producing sharp B-doping profiles in diamond remains a
challenge [70].

Figure 1-15: Hall mobility at room temperature versus dopant concentration in boron-doped, single-crystal CVD
diamond, from several authors. Reproduced from [71].

Figure 1-16: Photon energies of the boron-bound exciton (BETO) transition and related line widths (full width at
half maximum) as a function of B concentration in diamond. The Mott density line marks the transition to
metallic conductivity following a theoretical estimate and Hall measurements. Reproduced from [72].

Contrary to undoped diamond, boron-doped diamond has a very distinct absorption spectrum
due to the introduced characteristic vibrational states, which allow the estimation of the B
concentration from IR and Raman spectroscopy [73-76]. The presence of B also leads to the emission
of characteristic near bandgap peaks due to bound exciton (BE) recombination in electro- and
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cathodoluminescence [77, 78]. The photon energy due to recombination of BE varies with doping
concentration according to Figure 1-16. See section 1.6.1 for more details.

Figure 1-17: Carrier concentration vs. reciprocal temperature of B-doped homoepitaxial diamond layers with
different doping levels. Reproduced from [79].

In terms of its influence on the surface morphology of diamond, B introduced in moderate
concentrations apparently does not change the growth mechanism from the undoped case [55]. It
promotes the growth of smooth (001) surfaces without step bunching and without any significant
change in growth rate. In high concentrations, B leads to hillock formation and roughening of the
surface.
As a result of the larger covalent radius of boron ( rB = 0.088 nm) when compared to that of
carbon ( rC = 0.077 nm), the introduction of substitutional boron atoms into diamond leads to an
expansion of the lattice parameter. This has been found to follow the linear interpolation attributed to
Vegard as long as the boron content is lower than ~ 3 × 1020 cm−3 in MWPCVD epitaxial layers [62,
80, 81]. In homoepitaxial layers the cell shows a tetragonal distortion, as long as the growth proceeds
in a pseudomorphic way. Under these conditions the boron concentration can be deduced from the
simple measurement of the out-of-plane lattice constant by XRD. As soon as relaxation occurs and
dislocations are inserted, which also create a mosaic spread, a full analysis of the strain tensor
(including the in-plane component) is required.

1.4.4

Oxygen
Oxygen (O) can be a beneficial element in the gas phase during MWPCVD. Very few, if any,

oxygen atoms actually become incorporated into diamond during the growth process, but very often
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the presence of oxygen improves the quality of the diamond by turning it from a less transparent to a
more transparent crystal, due to the preferential etching of sp2 carbon and attenuation of impurity
incorporation [82-84] (more on the etching properties of oxygen will follow). The relationship
between oxygen, carbon and hydrogen during diamond growth is represented in the well-known
Bachmann’s diagram in Figure 1-18.
0.0
1.0

0.1
0.2

line
water

H

0.6

(1)

0.5

0.6
0.7

CO

e
lin

0.4

(2)
CO 2

0.8

ac

0.9

(3) Etching of carbon

0.7

C

0.5

(2) Growth of diamond

0.8

0.3
0.4

(1) Growth of non-diamond phases

0.9

(3)

metha

1.0

ne line

0.3

line

ety

len

0.2
el
ine

0.1
0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

O
Figure 1-18: Bachmann’s diagram for stable diamond growth (white area) [85]. Oxygen-rich gas compositions
(lower region) lead to pure carbon etching (no growth), while small concentrations of oxygen lead to improved
crystalline quality.

1.4.5

Silicon
Silicon (Si) is a particularly relevant impurity in heteroepitaxial and polycrystalline diamond

due to the immediate source of this element from the silicon wafers used as substrate. Exposed to the
hot and chemically active plasma during CVD, Si is released into the gas phase and incorporates
substitutionally into the diamond lattice, distorting the lattice due to its size and generally forming
complexes with vacancies (SiV centres). It is a significant trap for carriers and should be avoided in
high-end diamond-based electronic devices [6]. Similarly to the nitrogen-vacancy centres, SiV centres
are receiving more attention for the potential application as narrow-band, bright single photon emitters
[86].

1.5 Fundamentals of diamond etching
The study of diamond etching started with the aim of understanding the genesis of natural
diamond, and later developed to become a tool for revealing the occurrence and distribution of point,
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linear and planar defects in natural and HPHT diamond crystals. Soon after the use of the chemical
vapour deposition became widespread, efforts were made in processing the grown material by gas
phase etching to smoothen the surface of polycrystalline films and remove graphitic or amorphous
carbon present in the grain boundaries [1].
Without activation, no chemical etchant attacks diamond at room temperature. At higher
temperatures diamond is no longer chemically inert and is eroded by oxygen and oxygen compounds,
molten and solid metals [87, 88] and by hydrogen. At temperatures above 2000 K the metastable
diamond phase spontaneously turns into graphite at atmospheric pressure. Graphitisation can also
occur at lower temperatures when catalysed with solid or molten metals [1].

1.5.1

Hydrogen etching
Diamond is etched by the attack of atomic hydrogen, either neutral or ionised, with most

studies focussing on hydrogen radicals produced by the activation of H 2 by hot filament and plasma
[89-92]. Reports on plasma-activated hydrogen etching have shown the formation of flat {001}
surfaces covered by monoatomic steps parallel to [110] , due to (2×1) reconstruction of the plasmapolished {001} faces [89, 93]. It is also suggested, based on quantum mechanical and kinetic Monte
Carlo studies of the occurrence of hydrogen etching during diamond CVD that, like growth, also the
etching of {001} diamond must proceed layer-wise involving steps [1, 94].

1.5.2

Oxygen etching
Diamond is very susceptible to oxidation: compared with hydrogen, oxygen etching sets in at

lower temperatures and proceeds at much higher rates, and activation to atomic or ionic oxygen is not
needed.
Work on diamond etching using activated (i.e. atomic) oxygen points to chemical etching
being predominant over sputtering, proceeding by a continued chemisorption of oxygen at the
diamond surface followed by desorption as CO and CO2. The surface chemistry is activated by the
chemical and kinetic energy of the impinging oxygen radicals or ions generated by RF [95, 96],
microwave [97] and ion beams [98], or by foreign ions such as Xe+ [99]. This has the advantage that
the temperature of the surfaces being etched can be kept very low, down to 100 °C, 0 °C or even
−140 °C. A detailed understanding of the surface processes during activated oxygen etching is lacking,
although the mechanisms possibly share similarities with the thermal oxidation of diamond [1].
From thermochemical studies of oxidative diamond etching it was found that the oxidation
rate of single crystal diamond is fastest for {111} surface, followed by {110} and {100} , and that the
rate-limiting step in the process involves breakage of one C−C bond. It was also observed that oxygen
chemisorbed on a diamond surface desorbs as CO and, to a lesser extent, as CO2. Depending on the
etching conditions (pressure and temperature), different combinations of functional groups such as
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ketone (C=O), ether (C−O−C), lactone [C(O)−O−C] and carboxylic anhydride [C(O)−O−C(O)] can be
present on the crystalline surfaces [1, 100], with a rough trend of the more complex structures not
surviving at higher temperatures. On {001} single crystals there is a predominance of bridging ketone
and ether groups on both (1×1) and (2×1) reconstructed surfaces. The termination of the diamond
surface after oxidation is not so important for the etching of defects (chapter 3.3), but may be relevant
when oxygen-terminated diamond is used for the fabrication of devices, such as in chapters 4 and 5,
due to surface/interfacial states being generated by functional groups adsorbed on the diamond
surface.

1.5.3

Etching of dislocations
In the case of pristine diamond faces, such as {111} and {100} , etching proceeds mostly layer

by layer and the surface remains flat due to “kinetic smoothing” [101]. However, in the presence of
stress and weaker bonds due to crystal defects, such as dislocations, stacking faults and grain
boundaries, a local preferential 2D nucleation of monolayer etch-pits occurs, followed by lateral
expansion of growth steps. In the case of a line defect such as a dislocation, it serves as a continuous
source for nucleation, which leads to the development of etch-pits large enough to be visible by
microscopy techniques. Examination of these features formed after etching provides information on
the defect structure in the crystals [1, 48]. Due to the high etching anisotropy, oxidation is often the
preferred method to expose defects in the diamond crystals and films [1, 102, 103].
The usefulness of the etching technique lies in the formation of visible, sharp, contrasting
etch-pits at dislocation sites. The necessary condition for the formation of visible etch-pits is the
proper ratio of the three dissolution rates (see Figure 1-19): vn is the etch rate along the dislocation
line, directed normal to the surface; vt is the tangential etch rate describing the lateral spreading of
elementary steps of the surface; vf corresponds to the etch rate along the lateral side of the pit; vs is
the etch rate of the surface in areas free from dislocations, also directed normal to the surface. The
absolute values of these rates are governed by the nature and composition of the etchant, as well as by
the etching conditions, e.g. temperature, pressure, stirring of the etchant, etc., and also by the presence
of impurities segregated along the dislocation lines [48].
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Figure 1-19: Schematic description of the different etch rates involved in the formation of an etch-pit at a
dislocation site [48, 103].

Denoting the rate along the surface of the pit in Figure 1-19 by vf , the condition for etch-pit
formation is when vf  vs . When vf  vs , the dissolving surface remains practically smooth. In other
words, the plane of a crystal with maximum dissolution rate has minimum tendency to form etch-pits,
and vice-versa.
The condition for stable etch-pit formation is therefore the following [48]:

vf > vs cos θ

(1.5.1)

1.6 Electron-matter interactions
The wave-particle dualism postulated by Louis de Broglie (Nobel Laureate in 1929) establishes
that moving matter has a corresponding wavelength λ , which is given by:

λ=

h
h
=
p mv

(1.6.1)

where p is the momentum of the body, m is its mass, v its velocity and h is Planck’s constant

(6.626 × 10−34 m2 kg s−1). This relationship allows a direct correlation between the kinetic energy of an
electron, E = 1 2 ( mv 2 ) , and wavelength, which is given by:

λ=h

2m0 E

(1.6.2)

where m0 is the rest mass of the electron ( 9.109 × 10−31 kg). Considering an electron accelerated in an
electric field, its kinetic energy results in E = qV , where q is the electron charge and V is the
acceleration voltage, and equation (1.6.2) then becomes:

λ=h

2m0 qV

(1.6.3)
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For high acceleration voltages, e.g. hundreds of kV or more, typically used during transmission
electron microscopy (TEM) experiments, the electrons travel close to the speed of light, and therefore
equation (1.6.3) must include a relativistic term, which then becomes [104]:
h
×
2m0 qV

λ=

1
qV
1+
2m0 c 2

=

h


qV 
2m0 qV 1 +
2 
 2m0 c 

(1.6.4)

where c is the speed of light in vacuum (2.998 × 108 m s−1).

Figure 1-20: Illustration of the different effects produced by electron-beam interaction with matter. Adapted
from [105].

The interaction of electrons with known energy (and hence wavelength) with the atomic
environment of a target specimen enables a wide range of electron microscopy and spectroscopy
techniques. Absorption, elastic and inelastic collisions with the atoms of the specimen will alter their
energy, momentum and/or phase, resulting in transmission, scattering and/or diffraction of the
electrons, as well as the emission of photons. Upon detection and analysis, they can yield information
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about the atomic/elemental, structural and electronic properties of the sample. Figure 1-20
summarises the different types of interactions an electron can undergo when impinged on a material.
The electron-matter interactions illustrated above are the basis of several standard techniques
used throughout this thesis, namely cathodoluminescence (CL), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and its derivatives, i.e. bright-field TEM, dark field TEM,
diffraction, electron energy loss spectroscopy (EELS), etc. Apart from CL, all other techniques were
performed with commercial equipment.

1.6.1

Cathodoluminescence (CL)
Cathodoluminescence consists in the generation of electron-hole (e-h) pairs in a

semiconductor by an impinging electron beam with high enough energy, followed by the
recombination of the e-h pairs with emission of characteristic photons which carry information about
the material.
The process by which e-h pairs are generated in cathodoluminescence is more complex than in
photoluminescence, because the excitation process in the former case is an indirect process involving
multiple steps, whereas in the latter process an e-h pair is directly generated by an absorbed photon.
The properties of light, such as energy/wavelength or polarisation directly affect the e-h pair
generation phenomenon. Furthermore, the excitation intensity is temporally and spatially
homogeneous in the generation region [106], unlike in CL.
On the other hand, in cathodoluminescence several processes take place: X-ray emission by
excitation of an inner shell, Auger electron emission, secondary electron emission by a cascade
process, etc. As the Auger electrons generated at the first stage lead to other Auger effects, the number
of Auger electrons increases substantially. In its turn, secondary electrons, which are induced from the
collision of incident electrons with electrons in the valence band, also increase in number. Each
incident electron in the cascade process generates ~ 103 secondary electrons, while the ratio of the
Auger effect to the collision process is not precisely known. For an electron beam of a few keV,
electron emission by the Auger effect is higher than X-ray emission [106].
The cascade process in the material occupies an approximately spherical volume, as shown in
Figure 1-21. The diameter LR (µm) can be determined from [106]:
LR =

0.02764 A ⋅ E 5 3
,
ρZ8 9

(1.6.5)

where A is the atomic mass, Z is the atomic number, ρ (g cm−3) is the density of the material
and E (keV) is the acceleration voltage.
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Figure 1-21: Representation of the electron cascade process in a semiconductor led by incident (primary)
electrons with high energy (keV range). The secondary electrons have kinetic energies of ~5-10 eV and diffuse
in a spherical volume while excited. Image adapted from [106].

The depth LR is typically a few hundred nanometres in semiconductors for an electron beam
of a few keV. The e-h pairs generated by the secondary electrons recombine in the generation and
diffusion regions, thus emitting light by luminescence. A wide range of electronic transitions in
diamond can be then probed with cathodoluminescence, allowing the investigation of optical
properties and defects in the material.
The spatial resolution in CL is nearly as large as LR and plays a role, for example, in CL
imaging in scanning electron microscopes. It should also be considered when measuring thin films.

Figure 1-22: Sketch of the cathodoluminescence setup used in this thesis. The sample is placed inside a vacuum
chamber on a copper holder cooled by liquid nitrogen. An electron gun is connected to the vacuum chamber in a
vertical configuration. The acceleration voltage, filament current and x-y positioning of the beam are adjusted
externally. The light emitted from the sample is collected through an optical window and directed to the entrance
slit of a T64000 spectrometer by an arrangement of concave and flat mirrors on an optical table.

Particularly relevant has been the use of CL to quantify the dopant concentration of boron or
phosphorus in diamond from the intensity/shift of emission peaks of impurity-bound excitons [78,
107-110]. In CL spectra of diamond films in the energy region close to the bandgap, the presence of
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boron gives rise to a phonon-assisted electronic transition attributed to boron bound excitons, BETO,
next to the free exciton transition peak, FETO. The intensity ratio of both features can be compared
with calibration curves in literature [77, 78]. This method to deduce the boron concentration is
sensitive down to minimum concentrations of 0.1 ppb (~1013 cm−3) and over many orders of
magnitude [78]. At concentrations of ~100 ppm, equivalent to ~1019 cm−3, the BETO peak broadens,
increasingly overlaps with the FETO peak (which decreases) and shifts to lower energies (see Figure
1-16). The reason for this is believed to be due to bandgap shrinkage. This shift can then be used to
derive the B content [110].
Cathodoluminescence measurements in this work were performed using a home-made setup
illustrated in Figure 1-22. It is comprised of 1) a vacuum chamber, 2) a removable copper sample
holder, 3) a RHEED 2 electron gun with external electronic controls for acceleration voltage, filament
current, focus/size and x-y position, 4) rotary and turbo pumps connected in series with the chamber,
5) an external feed for liquid nitrogen to cool the copper sample holder, 6) an optical table with a set
of concave and flat mirrors and finally 7) a T64000 spectrometer.
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Gas phase studies during in situ boron-doping of diamond on
Ir/YSZ/Si(001)

2.1 Introduction
Diamond is well-known for its outstanding properties, being the material of choice for high-end
applications such as cutting of hard materials, tribology, radiation detection, electroanalysis, biosensing, high-power high-frequency switching, deep UV emission, quantum computing [1-6].
Among the most critical factors that still limit the widespread application of diamond are 1) the
controlled growth of diamond with the desired properties, e.g. a well-defined doping level and 2) the
availability of high-quality, large-area diamond substrates.
Even large-grain polycrystalline diamond substrates with the highest (structural and optical)
quality suffer from the presence of some grain boundaries, which deteriorate charge transport
properties and from the strong generic variation of boron incorporation with the crystallographic
orientation of the growth surface [7]. Single crystals from the high-pressure, high-temperature (HPHT)
synthesis or homoepitaxial layers grown on top can meet quality requirements [8], but not with
technologically relevant sample size. A promising strategy in the quest for large area diamond single
crystals is heteroepitaxial growth.
Significant progress has been made in the field of heteroepitaxial growth since the introduction
of Ir as a substrate for high density nucleation of epitaxial diamond crystals by bias enhanced
nucleation (BEN) [9-13]. This has allowed, under appropriate microwave plasma-enhanced CVD
(MWPCVD) conditions, the formation of cm2 large, dislocation-rich diamond single crystals (i.e. low
mosaic spread) which can already be used in high-end applications as radiation detectors or as neutron
monochromators [1, 14]. Further improvement of the heteroepitaxial diamond material is a
challenging topic of current research, which will enable further technological applications. Therefore
significant effort has been devoted into understanding and reducing the density of defects in the
crystals, namely dislocations [13, 15-17].
The quality and the properties of diamond crystals grown by MWPCVD depend heavily not
only on the substrate, but equally on the growth environment, as described in chapter 1. The 1)
necessity to grow thick films with unspoiled single crystalline quality in an economically feasible time
and 2) the necessity to adopt different strategies to accelerate the mutual interaction and annihilation
of the dislocations are paramount. The former point (i.e. growing thick and fast) involves the selection
of appropriate growth conditions, with particular attention to gas mixture and plasma chemistry around
the substrate. In short, the controlled growth environment and the interaction of different species
present in the plasma are crucial for the synthesis of high-quality diamond crystals with the desired
electrical and optical properties. The interaction of chemical species in the plasma and the effect on
the grown diamond films are the subject of study in this chapter.
Doping atoms or, more generally speaking, impurities in the gas phase can modify CVD
diamond growth and thus, besides the simple incorporation of dopants in the lattice, their specific
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influence on growth and potential mutual interaction of impurity atoms are of interest. Furthermore,
handling B in the CVD reactor to produce precise and constant doping concentrations over the whole
thickness remains a challenge, and therefore needs investigation. This is very important for the
fabrication of solid-state devices with optimum performance and is especially critical to produce δdoping profiles [18, 19].
Last, but not least, in a number of former doping studies strong memory effects 1 and a high
sensitivity of the doping efficiency to the presence of gases like oxygen have been reported [20, 21].
In all these cases a variation of the boron concentration in the gas phase is only one possible
explanation, among other alternatives.
In a first step, in this work we focussed on the monitoring of impurities (namely B) added to the
gas phase by optical emission spectroscopy (OES), in order to quantify potential memory effects in the
CVD chamber and elucidate interactions between dopant-containing precursors and other gas phase
components, such as O and N. Later we studied the interaction of B and N in the plasma during
growth and its effect on the growth rate, again with aid of OES and light reflectance interferometry
(LRI).

2.1.1

Optical emission spectroscopy (OES)
Optical emission spectroscopy (OES) is one of the oldest and most popular methods of plasma

monitoring. Fundamentally, OES is a measure of the optical radiation emitted from the plasma
species. Since emissions can emanate from reactants as well as products, OES measurements are most
often used to obtain the average optical intensity at particular wavelengths. By setting an optical
spectrometer to monitor the intensity at a wavelength associated with a particular reactant or byproduct species, OES serves as a non-invasive, real-time plasma monitoring tool [22]. In contrast to
absorption measurements, the technique suffers from the drawback of a very limited quantifiability
due to very complex and normally uncontrollable excitation channels (i.e. direct excitation from the
ground state, excitation into higher levels which radiatively cascade into the level of interest, and
excitation from long-lived metastable atoms in the plasma). In some cases this problem can be
addressed by the method of actinometry [23].
In the present studies we use OES as a semi-quantitative tool to detect the presence of
impurities or dopants in the gas phase during diamond growth (see Figure 2-1), to monitor the
correlation of their emission signal with the precursor concentration in the feed gas, and to detect
potential chemical interactions between different components in the gas phase.

1

I.e. when former processes influence subsequent processes by changing the environment in the reactor.
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Figure 2-1: Schematics of the optical emission spectroscopy (OES) setup used in this work. The light emitted
from the plasma during MWPCVD growth is collected through a quartz window by an optical fibre, and fed into
the entrance slit of the T64000 triple Raman spectrometer for analysis. On the bottom part, a representation of
the spectrum produced by atomic hydrogen with its Balmer lines is shown.

The signature of boron in the plasma, a band at 433.16 nm corresponding to the A1Π − X1Σ
system, stems from the emission of BH that is formed after the decomposition of a boron-containing
gas such as diborane, B2 H 6 , or trimethylborane (TMB for short), B ( CH 3 )3 , and as a result of “Hshifting” reactions of different species: BH x + H  BH x−1 + H 2 , x = 1...3 [24-26]. It is believed that
BH is an energetically more favourable doping agent than BH 3 and BH 2 , thus driving boron
incorporation into the diamond lattice [26].
Nitrogen is detected from the emission of CN radicals with a prominent band of the

B Σ − X 2 Σ system at 388.30 nm [27]. Former studies have shown that the CN signal scales linearly
2

with [ N 2 ]feedgas addition but it is only weakly dependent on the [ CH 4 ]feedgas [28].

2.1.2

Laser reflectance interferometry (LRI)
LRI is an optical method that takes advantage of the interference phenomenon of light to

enable the measurement of film thicknesses [29]. When a monochromatic light (e.g. from a laser) is
directed towards a transparent thin film (see Figure 2-2), part is reflected at the surface (beam 1), and
part is transmitted through the film (beam 2). The transmitted portion of light is eventually reflected
back at the interface with a reflective substrate and leaves the film having travelled a different
distance. This distance corresponds to an optical path difference (OPD) between the two beams, which
is equal to 2dn2 cos θ 2 , with d being the film thickness [30]. The OPD can change the phase relations
between the two outgoing waves, i.e. constructive interference will occur whenever the phase
difference is a multiple m of the wavelength λ of the incident light, which allows the determination of
the thickness from the following equation [30]:
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=
d

mλ
=
2n2 cos θ 2

mλ

 sin θ1  
2n2 cos sin −1 

 n2  


(2.1.1)

In the case of quasi-normal incidence, i.e. θ1 ≈ 0 , the equation above simplifies to:
d≈

mλ
2n2 − θ12 n22

mλ
=
2n2

θ1 = 0

(2.1.2)

By measuring over a time t the intensity I LRI ( t ) of the light leaving the sample during
diamond growth, the thickness d ( t ) of the film can be determined by counting the number of maxima
m ( t ) of the measured oscillating pattern. Once the thickness is obtained, the growth rate ∆d ∆t can

be calculated.

Figure 2-2: Schematics of the laser reflectance interferometry (LRI) setup.

2.2 Experimental
2.2.1

Sample preparation
All diamond films were grown on Ir/YSZ/Si(001) using BEN for the generation of diamond

nuclei. For the preparation of the substrate, first a several ten nm thick layer of yttria-stabilised
zirconia (YSZ) was deposited on a 3 mm thick, 4° off-axis Si(001) wafer by pulsed laser deposition
(PLD) as described in ref. [31]. An iridium layer was then grown by e-beam evaporation at 650 °C
(see ref. [32]). The BEN process was carried out in a MWPCVD reactor using an atmosphere of 3%

CH 4 in H 2 and a bias voltage of −300 V. An intrinsic diamond layer of ~1 µm thickness was grown
on the nucleated Ir/YSZ/Si(001) stack using a microwave power of 2 kW at 40 mbar in an atmosphere
of 1.5% CH 4 in H 2 with 100 ppm N 2 .
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Subsequently, diamond growth was continued under variable conditions in one of two similar
(identical vacuum chamber and microwave cavity) ASTeX type MWPCVD reactors, depending on the
experiment. The reactor dedicated for B-doping with a separate gas line exclusive for TMB is referred
to as “reactor #1”, while the other (which has a low B background and is used for growth of undoped
diamond) is referred to as “reactor #2”. Base growth conditions were two: a) low pressure growth at
50 mbar, 2% CH 4 in H 2 at 720-750 °C and b) high pressure growth at 100 mbar, 4-5% CH 4 in H 2
at ~900 °C. The microwave power was adjusted to keep the temperature values comparable. Because
reactor #1 has a heated stage (sample holder), it only needed 1100-1200 W, while reactor #2 needed
2100-2500 W to compensate for the use of a cooled stage. Detailed parameters will be mentioned
where relevant.
The gas precursors used included purified H 2 , CH 4 , CO 2 , trimethylborane (TMB) and N 2 .
With a typical total gas flow of 400 sccm the gas exchange time τ 95 was estimated to be ~10 min (i.e.,
after this time, over 95% of the initial gas volume was exchanged).

2.2.2

Measurement conditions
For the OES measurements the light emitted from the plasma was collected by an optical fibre

and transferred to the T64000 triple Raman spectrometer. In the triple additive configuration the
specified maximum resolution of this instrument is ~0.004 nm at 500 nm. To determine the detection
threshold for BH in the plasma we tested different spectrometer modes and identified the single mode
using a 1800 mm−1 diffraction grating and 30-50 µm slit width, corresponding to a spectral resolution
of 0.03-0.04 nm, as optimum configuration. The emission intensities of the BH ( A1Π − X1Σ system at
433.16 nm) and CN ( B2 Σ − X 2 Σ system at 388.30 nm [27]) species were normalised relative to the
H γ line (434.05 nm) of the Balmer series.

During the deposition process the growth rate was monitored in situ by laser reflectance
interferometry (LRI) using a HeNe laser, a mechanical chopper, and lock-in technique.
The B concentration in the samples was evaluated using cathodoluminescence (CL), according
to a method described in section 1.6.1 and in the literature [33, 34]. CL was performed in high vacuum
(~10−6 mbar) at liquid nitrogen temperature. Excitation was done by a 7 keV electron beam with a spot
size of ~1 mm. The light was guided from the exit window by optical elements on an optical table
towards the entrance slit (with variable opening width) of the T64000 spectrometer, operating in single
mode with a 600 mm−1 grating.
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2.3 Results and discussion
2.3.1

Detection of boron in the gas phase
The addition of TMB to the gas mixture leads to the formation of BH species in the CVD

plasma. In a first step, we investigated the relationship between BH emission intensity and TMB
concentration in the gas phase by systematically varying the concentration of TMB in the feed gas and
measuring the BH emission intensity. In this way, we aimed to establish optimum conditions for the
detection of B in the gas using our OES setup, and to achieve the highest possible sensitivity. Figure
2-3 (a) shows the spectral region between 432.9 nm and 434.2 nm which contains the H γ Balmer line
of atomic hydrogen at 434.05 nm and the BH emission band at 433.16 nm. By operating the
spectrometer in the triple additive mode (highest resolution) the narrow BH band can be decomposed
into several individual lines. However, it turned out that the higher resolution did not yield a higher
sensitivity (e.g. by better separating individual BH peaks from the background emission). Instead it
only reduced the signal-to-noise ratio. For this reason, the optimum spectral resolution was found to be
0.04 nm. Under this condition, the intensity of the BH peak was found to scale linearly with the TMB
precursor concentration in the feed gas (Figure 2-3 (b)), with a detection threshold for B in the gas
phase equivalent to ~1-3 ppm TMB.
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Figure 2-3: (a) Variation of the OE spectra in the wavelength region that contains the BH emission and the H γ
Balmer line with increasing TMB concentration in the feed gas (spectral resolution: 0.04 nm, CH 4 H 2 = 2% ,
total flow rate: 400 sccm, 50 mbar, 1100 W microwave power). The spectra are normalised to a constant height
of H γ which showed a scatter in absolute intensity of less than 8%. The inset graph shows the BH system taken
with higher resolution (0.01 nm). (b) Normalised BH emission versus TMB concentration in the feed gas.

The linear correlation between precursor concentration in the feed gas and the BH signal
observed in the present OES measurements suggests that the OES signal of the BH species may be
used as a semi-quantitative tool to study the memory effects, the influence of oxygen and the
interaction between different gas phase species in a systematic way.
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Interaction of the boron precursor with the reactor environment
In a CVD setup deposition does not only occur on the sample, but adsorption and desorption

processes can also involve substrate holder, heater and the reactor walls. This adsorption/desorption
kinetics will change when the precursor concentration is varied in the gas phase, which is necessary,
for example, when preparing samples with defined doping profiles. Knowledge of the typical time
constants of the deposition system is therefore of high relevance. The maximum change is obtained
when a reactor is restarted after a profound cleaning. This situation is simulated in the following
experiments.
The basic concept was to first clean the sample holder from carbon/boron deposits, and then
perform an OES monitoring of the BH signal evolution during simulated growth conditions with a
high TMB concentration in the feed gas. Afterwards the same procedure was repeated without the
cleaning step. In both cases the BH emission signal was measured against time and plotted in Figure
2-4 (a, b), respectively.
In order to estimate the time constants of the deposition system, a few considerations were
made: 1) under normal process conditions, the working pressure in the reactor is controlled
downstream by a regulated exhaust pumping system which counter-balances the flow of feedstock
gases into the chamber; 2) the feedstock gas composition consists of more than 90% hydrogen, which
is mostly not consumed, and so the flow of gas being extracted from the chamber is approximately
identical to the flow of feed gas; 3) the feed gas is assumed to instantly form a homogeneous mixture
with the gas in the chamber, because of the relatively small chamber volume (ca. 8 L), low pressure
and high gas flow rate; 4) the difference in temperature between the gas mixture in the reactor and the
feed gas is neglected. Under these conditions, a simple dilution model for the gas mixture in the
reactor can be deduced:

c ( t ) =cin + ( c0 − cin ) e −t t

(2.3.1)

where c ( t ) is the concentration of the solute (e.g. TMB in H 2 ) at a given time t, c0 is the initial
solute concentration in the chamber (i.e. right before dilution starts) and cin is the concentration of
solute in the feed gas. The gas exchange time τ is given by:

t=

chamber volume × working pressure
.
ambient pressure × total flow rate

(2.3.2)

This exchange time, which corresponds to a decrease/dilution factor of e −1 , was estimated to
be around 4 min for our reactor at present conditions (i.e. 100 sccm, 50 mbar). From the same
equations, 90% of the gas is exchanged after ~9 min. However, upon analysis of the BH emission
intensity in Figure 2-4 (a), which shows the increase of the BH emission signal after a growth process
was started with 1000 ppm TMB in the feed gas, we observed that it took ~7 hours instead of a few
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minutes for the BH signal to reach saturation level. This suggests that the clean parts of the reactor act
as a sink for the boron precursor, until they are fully covered and adsorption and desorption are in an
equilibrium. In a second, consecutive run, displayed in Figure 2-4 (b), the rise time decreased to ~2
hours, which is a further evidence of having boron deposited on the inner parts of the reactor after the

1
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Figure 2-4: (a) Temporal development of the BH emission signal after the CVD reactor had been opened and
cleaned. (b) Consecutive experiment under the same conditions. ([TMB] = 1000 ppm, CH 4 H 2 = 2% , total flow
rate: 100 sccm). The blue line shows the TMB flow. In (b) the TMB flow was interrupted for 1 hour and this
period is shown in (c).

In Figure 2-4 (b) the profile also shows the reaction after a sudden switch-off of the TMB
addition, and the measured BH emission intensity is plotted in semi-logarithmic scale in Figure 2-4
(c). There is a fast component with a time constant τ = 1.5 min, that is less than half the pure gas
exchange time estimated previously, and a slow component with τ = 80 min. This behaviour can be
explained by the fact that the reactor components, including the growing diamond film, first extract (or
“pump”) boron from the gas phase, leading to a fast decay where the BH emission intensity decreased
sharply by nearly one order of magnitude within less than 5 min. At a certain boron concentration the
pumping by the reactor components changes its sign, i.e. boron is now released to the gas phase, thus
giving rise to the slow decay component.
After a subsequent B doping growth process of 5 hours, a consecutive run without TMB in the
feed gas for 20 hours reduced the BH intensity to a few ppm, close to our detection limit. This
observation suggests that the release of boron by the contaminated parts in the reactor develops an
even slower decay after prolonged process time. As a consequence, severe memory effects limit the
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possibility to realise steep concentration profiles or to grow superstructures consisting of alternating
layers of high and low boron concentration.
There are different approaches which may help minimising this problem, including a complete
redesign of the reactor. However, none of them can completely avoid it. In the following, we will
explore a strategy to influence the memory effects by modifying the feed gas composition.

2.3.3

Interaction of oxygen with boron in the gas phase
Addition of oxygen during in situ B doping is known to reduce the incorporation efficiency

drastically [20, 21] thus providing an interesting concept for the controlled reduction of memory
effects and the preparation of steeper doping profiles. A priori, the reduction of the doping efficiency
does not give any information about whether the interaction of B and O occurs in the gas phase or at
the growth surface. In order to investigate these effects, we designed OES experiments to monitor the
interaction of B with O in the gas phase.
Growth conditions were simulated in reactor #1 with the concomitant addition of TMB and

CO 2 to the gas phase as, respectively, B and O precursors. The TMB concentration was fixed, while
the CO 2 concentration was systematically varied and the BH emission monitored by OES. In the
present experiments CO 2 was used instead of O 2 for safer handling. As CO 2 supplies O as well as C,
the CH 4 concentration was adjusted (reduced) to compensate for the additional source of carbon. This

results in the addition of CO 2 effectively translating into an equivalent addition of O 2 when [ CH 4 ] is

kept constant. According to the basic idea of Bachmann’s C-H-O diagram [35] (Figure 1-18) the
specific nature of the precursors is irrelevant and only the atomic ratios matter.
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Figure 2-5: (a) OE spectra of the BH emission intensity with increasing CO 2 concentration for a TMB
concentration of 300 ppm in the feed gas ( C H 2 = 2% , variable [CH 4 ] and [CO 2 ] , total flow rate: 200 sccm).
(b) Reduction factor of the BH intensity versus CO 2 concentration in the feed gas and a linear fit of the data
points. The highest data point at 1% CO 2 corresponds to a gas composition on the CO line of Bachmann’s
C-H-O diagram, i.e. C:O = 1 (see Figure 2-7).
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The spectra in Figure 2-5 (a) show the evolution of the BH emission with increasing
concentration of CO 2 in the gas phase. The relationship between the BH emission intensity and CO 2
concentration is shown in Figure 2-5 (b). These results show that CO 2 reduces the BH emission
signal dramatically. From the linear correlation a reduction factor I BH ( 0 ) I BH ([ CO
=
2 ])

[CO2 ] × 5200

was deduced, i.e. for 1% CO 2 (equivalent to O C = 100% ) the BH signal decreases by a factor of 52.
Two sets of diamond films have been grown with and without CO 2 addition in order to
analyse the influence on the incorporation into the films. The B incorporation was determined by
cathodoluminescence. In set 1, the B concentration in the films grown using only the boron
background in the chamber (equivalent to 1-3 ppm TMB) was reduced by a factor of 13, from
8.8 × 1017 cm−3 to 7 × 1016 cm−3, when 0.25% CO 2 was added in the gas phase. In the second set 20 ppm
TMB was used. Addition of 0.5% CO 2 reduced B concentration in the grown film from 2.2 × 1019
cm−3 to 1 × 1018 cm−3, i.e. by a factor of 22. Within experimental errors both values fit quite well to the
relationship found for the reduction factor of the BH emission with CO 2 addition.
As a consequence, we conclude that the reduction of B incorporation into the diamond with
addition of oxygen to the feed gas can be attributed to pure gas-phase effects, presumably through the
formation of H x BO ( x = 1, 2) compounds [36]. It is important to highlight this observation, since a
completely different behaviour involving the interaction of B with N will be described later in section
2.3.6.
Our result has to be compared with a work by Omnés et al. [20] who reported a reduction of B
incorporation by a factor of 100 with 0.25% of O 2 added to the gas phase for 1% CH 4 , which
corresponds to O C = 50% . Such reduction factor is 4-5 times higher than our calibration curve
predicts. A decrease by more than two orders of magnitude has very recently been found for extreme

O C ratios of up to 1000% (i.e. 10 times more O than C) [21]. Such a strong suppression would
provide a very efficient tool for the preparation of steep doping profiles, as required for δ-doping.
However, the reported gas mixture is far away from the CO line towards the oxygen corner of
Bachmann’s C-H-O diagram. The mixture is even beyond the CO 2 line, which corresponds to an
etching region where no growth should take place (see Figure 2-7 (b)). Since the authors still report a
small but positive deposition rate, it is currently difficult to make a final assessment of their findings
and compare them with our observations, as variations among reported results may arise from
differences in process parameters and conditions inherent to each reactor.

2.3.4

Retention of a constant growth rate under oxygen addition
Apart from reducing the incorporation of impurities in diamond, particularly of B, addition of

O to the gas phase may lead to a significant reduction of the growth rate, which is often undesired.
Irrespectively of the nature of the specific precursor, oxygen in the gas phase of a microwave
discharge will always react with carbon and hydrogen to form predominantly CO and CO 2 or OH and

H 2 O . The most abundant species is typically CO [37]. Since CO is not supposed to contribute to the
growth directly, the concentration of active growth species should decrease on oxygen addition, thus
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leading to slower growth. This follows the relationship illustrated in the Bachmann’s C-H-O diagram
in Figure 1-18. Preliminary observations of this effect had been made during routine experiments
using oxygen.
In order to investigate this problem in a more systematic way and to establish a clearer
relationship between oxygen concentration, concentration of growth species in the gas phase and
growth rate, 3 different parameter sets representing different directions (or line scans) through
Bachmann’s C-H-O parameter space were defined (see Table 2-1):
1. Parameter set “A”: effective O 2 addition (i.e. substitution of H by O). In this
configuration the total amount of C is kept constant, while the total amount of O is
increased. The assumption is that most O atoms will react with a C atom, producing
CO and depleting the growth atmosphere of growth species, CH x ;
2. Parameter set “B”: addition of CO 2 (i.e. substitution of H by CO 2 ). In this
configuration the total amount of C increases by half the amount of O, and so only
half of the added amount of O is assumed to convert growth species into inert CO;
3. Parameter set “C”: effective CO addition (i.e. substitution of H by CO). In this
configuration the total amount of C increases by the same amount as O. Thus, every
added oxygen atom could be converted to CO without changing the concentration of
active growth species, i.e.: [ C=
]active

[C]total − [O]total .

The term “effective” is adopted due to the fact that neither O 2 nor CO are available in our
equipment as source gases that can be added directly to the feed gas mixture, but only CO 2 . This
required that the concentration of the different gas precursors ( H 2 , CH 4 and CO 2 ) were properly
adjusted in order to achieve the correct atomic ratios for each case. Table 2-1 shows the adjusted flow
rates for CO 2 and CH 4 to achieve the growth regimes, for comparable O C ratios.
Table 2-1: Summary of the different ([CO 2 ] [CH 4 ])feedgas ratios used in this work to achieve the different growth
regimes, “A”, “B” and “C” (also plotted in Figure 2-7). Units are in percentage of total gas flow (400 sccm),
e.g., typical conditions without oxygen (i.e. 0% O C ) consist of 0% [CO 2 ]feedgas and 4% [CH 4 ]feedgas (16 sccm).

O/C ratio

0%

25%

50%

75%

„A“: O addition
„B“: CO2 addition
„C“: CO addition

0/4
0/4
0/4

0.5/3.5
0.57/4
0.66/4.6

1/3
1.33/4
1.93/5.8

1.5/2.5
2.4/4
5.88/9.8

These 3 parameter sets are displayed accordingly in the C-H-O diagram in Figure 2-7 for
clarity. Following the red line (parameter set “A”) should lead to increasingly slower growth until,
eventually, etching starts to take place. Following the green line (parameter set “B”) should also lead
to increasingly slower growth and eventually etching, but for a higher concentration of atomic oxygen

Gas phase studies during in situ boron-doping of diamond on Ir/YSZ/Si(001)

46

compared to “A”. Following the blue line (parameter set “C”) should maintain a stable growth rate.
For stable growth of epitaxial diamond by MWPCVD the C H ratio is also important, and one should
not expect the growth rate to be maintained when a large fraction of H is substituted by another
element, since atomic hydrogen drives diamond growth. However, we chose moderate parameters
where the fraction of H was never below ~94%.
In a first step, growth conditions were reproduced using both parameter sets “B” and “C”, with
simultaneous in situ growth rate measurement by LRI. The results are shown in Figure 2-6 (a). For
increasing O C ratio, the growth rate decreases upon CO 2 addition, while it stays constant for
effective CO addition. Figure 2-6 (b) shows the actual CH 4 concentrations used in the process to
keep the growth rate constant when increasing the O C ratio. The experimental values fit very well in
the analytical curve representing the amount of CH 4 that needs to be added to the gas phase to
counter-balance the increased CO 2 content, for the effective CO regime.
Our results confirm very nicely the initial assumptions regarding the C-H-O chemistry:
addition of oxygen leads to the formation of inactive CO , which reduces the concentration of active
growth species, CH x , thus leading to slower growth. The initial (oxygen-free) growth rate can be
restored by increasing the amount of atomic carbon in the process gas to compensate for the extra
oxygen, thus bringing the concentration of CH x back to its original level.
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Figure 2-6: (a) Change in growth rate induced by both addition of CO 2 (green circles, parameter set “B” from
Table 2-1) and effective addition of CO (blue open circles, parameter set “C”). (b) Calibration curve for the
parameter set “C” to maintain a constant growth rate for a base [CH 4 ]feedgas of 4%. It defines the amount of CH 4
(and therefore of CO 2 ) that has to be added in the feed gas for a desired O C ratio in the “effective CO
addition” regime.
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Figure 2-7: Bachmann’s C-H-O diagram showing the growth regimes listed in Table 2-1. In (b) only a small
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2.3.5

Interaction of oxygen with boron in the gas phase under different growth regimes
In the previous section it was observed that the growth rate of diamond can be maintained

constant upon addition of oxygen when the carbon concentration was increased simultaneously by the
same amount, so that effectively CO was added. This approach apparently guaranteed that the
concentration of active growth species stayed constant. However, previously, addition of oxygen to the
gas phase was proposed as a strategy to better control B incorporation in diamond, since it was found
to interact with B-containing species in the gas. This gives rise to an important question: is the
reduction of B incorporation with O addition still possible when simultaneously trying to preserve the
growth rate? Presumably, in the case of effective CO addition (parameter set “C”) formation of CO
would compete with formation of H x BO ( x = 1, 2) compounds. We set out to investigate this problem.
In section 2.3.3 it was shown that the suppression of the optical emission of BH scales linearly
with [ CO 2 ]feedgas , with experiments done in a low pressure regime in reactor #1 and with conservation
of the total C concentration (equivalent to the regime of effective O addition). Here the same concept
was applied again, i.e. monitoring the BH signal emission by OES with increasing O concentration in
the gas phase, but for varying conditions. Experiments were performed in a high pressure regime to be
comparable to the conditions used for the growth rate experiments in the previous section. The two
extreme cases, effective O addition (parameter set “A”) and effective CO addition (parameter set “C”),
were compared for the same TMB concentration in the feed gas. The results of the measured spectra
are shown in Figure 2-8.
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Figure 2-8: Reduction in BH emission vs. (a) O C and (b) O H ratios in the gas phase for parameter set “A” in
red, for parameter set “C” in green and blue, and for parameter set “B” (1 data point for O C = 25% ) in black.
(see Table 2-1 for more details).

In Figure 2-8 the reduction factor of the BH signal is presented in two ways: in (a) as a
function of O C ratio and in (b) as a function of O H ratio. The former case is comparable to Figure
2-5 (b), highlighting the dependence of BH emission on the concentration of “free” oxygen 2, while the
2

It should be understood by „free oxygen“ any oxygen-containing species able to neutralise BH species in the
gas, unlike CO which is inert.
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latter case highlights the dependence of the BH emission on the total concentration of oxygen. The
first observation from these results is that the linear relationship between the BH reduction factor and

O C ratio given by the red data points in Figure 2-8 (effective addition of O), nicely matches the
result previously obtained at lower pressure (see section 2.3.3). We interpret this in terms of a
negligible pressure dependency. However, when the growth regime is switched to effective addition of
CO (green data points in Figure 2-8) the BH reduction factor is significantly lower and the behaviour
is non-linear. This indicates that the formation of CO is preferred over formation of H x BO ( x = 1, 2)
compounds, and the concentration of BH species is not strongly affected.
The BH reduction factor was also observed to be dependent on the absolute B concentration in
the gas, from comparison between the green and blue data sets in Figure 2-8. When the TMB
concentration is reduced by more than an order of magnitude (from 300 to 20 ppm), not only is the BH
attenuation weaker, but it also saturates earlier, becoming more insensitive to increasing amounts of
oxygen. This suggests that with smaller B background levels, the attenuation of BH emission will
flatten to a constant factor and not increase with increasing O C ratio, rendering the strategy of
oxygen addition to control B incorporation ineffective when the growth rate is to be preserved.
It is clear from Figure 2-8, therefore, that the BH emission intensity is only strongly reduced
when only oxygen is added, which is what the parameter set “A” defines by keeping the total amount
of atomic carbon constant in the gas mixture. This regime has, however, the drawback of decreasing
the growth rate. Consequently, by extension, reducing B incorporation in diamond by adding O to the
gas phase has a practical limit which is related to the C-H-O diagram (Figure 2-7): B incorporation
can be lowered continuously until a point is reached where diamond stops growing. If the
concentration of free atomic O is increased further, diamond growth will shift towards an etching
regime. An example of this situation is the extreme parameters used by Volpe et al. shown in Figure
2-7 (b) by a star with the label “2”. Despite such extreme parameters they still reported a positive
growth rate of ~0.15 µm/h, which is somewhat surprising and apparently incongruent in comparison
with our observations.

2.3.6

Interaction of nitrogen and boron in the gas phase
Another important element related to diamond growth is nitrogen. Nitrogen at trace levels of a

few ppm can accelerate diamond growth by up to one order of magnitude [38-40] and still plays an
important role in understanding the mechanisms of diamond growth and impurity incorporation. The
absolute growth rate enhancement factor crucially depends on the deposition parameters, particularly
the substrate temperature and the gas pressure. Since both boron and nitrogen can be simultaneously
present in the growth environment due to contamination, gas leak or intentionally, any possible
interaction between the two elements is of interest and remains unclear up to this day, despite earlier
work with polycrystalline diamond [41].
In order to check for interaction between boron- and nitrogen-containing species in the gas
phase, OE spectra of the plasma before and after addition of TMB to a nitrogen-containing gas
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mixture, and before and after addition of N 2 to a boron-containing mixture, have been recorded under
typical growth conditions. In the first case OE spectra were recorded with lower resolution, to
encompass the H γ , BH and CN signals. When only the BH emission was of interest, higher resolution
was used. The spectra are shown in Figure 2-9, respectively (a) and (b). Only the extreme cases of a
whole series of different N 2 and TMB concentrations are shown. They indicate a negligible
interaction of the two species in the gas phase up to concentrations which normally yield high doping
(in the case of boron) or which already accelerate growth significantly (in the case of nitrogen).
A completely different behaviour is observed when the growth rate is studied. In deposition
experiments on (001)-oriented heteroepitaxial diamond films at low pressure (50 mbar, 2% CH 4 in

H 2 , 1100 W microwave power and a substrate temperature of ~800 °C) in reactor #2 (nominally
boron-free), addition of 100 ppm of N 2 accelerates growth by a factor of ~2. For the same
experimental conditions in reactor #1 (boron background level equivalent to ~1-3 ppm TMB), the
change in growth rate measured by LRI when 100 ppm N 2 were added was negligible (less than
10%). No enhancement was observed also with samples grown with 300 ppm N 2 at ~720 °C. This
preliminary result already indicates that the action of nitrogen on the growth rate is strongly modified
by the presence of boron.
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Figure 2-9: (a) OE spectra of the CN peak at 388 nm and the BH emission region before (red curve) and after
(black curve) addition of 160 ppm TMB (spectral resolution: 0.23 nm). (b) Zoomed region of the BH peak
including the H γ line before (black curve) and after (red curve) addition of 800 ppm N 2 (spectral resolution:
0.04 nm). Experiments performed at low pressure (50 mbar).

This initial observation is partially in contrast to a report by Ramamurti et al. [42] who grew
B-doped single crystals in a high pressure regime (160-220 mbar, 4-6% CH 4 in H 2 ). They found that
10 ppm B2 H 6 significantly decreased the growth rate, but a variation of N 2 between 2.5 and 550 ppm
still caused acceleration by a factor of 2.6. Our OES results in Figure 2-9 also rule out the formation
of B-N compounds in the gas phase, as proposed by Hartmann et al. [41]. Since fundamental growth
processes vary strongly with pressure and temperature [41, 43], further detailed experiments were
required to clarify the mechanism.
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Effect of B contamination on the growth rate enhancement by N2
The preliminary growth rate observations described in the previous section, where N 2 added

to the gas phase did not develop its catalytic effect on the growth rate of diamond in a boroncontaminated reactor, led us to investigate the problem further and more systematically. Here we want
to examine how strong the effect of B contamination on the growth rate enhancement by N is, and see
if this effect can be restored despite the B contamination.
In a first step, in situ growth rate measurements were performed using the two reactors, #1
(with a typical boron background of ~1-3 ppm) and #2 (nominally boron-free), by increasing

[ N 2 ]feedgas

up to 2000 ppm and without any further addition of boron. The results are displayed in

Figure 2-10.
The blue curve in Figure 2-10 shows the variation of the growth rate upon nitrogen addition in
the nominally boron-free reactor #2. Surprisingly, the growth rate is unchanged up to 150 ppm, and
then it increases steeply above this threshold. This result contradicts former experiments. In contrast
(see red curve), in the reactor #1 no acceleration occurs up to the highest nitrogen concentration of
2000 ppm.
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Figure 2-10: In situ growth rate measurements in reactors #1 and #2 without intentional boron addition.

The boron background in reactor #1 is high, because it is regularly used to grow boron-doped
diamond. The concentration depends on the previous processes, and it was estimated to be around
~2 ppm at the time of these experiments, which is also the sensitivity limit for the detection of BH in
the plasma by OES under our conditions. In reactor #2 the contamination level is well below the
detection limit of OES. However, the results above suggest that boron might also be present in this
reactor. In order to clarify this point, cathodoluminescence (CL) measurements of a diamond sample
grown in reactor #2 were performed, yielding a boron dopant concentration in the low 1016 cm−3 range.
From this value a B background concentration of 0.01-0.1 ppm was estimated. We interpret this result
as a first hint that a minor B contamination below 0.1 ppm could be sufficient to cancel the growth
acceleration for nitrogen additions in the range up to 150 ppm.
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The most obvious proof of an interaction between nitrogen and boron would be a direct
mutual influence in the gas phase. However, this has already been excluded from previous
experiments (see section 2.3.6), in which no cross sensitivity in the emission signals was detected: CN
emission didn’t change by TMB addition and the BH emission was insensitive to nitrogen addition.
As a consequence, systematic exploration of potential interactions would require growth rate
measurements with controlled variation of nitrogen and boron. However, these are hampered by the
fact that in the reactor dedicated to doping studies the background contamination already cancels the
nitrogen effect completely, so that any further controlled TMB addition would only worsen the
situation. In reactor #2, TMB addition was neither foreseen nor would it have allowed a controlled
setting of B concentrations in the sub-ppm level, due to strong memory effects (as discussed in section
2.3.2). We have therefore chosen the strategy to control the B concentration in the gas phase by
addition of oxygen. This concept is based on the previously shown observation that oxygen strongly
neutralises boron in the gas phase under certain conditions, as deduced from the BH optical emission
signal and from the lower boron concentration of the simultaneously grown diamond layers (see
sections 2.3.3-2.3.5). However, in order for this concept to work, it is necessary that oxygen and
nitrogen do not mutually interact in the gas phase, as this would complicate the experiment and reduce
the significance of the results. Thus, this point had to be clarified first.

2.3.8

Interaction of N and O in the gas phase
It is known from sections 2.3.3-2.3.5 that O neutralises B in the gas phase during growth of

diamond by MWPCVD, however a potential interaction between oxygen and nitrogen in the gas phase
still needs to be investigated. For this purpose, new OES measurements under typical growth
conditions were carried out.
An experiment was performed in the following way: for a constant concentration of

[ N 2 ]feedgas = 1750

ppm, different quantities of CO 2 were admixed into the feed gas (parameter set “B”

in Table 2-1) under the same high pressure regime (100 mbar) as before, while the emission intensity
of CN species at 388.3 nm was monitored by OES. Using CO 2 addition instead of effective O 2
addition or effective CO addition is important here, because it establishes a compromise between
having enough free oxygen and having enough “free carbon” (i.e. carbon in the form of growth
species), which are necessary for the formation of CN.
Figure 2-11 shows the temporal development of the CN emission at 388.3 nm while

[CO2 ]feedgas

was varied. Even for higher fractions of oxygen in the gas phase the CN stays completely

unchanged. Likewise, the decreasing fraction of active growth species, which comes by using
parameter set “B”, did not seem to affect the CN intensity. Therefore, we took these results as a strong
hint that oxygen does not have a direct impact on the nitrogen in the gas phase. This enables oxygen
being used to reduce the boron concentration in the gas phase in a controlled way without additional
side-effects, which is a crucial prerequisite for a systematic of the influence of boron on the nitrogeninduced growth acceleration. The observed growth rates during the process (also displayed in Figure
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2-11), which were monitored by LRI in parallel with OES, were already a preliminary confirmation
that this is indeed the case. But more detailed investigations were carried out, as shown next.

Figure 2-11: Optical emission intensity of CN for a constant [N 2 ]feedgas concentration of 1750 ppm and different
O C ratios according to parameter set “B” from Table 2-1. The intensity of the CN emission at 388.3 nm
remained constant throughout the experiment, despite increasing the total amount of oxygen up to 2.66%. The
growth rate measured in situ is also given for each parameter window.

2.3.9

Controlling the nitrogen-induced growth acceleration via oxygen addition
Here we carry on with a more systematic evaluation of the strategy to (re)activate the nitrogen-

induced growth rate enhancement of diamond in a B-rich atmosphere, by adding oxygen to the gas
phase during growth.
Modification of the nitrogen-induced growth acceleration by controlled addition of oxygen
was first investigated in reactor #2 with low boron background. Two growth processes were carried
out with increasing N content in the gas phase: in the first process no oxygen was added, while in the
second process 50% O C was added according to parameter set “C” from Table 2-1 (i.e. effective CO
addition), in order to keep the same base growth rate in both cases. The results are shown in Figure
2-12.
The step-like behaviour in the growth rate vs. nitrogen concentration in an oxygen-free
environment, as already displayed in Figure 2-10, was modified quite significantly upon addition of
oxygen to the gas phase: the step has completely disappeared, and for all applied nitrogen
concentrations an increase in growth rate was observed. At 200 ppm the growth rates were nearly
identical. Since effective addition of CO (parameter set “C” from Table 2-1) was chosen to keep the
concentration of growth species constant, this behaviour indicates that after overcoming the threshold
all nitrogen atoms present in the gas phase develop the same effect.
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Figure 2-12: Growth rate enhancement by N 2 with and without oxygen addition in reactor #2 in the high
pressure regime (100 mbar), following parameter set “C” from Table 2-1.

Further similar experiments were carried out in reactor #1, i.e., in the regime of high boron
concentrations. In order to have a better control over the real boron content in the gas phase, several
runs with defined TMB flow rates of 1, 3, and 6 ppm were performed. Oxygen was added by CO 2
addition (parameter set “B” from Table 2-1), because preliminary experiments with effective CO
addition (parameter set “C”) showed that not enough free oxygen existed in the gas phase to reduce
the B background to a level where growth acceleration by nitrogen could be observed. Under such
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Figure 2-13: Growth experiments in reactor #1 (B background of ~2 ppm). For 3 different [B]feedgas the growth
rate was measured vs. [N 2 ]feedgas for O C = 25% and [CH 4 ] = 4% (parameter set “B” from Table 2-1). The
upper part of the figure shows the relationship between the total=
[B]gas [B]feedgas + [B]bkg. and the threshold
values of [N 2 ]feedgas .
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Figure 2-13 summarises the results of the 3 runs in which the growth rate was measured vs.
the nitrogen addition at a fixed O C ratio of 25%. All the curves display a complete insensitivity at
nitrogen levels of few hundred ppm, followed then by an increase at defined threshold values. The
slopes of the curves above the threshold are similar, in contrast to the behaviour in reactor #2.
In the upper part of Figure 2-13, the boron concentration (taking into account the ~2 ppm
contribution from the background contamination) is plotted vs. the nitrogen concentration at the
threshold. The resulting linear relationship demonstrates how the growth rate enhancement by nitrogen
can be switched on in a boron-containing gas phase by addition of oxygen in a controlled way.
The experiments in both reactors allow a clear discrimination of two states: standard and
accelerated growth. The transition between each growth regime is marked by a threshold value. Its
systematic variation suggests the existence of a critical ratio between boron and nitrogen atoms in the
gas phase. We estimated this number from the experiments in the two concentration regimes,
independently, in the following way:
Several samples grown in reactor #2 contained boron in concentrations of around
3 × 1016 cm−3. For the estimation of the gas phase concentration during film deposition, the
incorporation efficiency, i.e., [ B C]solid

[ B C]gas , has to be known. Growth of several samples in this

low B concentration range and subsequent analysis by CL yielded a large scatter ranging from 2% to
30%. For the present estimation a realistic incorporation efficiency of 10% is assumed, and thus we
obtain a gas phase concentration of 0.07 ppm. From the step in the growth rate at 150 ppm N 2 (see

Figure 2-12) we could then deduce a critical [ N 2 ] [ B] ratio at the threshold for nitrogen-induced

growth acceleration of ~ 2 × 103.
In reactor #1, defined quantities of TMB and N 2 were fed into the chamber. However, the
threshold was only accessible when sufficient oxygen was present. As a consequence, the reduction
factor from Figure 2-8 (determined for 10 ppm TMB) had to be included in the evaluation. The linear
relationship between boron concentration and nitrogen concentration at the threshold (see Figure
2-13) provided nearly identical values for all three runs. With a reduction factor of 3.7, estimated from
Figure 2-8, a ratio of [ N 2 ] [ B] ≅ 850 was derived.
Taking into account the large uncertainty of the factors included in the calculation, we
concluded that the presence of roughly one boron atom is sufficient to cancel the effect of more than
1000 nitrogen atoms in the gas phase.
Our previous experiments revealed essentially no interaction between nitrogen and boron in
the gas phase, suggesting that surface processes are responsible for the observed dependence of
nitrogen-induced growth rate acceleration on the [ N 2 ] [ B] ratio. The basic mechanisms of growth rate
enhancement by nitrogen without any additional interacting impurities, like in the present experiments,
are still not fully understood. In a proposed mechanism (described in section 1.4.2) for the catalytic
effect of N on the growth rate, extra surface electrons supplied by the incorporated nitrogen facilitate
the direct bonding of CH 2 radicals in sp3 configuration [44]. However, in a more recent publication it
was suggested that nitrogen adsorbs at the surface where it catalyses the incorporation of many
hydrocarbon species in the neighbourhood [28]. During adsorption it competes with other hydrocarbon
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radicals for adsorption sites. Based on the latter model, our findings suggest that N and B either
compete for adsorption sites or coadsorb, neutralising the catalytic action of nitrogen in this way,
whereas, based on the former model, the growth mechanism is controlled by a charge compensation
effect between electron and holes from, respectively, incorporated N and B.
Boron is present in our experiments in much lower concentrations in the gas phase. However,
its incorporation efficiency of ~0.1-1 is significantly higher than for nitrogen: ~10−4 to 10−3 [45-47].
Jin and Moustakas explain this behaviour simply in terms of differences in the bonding energy EC-C ,

EC-N and EC-B , which vary as 83, 73, and 89 kcal mol−1 [45]. They assume that the condensation rate
ℜ , e.g. for nitrogen, scales with EC-N like:

E
ℜ ~ exp  C-N
 RT


.


(2.3.3)

At 1000 K the ratio of ℜ for N and B is ~ 3 × 10−4 . Differences in the activation and
dissociation in the gas phase, especially for the stable N 2 triple bond, should contribute further
modifications. In spite of all uncertainties, this simple estimation suggests that the ratio between the
area densities of B and N species adsorbed at the surface could be close to unity at the threshold of
growth acceleration, which yields an important clue to the underlying growth mechanisms.

2.3.10 Incorporated N and B before and after growth acceleration
In order to confirm if indeed the incorporated N B ratio in the films is close to unity, several
samples were grown with varying [ N 2 ] [ B] ratio in the gas phase, chosen so that the final measured
growth rates were either slightly below or slightly above the growth rate enhancement threshold. The
samples were then characterised by Elastic Recoil Detection Analysis (ERDA) [48] for the
quantification of incorporated N and B in the films. The results are shown in Figure 2-14.
The figure below shows the averaged growth rate measured in situ by LRI during the last
minutes of growth of 5 samples, together with their respective N B ratio measured by ERDA. The
points corresponding to 2000 ppm [ N 2 ]feedgas are the average of two samples which were just above
the growth acceleration threshold. The other samples were just below. As the nitrogen concentration in
the feed gas increased, so did the growth rate and the incorporated N B ratio. For the lowest

[ N 2 ]feedgas
[ N 2 ]feedgas

of 500 ppm the N B ratio was in its lowest value of 0.97±0.28, while for 2000 ppm
the N B ratio was 1.58±0.21. It can be seen that, as predicted by our gas phase studies, the

incorporated N B ratio is indeed close to unity, with an averaged value of 1.88±0.35. Experimental
errors and scatter considered, we can say with certainty that the threshold ratio of incorporated N to B,
at which diamond growth switches from standard to catalysed by N, lies between 1 and 2. This result
is a remarkable finding and very important for the understanding of doping and (impurity-assisted)
diamond growth from an atomistic point of view. It will motivate further research into the chemistry
taking place on the diamond surface during deposition, in order to understand, for example, if N and B
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simply compete for adsorption sites or if the growth acceleration is assisted by surface electrons, as
discussed earlier.
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Figure 2-14: Growth rate (black points) and corresponding incorporated N B ratio (red points) in diamond as a
function of the N 2 concentration in the feed gas. The grey and white areas separate the standard growth regime
from accelerated growth regime, respectively. The samples were grown with a high B background of roughly
1-3 ppm, which was fixed by adding 1 ppm TMB to the already existing B background contamination, and
adding 4% CH 4 and CO 2 to a ratio of 26.1% O C .
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conclusion of this thesis.

2.4 Conclusion and final remarks
The present work showed that OES, though not being a quantitative method for the
measurement of particle densities, can yield important information about the crucial processes during
in situ boron doping. The BH emission peak was found to scale linearly with the TMB concentration
in the gas phase.
By monitoring the BH emission, the response time for the boron concentration in the gas
phase after switching the TMB addition could be deduced. After a complete switch off, a fast decay by
one order of magnitude with a time constant of less than half the gas exchange time of the reactor was
followed by a very slow decay about 20 times higher than the gas exchange time. This behaviour gives
rise to pronounced memory effects that hamper any attempt to achieve precise doping levels or to
produce steep doping profiles in the same MWPCVD reactor.
Several reports in literature have described a reduction of the incorporation coefficient for
boron due to the presence of oxygen in the gas phase. Here we have shown that this reduction can be
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explained comprehensively and quantitatively by gas phase processes, ruling out surface-related
processes. The results support the concept of using oxygen for the realisation of steeper doping
profiles under appropriate conditions. We also showed that BH reduction by O addition is insensitive
to variations in the process pressure from 50 to 100 mbar, but very sensitive to the gas composition,
namely to the O C ratio. We evidenced that addition of oxygen has a weaker effect on the BH
intensity when the concentration of active growth species is preserved through effective CO addition.
In contrast, addition of oxygen has a much stronger effect on the BH intensity when growth species
are consumed through effective O 2 addition. These variations due to process parameters can explain
the different reduction factors reported in the literature.
Use of oxygen is, however, not without side-effects. For the purpose of using oxygen to have
better control of B incorporation in reactors suffering from strong memory effects, it is necessary to
have a high O C ratio, of which a high amount of atomic oxygen is not in the form of inactive CO
molecules, but free to abstract boron from its active compounds. This was demonstrated to be
achievable when effective O 2 addition to the gas phase is chosen, e.g. by adding CH 4 and CO 2 for a
given O C ratio so that the total [ C]gas remains constant (parameter set “A”) or, to a lesser degree,
when effective CO 2 is added (parameter set “B”). However, this was shown, with the help of LRI, to
cause a strong reduction of the growth rate. Preserving the growth rate, however, required an effective
addition of CO, e.g. by adding CO 2 for a given O C ratio and increasing [ CH 4 ]feedgas to compensate
for the excess oxygen. This procedure led to a significantly smaller BH attenuation and to a much
weaker dependence on the O C ratio. The attenuation factor is virtually constant for smaller [ B]
values, despite increasing O C . As a consequence, the use of oxygen as a strategy to reduce B
incorporation does work, but under limited conditions. The lowest concentrations of incorporated B
can only be achieved at very low growth rates. Attempting further reduction will lead to etching of the
diamond.
Next in this work it was shown here for the first time that growth rate enhancement by N 2
addition to the process gas is severely hampered by the presence of boron. The effect is completely
suppressed by boron in ppm levels. At lower boron concentrations a step-like behaviour was observed,
i.e., the nitrogen is initially inactive before it sharply develops its effect above a threshold
concentration. We showed that the lack of interaction between nitrogen and oxygen in the gas phase
could allow the use of the latter to reduce the B N ratio in the plasma and allow nitrogen to deploy its
catalytic effect on the growth rate.
In the reactor with low boron background (much less than 1 ppm) an O C ratio of 50%
ensured that the growth rate reacted immediately upon nitrogen addition. In the reactor with a typical
background of 1-3 ppm, addition of oxygen caused the appearance of a threshold for nitrogen
concentrations above which growth acceleration started abruptly, whereas before addition of oxygen
no growth rate enhancement could be observed up to 2000 ppm [ N 2 ]feedgas . The value of the observed
threshold upon oxygen addition (in the order of 1000 ppm N 2 ) scales linearly with the boron
concentration in the gas phase, indicating a clear dependence of the growth rate on the N B in the
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gas. We roughly estimated based on the individual incorporation efficiencies of B and N that the
growth acceleration threshold coincides with an incorporation ratio N B ≅ 1 .
From ERD analysis of samples grown with controlled addition of N 2 and B in the gas phase,
in such a way that the growth rates measured in situ by LRI were either just below or just above the
acceleration threshold defined by the

( [ N ] [ B] )
2

gas

ratio previously found, we confirmed that the

incorporated N B ratio is indeed close to unity. This result immediately suggests the simple idea that
B and N could coadsorb at the surface and then incorporate into the diamond lattice as BN pairs. Due
to the structural identity of diamond and cubic BN, with a lattice misfit of only 1.4%, this mechanism
seems very plausible [49] and future experiments by FTIR or HRTEM should be carried out to
investigate the presence of BN pairs in CVD-grown diamond.
In addition, our findings may represent a further piece for the still incomplete puzzle of growth
rate enhancement by nitrogen. Even 20 years after its discovery, and despite its high technological
relevance, a generally accepted mechanism which explains all phenomena is still to be presented.
Finally, we would like to point out that the present results can now yield a conclusive
explanation for former observations of retarded growth acceleration by nitrogen. In addition, they
provide an extremely sensitive procedure (ppb range) to check for low levels of boron contamination
in CVD reactors, by performing in situ growth rate measurements with nitrogen addition and using the
above mentioned N B relationship to estimate the B background level.
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Analysis of B-doped heteroepitaxial diamond films: structure and
defects

3.1 Overview
In the previous chapter, special focus was given to the growth environment and to aspects
related to the plasma chemistry, which affect both growth (i.e. stability and deposition rate) and
doping (i.e. control of impurities, namely B). Here in this chapter the attention is shifted to the
properties of the grown crystals, namely of heavily B-doped films. The following work is divided into
3 main sections:
•

3.2 Measurements of boron incorporation in highly stressed heteroepitaxial diamond
layers;

•

3.3 Visualisation of dislocations by etch-pit formation on heteroepitaxial diamond;

•

3.4 Direct imaging of boron segregation at dislocations in heteroepitaxial B-doped
diamond.

Of main concern in 3.2 is the achievement of highly to heavily B-doped heteroepitaxial
diamond films by in situ B-doping with TMB (trimethylborane) during MWPCVD, while keeping
conditions that preserve single crystallinity, monitored by X-ray diffraction (XRD) measurements. The
determination of the B doping level was investigated by several techniques and the results were
compared. The very particular stress state of heteroepitaxial B-doped diamond films grown under the
chosen conditions required a more careful and detailed approach than what is usually reported in the
literature, as will be shown.
In section 3.3 the work focuses on the analysis of dislocations in the grown diamond films.
The reduction of the dislocation density in heteroepitaxial diamond is a topic of major importance.
Systematic studies on the reduction of dislocation density require, first of all, simple and reliable
quantitative measurements of their density. Therefore, here we investigated the etch-pit formation
method by varying etch parameters and measuring densities and shapes of the etch-pits formed on the
surface of the diamond.
Finally, in section 3.4 dislocations in heavily B-doped heteroepitaxial diamond films are
directly investigated with transmission electron microscopy (TEM) and other auxiliary techniques. Of
particular importance is the relationship between dislocation and etch-pit, the type and orientation of
the dislocations in the B-doped films compared to what is observed in undoped diamond, and the local
features of the dislocations in a B-rich environment. Understanding how dislocations are generated,
how they propagate and how they mutually interact is essential for the development of efficient
strategies to reduce dislocation densities in the films.
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3.2 Measurements of boron incorporation in highly stressed heteroepitaxial
diamond layers
3.2.1

Introduction
Boron-doping is a fundamental capability that enables the application of diamond as high-end

electronic and electrochemical devices. Without B-doping, the fabrication of diamond-based
transistors, diodes and electrodes [1-11] to take advantage of the superb properties of diamond, would
not be possible under practical conditions. Therefore, much work has been done around single- and
polycrystalline B-doped diamond, such as the investigation of the effects that B precursors have in the
gas phase during CVD [12, 13], their influence on growth [14-16], structure/crystallography [17-19]
and generation of defects [20-24], and the effects of B incorporation on the electrical properties [2531] of the grown crystals. However, little is known about B-doping of heteroepitaxial diamond films
grown on Ir. Furthermore, there is a genuine possibility for the unique properties of diamond grown on
Ir/YSZ/Si(001), namely the high density of threading dislocations, to reveal interactions with dopants
which are not easily observable in homoepitaxial and polycrystalline films. Thus, this section is
dedicated to the study of boron doping of heteroepitaxial diamond films by adding TMB
(trimethylborane) as precursor to the process gas [32].
In this work B-doped diamond films of several µm thickness were grown by MWPCVD.
High-resolution X-ray diffraction (HRXRD) and cathodoluminescence (CL) were used to evaluate
structure, strain/stress and doping/composition of the films. It is shown that especially for the
temperature range favourable for twin suppression a complete analysis of the strain tensor is required
to extract the biaxial stress and the expansion of the lattice cell due to B atom incorporation. In light of
the particular stress state of diamond films grown heteroepitaxially on Ir/YSZ/Si(001), several
techniques for the quantification of B in the diamond (CL, SIMS and XRD) were compared and
improved upon.

3.2.2

Formation of intrinsic stress by effective climb of dislocations
The optical and electronic properties of materials grown epitaxially on a lattice-mismatched

substrate are strongly affected by processes of stress relaxation, which generally occur through the
generation of misfit dislocations at the layer/substrate interface [33, 34]. Usually, this process requires
that dislocations move into the crystal. However, the energy barrier against dislocation motion in
certain crystals, such as Al x Ga1− x N and diamond inhibits this process. Instead, relaxation can occur
via inclination of threading dislocations with respect to their original direction during growth, a
process termed “effective climb” [34, 35]. The energy barrier for the inclination of dislocations in the
crystal is overcome after a certain critical thickness, and is facilitated by surface roughness [34].
According to Romanov et al., a possible mechanism of crystal growth with inclined dislocation may
include directional surface diffusion and incorporation of adatoms at the intersection of the growing
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surface with pre-existing threading dislocations. Figure 3-1 shows a sketch of the two basic processes
of dislocation motion.

Figure 3-1: Sketch representing the two basic motion processes of dislocations. (a) In the climb process the
extra lattice plane (red) moves further into the crystal (direction of the arrow) or out of the crystal (opposite to
the arrow) along its plane, while (b) in the glide process the extra lattice plane (red) exchanges position with a
neighbouring plane (blue).

In a recent publication by our group [35], it was shown that the stress state in heteroepitaxial
diamond films with high dislocation densities can be controlled by varying the deposition temperature:
the films display compressive biaxial 1 stress after growth at lower temperatures and tensile biaxial
stress after growth at higher temperatures. In contrast to the example of stress relaxation in

Al x Ga1− x N described before, here the tilt of the dislocation also creates growth stress. The stress in
films with lower dislocation densities was found to be less sensitive to the deposition temperature.
This implies that the growth temperature, which controls both chemistry and kinetics of film growth,
causes the threading dislocations intersecting the surface to bend inwards or outwards, leading to
compressive or tensile biaxial stress, respectively.

3.2.3

3.2.3.1

Experimental

Sample preparation
All diamond films were grown on Ir/YSZ/Si(001) using bias-enhanced nucleation (BEN) for

the generation of diamond nuclei in a dedicated reactor, here labelled as “reactor #3”. For the
preparation of the substrate, first a several ten nm thick layer of yttria-stabilised zirconia (YSZ) was
deposited on a 3 mm thick, 4° off-axis Si(001) wafer by pulsed laser deposition (PLD) as described in
[36]. An iridium layer was then grown by e-beam evaporation at 650 °C according to [37]. The BEN
process was carried out in a MWPCVD reactor using an atmosphere of 3% CH 4 in H 2 and a bias
voltage of −300 V. An intrinsic diamond layer of ~1 µm thickness was grown on the nucleated
Ir/YSZ/Si(001) stack using a microwave power of 2 kW at 40 mbar in an atmosphere of 1.5% CH 4 in

1

The two perpendicular in-plane strain components are equal.
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H 2 with 100 ppm N 2 . Subsequently a 5±0.5 µm thick B-doped layer was grown in a different CVD
reactor (reactor #1) with 1.1 kW of microwave power at 50 mbar, and a substrate temperature of 720750 °C in an atmosphere of 2% CH 4 in H 2 adding different amounts (0 to 240 ppm) of
trimethylborane (TMB) as B-containing precursor.

Figure 3-2: Illustrative sketch of the multilayer sample structure used in this section. The area of the substrates
was 1×1 cm2.

3.2.3.2

Measurement conditions
The thickness of the samples produced in this section was measured ex situ by white light

interference using the T64000 triple Raman spectrometer setup. This technique takes advantage of the
highly reflective Ir layer under the diamond and the low absorption and scattering of light from the
thin diamond layers. By measuring the intensity of the light reflected by the sample over a wide
wavelength range and counting the number of maxima from the oscillating pattern, the film thickness
d can be calculated from [38]:
d=

m
2(λ − λ
−1
1

−1
2

)

n − ( sin θ )
2

2

(3.2.1)

where m is the number of maxima within a given wavelength interval, λ1 is the wavelength from the
0th maximum in the interval, λ2 is the wavelength from the mth maximum in the interval, n is the
refraction index of diamond (~2.42) and θ is the light incidence angle, which was set to 0.
Optical microscopy and atomic force microscopy (AFM) were used to evaluate the surface
of the samples before and after growth of B-doped diamond.
The B concentration in the samples was evaluated using cathodoluminescence (CL),
according to a method described in section 1.6.1 and in the literature [39, 40]. The relationship
between B concentration in the film and BETO peak position [40] is more adequate to high/heavy Bdoping levels than the BE TO FE TO peak ratio vs. [ B] method. CL was performed in high vacuum
(~10−6 mbar) at liquid nitrogen temperature. Excitation was done by a 7 keV electron beam with a spot
size of ~1 mm. The light was guided from the exit window by optical elements on an optical table
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towards the entrance slit (with variable opening width) of the T64000 spectrometer, operating in single
mode with a 600 mm−1 grating.
For secondary ion mass spectroscopy (SIMS) [41] an ATOMIKA setup with an oxygen
sputter gun operating at 5 keV was used. The incidence angle of the ion beam was 45° and the
sputtered ions were analysed by a quadrupole mass filter. For intensity calibration, B-implanted
diamond samples with peak B concentrations of 9.15 × 1016 cm−3, 9.15 × 1018 cm−3 and 9.15 × 1020 cm−3
were previously prepared. The parameters for ion implantation were obtained after SRIM 2 (Stopping
and Range of Ions in Matter) simulations: for an incidence angle of 7°, implantation energies in the
range of 100 keV were used. After optimising our SIMS setup for B-doped diamond, we established a
detection sensitivity level down to ~1018 cm−3 and a RSF (relative sensitivity factor) 3 for B in single
crystal diamond of 1.99 × 1021 cm−3.

3.2.4

Results and discussion
In order to investigate B-doping of heteroepitaxial diamond on Ir/YSZ/Si(001) in a systematic

way, a series of 8 samples were grown following the structure displayed in Figure 3-2, with addition
of TMB concentrations increased from 0 to 240 ppm to the gas phase. The growth conditions were
established after an initial survey of parameters using several test samples/substrates, until stable
growth conditions were found. Due to the limitations of reactor #1, which is dedicated for B-doping
experiments, growth conditions were chosen at low pressure (50 mbar) in order to have a plasma ball
large enough to cover the 1×1 cm2 samples with the available MW power. The remaining optimised
parameters (temperature, methane concentration, etc.) are described above in section 3.2.3.

Figure 3-3: Optical microscope images of different B-doped diamond samples. (a) Sample grown without
intentional B added to the gas phase (i.e. 0 ppm TMB; doping from background B of previous processes). (b)
Sample grown with 240 ppm TMB added to the gas phase. Very high B concentrations roughen the surface. (c)
Sample grown at higher temperature, doped from background B concentration, showing twins.

An immediate assessment of the diamond quality after growth is done by looking at the
smoothness of the surface by naked eye. A glossy, smooth surface is a first hint of epitaxial growth.

2
3

Website: http://www.srim.org/
The count ratio of 11B to 12C multiplied by the RSF yields the actual B concentration in the diamond.
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Samples grown under unsuitable conditions tend to show a matt surface due to polycrystalline growth
and/or the formation of twins, particularly at the edges. The most critical parameter under B-doping
conditions was found to be the temperature. Twinning was the main problem, occurring above
~750 °C and imposing a rather narrow temperature range for stable growth: roughly 700-740 °C. In
Figure 3-3 photographs of selected samples are shown.
AFM micrographs of several grown B-doped films were taken in order to evaluate their
surface morphology and roughness. The results of representative samples are shown in Figure 3-4.
The typical sample (~5 µm thick) prepared by the B-doping experiments in this section is shown in
Figure 3-4 (c). In (a, b) the pre-existing diamond layers from the post-nucleation growth step were
grown further, up to ~85-90 µm thick, in reactor #3 (i.e. no B-doping). In (b) a B-doped layer was
grown on top of the thick undoped layer.

Figure 3-4: AFM micrographs showing distinct morphologies between undoped and B-doped heteroepitaxial
diamond films. (a) Undoped sample (~90 µm thick) grown with 100 ppm N 2 in the gas phase. RRMS = 57.6 nm.
(b) B-doped layer (~5 µm thick) grown with 150-300 ppm TMB in the gas phase on a ~85 µm thick intrinsic
substrate grown with 100 ppm N 2 in the gas phase. RRMS = 33.4 nm. (c) B-doped layer (~5 µm thick) grown
with 150-300 ppm TMB. RRMS = 18.9 nm.

The thick, undoped heteroepitaxial film displayed in Figure 3-4 (a) shows a characteristic
surface [42] with well-defined microstructures consisting of 1) terrace regions with a tilt towards the
crystallographic ( 001) plane and 2) riser regions with increased tilt angle away from ( 001) . They are
aligned along the [ −110] axis for off-axis tilt of the substrate towards [110] [43]. In Figure 3-4 (b) a
B-doped layer was grown on top of a thick undoped film identical to (a). It can be seen that the
terrace/riser structure almost completely vanished. Figure 3-4 (c) shows the morphology after growth
of a B-doped layer on a thin substrate, presenting a smoother surface with triangular features very
distinct from the terrace/riser structure. Therefore, the morphology shown in Figure 3-4 (b) can be
understood as a transition from (a) to (c), with the conclusion that the step bunching induced by
nitrogen is reversed by boron.
To check the structural properties, the mosaic spread of the B-doped diamond samples was
measured by XRD. The full width at half maximum (FWHM) from ω and φ scans (i.e. tilt and twist)
were taken, respectively, from the (004) and (311) reflections, and plotted in Figure 3-5.
It can be seen that with increasing boron concentration in the gas phase, the tilt (blue curve)
has worsened, while the twist (red curve) has improved. This is a contrasting result to the tendency
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observed with undoped films, i.e. both tilt and twist are expected to decrease with increasing film
thickness, as shown in Figure 1-10. In the B-doping case here, the thickness is similar in all samples
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and thus an undoped layer would have displayed effectively unchanged tilt and twist.
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Figure 3-5: Full width at half maximum (FWHM) from rocking curves (tilt) and azimuthal scans (twist) as a
function of TMB concentration in the feed gas.

This dependence of the mosaic spread on the B concentration suggests that there are other
forces interfering with the texture improvement during growth, rather than pure growth/coalescence
mechanisms (as described in section 1.3.2). We attribute the improvement of the twist and the
worsening of the tilt with increasing B concentration to the following mechanism:
1) When the film growth process starts, TMB is introduced into the process gas and boron is
incorporated into the diamond lattice, causing its expansion. Assuming that initially growth
occurs in a pseudomorphic way, the B-doped layer adopts the in-plane lattice constant of
the undoped substrate and the diamond cell experiences a tetragonal distortion;
2) During pseudomorphic growth, the elastic energy stored in the strained layer increases with
its thickness. In materials which allow glide of dislocations at deposition temperature,
nucleation and insertion of dislocations which relax the elastic deformation becomes
energetically favourable [44]. Since gliding of dislocations in diamond is frozen at the
present deposition temperatures, we speculate that the relaxation occurs by the effective
climb of dislocations, as described in [34] for Al x Ga1− x N , in such a way that the polar and
azimuthal mosaic spread (i.e. tilt and twist) in the film change.
XRD is a high precision method for the measurement of lattice constants and lattice
deformation. Boron incorporation increases the lattice parameter, but a detectable influence requires a
doping level of > 1019 cm−3 [18]. For homoepitaxial layers, frequently the assumption of
pseudomorphic growth (see Figure 3-6 (a)) is made to simplify measurement and data evaluation,
since only the strained lattice parameter perpendicular to the surface is measured [18]. With increasing
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doping level and thickness of the strained layer, partial or full relaxation (Figure 3-6 (c)) by insertion
of misfit dislocations, or by climb of dislocations, becomes energetically favourable. In
heterosubstrates, the difference in coefficient of thermal expansion (CTE) between the materials adds
a further stress component (see Figure 1-8). Additionally, as shown in a recent publication, in
heteroepitaxial diamond films intrinsic stress with an absolute value of several GPa and positive or
negative sign can develop [35]. As a consequence, additional measurements of asymmetric reflections
are necessary to enable a full analysis of the strain tensor of the epitaxial layer. The derived stress
tensor is then decomposed into a biaxial and a hydrostatic component, with the latter resulting from
the incorporation of boron. This extra stress component in the film is illustrated in Figure 3-6 (b).

Figure 3-6: Illustration of different stress states of a heavily B-doped film grown on intrinsic (and relaxed)
diamond, showing: (a) Fully relaxed B-doped without interacting with the substrate; (b) pseudomorphic growth,
where the in-plane lattice constant of the grown layer is inherited from the substrate causing biaxial stress; (c)
growth with additional compressive biaxial stress, where the in-plane lattice constant is smaller than in the
pseudomorphic state; (d) fully relaxed film after insertion of misfit dislocations.

For the measurement of the strain tensor, rotational symmetry in the surface plane was
assumed ignoring the slight off-axis angle. ε zz and ε xx = ε yy were extracted from θ -2θ scans of the
diamond (004) and (311) reflections. With the stiffness tensor C of diamond the components of the
stress tensor are calculated from:

σ= C ⋅ ε

The stress tensor can be decomposed into a sum of a hydrostatic component,

(3.2.2)
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and a biaxial component,

0
σ xx − σ zz

=
σ bia  0
σ yy − σ zz

0
0

0
0  .
0 

(3.2.4)

Applying this method, we proceeded with a more thorough analysis of the stress components
of the heteroepitaxial B-doped films from XRD measurements. First, the biaxial stress component was
measured for various samples grown under the same base conditions, but with increasing deposition
temperature. Later, both the biaxial and the hydrostatic stress components of samples grown with
increasing B concentration in the gas phase were extracted and analysed.
Figure 3-7 shows the temperature dependence of the biaxial stress σ xx of heteroepitaxial
diamond layers grown in reactor #1 (high B background) without intentional boron addition, as well as
of samples grown with 100 ppm N 2 added to the gas phase, in what was an attempt to suppress twin
formation. At low temperatures, intrinsic compressive stress was found to build up during growth.
With increasing deposition temperature its absolute value drops and turns from compressive to tensile,
an identical behaviour to the one found for experiments at 200 mbar without boron [35].
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Figure 3-7: Biaxial stress in 6 heteroepitaxial diamond films grown in reactor #1 (high B background of
~2-3 ppm) at 50 mbar, 2% CH 4 in H 2 and 1100 W microwave power. Contrary to the samples from the “B1”
set, the “B2” ones were grown with added 100 ppm N 2 for comparison. Room temperature (RT) values are as
measured and deposition temperature (DT) values are calculated from the difference in CTE’s. The DT values
are equivalent to the intrinsic stress induced by growth process alone.
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In principle, Figure 3-7 recommends deposition above 800 °C in order to minimise generation
of intrinsic stress. However, suppression of twins and non-epitaxial crystallites is much more effective
at lower temperature, as shown in Figure 3-3. Even with nitrogen addition for the “B2” samples, no
morphological differences were observed when compared with set “B1”, probably because the
catalytic effect of nitrogen on the growth rate was neutralised by the background B contamination, as
discussed in chapter 2. Without the nitrogen-induced modification of the growth surface (see Figure
3-4), suppression of twins becomes ineffective. Since the intention is to have uncompensated B-doped
samples without twins, it was only logical to focus this doping study on conditions without nitrogen,
thus requiring growth at lower temperature.
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Figure 3-8: Components of the stress tensor: (a) biaxial component and (b) hydrostatic component due to B
incorporation-induced lattice expansion vs. TMB concentration in the feed gas. (c) Variation of the in-plane
strain component with the TMB concentration in the gas phase.

Figure 3-8 summarises the variation of (a) the biaxial stress σ xx = σ yy , (b) the hydrostatic
stress σ zz and (c) the in-plane strain component ε xx with the B precursor concentration in the feed
gas. It is observed that the biaxial compressive stress of −3 GPa increases slightly with increasing
boron concentration. In order to assess this observation, one has to recall the mechanism of “effective
climb” of dislocations suggested for the generation of intrinsic stress in epitaxial diamond growth [35]:
the bending of dislocations, caused by a modification of the crystal growth at the intersection point of
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the dislocation with the surface, generates compressive or tensile stress. As described for GaN in [45],
doping atoms can influence this process. In that specific case, silicon worked as an anti-surfactant,
modifying the dislocation bending.
In our case, subsequent XRD measurements from B-doped layers grown on thick intrinsic
layers, such as those shown in Figure 3-4 (a, b), have shown that stress formation is strongly reduced
when compared with the thin layers displayed above. This supports the hypothesis that the dislocations
play a crucial role, since the thin material possesses a much higher dislocation density (see Figure
1-12) [46]. Secondly, the presence of boron did not cancel or counterbalance the formation of
compressive stress. Instead, the biaxial stress values even increased by ~30%. The expansion of the
lattice cell by boron, even for pseudomorphic growth, creates a contribution to the biaxial stress. Thus,
it is more meaningful to discuss the in plane strain, ε xx . As shown in Figure 3-8, the absolute value of

ε xx increases, meaning that the generation of new lattice cells at the growth surface due to dislocation
bending is slightly enforced by the boron.
Continuing the analysis of the results shown in Figure 3-8, it can be seen that the hydrostatic
stress increases linearly with increasing TMB concentration, indicating that the concentration of B
atoms incorporated in the films increases with increasing TMB concentration in the gas. In order to
estimate the B-doping level, [ B] , we applied Vegard’s law [18] (equation (3.2.5)) to the measured
hydrostatic strain, ε hydro , and summarised the results in Figure 3-10 together with the B doping
concentration deduced from other techniques.

[ B] =

ε hydro [ C] rC
rB − rC

(3.2.5)

In the equation above, [ C] is the density of carbon atoms in the diamond ( 1.77 × 1023 cm−3), rC
is the covalent radius of the C atoms (0.077 nm), rB is the covalent radius of the B atoms (0.088 nm)
and ε hydro is the hydrostatic strain component (i.e. the relative change of the lattice parameter, ∆a a ,
only due to hydrostatic stress).
The incorporation of boron was further investigated by SIMS and CL in order to compare with
the values obtained by XRD. Each of these methods has its specific limitations in terms of accuracy,
sensitivity and concentration range in which it can be applied. SIMS often turns out to be a technique
used as a reference for others, because of its accuracy, and because it requires the use of calibrated
samples with precisely known atomic composition. Likewise, in this work SIMS was mainly used as a
reference for CL and XRD measurements of B incorporation in the diamond films.
In the CL analysis of B-doped diamond films, which was described in section 1.6.1, a
contribution of stress to the peak shift has to be taken into account, since stress alone shifts the
exciton-related peaks by ~0.01 eV per GPa, as reported by Naka et al. [47], which would significantly
affect the estimation of the boron concentration in the diamond from this technique.
In order to address the stress-induced shift of the BETO peak, two samples were grown in
reactor #1 without intentional B added to the feed gas, at different deposition temperatures, and then
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measured by CL. By changing the deposition temperature, the strength of the biaxial stress can be
chosen (as shown in Figure 3-7), and a peak shift in the CL spectra can then be quantified. The result
is shown in Figure 3-9 (a).
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Figure 3-9: (a) CL spectra of two heteroepitaxial diamond films grown with unintentional B-doping from
background contamination, at different temperatures, CH 4 H 2 = 2% and total flow rate of 200 sccm. Growth at
720 °C and at 800 °C resulted in a compressive stress of, respectively, −2.97 and −0.67 GPa at room
temperature, as deduced from XRD measurements. An energy shift of 0.01 eV GPa−1 was deduced, which is in
agreement with a former report by Naka et al. [47]. (b) CL spectra of B-doped samples grown with increasing
TMB concentration in the gas phase. The shift of the boron-bound exciton peak BETO to lower energies is caused
by increasing doping concentration.

By varying the biaxial stress in the B-doped films we have found the same stress-dependent
peak shift previously reported by Naka et al. of ~0.01 eV GPa−1. This relationship highlights the
importance of knowing precisely the stress state of the B-doped films measured by CL, as well the
importance of accurately calibrating the spectrometer: a variation of 0.01 eV caused by error or by
1 GPa in the film can lead to the estimation of B concentration being wrong by up to a factor of ~5 for
a doping level of ~ 1020 cm−3, according to the BETO peak shift method [40]. This error increases with
increasing B concentration.
Once the adequate conditions for the estimation of B in the film by CL were established, and
once the stress state of each sample was known, we proceeded with the CL measurement of a series of
B-doped samples grown with increasing TMB in the feed gas, in order to properly correlate the
precursor concentration in the gas phase with the actual B acceptor concentration in the films. Their
relationship is termed incorporation or doping efficiency (DE) [15]. The results are summarised in
Figure 3-10.
An average doping efficiency of 20% was obtained, with the rough trend that it decreases with
increasing boron concentration. This observation is similar to [15] but opposite to [17]. In this context,
the differences among reported DE values can be partially explained by setup-specific parameters,
such as different decay times of the gas precursors, as well different “pumping” behaviour by the
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chamber and the sample during growth (as studied in section 2.3.2), leading to B C ratios which may
significantly differ from the ratio in the feed gas.
Finally, Figure 3-10 compares the B incorporation efficiency and the estimated [ B] in the
films from all the techniques used throughout this study of B-doping of heteroepitaxial diamond.
While SIMS is suited for any B concentration within the detection range (and as long as the correct
RSF for B atoms in diamond is known from calibration), both CL and XRD have limitations. XRD
depends upon a detectable expansion of the lattice, which is only caused by B starting at
concentrations of ~1020 cm−3. Furthermore, the hydrostatic stress component must be extracted. The
reliable determination of B in the film from CL spectra requires the application of the correct
technique, either for low/medium or for high/heavy doping. In the latter case, reliable results can only
be obtained when the stress state of the measured film is known, which may involve extra, more
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Figure 3-10: Boron concentration evaluated by several techniques for films grown at 720 °C. The procedure
described for XRD is reliable above 1020 cm−3, while the method from the FE TO BE TO ratio resulted in
19
−3
underestimated values for the boron concentration in the films, as this technique is limited to [ B] < 10 cm ,

according to [39]. On the other hand, the BETO peak shift method proved reliable for the evaluated doping range.
The black line is a linear fit of the averaged [ B] from all techniques, excluding the first XRD data point and the
two data points from the CL ratio technique. The doping efficiency for each sample is shown in grey in the right
axis.

The results summarised in Figure 3-10 provide a guide for the selection of the most
appropriate techniques for the measurement of B incorporation in different concentration ranges.
Moreover, they allow for a more careful selection of growth/doping parameters for the preparation of
films with the desired doping level, which is of particular importance for device fabrication.
In chapter 2 we have shown that B in the gas phase plays a role during diamond growth by
neutralising the effect of N on the growth rate, a mechanism that is either related to surface chemistry
or to the actual incorporation of the dopant. Here, we have shown that B also plays a role in changing
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the surface characteristics towards a smoother morphology, away from step bunching. With increasing
TMB concentration in the gas phase, and therefore increasing B incorporation, changes in the mosaic
spread as well as in biaxial stress were observed in our heteroepitaxial films of high dislocation
density. We speculate that the particular characteristics of the B-doped film surface during growth, as
well as the uptake of B and lattice expansion, may provide the conditions for enhanced “effective
climb” of dislocations and increased stress. We do not exclude the possibility that preferential B
incorporation occurs at these defects, which might have implications not only for the propagation of
the dislocations, but also for the incorporation efficiency. In light of these observations, the backdrop
for the upcoming studies was established.
Dislocations are expected to have an important influence on the electronic properties of
devices, and thus, reliable concepts to derive quantitative values for the dislocation densities are
required. In the upcoming section we focus attention on the identification of dislocations in the films
by etching techniques.

3.3 Visualisation of dislocations by etch-pit formation on heteroepitaxial
diamond
3.3.1

Introduction
A well-known technique in crystallography is the analysis of etch-pits formed on the crystal

surface due to preferential etching of defect sites, namely dislocations [48]. Etch-pit formation on
diamond has been employed mainly as a tool to estimate the dislocation density on grown crystals, and
more recently to try to identify different types of dislocations from the shape and size distribution of
the etch-pits [49-52].
Most of the etch-pit/dislocation studies focus on homoepitaxial films, usually undoped [49, 50,
52-54]. Here we want to investigate etch-pit formation and identification of dislocations in heavily Bdoped, heteroepitaxial diamond grown on iridium. Several applications require high-quality B-doped
diamond either as the active surface (e.g. in electrochemistry) or as substrate for electronic devices
(e.g. in diamond-based Schottky rectifiers) and, therefore, the density of defects has to be kept as low
as possible. Before strategies for the reduction of defects and dislocations can be employed, it is
imperative to understand how they form, propagate and interact. For this purpose, simple and reliable
techniques for the correct identification of the type of defect must be established, and selective etching
is arguably the simplest, because it doesn’t involve laborious and time-consuming sample preparation
steps as, for example, in TEM analysis. Understanding how different etch conditions affect the
formation of etch-pits is the focus here.
As most of the existing reports on etch-pit formation on diamond focus only on high pressure
conditions (~200 mbar) and still significant variations in terms of etch-pit shapes/types exist, the aim
of the present etching experiments is to survey a broader parameter range to find conditions for
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reproducible etch-pit formation for a reliable quantification of the dislocation density. Furthermore, a
survey of parameters may highlight conditions which yield additional information, e.g. on the type of
dislocations. For example, Sangwal in his book “Etching of Crystals” [48] mentions that etchant and
etching conditions can control whether all types of dislocations are etched and whether the different
types (e.g. screw- or edge-type) lead to etch-pits with distinct shape.
In the present study, preferential etching of undoped and B-doped diamond films was done in
the MWPCVD reactors #1, #2 and #3 using different gas compositions (pure H 2 , H 2 + CO 2 ,

H 2 + TMB ) and different plasma conditions (i.e. pressure and temperature). Undoped and heavily Bdoped samples were etched in parallel to look for different etching behaviour.

3.3.2

Experimental
The study of etch-pit formation has a few requirements for maintaining reliability and

accuracy of the results. First, it is necessary to select samples with an appropriate density of
dislocations: high enough to provide a high count of etch-pits per area, and therefore increased
accuracy, and low enough to minimise overlapping of etch-pits, which would lead to miscount and
difficulties in the analysis of their shape. For this reason, a suitable density of dislocations was
selected by defining the appropriate thickness for the heteroepitaxial diamond substrates. Following
the relationship described in section 1.4.1 (see Figure 1-12), samples of several 10 µm thickness are
expected to contain dislocations in the upper 108 cm−2 range, which we have found to be a suitable
density for reliable etch-pit analysis. Thus, we have chosen to work with samples of intrinsic diamond
layers with a thickness between 30 to 110 µm, as illustrated in Figure 3-11 (a).
Another important aspect of this work is the comparison between etch-pit formation on the
undoped diamond with etch-pit formation on B-doped diamond, in order to investigate potential
differences in etching behaviour which could be attributed to segregation of B atoms along the
dislocation lines. For this purpose, B-doped layers of ca. 8 µm thickness were grown on some of the
30-100 µm thick intrinsic layers (see Figure 3-11 (b)), so that etching could be simultaneously
performed on B-doped and undoped samples with comparable thicknesses.
Last but not least, the aspect of gas composition plays a major role in the selective etching of
dislocations, and one of the purposes of this work was to gain a better understanding and control over
this parameter. For this reason, different gas mixtures have been chosen: 1) pure H 2 ; 2) H 2 + CO 2
and 3) H 2 + TMB . Pure hydrogen is expected to produce the lowest etch rates and lower selectivity.
Oxygen, on the other hand, is expected to etch diamond faster and to promote enhanced selectivity,
according to previous reports. The selection of TMB for etching arose from the observation that,
during a routine growth process of B-doped films, strong etch-pit formation was observed after CH 4
was switched off while the plasma remained ignited for some time before the process ended. The
process gas contained hydrogen and TMB.
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Due to this preliminary observation, etching experiments with pure hydrogen and H 2 + CO 2
had to be performed in boron-free reactors (#2 and #3) to avoid misleading results. Etching
experiments under high B background were performed in reactor #1.
As described in section 1.5.3, most relevant for etch-pit formation is to have a much higher
removal rate at the dislocations relative to the removal rate on the pristine surface. Therefore, the most
important aspects of this study focussed on 1) identifying which recipe yields the most reliable etch-pit
formation to identify dislocations and 2) identifying whether one can distinguish different types of
dislocations (e.g. edge-type, mixed-type, pure screw-type), according to the shape and/or size of the
etch-pits and which gas mixture is best suited for this purpose. Due to the different etch rates the
process time and the parameters had to be adapted for each gas mixture in order to obtain etch-pits
which could be studied and compared. The base etching conditions are summarised in Table 3-1.
Data evaluation of the etching experiments comprised shape, size (size distribution) and the
absolute etch-pit densities.
The visualisation and counting of etch-pits was done manually from SEM and/or AFM
micrographs taken from each sample, with aid of a MATLAB program to mark and count etch-pits that
were visually identifiable. The results are summarised in tables and collected all together in the end a
final graph (Figure 3-16).
Analysis of the shape of the etch-pits was done by AFM (atomic force microscopy) in section
3.3.3.5. The measured surface profiles of the etched samples were then treated with the software
Gwyddion in order to extract the angle of the etch-pit facets.

Figure 3-11: Schematic illustration of both undoped (left) and B-doped (right) samples used for the etching
experiments. The samples were prepared as described in section 3.2.3.1, with thicker intrinsic layers. The Bdoped layers were grown on top at 100 mbar, 5% CH 4 in H 2 , 200 ppm TMB for 2 hours.
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Table 3-1: General etching conditions used throughout this work for the different gas compositions.

Gas composition

Pure H2
#2
50 mbar
~740 °C
400 sccm
0.01-0.1 ppm

Reactor
Pressure
Temperature
Total gas flow
Boron background

3.3.3

3.3.3.1

H2 + CO2
#2
50 mbar
~740 °C
400 sccm
0.01-0.1 ppm

#3
150 mbar
700-1100 °C
500 sccm
~0.006 ppm

H2 + Bbkg.
#1
50 mbar
~740 °C
400 sccm
> 1 ppm

Results and discussion

Hydrogen etching: base condition
Two experimental runs were performed where pairs of B-doped and undoped samples, (a, b)

and (c, d), were plasma-etched at 50 mbar in a pure hydrogen gas phase. Different thicknesses and
etching times were tested in order to evaluate the best conditions. SEM images of each sample after
etching are shown in Figure 3-12. The etch parameters and the etch-pit counts are summarised in
Table 3-2.
Table 3-2: Data summary of the plasma etching experiments at 50 mbar in pure H 2 in reactor #2. The etch-pits
were counted manually from the images shown in Figure 3-12.

Sample

(a)

(b)

(c)

(d)

Type
Total thickness
Etching time

undoped
33 µm
1h

B-doped
40 µm
1h

undoped
109 µm
4h

B-doped
108 µm
4h

Etch-pit density

6.5 × 108 cm−2
~25 nm

1.1 × 109 cm−2
50-100 nm

3.5 × 108 cm−2
50-100 nm

2.9 × 108 cm−2
50-100 nm

Lateral size

The SEM images below show that etching in pure H 2 produced black spots on the surface
of the samples. These are etch-pits. With the exception of Figure 3-12 (a), the etch-pit size and
distribution on the surface are similar in all other images, with a certain fraction of clustered etch-pits
arranged in lines, which are interpreted as residues of former grain boundaries. The etch-pits on the
undoped sample (a) are smaller and difficult to interpret. The etch-pits on the B-doped sample in
Figure 3-12 (b) are the most clear. There, one can see that they have a defined shape, similar to a
trapezoid aligned along the [110] off-axis direction (green arrow). This shape corresponds in fact to
inverted square pyramids with their base plane inclined towards [110] . A detailed analysis in section

3.3.3.5 will show that the asymmetric shape can be explained quantitatively by the off-axis angle.
Perhaps the most striking result of etching under pure H 2 is that after 4 h the lateral size of the etch-
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pits (ca. 50-100 nm) did not increase significantly, but an overall roughening was observed. In the
single case of the undoped sample etched for 1 h the pits were smaller and difficult to pinpoint,
making the etch-pit density estimation unreliable. In contrast, the 4 h etching processes produced
similar results in terms of size, shape and density of etch-pits for undoped and B-doped samples. We
speculate that this difference is due to the softer hydrogen etching process involving a certain
nucleation stage, which delays etch-pit formation and requires longer etching time, whereas in the Bdoped sample this nucleation is facilitated by the presence of B. As consequence, etch-pit formation
under pure H 2 requires a longer process time. After 4 h both types of sample produced equivalent
results, as shown in Table 3-2.

Figure 3-12: SEM images of (a, c) undoped and (b, d) B-doped samples etched in pure H 2 for (a, b) 1 hour and
for (c, d) 4 hours. The arrow in (b) shows the [110] off-axis direction.

3.3.3.2

Hydrogen and CO2 etching
As pointed out in chapter 2, oxygen gas is often added to the gas composition during

diamond growth in order to improve the phase purity of the grown crystal with a stronger suppression
of sp2 carbon. Too much oxygen causes the process to switch to the etching regime, as illustrated by
Bachmann’s C-H-O diagram (Figure 1-18). Introduction of oxygen in the gas phase can enhance the
formation of etch-pits [49, 50], and some studies have been performed on the evolution of etch-pit size
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and density with etching time, at high pressure (200 mbar). However, little has been discussed about
the selection of appropriate etch parameters with oxygen and how they affect etch-pit formation. Here
we explore etching conditions with different CO 2 concentrations on undoped and B-doped diamond,
and for two different etching durations at 50 mbar. In a first step, simultaneous etching of 2 diamond
samples (undoped and B-doped) was performed with 1% CO 2 in H 2 for 2 hours. The samples had
been pre-etched with pure H 2 for 3 h, in order to evidence whether the etch-pits would simply
continue to enlarge or if a different pattern would arise after CO 2 etching. The parameters and results
are summarised in Table 3-3.
Table 3-3: Data summary of the plasma etching experiments at 50 mbar with 1% CO 2 in H 2 in reactor #2. The
etch-pits were counted manually from the images shown in Figure 3-13.

Sample

(a)

(b)

Type
Total thickness
Etching time

undoped
40 µm
2h

B-doped
40 µm
2h

Etch-pit density

3.1 × 108 cm−2
up to ~1 µm

7.7 × 108 cm−2
~500 nm

Lateral size

Figure 3-13: SEM images of (a, b) undoped and B-doped samples etched for 2 h with 1% CO 2 in H 2 in reactor
#2. Both samples had been previously etched with pure H 2 for 3 h. The green arrows show the [110] off-axis
direction.

In this etching experiment a quite distinct result was obtained compared to the previous
etching in pure H 2 . The first obvious difference is the size of the etch-pits, which are significantly
larger than before. The second obvious difference is that, while on the B-doped sample only etch-pits
aligned along 110 with uniform size distribution were formed, on the undoped sample large 8-fold
structures can be distinguished from the small 110 ones. Since both samples had been previously

H 2 -etched for 3 h, it appears that on the B-doped sample the etch-pits simply continued to develop
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homogeneously across the surface, whereas on the undoped sample selectivity took place with only a
portion of the etch-pits developing into large 8-fold structures, while the others remained 4-fold. From
a total etch-pit density of 3.1 × 108 cm−2, about half had the 8-fold shape. A possible explanation for
this intriguing result could relate to differences in the type of the involved dislocations, as suggested
by Sangwal [48]. Focussed ion beam (FIB) lamella taken at different etch-pits for a TEM analysis
could reveal if such a correlation exists. Unfortunately, this analysis was not possible in the framework
of this thesis.
In a second step, the CO 2 concentration was raised from 1% to 3%. All relevant process
parameters are summarised in Table 3-4, including the results from the etch-pit analysis. The pairs of
sample (a, b) and (c, d) had been previously subjected to pure H 2 etching. Figure 3-14 shows SEM
images of the sample surfaces after etching.
Table 3-4: Data summary of the plasma etching experiments at 50 mbar in reactor #2 with 3% CO 2 in H 2 . The
total amount of etch-pits was counted manually from the images shown in Figure 3-14.

Sample

(a)

(b)

(c)

(d)

(e)

(f)

undoped
B-doped
undoped
B-doped
undoped
B-doped
Type
Total
108 µm
109 µm
40 µm
40 µm
35 µm
40 µm
thickness
1h
1h
1h
1h
2h
2h
Etching time
Etch-pit
3.7 × 108
2.16 × 108
2.56 × 108
6.3 × 108
1.2 × 108
4.2 × 108
density (cm−2)
up to ~2 µm up to ~500 nm up to ~1 µm up to ~300 nm up to ~2 µm up to ~1 µm
Lateral size

The most evident result of these 3 etching experiments with 3% CO 2 is the prominent
formation of 2 types of etch-pits: new 4-fold pits with edges aligned along 100 seen in Figure 3-14
(a-d) and variations of 8-fold etch-pits, seen in (a, e, f), which could be understood as a superposition
of the 4-fold 110 -type with the 4-fold 100 -type. The samples etched for 1 h (a-d) reveal a
combination of small 110 pits alongside larger rotated etch-pits, showing again that the combination
of both pure H 2 and then CO 2 etching may enhance selectivity.
Another clear observation after these etching experiments is the different behaviour between
undoped and B-doped samples. The etching pattern on the B-doped samples appears much smoother
and more well-defined, especially the inner facets of the big 100 etch-pits, indicating that
incorporated B plays a certain role in etch-pit formation.
Looking more carefully, on the undoped samples the 100 pits are actually composed of 8
facets, 4 which are flat (oriented along the [110] direction), and 4 which are rough (oriented along the

[100] direction).

The true shape is rather an asymmetric octagon. The B-doped samples show the

same trend, although less pronounced and without roughening. With longer etching time, only 8-fold
structures are distinguishable on both the undoped and B-doped samples, i.e. Figure 3-14 (e, f),
together with an overall surface roughening.
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The amount of large 100 etch-pits relative to the small 110 ones, on the samples where
both appeared, was generally small: roughly less than 10%, but with too much uncertainty to enable
conclusive statements. Nevertheless, the final etch-pit densities (including all types and sizes) of all
the samples are comparable (~108 cm−2) and fairly close to the dislocation density for heteroepitaxial
diamond films on Ir later reported by our group [46] (Figure 1-12), despite differences in growth and
etching conditions. This is a positive outcome concerning reliability.

Figure 3-14: SEM images of (left) undoped and (right) B-doped samples etched at 50 mbar in reactor #2 with
3% CO 2 in H 2 . Samples (a-d) were etched for 1 h under these conditions and pre-etched in H 2 , while samples
(e, f) were etched for 2 h without pre-etching. The green arrows show the [110] off-axis direction. See text for
further details.
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3.3.3.3

Etching with a high B background
As mentioned earlier, we have observed etch-pit formation after a routine growth process in

reactor #1 (dedicated to B-doping) where the CH 4 flow was accidentally stopped some time before
the plasma was switched off. This outcome led to the question of whether B enhances etching in a
similar way to oxygen. Our previous observation that boron neutralises the catalytic effect of nitrogen
on the growth rate (discussed in section 2.3.7), presumably by “upsetting” the nitrogen-modified
chemistry on the diamond surface, could be an indication that B might also play a role in selectively
etching defects when combined with hydrogen. Therefore we went on to perform several etching
experiments with addition of TMB to the gas phase in the highly B-contaminated reactor #1 to look
for enhanced etch-pit formation.
Two etching experiments were carried out, again by simultaneously etching undoped and Bdoped samples of comparable thicknesses. For each process a different B background concentration
was selected by introducing TMB in the feed gas in various amounts. The etching conditions and
results are summarised in Table 3-5. SEM images of the samples after etching are shown in Figure
3-15.

Figure 3-15: SEM images of (left) undoped and (right) B-doped samples etched at 50 mbar in reactor #1 (B
background equivalent to ~1-3 ppm TMB). Samples (a, b) were etched without addition of TMB, samples (c, d)
were etched with addition of 200 ppm TMB. See Table 3-5 for details. The green arrows show the [110] offaxis direction.
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Table 3-5: Data summary of the etching experiments at 50 mbar in reactor #1 (B background of ~1-3 ppm
TMB) with further addition of TMB. The total amount of etch-pits was counted from the images in Figure 3-15.

Sample

(a)

(b)

(c)

(d)

Type
Total thickness
Etching time
[TMB]feedgas

undoped
40 µm
1h
0

B-doped
40 µm
1h
0

undoped
40 µm
1h
200

B-doped
40 µm
1h
200

Etch-pit density (cm−2)

1.34 × 109
~270 nm

1.03 × 109
~360 nm

7.83 × 108
~450 nm

1.23 × 109
~450 nm

Lateral size

Etching with high concentrations of B in the gas phase produced noticeable differences
relative to the previous methods. In a high B background the samples were etched faster than with
pure H 2 , and the formed etch-pits have clear, uniform size distribution and shape (trapezoidal,
aligned along the [110] off-axis direction). With high B background both undoped and B-doped
samples appear to be etched in a similar way, revealing identical features, in a strong contrast to CO 2
etching. Also noticeable is the higher average etch-pit count (~109 cm−2), which is in even better
agreement with [46].
Interestingly, increasing the B background by 2 orders of magnitude, from ~1-3 to ~200 ppm
did not produce significant differences between the etched samples, i.e. pairs (a, b) and (c, d) in the
figure above, apart from a slight increase in the etch-pit size, which led to overlapping and a higher
electronic contrast in the SEM micrograph of sample (d). This is attributed to the increased surface
roughness, and to the fact that the heavily B-doped layer has higher electrical conductivity and darker
contrast relative to the undoped layer.
These etching experiments with high B background have shown quite clearly that B does
have an effect on the selective etching of defects, enhancing the action of hydrogen alone. Compared
with the other parameters and conditions tried in this work, it proved to be the most reproducible for
etch-pit count.

3.3.3.4

Summary of etch-pit densities for various etching conditions
The etch experiments performed above (from section 3.3.3.1 to 3.3.3.3) resulted in formation

of etch-pits with different shape, orientation and in different quantities, depending on the etching
condition used, and whether the sample was undoped or B-doped. The obtained etch-pit densities are
summarised in Figure 3-16 together with the results from [46].
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Figure 3-16: Etch-pit densities from various samples etched under the listed conditions. The black data points
and curve are reproduced from [46]. The two orange data points from 150 mbar and 50 mbar series are explained
in the upcoming section 3.3.3.6.

3.3.3.5

Orientation and shape of etch-pits (AFM analysis)
In this section a further analysis of the shape and orientation of the etch-pits formed on the

etched samples studied above was carried out. Two main types of etch-pits were observed:
•
•

110 etch-pits: inverted square pyramids with edges parallel to [110] and [ −110] ;
100 etch-pits: inverted square pyramids with edges parallel to [100] and [ 010] .

From the SEM pictures all etch-pits appear stretched along the [110] off-axis direction,
giving an asymmetric appearance, and no information on the facet angles can be derived. Thus, in
order to determine the crystallographic orientation of the side faces of the pyramids and to clarify the
reason for their distortion, AFM analysis of etched samples containing the types of etch-pit described
above was performed. Representative images of selected samples are shown in Figure 3-17 .
For the measurement of the angle χ of the pyramid faces, defined relative to the surface
plane, AFM line scans were performed along each edge direction of the etch-pits, i.e. along [110] and

[ −110] for the

110 etch-pits, and along [100] and [ 010] for the 100 etch-pits, intersecting at the

tip of the pyramid. Several etch-pits on several samples were measured and the results averaged. They
are summarised in Table 3-6.
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Figure 3-17: AFM scans showing diamond films etched for 1 h at 50 mbar with (a) 200 ppm TMB and (b)
3% CO 2 in H 2 . In the inset, their respective SEM micrographs are shown. The green arrow indicates the [110]
off-axis direction.

From the AFM scans, the first observed difference between the two types of etch-pit is in
their facet angles. The 110 pits were found to be much shallower than the 100 ones, with average
facet angle of 14±5°, while the latter type resulted in 48±3°. We attribute this result to the etch-pits
having different etch velocities along the main directions (see Figure 1-19), with the 100 pits
possessing a faster normal component. Furthermore, the measured angles are very close to defined
crystallographic planes, as shown in Table 3-6, which poses the question of whether they are arbitrary
or preferential. A more detailed analysis of this issue will be presented in section 3.3.3.6.
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After a careful analysis of the facet angles of the 110 etch-pits, it was found that the
average angle difference 4 between the two facets along the [110] off-axis direction has a value very
close to the nominal off-axis angle of 4° (±1°). On the other hand, the average angle difference
between the other two facets (perpendicular to the off-axis direction) is around 0° on average. A
similar inclination along the off-axis direction was also observed with the 100 etch-pits, with two
adjacent facets being shallower than the other two, proportionally to the off-axis angle. This result is
coherent with the possibility of the etch-pit facets being defined crystallographic planes, because they
are symmetric relative to the [ 001] direction instead of the surface normal. Consequently, the

elongated shape of the etch-pits along the [110] off-axis direction has a simple geometrical reason,

instead of being caused by tilted dislocations, as observed in other materials [48]. To support this
conclusion, it was recently found that dislocations in undoped heteroepitaxial diamond are tilted away
from [ 001] direction [55], while dislocations in heavily B-doped heteroepitaxial diamond strictly

follow [ 001] , as will be shown in section 3.4. However, in all samples etched here, undoped and
heavily B-doped, the asymmetry of the etch-pits can be attributed exclusively to the off-axis angle.
Table 3-6: Summary of the etch-pit shapes found with the experiments described above.

Etch-pit type Facet angle χ
and orientation
110

14±5°

100

48±3°

Nearest crystallographic planes

{113} … {115}
{011}

Etch conditions
50 mbar, 200 ppm TMB in H 2
50 mbar, 3% CO 2 in H 2

The demonstration that the asymmetry of the etch-pits are caused by the off-axis angle is
illustrated in Figure 3-18.

Figure 3-18: Sketch of the (a) shallow 110 etch-pits and (b) deep 100 etch-pits with approximate facet
angles χ relative to the vicinal ( 001) surface with off-axis tilt towards [110] . A small off-axis angle of ~5° is
enough to cause a shallow etch-pit such as (a) to appear strongly asymmetric. The 110 -type pits are in fact

4

That is, χ1 − ( χ1 + χ 2

)

2 ≅ O.A.
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inverted square-based pyramids with a tilted base plane. The same principle applies to the 100 -type etch-pits,
which acquire a less pronounced asymmetry, in a kite-like shape, due to their steeper facet angles. The formation
of asymmetric etch-pits was also observed on off-axis SiC [56].

Considering Figure 3-18, assuming that two opposite facets of an etch-pit make an angle
2θ , for an etch-pit on an exact ( 001) surface its normal [ 001] bisects the 2θ angle. The angle θ is

therefore complementary to the facet angle χ , as defined before. Under these conditions, if the etchpit is now tilted by an angle ϕ , so that ϕ is the angle of the bisection relative to the axis normal to the
surface, the projection of the two facets on the surface plane, a1 and a2 , are related by the following
equation:
a2 − a1 cot ( c − ϕ ) − cot ( c + ϕ )
=
a2 + a1 cot ( c − ϕ ) + cot ( c + ϕ )

(3.3.1)

This relationship, plotted in Figure 3-19, gives the asymmetry of the etch-pits when they are
tilted by a certain angle ϕ for every angle of the facets with the surface normal. The values are only
meaningful between 0 (symmetric, a2 = a1 ) and 1 (totally asymmetric, a1 = 0 or a2 = 0 ), i.e. the range
within which an etch-pit is visible on the surface. Besides being a purely analytical expression for the
shape of the etch-pits, equation (3.3.1) also contains an important piece of information: the higher the
off-axis angle, the closer the etch-pit facets must be to 45° in order to be visible on the surface. For
example, for 1° off-axis surface, etch-pits with a facet angle down to 1° will still be visible; for 20°
off-axis surface, etch-pits must have at least 20° in order to be visible. Figure 3-19 shows exactly this
point: for each off-axis angle, the curve shows which χ values are allowed (visible). This fact poses
constraints to the etching parameters, depending on the surface characteristics. The best strategy is,

ASYMMETRY FACTOR (a2−a1)/(a2+a1)

therefore, to avoid conditions which produce shallow pits.
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Figure 3-19: Asymmetry factor for different tilt (off-axis) angles, ϕ , for all possible facet inclinations, χ . A
value of 0 corresponds to a perfectly symmetric (square) etch-pit, while values equal to 1 correspond to totally
asymmetric etch-pits (one facet is perpendicular to the surface).
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Dependence of etch-pit shape on process temperature
Apart from investigating etch-pit formation by varying the gas composition, further

experiments were carried out to look for temperature- and pressure-dependent behaviour on the
formation and shape of the etch-pits. Two experimental series at different etching regimes were
explored:
a) Etching at 50 mbar with 200 ppm TMB in H 2 in reactor #1 (the same conditions
used in section 3.3.3.3), at different temperatures (between 650-925 °C), for 1 hour;
b) Etching at 150 mbar with 1% CO 2 in H 2 in reactor #3 (no B background), at
different temperatures (between 700-1100 °C), for 20 minutes.
The samples used in each experimental series were grown for 2 hours with 100 ppm N 2
added to the process gas, with 10% CH 4 in H 2 , followed by 30 min growth without N 2 , to a total
thickness of ~100±5 µm thick. The structure remains the same 5 as “sample type 1” in Figure 3-11.
The samples were then etched under the conditions described above, followed by AFM measurements
of their surface profiles. Several etch-pits per sample were selected for line scans parallel and
perpendicular to the off-axis direction. The angles of the facets were then averaged and plotted as a
function of the temperature in Figure 3-21.
The two extreme samples from the 150 mbar series can be seen in Figure 3-20.

Figure 3-20: AFM images of the etched samples from the 150 mbar series, etched respectively at (a) 700 °C and
(b) 1100 °C. An illustrative line scan of the etch-pit 3 from (a) is shown in (c).
5

The substrates used for the etching series a) and b) were, respectively, 4° and 6° off-axis along [110].
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Figure 3-21: Temperature dependence of the facet angle of the etch-pits (left axis) and the etch-pit density (right
axis) at (a) 50 mbar, 200 ppm TMB in H 2 for 1 hour; and (b) 150 mbar, 1% CO 2 in H 2 for 20 minutes. The
facet angle vs. temperature curves were fitted to a sigmoid-type function, yielding R 2 = 0.8739 for (a) and

R 2 = 0.9884 for (b).

One can see from the results above, that for very different pressure regimes there is a clear
temperature-dependent trend for etch-pit formation: the higher the temperature, the shallower the etchpits. Whereas at 50 mbar the facet angle varied within roughly 10° between 650 and 925 °C, at
150 mbar the facet angle varied by roughly 25° between 700 and 1100 °C. In the 50 mbar case it is
hardly possible to make a statement concerning having defined crystallographic facets instead of
arbitrary angles, due to the inaccuracies involved in the measurements. But the 150 mbar etching
regime showed a quite remarkable result: a sharp transition at about 900 °C (see Figure 3-21) from
near 112 to near 115 facet angles, which is further evidence of etch-pits exposing defined
crystallographic facets. Such transition is more difficult to observe in the 50 mbar case due to
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experimental uncertainties, and due to the higher index facets being closer to each other. However, a
faint transition can still be distinguished.
Our results have to be compared with a report by J. Achard et al. [49] where it was found
that etch-pits are comprised of {113} facets, and that evolution of {111} facets was prohibited by the
stability criterion for etch-pit formation (equation (1.5.1)). However, their chosen etch parameters
were restricted to ~850 °C at 200 mbar with 2% O 2 H 2 in the gas phase. Considering our temperature
series at 150 mbar, which has conditions more comparable 6 to the above report, we have shown that,
1) in fact, the exposure of {113} facets is not a universal property of etch-pits formed by O 2 H 2
plasma etching; 2) the conditions for the evolution of {113} facets are the narrowest; 3) the evolution
of either lower or higher index planes can be stabilised by the appropriate process temperatures.
Furthermore, considering also our temperature series at 50 mbar, we have shown that process pressure
plays a significant role in defining the range of allowed crystallographic facets which can develop in
the etch-pits. At 50 mbar {113} facets are not formed.
Comparing the etching with 1% CO 2 at 150 mbar with the 50 mbar case from section
3.3.3.2 at ~740 °C, there is an evident difference in terms of etch-pit shape: at 150 mbar all etch-pits
are inverted square pyramids aligned along [110] , while in the 50 mbar case sparse, 8-fold etch-pits
developed on the undoped sample alongside pre-existing, smaller [110] etch-pits from the previous

pure H 2 etching step. The first conclusion from this observation is that etch-pit shape is also a
function of pressure. The second conclusion is that the selectivity of the etch process is also controlled
by the process pressure, i.e. different types of dislocations may only result in the formation of etch-pits
with distinguishable features at specific pressure ranges.
Reports on GaN and SiC show a clear correlation between etch-pit size and type of
dislocation [57, 58]. The formation of larger pits is attributed to dislocations having a larger Burgers
vector and, therefore, higher elastic energy 7 than smaller ones. In diamond, since typically the Burgers
vectors belong to the a 2 110 family, the most likely cause for different shapes and sizes is the
orientation of the dislocation line relative to its Burgers vector, i.e. whether the dislocation is pure
edge-, pure screw-, or mixed-type. In a recent report, Sawabe et al. [59] correlate etch-pit facet angles
on heteroepitaxial diamond with dislocation type. In general, 45° mixed-type dislocations produced
larger etch-pits than pure edge dislocations, which is consistent with the above discussion. However,
only four etch-pits were analysed, which adds to the uncertainty of the results.
Still on the two temperature-dependent series presented here, the different gas composition
between the 50 mbar and the 150 mbar etching series, i.e. the former with TMB and the latter with

CO 2 , must also not be neglected. It is clear from Figure 3-22 and Figure 3-20 that the process with
TMB leads to an earlier loss of selectivity as the process temperature increases, pointing to stronger

6

The etch conditions of the above report are comparable in terms of pressure and temperature, but the choice of
gas composition results in a more aggressive etching, because of the relative amount of O/H in the gas phase.
The concentration of atomic oxygen in our process is 4 times lower.
7
The elastic energy of a dislocation is directly proportional to the square of the Burgers vector.
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overall etching. This finding further supports that B in the gas phase enhances etching, as first
described in section 3.3.3.3.
It was found as a general trend in all cases that as the temperature increases, the surface
roughens. Nevertheless, within the investigated temperature ranges, and considering all the
experimental and statistical errors involved, the etch-pit densities remained fairly stable, i.e. within a
single order of magnitude (see Figure 3-21). The averaged results are plotted together with the
previous etch-pit data in Figure 3-16 (orange data points).

Figure 3-22: AFM pictures of samples etched at 50 mbar with 200 ppm TMB in H 2 , respectively at (a) 665 °C
and (b) 920 °C. From low to high temperature there seems to be an increased overall etching of the surface,
causing the etch-pits to be less pronounced, leading to lower etch selectivity.

After the broad survey of etching parameters presented here for the identification of
dislocations in heteroepitaxial diamond films, we proceeded with a deeper investigation of
dislocations present in our B-doped films, in order to understand their local features, the influence that
B has on their formation/propagation, and to confirm their correlation with etch-pits. These studies are
presented in the following.

3.4 Direct imaging of boron segregation at dislocations in heteroepitaxial
B-doped diamond
3.4.1

Introduction
High density of dislocations, which is inherent to heteroepitaxial diamond, is expected to

strongly influence the transport of charge carriers in the material by acting as scattering or trapping
centres, and to influence as well the incorporation and distribution of dopants, as observed in other
semiconductors [60-63]. Boron-doping of diamond, which is particularly important for the fabrication
of diamond-based electronic devices (as discussed in more detail in chapter 5), is known to reduce
charge carrier mobility (Figure 1-15) and to induce lattice expansion and introduction of misfit
dislocations [24] when incorporated in very high concentrations, as discussed in section 3.2. However,
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a more detailed picture of the local environment of B dopants in the lattice is still lacking. The
knowledge of how B incorporation is affected by the dislocations present in the diamond, and equally
the knowledge of how dislocations are influenced by this dopant, are important aspects for the
understanding of the properties of the material and for its future improvement, and therefore need to
be investigated.
In a recent work, the distribution of boron dopants in HPHT diamond was found to
significantly influence the superconducting properties of B-doped diamond [64, 65]. Previous studies
by S. Turner et al. have also shown that defects such as twin boundaries and stacking faults in Bdoped diamond can be enriched with boron [20], due to the relaxation of the local lattice parameter at
these locations [22]. As dislocations are characterised by having a strain field around their cores,
which could then facilitate B incorporation in a similar way as the defects mentioned above, the
dislocation-rich nature of heteroepitaxial diamond offers the ideal conditions for the study of how this
dopant interacts with dislocations. The results of such investigation may provide further insights into
growth, doping and into the mechanisms of dislocation propagation, which may ultimately influence
device performance.
For this purpose, a thin heavily B-doped diamond layer was grown by MWPCVD
homoepitaxially on an undoped heteroepitaxial diamond substrate grown on the Ir/YSZ/Si(001) stack.
In a first step, the density and nature of the dislocations in the film was investigated by conventional
TEM and weak-beam, dark-field transmission electron microscopy (WBDF TEM) techniques.
Threading dislocations propagating from the substrate through the B-doped layer, as well as new
dislocations formed at the interface between the two layers, were analysed. A correlation between
threading dislocations and etch-pits formed on the surface was also established. In a subsequent step,
the presence and distribution of boron in the film was studied using a combination of annular darkfield (high-resolution) scanning transmission electron microscopy (ADF-STEM) and spatially
resolved electron energy-loss spectroscopy (STEM-EELS), performed with a state-of-the-art
aberration-corrected TEM instrument at the University of Antwerp.

3.4.2

Experimental
This work was a result of a close collaboration with the group of Dr. Stuart Turner from the

University of Antwerp. Heteroepitaxial diamond samples were prepared in our facilities and the TEM
sample preparation and characterisation were performed in Antwerp.
3.4.2.1

Sample growth
The diamond samples were grown by MWPCVD in two steps on top of a Ir/YSZ/Si(001)

substrate with an off-axis angle of 6° towards the [ −110] direction. The first step consisted in growing
a ~1 mm thick diamond (the first half with 20 ppm N 2 added to the gas phase and the second half
without), as illustrated in Figure 3-23 (a). Next, the Ir/YSZ/Si(001) was removed from the diamond
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sample and its dislocation-rich backside was mechanically polished (several tens of microns of
diamond were removed), followed by cleaning in hydrogen plasma (Figure 3-23 (b)). Subsequently, a
1-2 μm thick heavily B-doped layer was grown by MWPCVD on this side of the diamond, with
addition of 980 ppm trimethylborane

[ B C]gas = 42763

(TMB) to

the gas phase and

2% CH 4 ,

i.e.

ppm (Figure 3-23 (c)). The backside was chosen as growth substrate for the B-

doping process in order to guarantee a higher number of dislocations in the electron transmittable area
of the TEM samples. Finally, a short hydrogen plasma etching step was carried out to produce etchpits on the diamond surface.
The preparation of the Ir/YSZ/Si(001) substrate followed standard procedures described
before in this chapter (see section 3.2.3.1).

3.4.2.2

Sample preparation and TEM experiments
The samples for TEM investigation were prepared using a focussed ion beam lift-out

procedure, carried out in a FEI Helios FIB/SEM instrument. In order to view etch-pits in plan-view,
the samples were cut relatively close to the film surface, as illustrated in Figure 3-23 (d). For the
study of single dislocations in plan-view, FIB plan-view lamellae were sliced from deeper into the Bdoped diamond film (approximately 500 nm into the film).

Figure 3-23: Illustration of the sample preparation: (a-c) sample growth steps. (d) Diagram showing the planview and cross-sectional FIB preparation geometries.

Bright-field (BF) and WBDF TEM images were acquired in a FEI Tecnai microscope
operated at 200 kV. Aberration-corrected high-resolution TEM imaging was performed in a FEI Titan
“cubed” microscope operated at 300 kV and equipped with both TEM and STEM aberration
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correctors. Aberration-corrected TEM imaging was performed under negative Cs conditions (Cs tuned
to −12 μm). Aberration corrected ADF-STEM imaging was performed in the same microscope,
operated at 300 kV. The convergence semi-angle α was 21 mrad, the ADF inner acceptance angle β
and EELS acceptance angles were both 28 mrad. Quantification of B C (boron-to-carbon) ratios was
performed with the Gatan Digital Micrograph (DM) software package, using Hartree-Slater cross
sections. Fourier filtering of the high-resolution images was performed by masking the lattice
reflections in a Fourier transform pattern, and then back-transforming it to yield the filtered image.
This filtering was also performed with the digital micrograph (DM) software package.

3.4.3

Results and discussion
First a general survey of the B-doped sample was performed by taking BF-TEM and STEM

images of the prepared lamellae in plan-view and cross section. They are shown in Figure 3-24 (a-c).

Figure 3-24: (a) Plan-view TEM image overview showing etch-pits at the surface. (b) Cross-sectional TEM
image overview showing dislocations in the film. (c) HR ADF-STEM cross-sectional image taken along the

[110] zone axis showing a single dislocation. The diffraction patterns in the inset of each image confirm their
orientation and the single crystallinity of the samples.

Figure 3-24 (a) is a plan-view overview image of a dislocation-rich sample, showing etch-pits
on the surface which were generated after a short H 2 plasma etching step under high B background
from the reactor. Each etch-pit is expected to be associated with a threading dislocation.
In Figure 3-24 (b) an overview BF-TEM image of the diamond film in cross-section is
displayed. The diffraction pattern in the inset confirms that the material is monocrystalline diamond
viewed along the [110] zone axis. The interface between the undoped diamond substrate and the Bdoped layer can be seen at the lower part of the image, lying close to the ( 001) plane. Looking more
closely, the diffraction pattern demonstrates that, in fact, as a result of the (nominal) 6° off-axis angle
of the Si growth substrate, the additional tilt typically occurring at the diamond/Ir interface [66] and
the further polishing step, the [ 001] growth direction is slightly tilted with respect to the interface
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between the two layers by approximately 7-8°. Many dislocations (dark-contrast lines) can be seen
arising mostly from the interface. They are visibly parallel, following the [ 001] direction and the
majority of them threads all the way through the entire film thickness of the film.
In Figure 3-24 (c), a bright-field high-resolution scanning transmission electron microscopy
image shows a single dislocation in cross section. It is clear from the image that, at an atomic level, the
dislocation is not straight, displaying rather a local wavy structure while keeping an overall [ 001]
direction.

Figure 3-25: Cross-sectional TEM images of the interface between the undoped diamond substrate and the Bdoped layer, highlighting: (a) threading dislocations in the B-doped diamond ending at etch-pits. Note also the
asymmetry of the etch-pit, which is in accordance with the model from Figure 3-18 considering a tilt of 7-8°; (b)
threading dislocations from the undoped substrate (grown with 20 ppm N 2 ) propagating through the B-doped
layer. Several dislocations generated at the interface formed closed loops with adjacent dislocations and ceased
to propagate before reaching the surface.

Figure 3-25 shows cross-sectional (a) BF and (b) WBDF images of dislocation-rich samples.
In the first image, two dislocations can be seen arising at the surface (one starting at the interface, the
other one threading through from the substrate), each one ending at an etch-pit. This is a clear
confirmation that etch-pits are indeed formed where dislocations are present, supporting the previous
etch-pit investigations in section 3.3. In Figure 3-25 (b), individual dislocations can be seen more
clearly. Many of them are generated at the interface between the undoped diamond substrate and the
B-doped layer. Some dislocations propagate through from the substrate, changing their direction once
in the B-doped layer, from ~15° to 0° relative to the [ 001] direction. Many dislocations thread through
to the surface, while others, which appear to originate in pairs, form closed loops and cease to
propagate.
The formation of new dislocations at the interface can be attributed here to two major facts: 1)
polishing-induced defects generated prior to deposition of the B-doped layer and 2) lattice mismatch
between the undoped substrate and the heavily B-doped layer. The pronounced tilting of dislocations

Analysis of B-doped heteroepitaxial diamond films: structure and defects

98

away from [ 001] direction in heteroepitaxial diamond grown on off-axis substrates with addition of
several 10 ppm N 2 , similar to the present substrate, was also reported by our group in another
publication [55]. In that report, nitrogen-free growth on off-axis substrates was also studied, albeit the
dislocations in the samples showed smaller inclinations and a pronounced variation in tilt angles. Here
we now find a third variant, where despite the appreciable off-axis angle during growth of the B-doped
layer, the dislocations strictly followed the crystallographic [ 001] direction.

Figure 3-26: Weak-beam dark-field TEM characterisation of the [ 001] dislocations in FIB lamella cut along

(110 ) (a, b, d) and along ( 010 )

(c). In (a) and (b) images obtained with, respectively, g = 220 and g = 004 ,

b

are shown. Edge dislocations with b = a 2[1 10] are marked by white arrows in (a). They are invisible with

g = 004 . The dislocations which are visible in (a) and also in (b) are 45° mixed dislocations (see supplementary
information in section 7.1). Note in (b) the presence of loops (white arrowheads) on both edge- and 45° mixedtype dislocations. In (c) an image taken with g = 202 shows loops parallel to the projection of the trace of the

(111)

plane. This projection is indicated by a solid white line. In (d) an image taken with g = 1 11 shows

interrupted diffraction contrast on edge- “E” and 45° mixed-type “M” dislocations.
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In order to study the nature of the dislocations present in the boron doped diamond film, weakbeam dark-field TEM technique was applied. With this technique, the Burgers vector of dislocations
b b
can be identified based on the invisibility criterion g ⋅ b =
0 , and also the near-core properties of the
dislocations can be revealed. Typically, dislocations in CVD diamond have Burgers vectors
b
b = a 2 101 .
The presence of mixed-type and pure edge dislocations in diamond have already been reported
in the literature [55, 67]. In the present study, different extinction conditions (see the details and
acquired dark-field images as supplementary information in section 7.1) have shown that both edgeand 45° mixed-type dislocations with lines along [ 001] are present in the B-doped film. They can be
clearly seen in the WBDF images of a FIB lamella cut along the (110 ) plane, which were taken with
g = 220 and g = 004 and shown respectively in Figure 3-26 (a, b). The 45° mixed-type dislocations

appear in both images, while the pure edge-type ones only appear in (a). Upon a closer examination,
some of the dislocations appear accompanied by loops, which are indicated by the white arrowheads in
the WBDF image in Figure 3-26 (b). In most cases, such loops display a diffraction contrast parallel
to the projection of the trace of the {111} planes of the diamond lattice, as shown in Figure 3-26 (c)
for a FIB lamella cut along the ( 010 ) plane. This indicates that the loops consist of planar defects
lying in {111} planes and probably caused by B incorporation. Taking a closer look at the dislocations
using higher magnification (Figure 3-26 (d)), a peculiar feature can be observed: both edge- and 45°
mixed-type dislocation lines do not display a solid, uninterrupted diffraction contrast, but rather an
intermittent one, which is attributed to clustered segregation of boron at the dislocations. The
observation of edge- and 45° mixed-type dislocations along [ 001] in this work is in agreement with a
previous report by Gaukroger et al. on homoepitaxial diamond grown by MWPCVD [67]. Finally, the
samples analysed by WBDF have yielded a dislocation density in the range of 2 × 1010 cm−2, which is
coherent with the fact that the dislocation-rich backside of the undoped diamond substrate was used,
and with the observation that many new dislocations were generated at the interface between the
undoped and B-doped layers.
In order to measure the distribution of boron incorporated in the B-doped diamond film, a
combination of scanning transmission electron microscopy (STEM) and electron energy-loss
spectroscopy (EELS) was adopted. In a first experiment, a single dislocation was scanned using
spatially resolved EELS. In this technique, the fine electron probe is scanned over the sample,
acquiring an EELS spectrum in every scanned point. Each acquired spectrum contained both the boron
and the carbon K-edges. An ADF-STEM overview image of the studied dislocation is shown in
Figure 3-27 (a), while a typical EELS spectrum acquired from the sample is displayed in Figure
3-27 (f).
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Figure 3-27: Detection of boron by EELS. (a) Overview ADF-STEM image showing a single dislocation
indicated by the two arrows. (b) Boron K-edge map showing segregation of B at the dislocation. (c) Map of the
B C ratio in the dislocation showing boron enrichment up to 2.5 at.%. (d) HR ADF-STEM image of a single
dislocation and its corresponding B C ratio map shown in (e). The width of the B-enriched region is
approximately 2 nm. (f) EELS spectrum from a pristine diamond area, showing the boron K-edge at 190 eV and
the carbon K-edge at 285 eV.

Upon first inspection of the EELS spectrum, the presence of a strong carbon K-edge at 285 eV
and also of a weak boron K-edge at around 190 eV becomes clear. The fine structure of the carbon Kedge is typical of diamond, with a large σ∗ contribution at 292 eV. The small π∗ contribution at
285 eV can be attributed mostly to surface amorphisation during sample preparation. However, a
contribution from the dislocations cannot be excluded, as their cores may contain carbon with
distorted and/or dangling bonds [20, 22]. The boron edge at 190 eV shows three distinct sub-peaks, A,
B and C, which are typical signatures of tetrahedrally embedded boron in diamond, as will be
discussed further below.
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By integrating the intensity of the boron K-edge at each scanned point, a quantitative map of
incorporated boron was produced, as shown in Figure 3-27 (c). It can be seen that, even though a
boron signal is measured across the whole B-doped diamond film, the dislocation itself shows a higher
B concentration. A boron background signal of 1~1.5 at.% was measured, which is in good agreement
with the expected 8 incorporated B C ratio based on the process gas composition during growth, and
taking into account the incorporation efficiency determined earlier in section 3.2.4. At the dislocation,
the boron signal rises to approximately 2.5 at.%, although this number is expected to be much higher
due to the fact that a single dislocation does not fill the full sample thickness, meaning that the EELS
signal at the dislocation also carries a contribution from the background B C ratio, which is lower.
Further measurements at higher resolution are presented in Figure 3-27 (d, e). The STEMEELS images show similar results as before: the projected B C ratio along the dislocation can reach
up to 2.5 at.%. The EELS map also allows the measurement of the width of the boron-rich dislocation,
which was found to be ~2 nm. This result is in good agreement with the magnitude of strain field
around the dislocation, which was measured later (Figure 3-28 (e, f)). Finally, the high-resolution scan
also confirms the observation from the previous dark-field images that the boron enrichment along the
dislocation line is not constant, but rather intermittent.

Figure 3-28: High-resolution characterisation of dislocations in the B-doped diamond film imaged in plan-view
along the [ 001] zone axis. Images (a-c) correspond to an edge-type dislocation, while images (d-f) correspond to
a mixed-type dislocation. Images (a, d) are HRTEM images; (b, e) Fourier-filtered images of the respective
cores; (c, f) GPA map of the dislocations showing the strain field around the core. The colour scale indicates the
strain ε xx and the origin of x-axis and y-axis was set at the core of the dislocation. The white dots in (b, e)
indicate the atom column positions.
8

[ B C]gas = 42763 ppm ×20% (incorporation efficiency) ≈ 0.9% .
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Next, the two types of dislocations present in the B-doped diamond film were investigated at
high-resolution. Figure 3-28 (a) and (d) show aberration-corrected HRTEM images of, respectively,
single edge- and 45° mixed-type dislocations, viewed along the [ 001] zone axis (i.e. in plan-view).
These images were taken under so-called negative Cs imaging conditions (Cs was set to −12 μm).
Under these conditions, enhanced contrast can be achieved for light elements by balancing a positive
defocus to a negative spherical aberration coefficient [68]. HRTEM image simulations indicate that
under this slight overfocus (close to the optimal Scherzer defocus of +6 nm), the carbon atomic
columns in the structure can be imaged as white contrast on a dark background. From the knowledge
of the contrast transfer of the microscope through image simulations, it was then possible to indicate
the positions of the atomic columns in the images of Figure 3-28 (a, d). By Fourier-filtering these
images, the core of the dislocations was evidenced, as shown respectively in Figure 3-28 (b, e).
Upon analysis of these images, it can be seen that the edge dislocation consists of a single
extra {110} -type half-plane, which appears in Figure 3-28 (a, b) inserted from the top. The structure
of the core strongly resembles the zig-zagged 100 edge-type dislocation core reported by Fujita et
al. [69]. The strain field surrounding this dislocation was mapped using the so-called geometrical
phase analysis (GPA) approach, a method developed by Hÿtch et al. which allows a quantitative
mapping of the variations of interatomic distances [70]. The GPA corresponding to the edge
dislocation 9 is shown in Figure 3-28 (c). There, the strain was defined relative to the bulk region away
from the dislocation core, where the strain is assumed to be zero. The magnitude of the strain ε xx is
shown in the colour scale and the origin of the x-axis and y-axis was set at the core of the dislocation.
It becomes clear from the image that the insertion of an extra {110} -type half plane induces
compressive strain in the lattice, while tensile stress develops on the opposite side.
The second type of dislocation found in the film, the 45° mixed-type, was analysed in a similar
manner as the previous. A high-resolution image of one exemplar is displayed in Figure 3-28 (d).
Upon analysis of the image, the differences from the edge-type dislocation become evident, even more
so after Fourier-filtering (Figure 3-28 (e)): the 45° mixed-type dislocation is characterised by two

{110} -type half-planes, at an angle of 90° relative to each other, being inserted into the structure (from
the top in the image) towards the dislocation core. To the best of our knowledge, this is the first direct
visualisation of a mixed-type dislocation in diamond, and the observed structure appears to coincide
well with predictions by Fujita et al. from density functional theory calculations [71]. The tensile and
compressive strain fields surrounding the core of the 45°-type dislocation are shown in the GPA map
of Figure 3-28 (f), which results similar to the strain field observed for the edge-type dislocations
when the visible distortion caused by neighbouring dislocations is considered.
In a final experiment, a single edge-type dislocation was investigated using spatially resolved
EELS, in order to precisely locate the region of boron segregation with respect to the dislocation core.
An edge-type dislocation was chosen for this analysis due to greater stability under electron irradiation
than the mixed-type. Figure 3-29 (a) shows an aberration-corrected ADF-STEM image of a single
edge-type dislocation in plan-view, i.e. along the [ 001] zone axis. The Fourier-filtered image in
9

The GPA treatment was performed on raw data, not on the Fourier filtered data.
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Figure 3-29 (b) highlights the insertion of an extra {110} -type half plane into the diamond lattice,
from the right in the image. After ADF-STEM imaging, the region marked by the white rectangle in
Figure 3-29 (a) was fine-scanned for the simultaneous acquisition of an ADF-STEM image and an
EELS map containing both the boron K- and the carbon K-edge. In this way, the exact location of the
dislocation in the EELS map can be determined. Figure 3-29 (c) shows a map of the boron
distribution surrounding the dislocation, evidencing the boron enrichment close to the dislocation core
as expected from the cross-sectional experiments. In Figure 3-29 (d) the boron signal (green) is
overlaid on top of the simultaneously acquired ADF-STEM data (purple), with a white “T” marking
the position of the dislocation core. It becomes clear from this image that boron is not symmetrically
distributed around the dislocation, but is rather segregated in the region of tensile strain (left side of
the core in the images). This result is, however, not unexpected, since tensile strain may accommodate
more easily the insertion of extra boron atoms either substitutionally or interstitially into the diamond
lattice. A similar observation from EDX measurements of indium-enriched dislocations in InGaN has
been recently reported by Horton et al. [72].

Figure 3-29: Spectroscopic investigation of a single edge-type dislocation. (a) Overview ADF-STEM image of a
single edge dislocation; (b) Fourier-filtered image of the dislocation core (marked by a “T”), showing the
insertion of an extra half-plane. (c) Boron K-edge (EELS) map showing boron enrichment close to the
dislocation core. (d) Overlay of the boron K-edge map with a simultaneously acquired HAADF-STEM image.
The dislocation core is highlighted by a “T”. Boron (green colour) segregates in the region of tensile stress
surrounding the dislocation. (e) EELS spectra containing the boron K- and carbon K-edges. The boron signal in
the dislocation core is clearly higher than in the bulk. A fine structure reference for tetrahedrally embedded
boron in diamond is plotted in blue.

Analysis of B-doped heteroepitaxial diamond films: structure and defects

104

Finally, interesting information can be derived from the fine structure of the boron K-edge at
the dislocation core. In Figure 3-29 (e), the two main curves in black show the boron K- and carbon
K-edge averaged over two different spots: over the dislocation core and over a pristine region of the
B-doped diamond film. A reference spectrum (top curve) was added for comparison. It shows the
presence of three typical sub-peaks A, B and C, which have been previously measured in both CVD
and HPHT B-doped diamond, and subsequently correlated with simulations from density functional
theory in order to prove their correspondence with substitutionally embedded boron in diamond [21,
65, 73].
Upon analysis of the spectra from Figure 3-29 (e), one can see that those three sub-peaks also
appear in the spectrum acquired at the dislocation core, confirming that at least a certain amount of
boron close to the core is embedded tetrahedrally. However, a clear π∗ contribution was also
measured at 194 eV, indicating that a significant amount of boron close to the dislocation core is
present in a lower coordination. This increased π∗ contribution has been observed before by EELS at
twin and grain boundaries, and is most likely arising from a higher presence of dangling and distorted
bonds at these locations.

3.5 Conclusion and final remarks
In the first part of this chapter, growth of heavily B-doped diamond was carried out and
investigated. B-doping at 50 mbar indicated a certain modification of the growth surface, which was
evidenced by the disappearance of the riser/terrace microstructure present on the undoped substrate
which is caused by nitrogen in the gas phase inducing step-bunching. Boron reverses the step
bunching and facilitates a smooth step-flow growth, thus leading to a smoother growth surface. The
mosaic spread was found to depend upon B incorporation: with higher B-doping, an improvement of
the twist and a worsening of the tilt were observed. The twist roughly followed the trend previously
seen for undoped film growth, where an improvement occurs with increasing film thickness. For the
tilt, we assume that even if the B-doped layer starts to grow in a pseudomorphic way, the increasing
elastic energy stored in the layer with progressive film growth will reach a point where relaxation
takes place with insertion of misfit dislocations, or the tilt of dislocations in such way that “effective
climb” causes a reduction in stress. These processes apparently increase the polar angular spread (tilt)
and reduce the azimuthal spread (twist). Deposition of heteroepitaxial diamond films at 50 mbar
showed strong temperature dependence for the generation of intrinsic stress, similar to previous
observations for deposition at 200 mbar. In the present work we focussed on boron doping at a low
temperature of ~720 °C where the appearance of twins and non-epitaxial crystallites was minimised
and the compressive stress was maximal. The deposition experiments showed that the generation of
intrinsic stress is rather enhanced than reduced by the presence of boron. SIMS, CL, and XRD data
were compared for the evaluation of the boron concentration in the film: 1) XRD was found to be a
reliable method at heavy B concentrations, [ B] ≥ 1020 cm−3, due to the lattice expansion effect caused
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by B-doping, but with the condition that the biaxial stress in the film is taken into consideration. This
is a crucial point for dislocation-rich diamond films, as we have demonstrated, and it requires the
measurement of both the perpendicular and the parallel lattice constants from θ -2θ scans of the
diamond (004) and (311) reflections; 2) the CL peak-shift method was fairly reliable at high to heavy
B concentrations, [ B] ≥ 1019 cm−3; 3) the CL peak-ratio method was not reliable at high/heavy doping
regimes, as expected from the report by Barjon et al. [39]. This method has its strength at much lower
boron concentrations, which facilitates a sensitive detection of boron down to, at least,

[ B] ≈ 1014

cm−3; 4) SIMS is an accurate and widespread technique to measure [ B] in diamond films,

with reported sensitivity ranges down to 1014 B cm−3. With our setup, the best achieved sensitivity was
only down to 1018 cm−3, which is still relatively high. This fact, added to the destructive nature of
SIMS measurements, required complementary techniques such as CL, XRD and, as will be shown in
chapters 4 and 5, electrochemical and electrical techniques. By combining the results of all methods,
an incorporation efficiency of roughly 20% for the range of high-heavy B-doping was determined,
with the trend that it decreases with increasing precursor concentration in the gas phase.
In the second part of this chapter, focus was given to the identification of dislocations from
selective etching. Undoped and B-doped diamond films were simultaneously etched under different
conditions (namely varied gas composition, pressure and temperature) and the etch-pits formed on the
surface were analysed. It was observed that distinct types of etch-pits evolve on the surface when
increasing the CO 2 concentration from 1% to 3%. Together with etch-pits of the 110 type with

edges aligned along [110] and [ −110] , larger etch-pits of the 100 type with edges aligned along

[100] and [010] also appear, possessing not only larger lateral sizes, but also steeper facets.

In the

absence of CO 2 , etching with H 2 also produced etch-pits, although much smaller, showing lower
selectivity. On the other hand, etching with H 2 under a high B background promoted a more
pronounced selective etching on both undoped and B-doped diamond, and with more homogeneous
size distribution and a single etch-pit type. To the best of our knowledge, etching under high B
background was never reported prior to this work. It also yielded a somewhat higher etch-pit count
compared with the other methods, reaching ~ 109 cm−2 for a diamond film thickness of ~40 µm,
compared with values in the lower to mid ~ 108 cm−2 with CO 2 .
For the asymmetric shape of the etch-pits, the tilting of the dislocations caused by off-axis
growth was initially considered as one possible reason, since reports in the literature describe such
behaviour [48]. However, a careful analysis of the etch-pit profiles by AFM finally proved that their
side-walls can be fully described by the planes belonging to the [110] , [ −110] or [100] , [ 010] zone
axis, respectively. Their asymmetry is a simple geometric effect caused by the macroscopic off-axis
angle. The latter observation was particularly clear when etching undoped diamond at 150 mbar as a
function of temperature. From 700 °C to 1100 °C, a fast switch from (112 ) to (115 ) facet angles was
observed at ~950 °C. As a general trend, etching at higher pressure tends to produce steeper etch-pits
than etching at lower pressure, while lower temperature promotes steeper etch-pits. The simultaneous
appearance of different types of etch-pits for specific sets of etching parameters suggests the
possibility of different types of dislocations giving rise to etch-pits differing in size and shape. Further
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investigation of this hypothesis, e.g. by preparing a FIB lamella at the position of each type of etch-pit
for a subsequent TEM analysis, will be left for a future work.
After concluding a general survey of etching parameters for the selective etching of
dislocations, the third and final part of this chapter was dedicated to the direct visualisation and
analysis of dislocations in heavily B-doped films by TEM. For this part, a thin film of heavily B-doped
diamond was grown on the backside of an undoped diamond layer initially grown on the typical
Ir/YSZ/Si(001) substrate stack. FIB lamellae were then prepared for plan-view and cross section. In a
first step, the density and nature of the dislocations in the film were investigated by conventional and
weak-beam dark-field transmission electron microscopy techniques. Several important observations
were made: 1) threading dislocations in the B-doped film are aligned along [ 001] , both edge- and 45°
b
mixed-type type with b = a 2 110 ; 2) dislocations from the undoped substrate which had an angle of
~15° relative to [ 001] switched to 0° once propagating through the B-doped layer; 3) many new
dislocations were formed at the interface between the undoped diamond substrate and the B-doped
layer, likely due to defects induced by mechanical polishing and due to stress caused by the lattice
expansion of heavily B-doped diamond, leading to a dislocation density of 2 × 1010 cm−2; 4) many of
the new dislocations formed at the interface were in pairs which eventually closed to form loops,
ceasing to propagate before reaching the surface of the ~1 µm thick film. This indicated that they are
nucleated in pairs with opposite Burgers vector; 5) etch-pits were accurately correlated with
dislocations threading to the surface, confirming the concept of selective etching of dislocations
applied in the second part (section 3.3). After characterisation of the dislocations in the film, the
presence and distribution of B in the sample was studied using a combination of annular dark-field
scanning transmission electron microscopy and spatially resolved electron energy-loss spectroscopy,
performed on a state-of-the-art aberration corrected TEM instrument. Using these tools, the B
concentration, its spatial distribution and the local B environment in this type of dislocation-rich
diamond hetero-epitaxial film was determined. Boron enrichment at dislocations was clearly
evidenced, which was shown not to be uniform, but intermittent along the dislocation line.
Investigation of a single edge-type dislocation revealed a segregation of boron in regions with a tensile
strain field surrounding the edge-type dislocations. The fine structure of the B K-edge at the core of an
edge-type dislocation showed that the boron is partially substitutionally incorporated into the diamond
lattice, and partially present in a lower coordination (sp2-like hybridisation).
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Electrochemical characterisation of highly boron-doped heteroepitaxial
diamond

4.1 Introduction
In this chapter we turn to the investigation of the electrochemical properties of B-doped
diamond heteroepitaxially grown on Ir/YSZ/Si(001). Highly conductive B-doped diamond (BDD) has
been shown to be an excellent electrode, not only due to its robustness and chemical inertness, but also
due to its inherent resistance to fouling, wide potential window for water splitting, low resistance and
low background current [1-4]. Electrochemistry became in recent times one of the most dominant, if
not the biggest field of application of BDD, for example in electro-organic synthesis [5, 6],
electroanalytical sensing [7, 8] and wastewater treatment [9-12].
Despite the inherent qualities of diamond, mostly polycrystalline (highly defective) BDD
electrodes have been investigated. Their electrochemical properties can be affected by various factors,
such as 1) different B incorporation at different facets of the grains, 2) heterogeneous distribution of
the surface density of states and local conductivity, 3) presence of sp2 carbon and other impurity
aggregates at grain boundaries and 4) other surface defects [13-16]. Especially for applications that
require high sensitivity (low background current) and high selectivity (with a very well defined
surface), the use of high-quality BDD single crystals becomes necessary. However, diamond single
crystals suffer from the major technological disadvantage of being limited in size and being costly,
which are the main reasons for the widespread use of polycrystalline BDD.
Homoepitaxial single crystal BDDs have been generally grown on HPHT diamond single
crystals of various surface orientations by MWPCVD and several studies on their electrochemical
properties have been reported [17-21]. Single crystal BDD provides a significantly lower background
current and is less prone to fouling from adsorption, making it a more superior electrode material than
polycrystalline diamond, which is the most common and easily available in large areas. Kondo et al.
studied (111)- and (001)-oriented single crystal BDDs with [ B] (B-doping concentration levels) of,
respectively, 2 × 1019 cm−3 and 2 × 1018 cm−3. Apparent outer-sphere electron transfer was observed for
various redox systems, except for Fe(CN)36− 4 − on the (001) surface, which was attributed to the highquality diamond surface not possessing specific chemical sites necessary to catalyse the redox reaction
for this particular mediator [17]. Ramesham et al. also observed similar phenomena by investigating
the electrochemical properties of (001)-oriented BDD in Fe(CN)36− 4 − , showing reversible but sluggish
kinetics [18]. Lagemaat et al. also investigated oxidised (001)- and (011)-oriented single crystal
diamond, and attributed the observed reversible electron transfer kinetics to surface states distributed
in the bandgap. The flatband potential differed significantly on these two orientations, a result
attributed to the relative coverage of the surface by hydroxyl (C−OH) or carbonyl (C=O) groups [19].
Pleskov et al. compared homoepitaxial BDD single crystal with polycrystalline BDD, showing that
both exhibited similar kinetic and impedance characteristics in a Ce3+ 4 + redox couple. The
electrochemical behaviour of the polycrystalline BDD was also reported to be more strongly
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influenced by the polycrystalline nature of the material and of the surface, rather than by disordered
carbon present at the grain boundaries [20]. They also investigated single crystal BDD grown by the
HPHT method, and observed that differences in electrochemical properties between different
crystallographic facets were mainly due to different acceptor (boron) concentrations in the growth
sectors associated with the facets, resulting from their different boron incorporation efficiency during
synthesis. In other words, they showed that conductivity plays a major role in the electrochemical
behaviour of the BDD electrodes [21].
Although high-quality BDD single crystals with excellent electrochemical properties have
already been demonstrated and subjected to a considerable amount of research, it follows a
technological route possessing a major drawback of not yet being able to provide electrodes with large
areas (e.g. several cm2), which is a necessity from an economical point of view. Polycrystalline BDD,
on the other hand, can be produced in large areas, but suffer from the poor quality inherent to its
defective polycrystalline nature. Heteroepitaxial BDD grown on Ir/YSZ/Si(001) has, however, the
potential to “bridge” the two types of materials and allow single crystal performance (well-defined and
homogeneous surface) with competitive dimensions and a much lower density of defects than the
polycrystalline counterpart. Heteroepitaxial BDD has the potential to be a very suitable and better
alternative to both single- and polycrystalline BDD for special electrochemical applications, and yet,
there are no studies reporting the electrochemical properties of heteroepitaxial BDD electrodes prior to
the work described in this chapter.
Therefore, in this work a few heteroepitaxial BDD electrodes were prepared and subjected to a
comprehensive electrochemical characterisation, performed in close collaboration with the group of
Prof. Dr John S. Foord from the Department of Chemistry at the University of Oxford. The study
presented here is the first on such kind of diamond, and the results were compared directly with the
performance of polycrystalline BDD electrodes with similar characteristics, as well as with published
results on BDD single crystal electrodes. The electrodes were characterised by cyclic voltammetry
(CV), impedance spectroscopy (EIS), as well as by scanning electrochemical microscopy (SECM).
Two different redox mediators, Fe(CN)36− 4 − and Ru(NH 3 )36+ 2 + , were used to evaluate the
heterogeneous transfer rate constant from peak-peak separation in CV and EIS data, and used also for
the measurement of approach curves and SECM maps. Additional studies involving more complex
electrochemical processes using methyl viologen (MV) and anthraquinone (AQDS) were also carried
out. To finalise, the electrochemical activity of the electrodes was further studied by Pt deposition onto
the diamond surfaces, complementing the results obtained by SECM.
Overall, the obtained results were very positive and make a clear statement about the potential
and advantages of using heteroepitaxy on Ir/YSZ/Si(001) to produce high-quality, highly conductive
diamond electrodes, especially for sensing applications, but also for bulk electrochemical processes.
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4.2 Electrochemistry: the basics
Electrochemistry concerns the study of chemical reactions at the interface between a metallic or
semiconducting electrode and a conducting solution, i.e. the electrolyte. The flow of electric charge
through this junction characterises the chemical reactions taking place (either oxidation or reduction of
chemical species). This field of research has gained special focus in the last decades, and even more
nowadays, because of the many opened possibilities for energy conversion and storage (batteries, fuel
cells, super capacitors, solar cells, etc.), electroanalysis (sensing), electrochemical production of bulk
chemicals, water purification, etc. Comprehensive information on electrochemistry and much of what
is presented in this chapter can be found in [22-25]. In the scope of this thesis the semiconductorelectrolyte interface is of interest, requiring the establishment of basic principles of electrochemistry,
which will follow.

4.2.1

The electrochemical cell
An electrochemical cell is the environment where electrochemistry takes place. It consists of

at least two solid electrodes, metallic or semiconducting, inserted into an electrically conductive,
liquid medium, i.e. the electrolyte. Typical electrodes consist of noble metals such as Pt and Au, as
well as non-metals such as graphite, glassy carbon and diamond. Typical electrolytes are aqueous
solutions of ionic salts: chlorides (e.g. KCl), nitrates (e.g. KNO3 ) and sulphates (e.g. CuSO 4 ), which
may contain active redox species. Non-aqueous electrolytes are also used.
When an electrode is placed inside the solution, the difference in chemical potential will drive
the flow of electrons from one phase to the other until equilibrium is reached, giving rise to a
characteristic potential difference. When two electrodes are inserted in the solution, a potential
difference between them can then be measured, and it will be characteristic of the chemical reactions
(the so-called half reactions) taking place at both electrodes. This concept describes a simple
electrochemical cell (see Figure 4-1).
Having the potential at both electrodes variable is not very useful for electrochemical
experiments, and so a reference is necessary. Reference electrodes exist for this purpose, being the
standard hydrogen electrode (SHE) universally accepted. Its potential lies at approximately −4.5 eV
below the vacuum level (i.e. the energy of a free, stationary electron in vacuum) and is defined as 0 V.
Widely used reference electrodes, such as the silver-silver chloride (Ag/AgCl) and the saturated
calomel electrode (SCE), have their potential referenced to the SHE: 0.197 V and 0.242 V
respectively. The two-electrode configuration, comprising the reference electrode (RE) and the
working electrode (WE), is useful in the field of potentiometry, where the measured potential at the
WE can be related to the concentration of analytes.
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Figure 4-1: Schematic representation of two electrochemical cells with (left) two- and (right) three-electrode
configuration.

However, when the study of the electrochemical cell’s behaviour under current flow is
important (such as for batteries), the two-electrode configuration is not very well suited, because of the
complexity in interpreting a coupled current-voltage profile which is very sensitive to the chemical
processes occurring at the electrodes and to the flow of charge across the electrolyte. For this reason, a
third electrode, the counter electrode (CE), is added to the electrochemical cell (see Figure 4-1), and
the circuitry around is modified: now 1) the potential of the WE of interest is measured against the RE,
under the condition of zero current flow through RE. 2) The current flow is measured between WE
and CE. This operation is done under the control of a potentiostat, described in more detail in section
4.4.1.
With the three-electrode configuration, the current flow at the WE can be intimately linked to
the chemistry and charge transport processes occurring at its vicinity, and to the potential drop across
this interfacial region. This setup opens up the possibility for more advanced techniques.

4.2.2

The double layer
Whenever a semiconductor is put in contact with an electrolyte, the difference between its

0
Fermi level (chemical potential) EF and the redox potential [26] Eredox
of the electrolyte will drive the

flow of electrons from the side with highest energy to lowest energy, until equilibrium is reached and
both levels coincide (see Figure 4-2). The difference in density of states between the two phases will
dictate which level will shift more than the other.
After equilibrium, an n-type semiconductor would have provided the electrolyte with majority
carriers (electrons) and be left with its volume immediately close to the surface depleted of electrons,
giving rise to a positive space charge. In an analogous way, a p-type semiconductor would have
provided the electrolyte with holes and be left with a negative space charge. The charge imbalance
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with the formation of the depletion region changes the potential distribution at the interface (see
Figure 4-3).

Figure 4-2: (a, b) Energy diagram relative to the vacuum level from, respectively, n-type and p-type
semiconductors before equilibrium with the solution. (c, d) Energy levels after equilibrium [23].

The charged surface of the semiconductor affects the electrolyte side as well. A compact
dipole layer of typically less than 1 Å, known as Helmholtz layer, is formed by solvent molecular
dipoles (e.g. water) and solvated ions attracted to the surface. The remaining unbalanced charge leads
to the formation of a diffuse layer, known as Gouy layer, where the charge distribution decreases
exponentially towards the bulk of the liquid. Since most of the potential across the semiconductorelectrolyte junction drops within the space charge and the Helmholtz layers, provided that the
electrolyte is concentrated enough, the electrical double layer can be modelled approximately by two
capacitors, CSC and CH , in series (see Figure 4-3).
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Figure 4-3: Sketch of the semiconductor-electrolyte junction (electrical double layer). The green curve
represents the potential drop across the liquid.

There are two types of current flowing through a double layer in an electrochemical cell:
faradaic and non-faradaic. Faradaic current flows as a result of charge transfer due to reduction or
oxidation of chemical species, and is given by:

dQ d
dN
= =
( nFN ) nF
dt dt
dt

(4.2.1)

where Q (C) is the charge that passes through the interface, t (s) is the time, n is the number of
transferred electrons involved in the reaction, F (C mol−1) is the Faraday constant and N (mol) is the
molar number of redox species in the solution.
Non-faradaic current flows whenever there is a change in the potential drop across the solidliquid interface, due to charging and discharging of the double layer capacitance.

4.3 Fundamental theories of electrochemistry
In this chapter fundamental theories of electrochemistry will be given to support the techniques
and analyses implemented in the investigation of the electrochemical properties of B-doped diamond
heteroepitaxially grown on Ir/YSZ/Si(001). The following content is mostly drawn from the
“Handbook of Electrochemistry” [24] and from the book “Electrochemical Methods: Fundamentals
and Applications” [25].
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Electrochemical equilibrium and Nernst equation
In an electrochemical cell in equilibrium, i.e. where no current flows and constant potential is

achieved, it is of interest to understand how the potential on the electrode relates to the concentration
of chemical species in the cell. Consider the following reaction:


→R
O + ne − ←


(4.3.1)

where O is the oxidised species, R is the reduced species and n is the number of electrons e −
exchanged between O and R. The relationship between the concentration of oxidised species [ O ] ,

concentration of reduced species [ R ] , and free energy ∆G (J mol−1) is given as:
∆G =
∆G 0 + RT ln

[R ]
[O]

(4.3.2)

where R is the gas constant (8.3145 J mol−1 K−1) and T (K) is the absolute temperature. The critical
aspect of this equation is that the ratio of reduced to oxidised species can be related to the Gibbs free
energy 1 change ∆G , from which the potential E (V) can be derived:

∆G =
− nFE

(4.3.3)

Here, E is the maximum potential between two electrodes, also known as the open-circuit
potential (OCP) or the equilibrium potential, which is present when no current is flowing through the
cell, and F is the Faraday constant ( 9.6485 × 104 C mol−1). If the reactant and product have unity
activity, and E is for the reaction in the direction of reduction, i.e. left to right in equation (4.3.1), then
equation (4.3.3) can be written as

∆G 0 =
− nFE 0

(4.3.4)

In this case the potential E 0 (V) is known as the standard electrode potential (or standard
potential), and it relates to the standard Gibbs free energy change ∆G . It should be noted that due to
the minus sign in equation (4.3.4), all spontaneous reactions (i.e., with ∆G 0 < 0 ) will have a positive
standard electrode potential ( E 0 > 0 ).
The mathematical expression describing the correlation between potential and concentration
for a cell reaction is a central element of electrochemistry and is known as the Nernst equation,
obtained by combining equations (4.3.2)-(4.3.4):

1

The Gibbs free energy is a measure of electrochemical work [25].
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E E0 +
=

RT [ O ]
ln
nF [ R ]

(4.3.5)

The Nernst equation solves the potential of an electrochemical cell containing a reversible
system with fast kinetics and it is valid only at equilibrium and at the surface of the electrode:

RT CO*
ln
nF CR*
RT aO
ln
=
E E0 +
nF aR

=
E E 0' +

(4.3.6)
(4.3.7)

where E 0' (V) is the formal potential 2 , E 0 (V) is the standard potential, C *j (mol L−1) is the bulk
concentration for the species j, and a (mol L−1) is the activity. A common assumption is to ignore the
activity coefficients, resulting in E 0 = E 0' . The formal potential in equation (4.3.6) accounts for the
activity coefficients for the species O and R. The values for the formal potential (see chapter 18 in
[24]) are dependent upon the nature of both the solvent and the supporting electrolyte.

4.3.2

Dynamic electrochemistry
The Nernst equation above readily predicts how the potential difference in an electrochemical

cell in equilibrium (i.e. no net current flow) relates to the concentration of redox species in the
solution. However, understanding the reaction kinetics of the chemical processes taking place during
chemical change (i.e. under current flow), along with mass transport effects in the cell, is often
desired.
For a non-spontaneous cell reaction to occur, an overpotential η (V), must be applied. The
extent to which the reaction is driven beyond the equilibrium potential, Eeq. (V), is:

η= E − Eeq.

(4.3.8)

One fundamental aim of dynamic electrochemical theory is to explain how the current flow
relates to the applied overpotential.

4.3.2.1

Current, current density and charge transfer rate
Starting from Faraday’s law, which correlates the total charge Q (C) passed through a cell to

the amount of product N (mol):

2

That is, the potential which is actually measured in an electrochemical cell.
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Q = nFN

(4.3.9)

where n is the number of electrons transferred per mole of product, one can obtain a transfer rate from
the calculation of the corresponding electric current i:

i=

dQ
dN
dN
i
= nF
⇔
=
(mol s−1)
dt
dt
dt nF

(4.3.10)

Chemical reactions can be either homogeneous or heterogeneous. The first type occurs in a
single phase, and its rate is uniform everywhere in the volume where it occurs. Heterogeneous
reactions occur at the electrode-solution interface, and they are characteristic of electrochemistry,
being dependent upon the area A (cm2) of the electrode, or the area of the phase boundary where the
reaction occurs. Thus, the rate is more useful when normalised to the electrode area:

1 dN
i
=
(mol s−1 cm−2)
A dt nFA

(4.3.11)

There are four major factors governing the reaction rate and current at electrodes: (i) mass
transfer to the electrode surface; (ii) kinetics of electron transfer; (iii) preceding and subsequent
reactions; (iv) surface reactions (adsorption, crystallisation). The slowest process will be the
rate-determining step. When all of the processes leading to the reaction are fast, then only the electron
transfer reaction becomes the limiting factor. The measurement of fast electron transfer rates can be,
however, limited by the non-faradaic time constant of the electrode:

τ = Rsol.CH

(4.3.12)

where Rsol. (Ω) is the series resistance of the solution and CH (F) is the double layer capacitance. One
way to minimise τ is to use the three-electrode configuration mentioned in section 4.2.1, which is
often the case. In a potential sweep experiment (described in section 4.4.2) the output is the current,
which accounts for both the faradaic and non-faradaic processes. Since the scan rate ν (V s−1) is
known, it is possible to calculate the non-faradaic current, inf (A) from:

inf = n CH

(4.3.13)
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4.3.2.2

Butler-Volmer equation
The Butler-Volmer equation is a simple phenomenological model to explain the flow of

current in an electrochemical cell caused by an applied overpotential, assuming that there are no mass
transfer limitations (e.g. depletion of chemical species near the electrode). This model is based on the
idea that the reactant at the electrode is required to cross an energy barrier in order to be converted into
reaction products, the magnitude of which depends on the applied potential. Using transition state
theory [25], the behaviour of reaction kinetics can be predicted. If one considers again the simple
reaction in equation (4.3.1), it can be re-written as follows (note: Butler-Volmer always assumes that
n = 1 ):


→R
O + e − ←

kf

kb

(4.3.14)

where kf (cm s−1) and kb (cm s−1) are the rate constants for the forward (reduction) reaction and
backward (oxidation) reactions, respectively. The overall current i (A) can be predicted by the
Butler-Volmer equation as the difference between the cathodic (reduction) and anodic (oxidation)
reactions, which are presented respectively as ic and ia in the equation below:

i= ic − ia

(4.3.15)

Both ic and ia are proportional to the respective rate constants and the concentration of the
reacting species at the electrode surface as follows:

ic = FAkf CO (0, t )

(4.3.16)

ia = FAkb CR (0, t )

(4.3.17)

where F (C mol−1) is the Faraday constant, A (cm2) is the electrode area and C j ( x, t ) (mol cm−3) is the
concentration of species j measured at the electrode ( x = 0 ) at the time t (s). The rate constants of the
forward and backward reactions can be written as a function of the standard heterogeneous rate
constant, k0 (cm s−1), and the applied overpotential, according to the following expressions:

kf = k0 e
k b = k0 e

(

−α f E − E 0'

)

(1−α ) f ( E − E 0' )

(4.3.18)
(4.3.19)

where f = F RT , and α is known as the transfer coefficient, which varies within [ 0,1] and is usually
estimated as 0.5. It relates to where the transition state is located along the reaction coordinate, which
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tends to be midway between reactants and products. See section 4.3.2.4 on Marcus theory for more
details.
Based on the above equations, the net current flow at the electrode for an applied potential E
can be described:

=
i FAk0 CO ( 0, t ) e


(

−α E − E 0'

)

− CR ( 0, t ) e

(1−α ) f ( E − E 0' ) 



(4.3.20)

When the electrochemical cell is in equilibrium, i.e. when the net current is zero, the
exchange current i0 can be obtained from i0= ic= ia and the following equation can be deduced:
i0 = FAk0CO* (1−α ) CR* α

(4.3.21)

where C *j (mol cm−3) is the bulk concentration of the j species. The value of i0 can be obtained
experimentally by extrapolation from Tafel plots ( log i vs. η , also known as the polarisation curve).
From equations (4.3.20) and (4.3.21) one arrives at the current-overpotential equation:

 C ( 0, t )

C ( 0, t )
=
i i0  O * e −α f η − R * e(1−α ) f η 
CR
 CO


(4.3.22)

where η= E − E 0' is the overpotential. Without mass transfer limitations, i.e. when the transport of
species from the bulk to the electrode, and vice-versa, is efficient, C j C *j ≅ 1 and equation (4.3.22)
simplifies to the Butler-Volmer equation:
=
i i0 e −α f η − e(1−α ) f η 

(4.3.22)

Although the Butler-Volmer equation allows the estimation of the current through an
electrode in a well-stirred solution for a given overpotential, it is nevertheless a simplification and
more of a qualitative measure of the dynamic behaviour of an electrochemical cell. Nowadays,
detailed modelling of electrochemical reactions is normally based on modern theories of electron
transfer, such as Marcus theory and Marcus-Hush-Chidsey formalisms. Some of their important
concepts are presented in section 4.3.2.4.
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4.3.2.3

Reversibility
Reversibility is a key concept when dealing with electrochemical reaction mechanisms. An

electrochemical cell is considered chemically reversible if reversing the current through the cell
reverses the cell reaction and no new reactions or side products appear.
An electrochemical cell is considered chemically irreversible if reversing the current leads to
different electrode reactions and new side products. This is often the case if a solid falls out of solution
or a gas is produced, as the solid or gaseous product may not be available to participate in the reverse
reaction.

4.3.2.4

Microscopic theory of charge transfer
Section 4.3.2.2 dealt with a generalised theory of heterogeneous electron-transfer kinetics

based on macroscopic concepts, in which the rate of the reaction was expressed in terms of the
phenomenological parameters, k0 and α . While useful in helping to organise the results of
experimental studies and in providing information about reaction mechanisms, such approach does not
predict how the kinetics are affected by factors such as the nature and structure of the reacting species,
the solvent, the electrode material, and adsorbed layers on the electrode. To obtain this information it
is necessary to apply a microscopic theory that describes how molecular structure and environment
affect the electron-transfer process. Several authors, most notably Rudolf A. Marcus, who won a
Nobel Prize in Chemistry for his achievements, devoted a great deal of effort to develop microscopic
theories for electrochemistry. The Marcus model has been widely applied in electrochemical studies
and has demonstrated the ability to make useful predictions about structural effects on kinetics with
minimal computation.
To begin with, it is important to distinguish between inner-sphere and outer-sphere electron
transfer reactions at electrodes (see Figure 4-4):
•

The term "outer-sphere" refers to a reaction between two species in which the original
coordination spheres are maintained in the activated complex, i.e., there is no significant
rearrangement of the chemical bonds and the electron transfer occurs from one primary
bond system to another. In such case, the reactant and product do not interact strongly
with the electrode surface, and they are generally at a distance of at least a solvent layer
from the electrode. A typical example is the heterogeneous reduction of Ru(NH 3 )36+ ,
where the reactant at the electrode surface is essentially the same as in the bulk.

•

In contrast, "inner-sphere" reactions occur in an activated complex where the ions share
a ligand, requiring a significant rearrangement of the chemical bonds. Therefore,
electron transfer takes place within a primary bond system. In an inner-sphere electrode
reaction, there is a strong interaction of the reactant, intermediates, or products with the
electrode; that is, such reactions involve specific adsorption of species involved in the
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electrode reaction. For example, the reduction of oxygen in water and the oxidation of
hydrogen on Pt are inner-sphere reactions. Consequently, outer-sphere reactions are less
dependent on electrode material than inner-sphere ones.
Outer-sphere electron transfers can be treated in a more general way than inner-sphere
processes, where specific chemistry and interactions are important. For this reason, the theory of
outer-sphere electron transfer is much more highly developed, and the discussion that follows pertains
to these kinds of reactions. However, in practical applications, such as in fuel cells and batteries, the
more complicated inner-sphere reactions are important. A theory of these requires consideration of
specific adsorption effects, as described in [25], chapter 13.

Figure 4-4: Outer-sphere and inner-sphere reactions. The diagram shows the heterogeneous reaction of a metal
ion M surrounded by ligands. In the inner-sphere reaction, a ligand adsorbs on the electrode and bridges to the
metal. Figure adapted from [25].

The main considerations in Marcus theory are the following:
a) A heterogeneous electron transfer from an electrode to a species O to form the
product R is treated in the same theoretical context as the related homogeneous
reduction of O to R by reaction with a suitable reductant R' : O + R' → R + O'.
b) Electron-transfer

reactions,

whether

homogeneous

or

heterogeneous,

are

radiationless electronic rearrangements of reacting species. Consequently, an
electron must move from an initial state (on the electrode or in the reductant R' ) to a
receiving state (in species O or on the electrode) of the same energy. This demand
for isoenergetic electron transfer is a fundamental aspect with extensive
consequences.
c) The configuration of reactants and products are assumed to remain unchanged
during electron transfer, according to a principle which states that nuclear momenta
and positions do not change on the time scale of electronic transitions.
Considering the standard free energy plot in Figure 4-5 of species O and R as a function of
reaction coordinate, the goal is to obtain an expression for the standard free energy of activation G * as
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a function of structural parameters of the reactant, so that the rate constant can be calculated from
transition state theory. The relationship will take the following form:

kf = K P,Onk
n el.

k BT −∆G* RT
e
h

(4.3.23)

where K P,O (cm) is a precursor equilibrium constant, representing the ratio of the reactant
concentration in the reactive position at the electrode (the precursor state) to the concentration in bulk
solution, i.e. CO,surf. CO* ; n n (s−1) is the nuclear frequency factor, which represents the frequency of
attempts on the energy barrier (generally associated with bond vibrations and solvent motion); κ el. is

an electron transmission coefficient (tunnelling probability) varying within [ 0,1] ; k B is Boltzmann’s
constant, T is the absolute temperature, h is the Planck constant and R is the ideal gas constant.

Figure 4-5: Standard free energy G 0 as a function of reaction coordinate q for an electron transfer reaction, such
as Ru(NH 3 )36+ + e − → Ru(NH 3 )62 + . In the case of heterogeneous electron transfer, the curve for O is the sum of
energies for species O and for an electron on the electrode at the Fermi level corresponding to a potential E.

(

)

Then, ∆G 0= F E − E 0 . The picture at the top is a general representation of structural changes that might
accompany electron transfer. The changes in spacing of the six surrounding dots could represent, for example,
changes in bond lengths within the electroactive species or the restructuring of the surrounding solvent shell.
Figure adapted from [25].

Assuming that 1) the reactant O is centred at some fixed position with respect to the
electrode (or in a bimolecular homogeneous reaction, the reactants being at a fixed distance from each
other), and that 2) the standard free energies of O and R, GO0 and GR0 , depend quadratically on the
reaction coordinate q:

=
GO0 ( q )

( k 2 )( q − qO )

2

(4.3.24)
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0
=
G
R (q)

( k 2 )( q − qR )

2

+ ∆G0

(4.3.25)

where k is a proportionality constant (e.g. force constant for a change in bond length). The other
parameters are described in Figure 4-5. In that sketch, the molecules shown at the top are meant to
represent the stable configurations of the reactants, for example, Ru(NH 3 )36+ and Ru(NH 3 )62 + as O and
R, as well as to provide a view of the change in nuclear configuration upon reduction. The transition
state is the position where O and R have the same configuration, denoted by the reaction coordinate

q* . According to the assumption c) described before, the reaction can only occur at this point.
Therefore, the free energies at the transition state are given by:

=
GO0 (q* )
0
*
G
=
R (q )

( k 2 ) ( q* − qO )

( k 2 ) ( q* − qR )

2

2

(4.3.26)

+ ∆G0

(4.3.27)

Since GO0 ( q* ) = GR0 ( q* ) , one arrives at:
=
q*

( qR + qO ) +
2

∆G 0
k ( qR − qO )

(4.3.28)

The free energy of activation for reduction of O is given by:
Gf* GO0 ( q* ) − GO0 ( q=
GO0 ( q* )
∆=
O)

(4.3.29)

So, combining equations (4.3.26), (4.3.28) and (4.3.29) yields:

∆Gf* =

λ

∆G 0 
1
+

 , with λ =
4
λ 

( k 2 )( qR − qO )

2

(4.3.30)

with λ being the reorganisation energy necessary to transform the nuclear configurations in the
reactant and the solvent to those of the product state. Also, ∆G 0= F ( E − E 0 ) for an electrode
reaction.
There can be free energy contributions beyond those considered in the derivation described
above. In general, they are energy changes involved in bringing the reactants and products from the
average environment in the medium to the special environment where electron transfer occurs. Among
them are the energy of ion pairing and the electrostatic work needed to reach the reactive position.
Those terms were omitted for simplicity.
From equation (4.3.30) one can also determine the transfer coefficient α , first introduced for
the Butler-Volmer equation, from:
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0
1 ∂∆Gf* 1 F ( E − E )
α=
=
+
F ∂E
2
2λ

(4.3.31)

From the above equation, the Marcus theory predicts not only that α = 0.5 but also that it is
potential-dependent, contrary to the classic Butler-Volmer theory which accounts for α as a constant.
Since it’s not in the scope of this thesis to dive too much into theories of electrochemistry,
this is as far as this chapter goes in presenting the fundamentals of the Marcus theory. More details can
be found in the references given in the beginning of the chapter.

4.3.3

Equations governing mass transfer
Apart from reaction kinetics, mass transport also has an important effect in controlling the

performance of electrochemical cells under dynamic conditions. Since chemical species are created
and destroyed at the electrode surface, transport of species within the cell must take place. For
example, the Butler-Volmer equation derived before identifies the current flow as being dependent on
the concentration of species at the electrode surface itself, so, unless the consumed reactants in this
region are replenished, current flow cannot be sustained. Mass transport can often be the rate-limiting
factor governing the overall behaviour in the electrochemical cell, since electron transfer occurs on a
much shorter timescale.
Mass transfer in electrochemical reactions can generally follow three different pathways or
combinations of: a) migration, referring to movement of charged particles in an electric field; b)
diffusion, meaning the movement of species due to a concentration gradient; c) convection, correlating
with the movement that may be induced in fluids, associated with density and temperature gradients or
stirring operations.
The Nernst-Planck equation below correlates the flux of species j to migration, diffusion and
convection in a single direction:

∂C j ( x ) z j F
∂φ ( x )
J j ( x) =
−Dj
−
DjC j
+ C jv ( x)
∂x
RT
∂x

(4.3.32)

where J j ( x ) (mol cm−2 s−1) is a one-dimensional flux for species j at distance x (cm) from the
electrode; D j (cm2 s−1), z j and C j (mol cm−3) are the diffusion coefficient, the charge, and the
concentration for the species 𝑗𝑗, respectively; v ( x ) (cm s−1) is the rate with which a volume element

moves in solution; ∂C j ( x ) ∂x is the concentration gradient; and ∂φ ( x ) ∂x is the potential gradient

along the x-axis. In equation (4.3.32) the first term is concerned with the diffusion and is, in fact,
Fick’s first law (see below). The second term accounts for the migration of the species in the solution,
and the last term represents the convection of the solution.
In many electrochemical experiments migration is negligible, because the usually highly
concentrated supporting electrolytes screen (i.e. dampen) the electric field in the bulk solution. Also,
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because the experiments are carried out in a stagnant solution, convection effects are negligible on
short timescales. Under these circumstances, the main mode of transport of species to and from the
bulk solution is by diffusion, induced by concentration gradients created by the electrochemical
reaction.
Fick proposed two laws of diffusion in solution. These equations describe the relation between
the flux J j of a substance j and its concentration C j (mol cm−3) as a function of both time t (s) and
position x (cm). The first law describes the flux as a function of a change in concentration with
distance:

∂C j ( x, t )
− J j ( x, t ) =
Dj
∂x

(4.3.33)

The second law describes a change of concentration as a function of time t (s):
∂C j ( x, t )
∂t

 ∂ 2 C j ( x, t ) 
= −Dj 

2
 ∂x


(4.3.34)

Mass transfer occurs before charge transfer, and both processes are always occurring. The
slower of the two is the rate-limiting step. If the applied potential is small enough, the charge transfer
is slow and becomes the limiting factor, while mass transport becomes negligible. However, if the
applied potential is high, the charge transfer is very fast and the mass transfer is the rate-limiting step.
The mass-transfer limited current il , which is by definition independent of the potential, can be
written in terms of a mass-transfer coefficient m (cm s−1) in a similar way to the charge-transfer
limited current (see section 4.3.2.1):

il = nFAmC *

(4.3.35)

which can also be written in terms of the diffusion coefficient D (cm2 s−1) as:
il =

nFADC *

δ

(4.3.36)

where δ = D m (cm) and corresponds to the Nernst diffusion layer thickness.
It arrives from Fick’s second law that, for a planar electrode:

δ = πDt
Combining equations (4.3.36) and (4.3.37) leads to the well-known Cottrell equation:

(4.3.37)
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i (t ) =

nFAD1j 2C *j
π1 2t1 2

(4.3.38)

where n is the number of transferred electrons, F is the Faraday constant, A (cm2) is the electrode area,
D j (cm2 s−1) and C *j (mol cm−3) are, respectively, the diffusion coefficient and the bulk concentration

of species j and t (s) is the time. The Cottrell equation enables many electrochemical techniques by
relating the current in a directly proportional manner to the concentration of the electrochemically
active species. It correctly predicts that the current should decay to zero with an inverse relationship to
the square root of the time, a good example of mass transport limitation. In practice, capacitive
charging on short timescales and natural convection on long timescales will lead to inaccuracies.
Deviations from linearity in the plot of i vs. t −1 2 sometimes also indicate that the redox event is
correlated with other processes, such as association of a ligand, dissociation of a ligand, or a change in
geometry. In practice, t −1 2 is replaced by ( scan rate )

12

and the peak current ip is used for analysis.

4.4 Electrochemical techniques
4.4.1

Potentiostat
Used in combination with an electrochemical cell, the purpose of a potentiostat [25, 27] is to

maintain a constant potential difference between working electrode (WE) and reference electrode
(RE). It does so through a high-impedance feedback loop involving the counter electrode (CE). The
simplest scheme of a potentiostat is shown in Figure 4-6. There, the RE is connected to the inverting
input of an operational amplifier; the WE is kept at ground potential, and the potential Vset between
the non-inverting input and the ground becomes the potential difference between RE and WE. There is
no potential difference between both inputs of the operational amplifier. The op-amp delivers the
current through the counter electrode (CE) to keep the difference between VRE and VWE constant.

Figure 4-6: Schematic circuit of a potentiostat. The current flowing through the counter electrode causes the
reference electrode to be at the same potential as Vset , with Vin = 0 . The current is then measured by the potential
drop at Rm .
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The potentiostat also requires a means to measure the current. One approach is to measure the
potential drop across a resistor, shown in Figure 4-6 as Rm . Another possible approach (not shown) is
to use an additional circuit connected to the WE, a current follower, consisting of another operational
amplifier. There, the WE is connected to the inverting input; the non-inverting input and the output are
connected to ground; and a resistor connects the output to the inverting input. Thus, the output voltage
is proportional to the input current by a scale factor determined by the resistor.
Alternatively, one can view the potentiostat as an active element whose job is to force through
the working electrode whatever current that is required to achieve the desired potential at any time.
Since the current and the potential are related functionally, that current is unique. Chemically, it is the
flow of electrons needed to support the active electrochemical processes at rates consistent with the
potential. Thus, the response from the potentiostat (the current) actually is the experimental
observable.
In more complex apparatus, the potentiostat is connected to a function generator, which
enables different types of experiments, including potential sweep measurements, which will be
described in the following.

4.4.2

Potential sweep: Cyclic Voltammetry (CV)
The potential sweep technique [24] is a broadly used method in electrochemical studies. In

this technique, the current through the WE (the response signal) is recorded while an applied potential
(the excitation signal [28]) between WE and RE is varied linearly at a particular scan rate v (mV s−1)
between two values, E1 and E2 . Normally, the chosen value for E1 is the one at which no
electrochemical activity exists, while E2 is the value at which the reaction is mass-transfer controlled.
In linear sweep voltammetry, the scan stops at E2 , whereas in cyclic voltammetry, the sweep direction
is reversed when the potential reaches E2 and the potential returned to E1 . This constitutes one cycle
of the cyclic voltammogram. Multiple cycles may be recorded, for example, to study film formation or
until the electrode is at a reproducible state.

Figure 4-7: (a) Waveform used in classic cyclic voltammetry and (b) cyclic voltammogram (current-potential
curve). This particular voltammogram depicts the behaviour of a reversible, diffusion-controlled system, with
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symmetric anodic and cathodic peaks. At small potentials the redox reaction is limited by how fast chargetransfer occurs at the electrode, while at larger potentials the reaction is limited by how fast the redox species
diffuse from the bulk towards the electrode, and vice-versa. The current peaks separate the two regimes.

Cyclic voltammetry is perhaps the most typical potential sweep method, and often the choice
for the study of new electrochemical systems, since it allows a quick assessment of the reaction
mechanisms, even when there are additional complications such as coupled homogeneous reactions, or
surface adsorption, which can then be studied in more detail with other techniques. CV also provides
quantitative information, as described next.
When looking at a system with cyclic voltammetry, it is useful first to carry out qualitative
experiments. Typically, E1 , E2 , v (scan rate), pH and CO* (concentration) are varied systematically
and the differences in the shape of the voltammogram are analysed. Points to note are the number of
peaks present, their shape, their absolute value (current) and position (potential). By monitoring how
each of them behaves, it is possible to derive mechanistic and kinetic information.
In a cyclic voltammogram, the magnitudes of the anodic peak potential Epa and the cathodic
peak potential Epc , along with their corresponding anodic peak current ipa and cathodic peak current

ipc , are important parameters (see Figure 4-7). In a redox couple reaction, if both species exchange
electrons with the working electrode very fast, the system can be considered electrochemically
reversible. The formal potential E 0 in this case is found at the centre, between Epa and Epc :
E0 =

Epa + Epc
2

(4.4.1)

The peak-peak potential separation ∆Ep between Epa and Epc is dependent on the number of
electrons n exchanged in the electrochemically reversible reactions, and can be expressed as follows:

∆Ep = Epa − Epc ≅

0.059
(at 25 °C)
n

(4.4.2)

Therefore, for a reversible one-electron transfer, ∆Ep should be about 0.059 V, which is
independent of the scan rate v. However, if the system is irreversible due to slow electron transfer at
the electrode surface, equation (4.4.2) is not applicable and the peak-peak separation will increase with
increasing scan rate.
For a planar diffusion-controlled system, the peak current value can be estimated with the
Randles-Sevčik equation:
ip = 0.4463

n3 2 F 3 2
AD1j 2C *j v1 2
12 12
R T

(4.4.3)
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or

=
ip 2.69 × 105 n3 2 AD1j 2C *j v1 2

(4.4.4)

Since the number of transferred electrons n, the electrode area A and the diffusion coefficient
D j are all constants in a practical experiment, ip is directly proportional to the bulk concentration C *j

of species j in the solution and to the square root of the scan rate v. Once C is kept constant, ip will
only depend linearly on v1 2 . Note that equation (4.3.38) is analogous to equation (4.4.3) in that in the
latter the current depends on v1 2 while in the former it depends on t −1 2 .
The more an electrochemical system shifts from reversible to irreversible, i.e. from very fast to
very slow electron transfer, the larger will be the peak-peak separation and the asymmetry between
them. Ultimately, the reverse peak ipa will disappear.
Potential sweep experiments are very sensitive to redox reactions involving adsorption of a
reactant or a product. The cyclic voltammetry where both species O and R are adsorbed on the
electrode surface is different to that when both are in solution, because there is no mass transport step
to consider. The typical shape of a cyclic voltammogram for an ideal Nernstian electron transfer, with
only short-range repulsive interactions between the adsorbates, consists of two symmetric peaks. The
charges (the areas under the peaks) for oxidation and reduction are equal, as all the adsorbed species
undergo reduction/oxidation. The current peaks and decays to zero because there is a fixed amount of
reactant present.
In summary, a quick qualitative analysis of an electrochemical system can be done by looking
at the peak-peak separation and peak heights in a cyclic voltammogram. One can quickly assess
reversibility, transfer rates, adsorption, etc., as well as perform quantitative measurements with aid of
special techniques which will be described next.

4.4.2.1

Nicholson’s method
The mass transfer coefficient in linear sweep voltammetry and cyclic voltammetry is directly

proportional to the square root of the potential scan rate, v1 2 , as expected from equations (4.4.3) and
(4.3.35). In theory, by increasing v one can render a completely reversible (Nernstian) electrode
reaction quasi-reversible, and even irreversible, in order to determine its kinetic parameters. In
practice, this approach is limited by increasing non-faradaic currents at the double layer (due to
charging and discharging) and increasing resistive potential drop in the solution.
A more straightforward method to extract kinetic parameters from a linear sweep
voltammogram is possible for a one-step irreversible electron-transfer reaction at large (e.g. mm-sized)
electrodes. The transfer coefficient α can be found from the slope of the linear dependence of the
peak current vs. square root of the scan rate (ip vs. v1 2 ) :

=
ip 2.99 × 105 α 1 2 AD1 2C *j v1 2

(4.4.5)
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Alternatively, the same parameter can be found from the difference between the peak-peak
potential ∆Ep and the half-peak potential:

a=

47.7 mV
(at 25°C)
∆Ep − Ep 2

(4.4.6)

where Ep 2 is the potential where the current is half its peak value. The standard rate constant k0 of a
one-electron reduction reaction can then be found from:

DEp = E 0' −

DO1 2
RT 
α Fv 
+ 0.5ln
 0.78 − ln

k0
RT 
αF 

(4.4.7)

where E 0' is the formal potential and DO is the diffusion coefficient of oxidised species.
Richard S. Nicholson developed a much simpler method to measure quasi-reversible kinetic
parameters from voltammograms [29]. The only required experimental parameter is ∆Ep from
equation (4.4.2). Nicholson has shown that ∆Ep is a function a single dimensionless kinetic parameter,
so defined:

( DO DR ) k0
ψ=
12
( πDO vF RT )
α 2

(4.4.8)

After measuring ∆Ep , one can use Table 4-1 to find the corresponding value of ψ and

estimate k0 . When the transfer coefficient α is within ]0.3,0.7[ , which is most common for simple
electron-transfer reactions, ∆Ep is essentially independent of α . Moreover, the diffusion coefficients
of oxidised and reduced species are typically similar. Therefore DO DR 1 1 and k0 can be easily
calculated from equation (4.4.8).
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Table 4-1: Variation of ΔEp with ψ at 25 °C [29].

ψ from equation (4.4.8)

20
7
6
5
4
3
2
1
0.75
0.5
0.35
0.25
0.10

∆Ep (mV)

61
63
64
65
66
68
72
84
92
105
121
141
212

One very important condition for using this method safely is to take into account the resistive
potential drop in the solution, which leads to higher ∆Ep , otherwise underestimated rate constants will
be obtained. In fact, the more the cyclic voltammogram deviates from the simple quasi-reversible
model (e.g. due to adsorption effects, high charging currents, etc.), the higher will be the error
associated with Nicholson’s method. Therefore, it may be safer to fit the entire voltammogram to the
theory (e.g., by using DigiSim®).

4.4.2.2

DigiSim simulation
Nowadays computational tools allow for more detailed analyses of the electrochemical data

obtained with cyclic voltammetry. One of these tools is DigiSim®, developed by Bioanalytical Systems
Inc.[30] This software is designed mainly for CV simulations and uses an implicit finite difference
method to simulate any electrochemical mechanism that can be expressed in terms of single or
multiple electron transfer reactions (recall the Butler-Volmer equation introduced earlier in section
3.3.2.2) and first- and second-order homogenous reactions.
To generate a theoretical curve using DigiSim®, it is necessary to select a model for the
kinetics (e.g. Butler-Volmer, Marcus) involved in the desired electrochemical/homogeneous reactions,
define certain conditions/constraints of the system and feed known values in, such as rate constants,
diffusion coefficients, etc. The simulation results include concentration profiles of all species involved
at any point in time, and current vs. time dependencies. The effects of the double layer charging and
the resistive potential drop in solution can also be included.
Last but not least, DigiSim® can fit simulated data to imported experimental data and extract
key parameters for the experimentalist, such as rate constants (k ) , transfer coefficients (α ) , etc.
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4.4.3

Scanning Electrochemical Microscopy (SECM)
SECM is a scanning probe microscopy technique in which three-dimensional images of

surfaces are obtained by scanning a small ultramicroelectrode (UME) tip (also referred to as the probe)
across the working electrode (WE) surface and recording an appropriate electrical response. To
understand the operation and response of the SECM, it is necessary to briefly review the behaviour of
a very small probe in an electrochemical cell. For a more detailed discussion of UMEs than the one
which will follow, consult reference [24], chapter 6.
If one considers a metallic UME (the cross section of a wire, laterally insulated) with a few
µm in diameter, immersed in a solution containing an electrolyte and an electroactive species O;
counter electrode (CE) and reference electrode (RE) also being present; then when a potential E − E 0'
sufficiently negative is applied to the UME, the reduction of O to R occurs on its surface at a
diffusion-controlled rate, and a corresponding current is detected passing through the UME. This
current decays as a diffusion layer of O builds up around the electrode, attaining rather quickly a
steady-state value, iT,∞ , which depends on the concentration CO* of O species and on its diffusion
coefficient, DO , and is given by:

iT,∞ = 4nFDO CO* r

(4.4.9)

where n is the number of electrons involved in the electrode reaction, F is the Faraday constant, and r
is the radius of the UME. The steady-state current results from the constant flux of O species to the
UME’s surface driven by an expanding, essentially hemispherical, diffusion layer around it. In SECM
it is the perturbation of the tip current, when the tip is brought to within a few tip diameters of a
surface, which constitutes the SECM response.

Figure 4-8: SECM approach curves on insulating (a) and conductive (b) substrates. Negative feedback is
observed on an insulating substrate and positive feedback is observed on a conductive substrate.
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Consider first when the tip is brought close to an insulating substrate, as shown in Figure 4-8
(a). The steady-state current flowing through the tip, iT , will now be smaller than iT,∞ , because the
insulating substrate partially hinders the diffusion of O from the bulk solution to the tip. Clearly, the
closer the tip is to the insulating surface, the smaller iT will be, up to the point when iT → 0 as the
tip-substrate separation d approaches 0. This effect is termed “negative feedback”. However, when the
tip is close to a conductive substrate at which R can be oxidised back to O, an immediate source of O
is established, which adds to contribution from the bulk. Oxidised species are more readily available to
react again with the tip by diffusing back from the substrate, resulting in iT > iT,∞ as the tip gets nearer.
This behaviour is termed “positive feedback” and is illustrated in Figure 4-8 (b). Thus, the magnitude
of iT relative to iT,∞ is governed by the nature of the substrate (i.e. its electrical properties) and by the
tip-substrate spacing (surface topography is therefore also a factor). The actual general situation can be
more complicated than those two limiting cases described above, for example, when the rate of the
reaction R → O + e − on the substrate is governed by the kinetics of heterogeneous electron-transfer
rather than by the rate of mass transfer (diffusion) of R to the substrate.
When the UME tip is scanned across the substrate surface at a constant height, an image of the
local electrochemical activity can be obtained by monitoring the feedback current. The current image
can be presented in grey scale, where high values of current are shown in light colours and small
values as dark colours. The resolution attainable with SECM is largely governed by the tip size and the
distance between tip and sample. With a very small diameter tip (e.g., diameter < 100 nm ), scanning
the tip in close proximity to the substrate surface (e.g., 100 nm above the surface) and measuring the
current becomes very difficult due to vibrations. For higher resolution, SECM must be carried out in
constant current mode, as is often used with STM, where the distance is adjusted by a feedback loop to
a z-piezo to maintain iT constant. This method works when the sample is either all conductive or all
insulating, as the piezo feedback can be set to counter a decrease in tip current by either moving the tip
closer (conductor) or farther away (insulator). However, for samples containing both types of regions
the vertical motion of the tip has to be modulated while ∂iT ∂z is monitored, in order to identify the
type of response.
In any case, the most important aspect to retain about SECM is that it can provide a map of the
electrochemical activity across an electrode surface, allowing the correlation of local features such as
topography, conductivity, surface termination/functionalisation and other material properties, with the
reactivity of the redox species in solution.

4.4.4

Electrochemical impedance spectroscopy (EIS)
EIS is a very powerful technique used to study dielectric properties of electrochemical systems

through their treatment as equivalent electric circuits. From the measurement and subsequent nonlinear regression of the system’s frequency-dependent complex impedance, its constituents (e.g.
diffusion layers, interfaces) and related physical properties can be discriminated and quantified. In
other words, depending on the specific contribution of each element to the total impedance, i.e.

Electrochemical characterisation of highly boron-doped heteroepitaxial diamond

138

whether more capacitive or more resistive, and on their particular response to the applied frequency
spectrum, detailed information about charge transport across the system can be obtained. EIS is
typically used in the study of corrosion, fuel cells, batteries, super capacitors, solar cells, etc.
Comprehensive information on EIS can be found on [27, 31].
An impedance spectroscopy measurement requires applying an alternating voltage
V ( t ) = ∆V cos (ωt ) to the system – for example, between electrodes in an electrochemical cell – and

measuring its current response I ( t ) =
∆I cos (ωt + ϕ ) , where ϕ is the phase difference between input
voltage and output current. From the input voltage and the output current, the impedance Z, defined as

Z = V I can be obtained. After a few mathematical considerations it results in Z = Z e − iϕ , with
Z =
∆V

∆I being its magnitude and i=

−1 the imaginary unit. This measurement is performed

for a wide range of frequencies, so that one obtains an impedance spectrum. Given that Z is a complex
value, it can either be represented as Z and ϕ or as Z ' = Re ( Z ) and Z '' = Im ( Z ) as a function of
frequency, i.e. usually the ordinary frequency f = ω 2π .
A very important condition for impedance spectroscopy is the consistency between the real
and imaginary parts of the impedance, which is achieved when the Kramers-Kronig relations are
satisfied [31]. They imply that the system’s response to an input signal respects stability over time,
linearity and causality. For this reason the system must remain in a quasi-steady state, driven by a low
amplitude input signal (small perturbation), usually in the range of 10 mV.
With state-of-the-art equipment, much of the work involved in performing impedance
spectroscopy is automatised and easily done through a simple software interface (which is usually
provided with the commercial impedance analyser or potentiostat). Suppliers of such devices, e.g.
Gamry Instruments and Metrohm Autolab go as far as to provide full support for data analysis, fitting
and modelling, etc., as well as to consider special cases of impedance measurements. Other optional
software tools include ZView®/ZPlot® [32] and ZSimpWin [33].
Apart from typical, well-known impedance elements, such as resistors, capacitors and
inductors, a couple of other elements are worth of mention: the constant phase element (CPE) and the
Warburg impedance element (W). The impedance response of electrodes rarely shows the ideal
response expected for single electrochemical reactions. Instead, it typically reflects a distribution of
reactivity that is commonly represented in equivalent electrical circuits as a CPE, which has an
impedance contribution given by [27]:

=
Z CPE

1

( iω )

n

(Ω)

(4.4.10)

Q0

where n is unitless and ranges from 0 to 1, and Q0 (s n Ω −1 ) is a parameter given in Farads only when
n = 1 , i.e. when the impedance of a CPE simplifies to that of an ideal capacitor. At the other extreme,

when n = 0 , Z CPE simplifies to the impedance of a resistor, with Q0 becoming a conductance value.
Hence, the CPE can be understood as a leaking capacitor with a frequency-independent phase of
− ( 90 × n ) ° , and its behaviour is often attributed to surface heterogeneity or to continuously distributed
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time constants for charge-transfer reactions. An equivalent capacitance Ceq. (F) can be extracted from
the CPE by [34]:

Ceq. = ( iωmax )

( n −1)

Q0

(4.4.11)

where ωmax is the maximum point of the depressed semi-circle produced by the CPE in a Nyquist plot
(i.e. Z '' vs. Z ' ). At that point the real part of the impedance is independent of n, and consequently
Z C,eq. = Z CPE .

The Warburg impedance element W models a simple semi-infinite planar diffusion
mechanism taking place in an electrochemical reaction. In stagnant environments, if natural
convection can be ignored, the mass transport equation is reduced to Fick’s second law, shown in
equation (4.3.34). With semi-infinite boundary conditions defined, one can correlate the current
generated by an oscillating potential-dependent concentration of species C at the electrode with the
applied potential, and obtain the corresponding impedance [27]:

=
ZW

W
(W)
iω

(4.4.12)

with W being the Warburg constant, which contains parameters pertaining to the diffusion process
(presented in Section 4.3.3):

W
=

π 2
(W s −1 2 )
12 *
nFAD C

(4.4.13)

The Randles circuit shown in Figure 4-9 is a well-known model of a simple electrochemical
system, consisting of a CPE representing the double layer, a charge transfer (parallel) resistance
representing a faradaic (redox) reaction, a Warburg impedance element representing the diffusion of
redox species towards the electrode, and a bulk (series) resistance.

Figure 4-9: Randles circuit, consisting of a constant phase element (sometimes simplified to a capacitor CP )
representing the Helmholtz (double layer) capacitance, in parallel with a charge-transfer resistance RCT in series
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with a Warburg impedance element, to account for diffusion-limited charge transfer processes, and a series
resistance RS to account for the bulk electrode and electrolyte resistances.

In the particular case of a semiconductor-electrolyte interface, the existence of a space charge
at the semiconductor surface introduces another capacitance source to CP (see Figure 4-3), but as
long as the electrolyte is conductive enough, CH  CSC and consequently CP ≅ CSC , as it is for the
semiconductor-metal junction.
One particular case of impedance spectroscopy consists in superimposing a DC voltage, Vbias ,
on the input signal and measuring the capacitance of the system for a single frequency, assuming a
pre-determined model or equivalent circuit, e.g. resistor-capacitor in series. The measurement is
repeated for a range of DC values and plotted as 1 C 2 vs. Vbias . It is particularly useful for the MottSchottky analysis described next, and is often referred to as C-V plot.

4.4.5

Mott-Schottky analysis
The Mott-Schottky analysis takes advantage of the C-V measurement capabilities of

impedance analysers to allow the study of semiconductor-electrolyte and semiconductor-metal
interfaces by means of the Mott-Schottky relationship [23, 35]:


k T
1
2
V − VFB ) − B 
=
2
2 ( bias
CSC qN Aε 0ε r A 
q 

(4.4.14)

where CSC (F) is the space-charge capacitance, q (C) is the electron’s charge, N A (m−3) is the density
of acceptors for a p-type semiconductor, ε 0 (F m−1) and ε r (unitless) are, respectively, the vacuum
dielectric permittivity and the relative dielectric permittivity of the electrode, A (m2) is the electrode
area in contact with the electrolyte, Vbias (V) is the applied potential, VFB (V) is the flatband potential,

k B (m2 kg s−2 K−1) is Boltzmann’s constant and T (K) is the absolute temperature. This equation is
derived considering that a space charge at the semiconductor surface exists when a junction with
another material is formed, such as with a metal or a conductive electrolyte. The space charge can be
treated as a capacitor and the capacitance written as a function of the space charge (depletion layer)
width, which depends on the potential drop across the junction [35].
A semiconductor-metal junction (also known as a Schottky diode) is relatively simple,
because metals are highly conductive, electrons are abundant and free to move, and charge transfer is
rapid. There are no diffusion mechanisms to account for, and the only capacitive element in the circuit,
ideally speaking, is the space charge capacitance. Under these circumstances, a semiconductor-metal
interface can be modelled by a simple RC circuit. Likewise, a semiconductor-liquid interface can be
treated in a similar way when the electrolyte is made highly conductive and when it is devoid of redox
mediators. Then, looking at the Randles circuit (Figure 4-9) as a reference, the charge-transfer
resistance RCT and the Warburg element W are, in this case, absent.
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An accurate measurement of CSC for the Mott-Schottky equation (4.4.14) can be done by
performing Impedance Spectroscopy for a fixed frequency and varying the bias voltage. The
experimental data can then be fitted with appropriate analysis software and the capacitance CSC
2
extracted. The density of acceptors N A is obtained from the slope of 1 CSC
vs. V. A straight line

indicates that the depletion layer width changes according to the applied potential, as expected from a
capacitive behaviour, and the Mott-Schottky relationship can be applied. Deviations from this linearity
point to the presence of other effects in the junction, which may be due to other capacitive sources
and/or non-capacitive behaviour from, e.g. contaminants on the surface or in the electrolyte. Such
factors will have implications on the validity of the Mott-Schottky relationship for the extraction of

CSC and N A .

4.5 Experimental
As mentioned earlier, this work was a result of a close collaboration with the group of Prof. Dr
John S. Foord from the Department of Chemistry in the University of Oxford. Heteroepitaxial
diamond samples were prepared in our facilities and the electrochemical measurements were
performed in Oxford. The author of this thesis participated directly in the initial experimental
characterisations, while the remaining work was completed by the Oxford team. The analysis and
discussion of the results are the outcome of a collective effort.

4.5.1

Preparation of diamond electrodes
The heteroepitaxial B-doped diamond single crystals were grown on a Ir/YSZ/Si(001)

substrate with a 4° off-axis angle towards [110]. The preparation of the substrate followed identical
procedures to those described earlier in the previous chapters, and according to [36-38]. After the biasenhanced nucleation (BEN) step, an intrinsic diamond film of ~80 µm in thickness was grown by
MWPCVD with addition of 100 ppm N2 to the gas phase, and followed by the growth of a borondoped layer of around 3 µm thickness in a separate MWPCVD reactor. The feedstock gases consisted
of 2% CH 4 in H 2 and 300 ppm trimethylborane (TMB). BDD deposition was conducted at 750 °C at
50 mbar and a microwave power of 1100 W. The final sample size was ~ 8 × 8 mm2 (see Figure
4-10).

Figure 4-10: (left) Sketch of the multilayer sample structure. (right) Image of the actual sample.
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In fact, two similar but not identical samples were produced and analysed: sample “A” with
as-grown diamond layer and sample “B” with both layers polished after growth. The latter was not
used until the studies presented in section 4.6.4.
Rocking curves measured by high-resolution X-ray diffraction showed a full width at half
maximum (FWHM) of 0.15°, confirming the high crystalline quality of the heteroepitaxial diamond
layer. The as-grown BDD film without polishing has a wavy surface structure with RMS roughness of
0.7 nm, which was reduced to below 0.12 nm after polishing, based on AFM measurements within a
scan area of 1 × 1 µm2.
Freestanding polycrystalline BDD wafers with [ B] > 1020 cm −3 and 10 × 10 × 0.6 mm3 were
obtained from Element Six Co. The rough polycrystalline BDD was polished smooth to an RMS
roughness of less than 3 nm, to be easily comparable with the smooth single crystalline BDD
electrodes.
A similar cleaning process was carried out on all BDD samples before use. The electrodes
were gently polished with alumina (1 µm and 0.3 µm) to remove most of the physically adsorbed
impurities on the surface. All samples were subsequently cleaned with acetone in an ultrasonic bath to
remove alumina residues, followed by rinsing in distilled water and finally blow-dried with N2.
The BDD samples were mounted into a home-built PTFE cell with a circular area of around
0.454 cm2 exposed to the electrolyte. Silver paste was applied from the four corners on the surface,
around and to the Si backside of the heteroepitaxial samples, in order to form Ohmic contacts for the
electrochemical experiments.
In order to assure reproducibility of the experiments, the samples were potential-cycled
between −1.8 and 2.5 V for at least 20 sweeps in 0.1 M HNO3 , to promote a stable oxygenation of the
diamond surface [4].

4.5.2

Characterisation techniques
All electrochemical experiments involving cyclic voltammetry (CV) were done at room

temperature with a μ-AUTOLAB III potentiostat (PGSTAT128N, Eco-Chemie, Netherlands) running
a GPES (Version 4.9) software. A standard three-electrode system consisting of the working electrode
(sample), a silver-silver chloride (Ag/AgCl) reference electrode and a Pt wire counter electrode was
employed.
Electrochemical impedance spectroscopy (EIS) measurements were operated on the same
workstation with a Frequency Response Analysis (FRA) module of type III μ-Autolab. A modulation
amplitude of 10 mV was applied and the frequency varied between 0.1 Hz and 500 kHz. The supplied
FRA software was used for data conversion and analysis.
Scanning electrochemical microscopy (SECM) was carried out with a commercial CHI 900B
setup. Instead of using the three-electrode configuration mentioned for the previous methods, a fourelectrode configuration was introduced: the BDD working electrode, an Ag/AgCl reference electrode,
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a Pt wire counter electrode, and a fourth Pt microelectrode. It consists of a Pt wire sealed into a quartz
capillary by the laser puller method. The electrode was delicately polished until the diameter of the
wire was ~4 µm and the insulation radius rquartz rPt < 5 . This probe electrode, positioned initially at
2 µm above the WE, was used to measure approach curves towards the diamond surface at a rate of
0.1 µm s−1. Depending on whether the oxidised species leaving the probe, e.g. Ru(NH 3 )36+ , diffused to
an electrochemically active or inactive site on the diamond surface, the current through the
approaching probe showed, respectively, negative or positive feedback, as illustrated in Figure 4-8. In
this current vs. distance plot, which carries information about electrochemical characteristics of the
studied electrode [39], L corresponds to a “tip length”, i.e. the distance d between the probe and the
substrate normalised to the tip radius r, and I corresponds to the measured current iT ( L ) normalised to
the steady-state current iT,∞ far away from the substrate. By scanning the probe across the electrode
surface at a fixed height and fixed scan rate of 2.5 µm s−1 (thanks to x-y positioning motors) while
measuring the current through the probe using different mediator electrolytes, several maps of the
electrochemical activity were traced.
Finally, SEM (scanning electron microscopy) characterisation was done using a Hitachi S530
SEM with acceleration voltage of 20 kV.

4.5.3

Chemicals
Hexaamineruthenium(III)

chloride

(Ru(NH 3 )6 Cl3 , 98%),

potassium

ferrocyanide

(K 4 Fe(CN)6 , 98.5%), potassium ferricyanide (K 3 Fe(CN)6 , > 99.99%), methyl viologen (MV, 98%)
and anthraquinone-2,6-disulfonate (2,6-AQDS, 90%, mixture of isomers) were obtained from SigmaAldrich and directly used as redox mediators in electrochemical experiments without any further
purification. 0.1 M KCl was selected as a supporting electrolyte for Ru(NH 3 )36+ , Fe(CN)64 − and methyl
viologen, and 0.1 M HClO 4 was used for AQDS. All the solutions were prepared with Milli-Q water
( > 18 MΩ cm) and bubbled with nitrogen to remove dissolved oxygen before each measurement.

4.6 Results and discussion
4.6.1

CV and EIS characterisations
The electrochemical characterisation of the BDD electrodes started with cyclic voltammetry

(CV) measurements in 0.1 M HNO3 to compare the potential window for water hydrolysis and the
background current of the following samples:
• The heteroepitaxial sample “A” (as-grown surface);
• The polished/smooth polycrystalline sample;
• The as-grown rough polycrystalline sample.
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Scans were performed from −1.8 to 2.5 V and the results are shown in Figure 4-11. Defining
200 µA cm−2 as the limiting current for the potential window, it can be seen that both polycrystalline
samples present similar potential window of about 2.9 V, while the heteroepitaxial sample presents a
higher value of about 3.3 V. In other words, the available potential window for electrochemical
applications, such as for electrochemical sensing, provided by the heteroepitaxial diamond is
significantly wider than that of polycrystalline diamond. In Figure 4-11 (a), hydrogen evolution starts
at a very negative potential on all samples, but is particularly strongly inhibited on the heteroepitaxial
sample. A similar result has been reported by Kondo et al. [17] on homoepitaxial diamond. The
authors attributed the greater width of the potential window to a much lower boron concentration, i.e.
2 × 1018 cm−3 in their case, which was about two orders of magnitude less than that of the
polycrystalline diamond. In our study, the dopant concentration was estimated from the Mott-Schottky
measurements discussed below, and has a value of [ B]=
1.4 × 1020 cm−3 for the heteroepitaxial sample
A
and [ B]poly
= 9.5 × 1020 cm−3 for the polycrystalline samples. Although the former value is still lower

than the latter, other polycrystalline diamond samples with comparable boron concentration

(1.7 × 1020 cm −3 ) shows a restricted potential window of around 2.5 V, measured in 0.1 M H 2SO 4
[17]. The conclusion is, therefore, that the difference in doping level plays a partial, if not minor, role
in defining the potential window, and that other factors must be involved. Studies of the hydrogen
evolution reaction on diamond [40] indicate that the rate-limiting step involves adsorption of H 3O + on
the electrode surface. Presumably, the comparative lack of grain boundaries and surface defects on the
heteroepitaxial diamond electrode’s surface significantly impedes this adsorption process, leading to
the enhanced potential window at cathodic potentials.
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Figure 4-11: CVs of the tree different BDD electrodes, performed in 0.1 M HNO3 at a scan rate of 100 mV s−1
showing (a) the potential window and (b) the background current.

Apart from the wider potential window, the heteroepitaxial BDD also exhibits an
approximately 5 to 10 times lower background current than polycrystalline diamond, as presented in
Figure 4-11 (b). The background current is about 0.9 to 1.4 µA cm−2 for both polycrystalline samples
throughout the measured potential range, which is in line with values reported in the literature [17,
41]. In contrast, the background current density of the heteroepitaxial sample is only around
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0.13 µA cm−2, a value comparable with observations on a hydrogen-terminated homoepitaxial
diamond of lower boron concentration [17]. Thus, it is clear that not only the heteroepitaxial diamond
electrode is superior than the polycrystalline electrodes, but also on par with high-quality
homoepitaxial diamond electrodes, offering both low background current and wide potential window.
The featureless background current of the heteroepitaxial sample is mainly due to a much lower
double layer capacitance, caused by a ~6 times lower doping concentration, along with a
comparatively lower density of electrically active defects. Furthermore, its surface has fewer active
redox functionalities, which also contribute to the observed featureless profile. As for the two types of
polycrystalline diamond electrodes, the as-grown rough diamond shows a slightly larger background
current density compared to the polished one, probably due to a larger effective surface area. Again,
these differences point to the advantages of using diamond single crystals in applications such as
electrochemical sensors, where lower background currents can lead to enhanced detection limits.
The double layer capacitance was further evaluated by impedance spectroscopy measurements
in 1 mM Fe(CN)36− 4 − and Ru(NH 3 )36+ 2 + in 0.1 M KCl. The measured results were fitted to the Randles
circuit (see Figure 4-9). The results for ferrocyanide are shown in Figure 4-12 and the extracted
parameters for both ferrocyanide and RuHex are summarised in Table 4-2.

Figure 4-12: (a) Nyquist impedance plots of the diamond electrodes measured in 1 mM Fe(CN)36− 4 − in 1 M KCl.
An expanded view of the data is shown in (b). The impedance data was fitted to the Randles circuit shown in
Figure 4-9.

The curves in Figure 4-12 show essentially two features in varying relative proportions: a
semi-circle which contains the CPE and the charge-transfer resistance (kinetics region), and a straight
line due to the Warburg impedance (diffusion region). Visually, the larger semi-circles already
indicate larger charge-transfer resistance values, which were confirmed by fitting (see Table 4-2). The
higher charge-transfer resistance for the heteroepitaxial diamond can be attributed, for both mediators,
to its slightly lower doping level (and therefore lower conductivity). In the particular case of
ferrocyanide, where the differences in charge-transfer resistance are larger, the more pristine surface of
the heteroepitaxial diamond is likely also a factor.
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The fitting of the impedance data shown above yielded significantly different capacitance
values of ~0.7 µF and ~3 µF for, respectively, the heteroepitaxial and the smooth polycrystalline
electrodes. Measurements done in Ru(NH 3 )36+ 2 + yielded similar values of, respectively ~0.6 µF and
~2 µF. The higher capacitance value of the polycrystalline sample is similar to those reported in the
literature [2, 42]. This capacitance usually reflects the space charge capacitance CSC at the
semiconductor surface, as the double layer capacitance CH at the electrode-electrolyte interface is
usually an order of magnitude larger and can be neglected [43]. The capacitance difference between
the different electrodes can be attributed to the different doping levels, as well as to variations of the
surface O-/H-termination and to the presence of defects. More on this issue will be discussed below in
the Mott-Schottky analysis.
The parameter n from the CPE in the equivalent circuit describes how close the interface (in
this case, the solid-liquid junction) is to an ideal capacitor. The deviation from ideal behaviour is
usually attributed to impurities/defects and to an inhomogeneous distribution of electrochemically
active regions on the surface, leading to a frequency dispersion of the capacitance [44, 45]. The fitted
equivalent circuit yielded n = 0.97 for the heteroepitaxial diamond and n = 0.86 for the smooth
polycrystalline diamond, both in ferrocyanide, and n = 0.96 and n = 0.59 for the same electrodes in
RuHex. The trend is the same with both mediators and it shows that the heteroepitaxial diamond
electrode forms a more homogeneous junction with the solution, i.e. with respect to the
electrochemical behaviour the surface is more homogeneous. This is attributed to the single crystal
nature of the heteroepitaxial diamond, in which crystal growth is limited to one single type of growth
sectors, in this case {001} . As a consequence, boron incorporation it not only quite homogeneous, but
also the density of defective structures, e.g. with sp2 carbon, is minimised due to the absence of largeangle grain boundaries. The lower n obtained from the polycrystalline diamond reflects the fact that its
surface contains different crystallographic facets with different boron concentration (and therefore
different conductivity), as well as non-diamond phases and/or other defects on its grain boundary-rich
surface [46, 47].
The series resistance RS obtained from the fitting procedure resulted in very similar values,
regardless of the mediator, with the two polycrystalline samples having practically the same values
(~112 Ω) and the heteroepitaxial sample having slightly higher values (~200 Ω in average). These
values originate from the resistance across the diamond films and from cables and electric contacts,
since a highly conductive electrolyte (0.1 M KCl) was used. The higher resistance value of the
heteroepitaxial sample is consistent with lower doping level, absence of conductive graphitic channels
in the bulk, and to the indirect electric contact using silver paste/paint around the wafer. The series
resistance was used to correct the potential drop, iRS , in experiments later described, and to fit the data
using DigiSim®. The impedance data measured with both mediators are generally consistent, despite
some minor differences.
The electrochemical behaviour of the diamond electrodes was further examined by cyclic
voltammetry with the outer-sphere and inner-sphere redox mediators, respectively Ru(NH 3 )36+ and

Fe(CN)64− . The first results are shown in Figure 4-13 (a) and (b), respectively.

Results and discussion

147

In the case of RuHex, both types of polycrystalline diamond show a similar peak position with
approximately 95 mV peak-peak separation and comparable peak current densities for CV performed
at 100 mV s−1. The heteroepitaxial diamond shows, however, a ~30% lower peak current density and a
much higher peak-peak separation of 171 mV, suggesting slower electron transfer kinetics on this
electrode, likely due to the slightly lower doping level.
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Figure 4-13: CVs of the different diamond electrodes performed in (a) 1 mM Ru(NH 3 )36+ in 0.1 M KCl at a scan
rate of 100 mV s−1 and in (b) 1 mM Fe(CN)64 − at 100 mV s−1.

In the case of ferrocyanide, the performance of the two polycrystalline diamond electrodes
resulted also very close, with similar peak-peak separation and peak current densities. However, the
CV of the heteroepitaxial diamond showed a much larger peak-peak separation of ~1.2 V and lower
peak current densities. This is a first indication of electron transfer being hindered on the
heteroepitaxial diamond surface due to the higher material purity/quality when compared with the
polycrystalline samples.
To deepen the analysis of their electrochemical behaviour, different scan rates were used in
further CV measurements of the diamond electrodes, using the same mediator concentration. The
results are shown in Figure 4-14 (a). The peak current density is found to be proportional to the square
root of the scan rate on all three electrodes, suggesting planar diffusion control and Nernstian
behaviour. This result is in contrast to an observation on polycrystalline diamond with lower doping
level [48], which exhibits a nonlinear relationship between the peak current density and the square root
of scan rate.
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Figure 4-14: CVs of the heteroepitaxial sample “A” in (a) 1 mM Ru(NH 3 )36+ in 0.1 M KCl at different scan rates
and (b) in different concentrations of Ru(NH 3 )36+ at a scan rate of 100 mV s−1.

Table 4-2: Summary of the results using Ru(NH 3 )36+ and Fe(CN)64 − , highlighting the heterogeneous electron
transfer rate constant k0 calculated from the Nicholson method, DigiSim® and impedance spectroscopy fitting.

Fe(CN)63 − 4 −

Ru(NH 3 )62 + 3 +

Heteroepi.
BDD “A”

Smooth
BDD

Rough
BDD

Heteroepi.
BDD “A”

Smooth
BDD

Rough
BDD

347(a)

209(a)

201(a)

-

234(b)

244(b)

Ep (mV)(c)

260

99

110

-

219

211

k0 (µm s−1)

24.5

290

161

-

9.20

20.6

k0 (µm s )

25.2

320

213

0.25

5.84

17.2

α (unitless)

0.49

0.56

0.55

0.81

0.46

0.54

RS (Ω)

213

112

112

189

112

123

RCT (Ω)

657

20.1

41.9

175 × 103

1.83 × 103

449

Q0 (sα MΩ −1 )

0.868

132.8

137.3

0.854

7.77

3.69

nCPE (unitless)

0.96

0.59

0.61

0.97

0.86

0.91

CSC, eq. (µF)(f)

0.637

2.19

4.76

0.741

3.08

1.87

k0 (µm s−1)(g)

17.8

583

280

0.067

6.43

26.2

Ep (mV)

Nicholson
method

−1 (d)

DigiSim®
simulation

(e)

Impedance

(a)

−1

Values measured at a scan rate of 1.0 V s .
Values measured at a scan rate of 0.1 V s−1.
(c)
iRS-corrected peak-peak separation values.
(d) k0
acquired at a scan rate of 500 mV s−1, 1 V s−1, 2 V s−1 using DigiSim® fitting.
(e)
Impedance characterisation performed at the formal (open circuit) potential in solutions containing
either 1 mM Ru(NH 3 )36+ 2 + or 0.5 mM Fe(CN)64 − with 0.5 mM Fe(CN)36− .
(f) CSC, eq.
calculated using equation (4.4.11).
(g) k0
calculated using equation (4.6.1).
(b)
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Further CV measurements were carried out with the heteroepitaxial diamond electrode also for
different concentrations of RuHex at a fixed scan rate of 100 mV s−1, as shown in Figure 4-14 (b). In a
theoretical reversible diffusion-controlled model, the peak-peak separation isn’t affected, regardless of
the applied scan rate. However, this value is found to increase steeply at higher concentrations of

Ru(NH 3 )36+ , indicating a contribution of the resistance of the diamond electrode to the voltammogram,
especially at higher mediator concentrations. Therefore, it becomes necessary to correct the measured
peak-peak separation by taking into account the series resistance.
The resistance values were then taken from the impedance measurements to correct the peakpeak separation using DigiSim® simulation, yielding iRS-compensated peak-peak separation values of
260 mV, 99 mV and 110 mV, respectively for the heteroepitaxial, smooth poly- and rough
polycrystalline diamond electrodes, measured in 1 mM Ru(NH 3 )36+ at a scan rate of 1.0 V s−1 (see
Table 4-2). After the correction, the peak-peak separation became fairly independent from the analyte
concentration, pointing to quasi-reversible kinetics in all cases.
With the corrected peak-peak separation, the electron transfer rate k0 was calculated based on
the Nicholson method [29] and summarised in Table 4-2. With the smallest peak-peak separation, the
smooth polycrystalline diamond exhibits the highest k0 = 290 µm s−1, while its rough counterpart
shows a smaller k0 = 161 µm s−1, along with an approximately 10 mV higher compensated peak-peak
separation. The heteroepitaxial sample yielded, however, k0 = 24.5 µm s−1, which is more than an
order of magnitude smaller than the rate constant of the smooth polycrystalline diamond, a result
attributed to the very high peak-peak separation, which indicates much slower kinetics on this
electrode. Note the respective charge-transfer resistances, RCT , measured previously by impedance
spectroscopy (Table 4-2) and how they are coherent with the rate constants calculated by the
Nicholson method, i.e. a higher k0 corresponds to a lower RCT . This agreement was also verified by
the following method.
An alternative procedure to calculate the electron transfer rate constant k0 was carried out
using the commercial simulation software DigiSim® 3.03 from Bioanalytical Systems Inc. to fit the
measured voltammograms. The model assumes a homogeneous electrode and semi-infinite planar
diffusion. The series resistance RS and the space charge capacitance CSC , measured by EIS, were
taken into account. The rate constants evaluated in Ru(NH 3 )36+ for the heteroepitaxial and the smooth
polycrystalline electrodes closely match the values obtained by the Nicholson method, showing that
the appropriate iRS-correction is crucial to validate Nicholson’s kinetic evaluation model. Good
agreement is also observed for the rate constants evaluated in Fe(CN)64 − .
Apart from the two calculation approaches mentioned before, the rate constants were also
determined from the electron transfer resistance obtained from impedance measurements, in both
solutions of Ru(NH 3 )36+ 2 + and Fe(CN)36− 4 − , using the following equation [49]:
k0 =

RT
 n F A ( CO )α ( CR )(1−α ) RCT 


2

2

(4.6.1)
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where R is the ideal gas constant, T is the temperature, n is the number of transferred electrons, F is
the Faraday constant, A is the electrode surface area, C is the concentration of the analytes, α is the
transfer coefficient and RCT is the charge transfer resistance. The rate constants calculated in this way
match also quite well the values calculated from the other two methods, despite a certain scatter in the
impedance data and also uncertainties in the fitting of the Randle’s equivalent model to the measured
data.
Looking at Table 4-2 in the case of RuHex, the calculated rate constant of the heteroepitaxial
diamond electrode is slightly larger than what is reported for (001)-oriented homoepitaxial diamond
with [B]= 2 × 1018 cm−3 [17], but an order of magnitude lower than that of a polycrystalline diamond
with similar doping level [48]. The rate constants of our polycrystalline samples are in line with
reported values for polycrystalline diamond electrodes with similar doping level [4, 48]. The fitted
transfer coefficient α was found to be around 0.5 in most cases, indicating that the diamond behaves
like a degenerate semiconductor, in contrast to α = 0 for typical non-degenerate semiconductors [43].

Ru(NH 3 )36+ is a typical outer-sphere electron transfer mediator, insensitive to surface functional
groups or surface defects. The most influential factor on this type of mediator is the density of
electronic states at the electrode near the formal potential of the redox mediator. Therefore, the
heteroepitaxial diamond’s lower rate constant is attributed to a lower density of states in the bandgap,
due to a lower doping level [4].
Now, looking at the results obtained with ferrocyanide (see Figure 4-13 (b)), the first
noticeable difference between the polycrystalline electrodes and the heteroepitaxial one is the much
larger peak-peak separation of ~1.2 V produced by the latter. The electron transfer rate k0 was
calculated by the various methods also used for RuHex (see Table 4-2), yielding consistent numbers.
The rate constants calculated from equation (4.6.1) show the same trend and good agreement also in
absolute values, except for the heteroepitaxial diamond, which yielded k0 over one order of magnitude
lower than the value obtained from DigiSim® simulation.
Comparing the different mediators, the rate constants for Fe(CN)64 − on all three electrodes are
at least one order of magnitude lower than the values obtained with Ru(NH 3 )36+ . This is not without a
good reason, given that ferrocyanide exhibits inner-sphere electron transfer on a carbon electrode,
being very sensitive to adsorbates, to the presence of specific chemical sites, as well as to the surface
termination, in order to catalyse the electron transfer. For example, the edge plane of sp2 carbon has
been shown to efficiently catalyse the electron transfer on glassy carbon or HOPG (highly oriented
pyrolytic graphite) electrodes [50, 51]. That means the lack of sp2 carbon impurities or
crystallographic defects make the electron transfer with ferrocyanide strongly impeded on more
perfect crystals such as the heteroepitaxial diamond. The heteroepitaxial electrode exhibits also a
larger depletion layer due to its lower doping level, and this also contributes to the hindrance of charge
transfer. The rate constant obtained with ferrocyanide for the heteroepitaxial sample is very similar to
the typical value reported for homoepitaxially grown samples [17, 18, 41], indicating comparable
electrochemical characteristics between the two. Because k0 differs by two orders of magnitude
between the heteroepitaxial sample and a polycrystalline sample of similar B-doping concentration
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[17], the lower doping level compared to our polycrystalline samples is ruled out as the main cause for
the slower rate constant. Instead, the lower transfer rate has to come from the absence of carbon
impurities or defects on the heteroepitaxial electrode surface, together with a larger depletion layer,
more than from a difference in bulk electrical conductivity. Finally, the comparison between the two,
rough and smooth, polycrystalline samples shows that k0 is lower for the latter, indicating that there is
some removal of sp2 carbon aggregates from the grain boundaries during the polishing process.

4.6.2

Mott-Schottky plot and energy diagram
Mott-Schottky (or capacitance-voltage) measurements of the heteroepitaxial sample “A” and

of the smooth polycrystalline sample were carried out, in order to evaluate the acceptor density N A in
the diamond and the flatband potential VFB at the semiconductor-electrolyte interface. The
experiments were conducted using a solution of 0.1 M KCl at various frequencies (80 Hz, 250 Hz,
2.5 kHz and 250 kHz). The potential range was from −0.5 to 0.7 V, within which almost no faradaic
current flows. In the Mott-Schottky analysis, a simple RC circuit is assumed as an equivalent electrical
model of the double layer, and the measured parallel capacitance CP (assumed to be the space charge
capacitance) is plotted as CP−2 versus applied potential, Vbias . The results are shown in Figure 4-15.

Figure 4-15: Mott-Schottky curves measured at various frequencies (a) for the heteroepitaxial diamond
electrode “A” and (b) for the smooth polycrystalline electrode. The 95% confidence bands from the linear
regressions are also shown.

Looking at the two groups of curves one observes a clear frequency dispersion of the
capacitance CP , since that the slopes and the intersections at CP−2 = 0 have a certain scatter. Such
phenomenon has been reported for diamond and other semiconductors before [52, 53]. According to
Pleskov et al. [20], it is attributed to: (1) the frequency dependence of dielectric relaxation in the space
charge region; (2) the electrode surface roughness; (3) the slow ionisation of deep donor/acceptor
levels in the space charge region; (4) the effect of surface states.
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The curves measured at 80 and 250 Hz were chosen for the Mott-Schottky analysis. The
carrier

concentration

(1.4 ± 0.1) × 10 cm
20

−3

NA

was

calculated

and (9.5 ± 1.0) × 10

20

cm

from
−3

equation

(4.4.14),

yielding

in

average

for, respectively, the heteroepitaxial and the

polycrystalline diamond electrodes. The flatband potential VFB , calculated from the intersection at

CP−2 = 0 resulted in averaged values of 1.75±0.02 V and 1.08±0.02 V, respectively for those samples.
These results show that the doping level (or conductivity) is not the only difference between the
samples; the flatband potential values indicate a stronger band bending at the heteroepitaxial diamond
surface than in the polycrystalline counterpart.
The calculated flatband potential assumes a potential-independent potential drop across the
Helmholtz layer, which is true for typical non-degenerate semiconductors. For degenerate
semiconductors with a high acceptor concentration, such as the samples studied here, the extrapolation
value at the potential axis is shifted by [19, 54]:
qε ε N
∆V = 0 r 2 A
2CH

(4.6.2)

Given that CH is usually much larger than CSC , it is often neglected/undetected in the MottSchottky analysis [43], where only a single capacitive element is accounted for, such as in the simple
RC circuit. Therefore, for the calculation above, a literature value of 20 µF cm−2 had to be assumed for

CH [4]. Offset values were then estimated to be −0.014 V for the heteroepitaxial diamond electrode
and −0.093 V for the smooth polycrystalline one, leading to corrected flatband potential values of,
respectively, 1.73 V and 0.99 V, which nevertheless fall either within or very close to the uncertainty
of the original values. Such correction becomes even less important considering the frequency
dispersion that affects the data and the uncertainty regarding the true value of CH .
Despite the uncertainties concerning the absolute values, the flatband potential difference
between the two samples is large, and knowing already that the samples possess distinct
electrochemical behaviour under certain conditions, this result was worth of further analysis.
The flatband potential, EFB , maps the energy of the valence band edge at the surface, EVS , to
the Fermi energy of the reference Ag/AgCl electrode in the chemical scale as follows:

E=
EFB + EVB
VS

(4.6.3)

where EVB is the energy difference between the valence band in the neutral region of the
semiconductor and the Fermi level.
Its sign and magnitude indicate the direction and extent of the band bending when the
electrode is in equilibrium with the solution. Based on this relationship, an interfacial energy diagram
at equilibrium with the redox solution is proposed in Figure 4-16.
The flatband potential of the smooth polycrystalline diamond is comparable to the reported
value of 0.91 V vs. Ag/AgCl measured at 103 Hz in 0.5 M NaCl [42] and within the range of 0.45 to
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1.00 V vs. SCE reported for polycrystalline diamond [4]. The measured VFB of 1.73 V for the
heteroepitaxial diamond is somewhat higher than the reported 1.2 V for homoepitaxial diamond [21],
but much smaller than the typical potential of ~4.0 V for a heavily oxidised (001)-oriented
homoepitaxial diamond with lower boron concentration [19]. This discrepancy is expected to arise
from the shift of the band edge to lower energies (i.e. more positive potentials) due to the dipole
character of oxygen-containing groups on the heavily oxidised diamond surface. All our samples went
through the same potential cycling procedure in dilute nitric acid in order to oxygenate and stabilise
the surface before the experiments. Therefore any difference has to be related to the distinct surface
characteristics of each sample and to the bulk conductivity. There can be several factors contributing
to the flatband potential values:
•

The higher carrier concentration in the polycrystalline electrode may cause the Fermi
level in the solution to move slightly (or slightly more) instead of being effectively
fixed when the junction reaches equilibrium, leading to a smaller Fermi level shift in
the diamond and, consequently, smaller VFB .

•

The heteroepitaxial sample has effectively a well-defined (001) surface with a
homogeneous density of atoms, while the polycrystalline sample has a mixture of
facets, each with their particular atomic density ( ρ (111) > ρ (001) > ρ (011) ) and bond
configuration. Therefore, even under the same oxygenation procedure the two surfaces
will likely have different densities of carbonyl groups and, consequently, different
polarities. In other words, the oxygen coverage will be inherently different in the two
types of material.

•

The polycrystalline diamond possesses a structurally more defective surface due to the
grain boundaries, possibly with non-diamond phases intermixed, which could lead to
different functional groups on the surface hindering a more effective oxygenation, and
in fact introducing acceptor/donor levels in the bandgap which can lead to Fermi level
pinning.

All factors considered, the results indicate that the heteroepitaxial diamond is more effectively
oxygenated because it has a structurally more perfect and well-defined surface.
Although both types of diamond are heavily boron-doped, they still show diode-like rectifying
behaviour at extreme overpotentials, depending on the charge carrier concentration. For example, for
oxygen evolution above 2 V, the energy bands bend up and an accumulation layer appears at the
interface. As a consequence, both types of diamond electrodes have shown fast kinetics for oxygen
evolution (Figure 4-11 (a)). For hydrogen evolution reaction (negative potential), the energy bands
bend downwards and holes are almost depleted on the surface, so the electron transfer kinetics depend
on the width of space charge region through which the electrons have to tunnel. As the depletion layer
is influenced by the concentration of charge carriers in the bulk material, the less boron-doped
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heteroepitaxial diamond sample has shown a much lower current than polycrystalline diamond in our
hydrolysis experiment shown in Figure 4-11 (a).

Figure 4-16: Proposed band diagrams based on the measured flatband potential from the Mott-Schottky analysis
for (a) the heteroepitaxial diamond “A” ([B] ≅ 1.4 × 1020 cm −3 ) and (b) the smooth polycrystalline diamond

([B] ≅ 9.5 × 1020 cm −3 ) .

4.6.3

4.6.3.1

Electrochemical characterisations of methyl viologen and AQDS

Electrochemical characterisation of methyl viologen
The electrochemical properties of the heteroepitaxial BDD “A” were further investigated

with a more complex electrochemical process, the redox process of methyl viologen (MV), and
compared against the smooth and polycrystalline BDD electrodes. The redox process of MV involves
multi-step electron transfer and stripping 3 of precipitate. Methyl viologen exhibits two consecutive
one-electron transfer processes [55, 56]:

→ MV +
MV 2 + + e − ←


(4.6.4)


→ MV 0
MV + + e − ←


(4.6.5)

Figure 4-17 presents cyclic voltammograms of each diamond electrode in 4 mM MV 2 + at a
scan rate of 100 mV s−1. Both smooth and rough polycrystalline diamonds show a redox peak of
around −0.68 V, corresponding to the electron transfer between MV 2 + and MV + . The cathodic peak
at −1.1 V is related to the precipitation of the neutral MV 0 phase, and the asymmetric anodic peak at
−0.9 V is attributed to the stripping of the MV 0 precipitate. The higher current observed on the rough
polycrystalline diamond is likely partially caused by a larger effective surface area.

3

Stripping means, in this context, the reverse process of depositing.
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Figure 4-17: CVs of the three electrodes (heteroepitaxial single crystal “A”, smooth and rough polycrystalline
diamond) with (a) 4 mM MV and (b) 1mM MV in 0.1 M KCl at a scan rate of 100 mV s−1.

In contrast, the heteroepitaxial diamond shows a weak MV 0 precipitation peak at a very
cathodic potential of −1.5 V, and absence of an expected stripping peak at −0.9 V. Instead, two anodic
peaks are observed around −0.6 V, the typical potential for oxidation from MV + to MV 2 + . At a lower
MV concentration, as shown in Figure 4-17 (b), only one anodic peak can be seen, while a stripping
peak around −0.9 V remains absent. A similar behaviour has been observed on polycrystalline
diamond, and is attributed to a comproportionation process described in equation (4.6.6) [57]. The
peak at −0.6 V is attributed to the oxidation of MV + from comproportionation, and the peak at −0.4 V
is attributed to the stripping of MV 0 directly to MV 2 + . The onset of the comproportionation process
depends on various aspects, such as analyte concentration and scan rate. Here, the comproportionation
process seems to occur only at a higher concentration, 4 mM, and was found to be independent of the
scan rate.

→ 2MV + (sol.)
MV 0 (s) + MV 2 + (sol.) ←


(4.6.6)

The absence of a stripping peak for MV 0 → MV + on the heteroepitaxial diamond is
attributed to its lower doping level and to the lack of defect sites to catalyse the reaction. At the formal
potential of MV 0 + , the energy bands bend downwards strongly, and the surface is depleted of
majority carriers, i.e. holes. Under this condition, MV 2 + can be reduced by receiving one electron
from the electrode surface via tunnelling, but the supply of holes for the oxidation of MV 0 is more
strongly inhibited until a larger overpotential is applied to reduce the potential barrier for charge
transfer. In contrast, electrons can tunnel through the space charge region more easily in the
polycrystalline diamond electrodes, due to a thinner depletion layer (from the higher doping level) and
due to the weaker band bending from the (less effective) O-termination; the presence of a larger
amount of surface states from the impurities/defects also facilitates the electron transfer process.
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4.6.3.2

Electrochemical characterisation of AQDS
Diamond is known for its strong resistance to fouling by polar adsorbates, such as AQDS

[58]. A thorough evaluation of the electrochemical properties of the heteroepitaxial diamond single
crystal would not be complete without testing its resistance to fouling.
Cyclic voltammograms of the three electrodes (heteroepitaxial single crystal “A”, smooth
polycrystalline and rough polycrystalline diamond) were conducted in 0.1 M HClO 4 supporting
electrolyte, after potential cycling in 1 mM AQDS and physically rinsing with Milli-Q water to
remove weakly adsorbed species. The results are shown in Figure 4-18.
Observing Figure 4-18 (a), the rough BDD produced an overwhelmingly large background
current in that specific potential cycling region, making any feature related to the adsorption of AQDS
difficult to discern. Nevertheless, a couple of small and broad peaks appeared between 0.2 and 0.4 V.
The smooth polycrystalline BDD, on the other hand, shows a pair of symmetric peaks with an almost
zero peak-peak separation at −0.1 V, which can be seen in more detail in Figure 4-18 (b). The peak
current is observed to vary linearly with the scan rate, indicating that the electron process is
adsorption-controlled on this material’s surface. The total charge transferred during the faradaic
electron transfer process is integrated as 1.6 × 10−3 mC cm−2, which is independent of the scan rate.
This value corresponds to 7.53 × 10−12 mol of AQDS adsorbed on the surface, which means that
approximately 6.4% of the surface is covered by the AQDS adsorbates, assuming a flat orientation for
all AQDS molecules and a reported molecular area of 1.407 nm2 [59]. The adsorption of AQDS,
although very weak on the smooth polycrystalline diamond’s surface, is attributed here to the presence
of a high density of surface defects caused by mechanical polishing [60]. The surface defects are
acknowledged as the hosts for dipolar functionalities on the surface [61, 62], which are effectively
absent in the heteroepitaxial diamond and which explains why it showed no adsorption peaks after
careful rinsing. This result is coherent with the results of our previous experiments, supporting that the
heteroepitaxial diamond electrode has a more pure surface and resistance to fouling.
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Figure 4-18: (a) CVs of each of the three electrodes in 0.1 M HClO 4 at a scan rate of 50 mV s−1 after previous
CVs in 1 mM AQDS and rinsing. (b) Smooth polycrystalline diamond electrode in 0.1 M HClO 4 at different
scan rates after CV in 1 mM AQDS and rinsing.
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Electrochemical homogeneity and scanning electrochemical microscopy (SECM)
SECM was conducted in feedback mode in 1 mM Ru(NH 3 )36+ to examine the heterogeneous

electrochemical activity of the diamond electrodes (smooth polycrystalline BDD and heteroepitaxial
BDD “A”), which has been reported for polycrystalline and nanocrystalline diamond [48, 63] but not
yet for heteroepitaxial diamond single crystals. This technique permits the visualisation of how
electrochemically homogeneous the electrode surface is, which is closely correlated to its electrical
properties (e.g. doping level) and presence of certain types of defects. During the SECM experiment,
the platinum probe and the substrate were held at, respectively, −0.4 V and 0 V, corresponding to the
reduction and oxidation potential of Ru(NH 3 )36+ 2 + . The resulting SECM images are shown in Figure
4-19 (a, b).
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Figure 4-19: SECM of (a) heteroepitaxial BDD “A” vs. (b) smooth polycrystalline BDD in Ru(NH 3 )36+ . Both
maps are scaled to a current window of 1.3 nA. Below in (c) and (d), the approach curves taken at various spots
on each corresponding sample are shown, together with theoretical positive and negative feedback curves.

The polished polycrystalline diamond shows an inhomogeneous distribution of high and low
feedback current, indicating a heterogeneous electrochemical activity. Since this sample was polished
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down to a RMS roughness of less than 3 nm, topographic effects can be ruled out as an explanation for
the observed inhomogeneity. The pattern of the electrochemical activity closely matches the
distribution and shape of the diamond grains seen later by SEM (Figure 4-23). This heterogeneity is in
line with similar observations on polycrystalline diamond of various doping levels, as well as on
nanocrystalline diamond, from combined SECM and conductive AFM [48, 63]. It is attributed to
different boron incorporation in different crystallographic facets and in grain boundaries. The positive
feedback displayed by the corresponding approach curves in Figure 4-19 (d) is consistent with finite
charge transfer kinetics and quasi-reversible process.
Looking at the SECM image of the heteroepitaxial BDD displayed in Figure 4-19 (a), a much
more homogeneous feedback current ( I A, min = −0.643 nA, I A, max = −0.808 nA) compared to the
polycrystalline diamond ( I poly, min = −1.25 nA, I poly, max = −2.39 nA) was observed, along with a general
lack of “hot spots” of high electrochemical activity, as in the case of the polycrystalline sample. Also,
the negative feedback displayed by the corresponding approach curves in Figure 4-19 (c), which is
consistent with slow charge transfer kinetics and an irreversible process, clearly distinguishes the
character of the two samples: the polycrystalline electrode effectively reduces Ru(NH 3 )36+ back to

Ru(NH 3 )62+ , while the heteroepitaxial single crystal performs less efficiently. This is likely due to its
lower and more homogeneous doping level, as well as the lack of defect-rich grain boundaries. Indeed,
this observation is coherent with our findings in section 4.6.1, where a smaller k0 (electron transfer
rate constant) was determined for the reaction of Ru(NH 3 )36+ 2 + on the heteroepitaxial BDD and
attributed mainly to its lower conductivity, since RuHex is a simple outer-sphere mediator. The fitted
ideality factor n of the CPE (constant phase element) in the impedance model also confirmed the
higher homogeneity observed here.

Figure 4-20: SECM of the heteroepitaxial BDD “A” (as-grown surface) in Ru(NH 3 )36+ , within the measured
current range from −0.808 to −0.643 nA. The same image rescaled to the polycrystalline BDD current range is
displayed in Figure 4-19 (a).
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Despite the comparatively homogeneous surface of the heteroepitaxial BDD becoming evident
with SECM, a slight variation of current is discernible at closer examination. Vertical stripes of lower
and higher current can be seen forming a wavy structure when Figure 4-19 (a) is rescaled to within the
measured current range, as shown in Figure 4-20:
Although surpassing the polished polycrystalline BDD in homogeneity of its electrochemical
activity, the heteroepitaxial BDD with as-grown surface is not in fact truly homogeneous. The picture
above closely resembles the sample topography seen later by SEM (Figure 4-23). A closer analysis
with AFM showed that despite a roughness RMS of ~0.7 nm being measured within a 1 × 1 µm2 scan
area, topographical features of up to 100 nm in height could be seen within 20 × 20 µm2, a size 4 which
is comparable to the observed SECM contrast pattern. Such surface features are expected to arise
during growth of the diamond layers, as discussed before in chapters 1 and 3. To summarise, the
topography of the as-grown heteroepitaxial BDD is caused by: 1) the nature of the substrate with its 4°
tilt relative to the (001) plane, which leads to off-axis growth; 2) the use of nitrogen during growth of
the 80 µm thick interlayer (see Figure 4-10), which promotes a characteristic step-like surface with
terraces and risers; 3) the smoothing of such features during the growth of the B-doped layer on top.
From the nature of the current feedback profiles (approach curves), one can see that the current
response becomes more sensitive to variations of the distance (∆d ) to the substrate when d → 0 ,
meaning that irregularities of the sample surface (topography) are also mapped and can account for the
measured SECM features. Therefore, the natural topographic features of the as-grown heteroepitaxial
BDD “A” resulted in a sample too rough for accurate SECM measurements.
In order to remove the effect of an irregular surface from the SECM analysis, the
heteroepitaxial BDD “A” was subjected to chemical-mechanical polishing (CMP). The new surface
resulted with a roughness RMS of ~0.12 nm, measured over an area of 1 × 1 µm2 by AFM.
With this sample now having a smooth surface, further SECM experiments were carried out to
evaluate the electrochemical activity of the different electrodes by taking images on the same spot on
each sample using two different redox mediators: Ru(NH 3 )36+ and Fe(CN)64 − . The resulting SECM
images are shown in Figure 4-21. The probe and the substrate were held at the potential values listed
in Table 4-3. A higher potential difference was applied between the heteroepitaxial BDD substrate
and the probe, in order to compensate for the wider peak-peak separation compared to the
polycrystalline BDD when ferrocyanide is used as mediator, as previously seen in Figure 4-13.
Table 4-3: Potential values used during the SECM experiments shown in Figure 4-21.

Sample
Smooth polycrystalline BDD
Heteroepitaxial BDD “A”

4

Fe(CN)46 −

Ru(NH 3 )63 +

Probe
−0.4 V
−0.4 V

Substrate
0V
0V

Probe
0.4 V
0.4 V

Substrate
0V
−0.3 V

AFM measurement of a very similar sample across 80×80 µm2 resulted in a roughness RMS of ~35 nm.
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The SECM images of the polycrystalline diamond in Figure 4-21 (a, b) show very distinct
behaviours, depending on whether Ru(NH 3 )36+ or Fe(CN)64 − is used. In some regions, such as those
marked with a square, the electrochemical response is similar with both mediators, whereas in other
regions such as the ones marked with a circle and a hexagon, the responses are significantly different,
if not the opposite. That is, an inactive feature with Ru(NH 3 )36+ becomes an active feature with

Fe(CN)64− , and vice-versa. These discrepancies have been observed before on nanocrystalline
diamond, and were attributed to differences in the local structure of the double layer [63]. As
discussed previously, Ru(NH 3 )36+ 2 + is an outer-sphere electron transfer mediator, and the high
electrochemical activity in the SECM image correlates with a high density of electronic states in that
region of the surface. However, as an inner-sphere redox couple, the electron transfer of Fe(CN)36− 4 −
mostly depends on the surface termination and oxygen-containing functional groups instead of the
local density of states. Hence, the SECM image in Fe(CN)64 − is a map of surface termination, whereas
the image in Ru(NH 3 )36+ is a map of the local electrical conductivity.

Figure 4-21: SECM of (a, b) smooth polycrystalline and (c, d) heteroepitaxial BDD “A” in (a, c) 1 mM

Ru(NH 3 )36+ in 0.1 M KCl and (b, d) 1 mM Fe(CN)64 − in 0.1 M KCl. The current range for the heteroepitaxial
BDD in (c) and (d) is scaled to match, respectively (a) and (b), with units in nA.
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The SECM images of the polished heteroepitaxial BDD “A” are shown in Figure 4-21 (c, d).
They immediately indicate a very different behaviour to that of the polycrystalline diamond: instead,
the electrochemical mapping with both mediators produced very similar results, with identical regions
of higher and lower activity. The horizontal stripes are due to subtle bench vibrations during the
measurements, while a vertical pattern similar to the unpolished state (Figure 4-20) was observed.
This is attributed to a likely doping inhomogeneity arising from the off-axis growth process discussed
before. The B-doped layer was grown on top of a diamond interlayer possessing a “serrated” surface
comprised of step terraces and risers, with the latter farther away from the [001] growth direction than
the former [64]. Despite a progressive smoothing of these features during growth of the B-doped layer,
the exposed growth sectors are believed to incorporate B in different proportions, causing local
differences in electrical conductivity which remained visible after polishing. With the surface
consisting of a smooth and well-defined crystallographic plane 5 with no grain boundaries, the surface
termination is expected to be very homogeneous across the whole area, causing both mediators to
display variations in the local conductivity, which explains the very similar SECM results in Figure
4-21 (c, d).
To overcome this intrinsic problem of off-axis growth, a new sample was employed for further
SECM experiments, the heteroepitaxial BDD “B”, first mentioned in chapter 4.5.1 and not analysed up
to this point. It was polished after each diamond growth step, meaning that the B-doped layer did not
inherit from the interlayer the step-like surface with its distinct growth sectors, and also that any final
morphology that could interfere with the SECM maps was removed. The polished heteroepitaxial
BDD “B” electrode resulted therefore very smooth, with a surface RMS roughness of ~0.1 nm within
1 × 1 µm2 and no long-range features, except for very faint polishing lines. The SECM scans of this
sample are shown in Figure 4-22.
The SECM images in Figure 4-22 (a, b) are presented, respectively, in the same scale as in
Figure 4-21 (c, d), showing very clearly a much improved electrochemical homogeneity of the
heteroepitaxial BDD “B” relative to the as-grown heteroepitaxial BDD “A”. Barely any feature can be
discerned in the images, contrary to the SECM of the other samples. The minimum and maximum
current values measured for all three types of electrode are listed in Table 4-4 for comparison. The
values confirm what is visible in the SECM maps: the heteroepitaxial sample “B” produced the
smallest current variation of all samples, which we attribute to improved doping homogeneity and
improved surface smoothness.
In Figure 4-22 (c, d) the same SECM images as in (a, b) are shown, but scaled to within the
measured current range. In this way some features can be distinguished, i.e. regions of darker and
brighter contrast, stripes and lines. We attribute them to a combination of: 1) imperfections caused by
the polishing step, such as kinks; 2) a slight angle of the sample relative to the scan direction of the
probe; 3) subtle vibrations of the bench during measurement, all contributing to variations of the
current.

5

Approximately (001), i.e. disregarding the off-axis angle and any further slight tilt due to mechanical polishing.
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Table 4-4: Current values measured from the SECM scans of all three types of sample (polished polycrystalline
BDD, as-grown heteroepitaxial sample “A” and polished heteroepitaxial sample “B”).

Sample

Ru(NH 3 )63 +

Min. (nA) Max. (nA)
−1.33
Smooth polycrystalline BDD −0.627
−0.127
−1.59
Heteroepitaxial BDD “A”
−0.604
−0.785
Heteroepitaxial BDD “B”

Fe(CN)46 −

∆ (nA)
−0.703
−0.320
−0.181

Min. (nA) Max. (nA)
0.151
0.634
0.347
0.494
0.246
0.312

∆ (nA)
0.483
0.147
0.066

Figure 4-22: SECM (units in nA) of the twice-polished heteroepitaxial BDD “B” (a, c) in 1 mM Ru(NH 3 )36+ in
0.1 M KCl and (b, d) in 1 mM Fe(CN)64 − in 0.1 M KCl. The maps (a) and (b) are scaled, respectively, to the
maps from Figure 4-21 (c) and (d), while the maps (c) and (d) are constrained to the measured current scale.

As a complement to the SECM measurements, the spatial variation in electrochemical activity
was investigated by the electrodeposition of platinum nanoparticles, which is expected to form areas
of higher and lower particle densities depending on the local electrochemical activity on the surface.
The deposition process was carried out in 2 mM K 2 PtCl6 in 0.5 M H 2SO 4 by holding the potential at
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a constant −0.2 V for approximately 2 minutes, until a total of 10 mC had passed through the
electrode. The results are shown in Figure 4-23.
With similar total Pt loading on the surface, the three electrodes exhibited entirely different
distributions of nanoparticles and morphology under SEM. Strong aggregation of platinum particles
was found on certain regions of the polished polycrystalline BDD electrode, in accordance with the
spatial distribution of electrochemical activity observed in SECM images, which was attributed to
different boron uptake at different crystal facets. In contrast, a more homogeneous distribution of
platinum particles was found on the as-grown heteroepitaxial single crystal diamond “A”, although
still following the surface roughness and local variations of electrochemical activity which caused the
SECM pattern shown in Figure 4-20. Finally, the twice polished heteroepitaxial diamond “B”
produced a very homogeneous distribution of Pt particles across the whole surface, confirming the
results from the SECM images shown in Figure 4-22. With a closer look at Figure 4-23 (f) it is
possible to recognise a diagonal line pattern of Pt nanoparticles, which is attributed to faint grooves on
the surface from the last mechanical polishing step.
Polished polycrystalline BDD

Heteroepitaxial sample “A”

Heteroepitaxial sample “B”

Figure 4-23: SEM pictures before and after Pt deposition of (a, b) polished polycrystalline BDD, (c, d) as-grown
heteroepitaxial sample “A” and (e, f) doubly polished heteroepitaxial sample “B”. A higher density of Pt
particles correlates with zones of higher current (or electrochemical activity) from previous SECM
measurements. The sample “B” shows the highest homogeneity.

4.7 Conclusion and final remarks
In this chapter, samples of B-doped diamond heteroepitaxially grown on Ir/YSZ/Si(001) were
used for the first time as electrodes in electrochemistry experiments and for the characterisation of
their electrochemical properties. The experiments were done in parallel with polycrystalline (polished
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and as-grown) B-doped diamond electrodes for comparison, and the results were analysed and
discussed in light of previous works reported in the literature for polycrystalline diamond and diamond
single crystals. Standard outer-sphere and inner-sphere redox couples, respectively Ru(NH 3 )36+ 2 + and

Fe(CN)36− 4− , were used with CV (cyclic voltammetry) to evaluate electron transfer rate constants, k0 ,
and to assess qualitatively the state of the diamond surface in terms of O/H-termination and presence
of defects such as grain boundaries and non-diamond phases. Different methods were employed to
calculate the rate constants, such as the Nicholson method, DigiSim® simulation and EIS (impedance
spectroscopy) measurements. The results were complemented by a Mott-Schottky analysis and by
experiments using more complex redox couples, such as methyl viologen (MV) and anthraquinone
(AQDS), the latter providing important results concerning the electrodes’ susceptibility to fouling due
to adsorption. Finally, SECM (scanning electrochemical microscopy) maps in Ru(NH 3 )36+ 2 + and

Fe(CN)36− 4− provided clear pictures of the electrochemical (in)homogeneity across the surface of the
electrodes, establishing a clear distinction between the different types of diamond and supporting the
results from the previous experiments.
Overall, the heteroepitaxial diamond exhibited superior merits of electrochemical properties
when compared to the standard types of diamond electrode (as-grown, rough polycrystalline and
polished polycrystalline diamond), behaving very similarly to high-quality (homoepitaxially grown)
B-doped diamond single crystals. In most cases when the heteroepitaxial diamond did not perform as
well, it was due to its slightly higher resistivity due to the lower B-doping level achieved with the
examined samples, or because its more pure surface does not possess specific chemical sites – which
are usually present in polycrystalline diamond and are in fact defects in the diamond structure – to
catalyse certain reactions.
The heteroepitaxial diamond showed a wider potential window and a lower background current,
which are attributed partially to the lower doping, but also to its purer surface and lack of grain
boundaries. From EIS and SECM measurements, the heteroepitaxial diamond showed much superior
homogeneity of electrochemical activity, without the prominent highs and lows of electric current
distributed across the surface, as seen for the polycrystalline sample. Consistent electron transfer rate
constants were measured from Nicholson’s method, DigiSim® simulation and EIS. The rate constant
measured in Ru(NH 3 )36+ is mostly influenced by the density of electronic states at the electrode near
the formal potential of this redox mediator. The lower rate constant for the heteroepitaxial diamond
suggests a lower density of electronic states near the Fermi level, in agreement with the lower carrier
density measured by Mott-Schottky analysis. The cyclic voltammograms of the heteroepitaxial
diamond presented a large peak-peak separation and yielded very low k0 for Fe(CN)64 − , a mediator
that requires sp2 carbon impurities and oxygen surface termination to catalyse the electron transfer.
The sluggish kinetics in Fe(CN)64 − , plus homogeneous SECM maps, indicate that the heteroepitaxial
diamond has a superior crystalline quality, more homogeneous conductivity, higher purity and
homogeneous O-termination. Since the heteroepitaxial diamond presented a larger flatband potential
from Mott-Schottky analysis when compared to the polycrystalline sample, poor O-termination is
unlikely to be the cause for the sluggish kinetics in Fe(CN)64 − . Instead, the heteroepitaxial diamond
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must possess a purer and cleaner surface without sp2 carbon. This sample also showed a large
overpotential for the MV 2+/+/0 redox system and the absence of a MV 0 stripping peak, which is
attributed to the larger flatband potential and wider space charge region arising from the lower doping
level compared to the polycrystalline sample. Both the heteroepitaxial single crystal and the as-grown
polycrystalline diamond demonstrate a resistance to the adsorption of ADQS, although weak
adsorption is still visible on the polycrystalline sample, likely due to polishing-induced and grain
boundary-related surface defects.
In summary, the obtained results are promising and place the B-doped diamond single crystal
grown on Ir/YSZ/Si(001) as a potential alternative to polycrystalline diamond electrodes for certain
applications [1], namely those involving sensing of species in solution (electroanalysis), since the
heteroepitaxial diamond electrode offers lower background current and is more selective than the less
pure polycrystalline material. The heteroepitaxial diamond is well-placed to be the electrode of choice
when sensitivity is paramount, while having size advantage over homoepitaxial diamond single
crystals. Furthermore, the aspect of surface purity, which is a key issue for surface functionalisation
with target-specific molecules (e.g. for bio-sensing, energy harvesting and electroanalysis), is also
achieved with heteroepitaxial diamond.
As it was demonstrated, better performances than those observed in this work are still possible
once the doping level is maximised without compromising the crystalline quality of the diamond, and
when special care is taken to keep the surface as flat as possible to avoid doping inhomogeneity, which
affects the conductivity. The electrochemistry studies presented in this thesis could be in a future work
extended to (111)-oriented films, which should provide higher doping levels and, thus, higher
conductivity.
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Diamond-based Schottky diodes for high power applications

5.1 Introduction
In recent times, diamond-based high power devices [1, 2] have been more intensely investigated
than ever, thanks to diamond’s extreme electrical and thermal properties. Diamond has superior merits
relative to gallium nitride (GaN), silicon carbide (SiC) and especially silicon (Si, the most dominant
semiconductor material), for diamond has a wide bandgap of 5.5 eV, high breakdown field of up to 20
MV cm−1 [3], high hole and electron mobility (µp = 1800 cm2 V−1 s−1 and µn = 2200 cm2 V−1 s−1) [4],
high thermal conductivity (2200 W m−1 K−1), it can operate at high temperatures (>200 °C), etc.
Schottky diode, compared to other diamond power devices (bipolar transistors [5], junction field-effect
transistors [6, 7], Schottky p-n diodes [8], etc.), is the most promising structure, due to the high
breakdown voltages reported (2.5 kV [9], 6.7 kV [10], 10 kV [11] and 8-12 kV [12]) and the
architectural progress being made towards minimising Ohmic losses and improving device stability
under high temperature [13-20].

Figure 5-1: (a) Power device technology positioning (2015) [21]. (b) Two approaches within the semiconductor
technology roadmap for power electronic devices (2013) [22].

The main motivation behind the development of wide-bandgap semiconductor devices for
power electronics is to increase the efficiency of the many energy conversion steps between generation
and end-user, which is estimated to be around 20% [4]. Recent figures show that the global market for
power semiconductor devices is estimated to be about $11.5 billion and growing by roughly 10% each
year [21]. Common power devices include two-terminal devices such as rectifiers and fast recovery
diodes, as well as three-terminal devices, e.g. thyristors, GTOs (gate turn-off thyristor), IGCTs
(integrated

gate-commutated

thyristors),

MOSFETs

(metal-oxide-semiconductor

field-effect

transistors) and IGBTs (insulated gate bipolar transistors). Major application areas include electric
power transmission and distribution systems, traction drives and motor control, as well as switchmode power supplies. Perhaps the most demanding application is within power distribution, where
HVDC (high voltage direct current) converters operate at hundreds of kilovolts and hundreds of
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megawatt levels, but with low switching frequency, typically 50 or 60 Hz. Thyristors, and to some
extent IGBTs, are used in these applications (see Figure 5-1 (a) for a graphical representation). At the
other end of the spectrum are switch-mode power supplies. These operate at much higher frequencies
(kilohertz) but with lower power loads (kilowatts). For such applications MOSFETs and IGBTs are
commonly used.
Despite silicon being by far the dominant semiconductor material for high-voltage and highpower applications, it suffers from a moderate thermal conductivity (~150 W m−1 K−1), a bandgap of
1.1 eV that limits operation to below 200 °C, and relatively low breakdown fields (~0.3 MV cm−1).
The maximum breakdown voltage of silicon-based Schottky rectifiers has been limited by the increase
in the resistance of the drift region. Commercially available devices are generally rated at breakdown
voltages of less than 100 V. The much lower resistance of the drift region for silicon carbide, for
example, enables the development of Schottky rectifiers with very high breakdown voltages. These
devices not only offer fast switching but also eliminate the large reverse recovery current observed in
high-voltage silicon p-i-n rectifiers. This reduces switching losses not only in the rectifier but also in
the IGBTs used within the power circuits. Here, the advantages of using diamond to produce such
rectifiers become evident. Diamond offers the largest benefits as a semiconductor material for power
electronics applications (see Figure 5-1 (b)), but its widespread application is hindered by the
difficulties in synthesising and processing high-quality material in scalable quantities. Nevertheless,
the rapid progress in synthesis technology has made it possible to produce 10 × 10 mm2, highly pure
homoepitaxial diamond layers by CVD, while even larger areas are being achieved by other
technological approaches such as tiling and heteroepitaxial growth on Ir [23]. In comparison, other
semiconducting materials, such as SiC, are already available in wafer sizes up to 150 mm. From an
economic perspective, the establishment of future diamond-based active devices will depend heavily
on an increase of wafer size above 2″, as well as on a decrease of defect density. While ref. [22] quotes
the necessity of very low dislocation densities down to ~102 cm−2, such estimations are in fact doubtful
due to the lack of systematic data on the correlation between dislocation density and device
performance. The effect of dislocations seems to vary depending on the type of material and on the
specific device structure, as will be discussed below.
Nevertheless, it is clear that the development of economically viable diamond material for high
power electronics requires tackling two main fronts: size and defect density. Large sizes is one of the
inherent advantages of heteroepitaxial growth of diamond on Ir/YSZ/Si(001), whereas defect density
remains relatively high (~107 cm−2 in the best cases [24]) compared to homoepitaxial single crystals
(104-106 cm−2 [25]) grown on HPHT by CVD. The high dislocation density in heteroepitaxial diamond
arises from the nucleation and growth/coalescence mechanism inherent to the technique (see section
1.3). Several strategies to reduce the density of dislocations in diamond are being studied and
developed, which may involve 1) fine-tuning the growth conditions, 2) pre-treating the diamond
substrate with fine polishing procedures, 3) engineering the surface morphology to control the
propagation of the dislocations by shaping [26], by off-axis growth [27], or by ELO (epitaxial lateral
overgrowth) [28].
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Despite the relatively high density of dislocations, heteroepitaxial diamond on Ir has reached a
level where first solid-state prototypes can already be produced and evaluated [29]. More recently,
heteroepitaxial diamond-based p-n junction diodes for UV emission (235 nm) have been demonstrated
[30]. Their relatively poor performance is attributed to the orders of magnitude higher density of
dislocations compared to homoepitaxial diamond-based diodes, manifesting in a prominent defectrelated electroluminescence (400-450 nm) in forward bias. In contrast, GaN-based light-emitting
diodes were reported to be very insensitive to high dislocation densities in excess of 2×1010 cm−2,
which was attributed to the ionic nature of bonding in III-V nitrides [31].
In the case of power devices from wide-bandgap materials, the effect of dislocations on their
performance seems to depend on the particular device architecture. On the one hand, dislocations are
reported to act as traps for the charge carriers, effectively reducing the charge mobility/density and
therefore increasing the resistivity of the material, leading to higher breakdown voltages [32, 33]. On
the other hand, dislocations are deemed to increase the leakage current of the device, resulting in
premature breakdown [34, 35]. Such contradicting effects appear to depend upon the direction of
charge flow relative to the orientation of the dislocations. For example, in vertical structures the
current will flow parallel to the threading dislocations and across different layers/materials, whereas in
horizontal or pseudo-vertical structures the current will flow mostly perpendicular to the threading
dislocations, along the drift layer, which is most critical to the performance. The charged nature of the
dislocations [36] or the segregation of dopants along the dislocation lines [37, 38] can shunt a vertical
structure, while in a horizontal one they are simply trapping/scattering centres. This suggests that
optimised device architecture could reduce the negative effects of high dislocation densities, despite
the pursued goal to achieve the purest, most defect-free materials [39]. In the case of diamond-based
high power devices, these aspects haven’t been studied in sufficient detail to provide a clear picture of
how detrimental the dislocations are to the device performance. Consequently, it is still to be seen if
high switching and rectifying performances can be achieved with diamond-based diode structures
possessing a high density of dislocations. The diamond/Ir/YSZ/Si(001) is, therefore, an ideal platform
for this investigation, while backed by a great potential for large scale production that other platforms
don’t quite match.
Hence, the main aim of this work was firstly to pioneer the demonstration of functional
Schottky barrier diodes (SBD) produced with heteroepitaxial diamond on Ir and, secondly, to pursue
higher performances through optimisation of the device structure. For this purpose, different structures
(pseudo-vertical and vertical) and different metals (Ni and Ir) for the metal-semiconductor junction
were tested. The devices were produced and characterised by different techniques in order to extract
the current-voltage behaviour in forward and reverse bias, and to understand the performance-limiting
factors.
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5.2 Metal-semiconductor junction
There are two kinds of metal-semiconductor junctions: a) the junction between a metal and a
lightly doped semiconductor (drift region), which exhibits rectifying I-V characteristics (Figure 5-2)
due to the formation of a Schottky barrier, and b) the junction between a metal and a heavily doped
semiconductor, which behaves as low-resistance Ohmic contact (basically electrical shorts). Ohmic
contacts are an important part of semiconductor devices and have a significant influence on the
performance of high-speed transistors, whereas Schottky rectifiers (or diodes) play an important role
in fast switching and high power electronic applications, due to reduced power loss and faster response
compared to p-n junction devices [40].

Figure 5-2: (a) Representation of a Schottky diode consisting of either an n-type (above) or a p-type (middle)
semiconductor, along with the electronic representation of a forward-biased diode with a series resistance RS
(below). (b) The current-voltage behaviour of a diode.

5.2.1

Schottky barrier
The energy diagram of a metal-semiconductor junction in equilibrium is shown in Figure 5-3.

The Fermi level EF is flat because no voltage is applied across the junction, i.e. no bias. To the left of
the junction, the energy band diagram is that of an n-type/p-type semiconductor. To the right of the
junction is the energy band diagram of a metal, with the energy states below EF almost totally filled
and the states above EF almost empty. The most important feature of this energy diagram is the
energy barrier at the metal-semiconductor interface. It is characterised by the Schottky barrier height,

φB , which is a function of both the metal and the semiconductor. In both figures there is a depletion
layer adjacent to the semiconductor-metal interface, where EF is close to neither ECB nor EVB (such
that the density of electrons n and the density of holes p are approximately zero).
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The Schottky barrier height is the most important parameter of a metal-semiconductor contact,
with φB,n and φB,p depending on the work function φM of the metal and the electron affinity of the
semiconductor, χS , according to equation (5.2.1).

Figure 5-3: Energy band diagrams of metal-semiconductor contacts. The Schottky barrier heights depend on the
metal and semiconductor materials. (a) φB,n is the barrier against electron flow between the metal and the n-type
semiconductor. (b) φB,p is the barrier against hole flow between the metal and the p-type semiconductor.

φ=
φM − χS
B

(5.2.1)

This expression is quantitatively true only when the Fermi level at the interface lies close to
the neutrality level (see Figure 5-4) of the surface/interface states in the bandgap and the net charge is
close to zero. Otherwise, surface states which arise from the termination of the crystal will play a role
in the energy band diagram. On metallic surfaces, they are known to lead to a surface dipole which
contributes to the work function of the metal surface. On semiconductors, the presence of charged
(acceptor/donor-like) surface states in the bandgap is known to cause what is termed “Fermi level
pinning”. This effect leads the Fermi level being “fixed” around a certain position, regardless of the
metal work function, and equation (5.2.1) remains only qualitatively true. Pinning does not happen on
every semiconductor surface, however, because surface states are not positioned in the bandgap of
some semiconductors, such as the non-polar (110) surfaces of III-V semiconductors. A more accurate
relationship than equation (5.2.1) has to take into account the polarisability of the semiconductor and
the density of energy states at the interface [40]. In the case of diamond-metal junctions, the effect of
interfacial states has been modelled by several authors, who took into account surface states for the
calculation of the Schottky barrier height [41].
The Schottky barrier on diamond-metal junctions is strongly influenced by the surface
termination of the diamond, in a similar way to the liquid-semiconductor interface discussed in
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Chapter 4. H-termination is known to reduce the electron affinity down to −1.3 eV, causing upward
band bending, while O-termination promotes the opposite effect, with χS ≤ 1.7 eV [42]. For diamondbased high power Schottky rectifiers, O-termination is desired in order to increase the barrier and
reduce the leakage current that would cause premature breakdown, despite the higher barrier leading
to a higher on-state voltage drop. Also, the oxygenated diamond surface is more stable at high
temperatures, contributing to the device stability.

Figure 5-4: (a) An “ideal” p-type semiconductor-metal contact and (b) a real p-type semiconductor-metal
contact with a characteristic dipole layer at the interface.

5.2.2

Forward conduction
Current flow across the metal-semiconductor junction can be produced by the application of a

negative (or positive) bias to the n-type (or p-type) side. This produces a shift in the energy band
structure as illustrated in Figure 5-5 (a). Current flow across the interface then occurs mainly due to
majority carriers – electrons (or holes) for an n-type (or p-type) semiconductor. The current transport
across the contact can take place via four basic processes [2]:
1. Thermionic emission: the transport of majority carriers from the semiconductor into
the metal over the potential barrier;
2. Tunnelling: the transport of majority carriers by quantum mechanical tunnelling
through the potential barrier;
3. Recombination: the transport of electrons and holes into the depletion region, followed
by their recombination;
4. Minority carrier: the transport of minority carriers from the metal into the neutral
region of the semiconductor, followed by recombination.
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Figure 5-5: Band diagram of an “ideal” p-type semiconductor-metal junction in (a) forward bias and (b) reverse
bias.

The doping concentration in the semiconductor must be relatively low in power rectifiers to
support the reverse bias. In this way, the potential barrier is not sharp enough to allow substantial
tunnelling current, because the depletion layer is then relatively wide. The recombination current in
the space charge region is observable only at very low on-state current levels. The current transport
due to the injection of minority carriers is usually negligible unless the Schottky barrier height is large,
which is usually undesirable in power Schottky rectifiers because of the on-state voltage drop
increasing with the barrier height [2]. Consequently, current flow by thermionic emission is the
dominant current transport mechanism in high mobility semiconductor Schottky rectifiers, and so, the
diode law (Shockley equation) can be written as [43]:
 qφ  
 qVD  
I=
AA*T 2 exp  − B  exp 
 − 1
kBT  
nkBT  





(5.2.2)

IS

where A (m2) is the junction area, T (K) is the absolute temperature, q (C) is the elementary charge,

φB (eV) is the Schottky barrier height, kB (m2 kg s−2 K−1) is the Boltzmann constant, VD (V) is the
potential across the diode, n is the ideality factor, I S (A) is the saturation current shown in Figure 5-2
(b) and A* (A m−2 K−2) is the effective Richardson constant, given by:
A* ≡

4πqm* kB2
h3

(5.2.3)

where m* (kg) is the effective mass and h (m2 kg s−1) is Planck’s constant. For free electrons the
Richardson constant is 1.2 × 106 A m−2 K−2. Silicon and silicon carbide have effective values of,
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respectively, 1.1 × 106 and 1.46 × 106 A m−2 K−2. The value for diamond is often taken to be 0.9 × 106
A m−2 K−2 [15, 44], although deviations due to different material qualities may exist [45].
Equation (5.2.2) is based upon the superimposition of the current fluxes from the metal and
the semiconductor, which balance out at zero bias, and it holds true for both positive and negative
voltages. At forward bias, the exponential term in square brackets becomes dominant. In the case of
power Schottky rectifiers, the necessary thick, lightly doped drift region below the Schottky contact
introduces a series resistance, RS (see Figure 5-2 (a)), which causes a voltage drop VR across the drift
region and increases the on-state voltage drop of the power Schottky rectifier. In reality, RS will be a
sum of bulk and contact resistances of the whole device, all of which can be detrimental to the
performance. With the voltage drop VR across RS , the current through the diode will be given by:
I=

V − VD
RS

(5.2.4)

where VD (V) is the voltage drop across the junction and V (V) the applied bias. Rewriting equation
(5.2.4) applying equation (5.2.2) gives:

 q (V − IRS )  
=
I I S exp 
 − 1
 nkBT  


(5.2.5)

One possibility to solve equation (5.2.5) is to do it numerically. Usually the I-V curves are
obtained experimentally and the above equation is fitted to the data points using specialised software.
From this fitting several parameters of interest are obtained, such as RS , φB and n. Once knowing the
current, the voltage drop VD across the junction can be obtained from equation (5.2.4).

5.2.3

Reverse blocking
When a reverse bias is applied to the Schottky rectifier, the voltage is supported across the

drift region with the maximum electric field, EM , located at the metal-semiconductor contact. The
energy band diagram corresponding to this condition is illustrated in Figure 5-5 (b). The maximum
electric field is related to the applied reverse voltage in a unidimensional structure as [2]:

=
EM

2qN

εS

(V + Vbi )

(5.2.6)

where N (m−3) is the density of donors or acceptors in the semiconductor, ε S (F m−1) is the dielectric
constant and Vbi (V) is the built-in potential.
The leakage current for Schottky rectifiers is comprised of three components [2]:
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1. Space charge generation current arising from the depletion region;
2. Diffusion current arising from carrier generation in the neutral region;
3. Thermionic emission current across the metal-semiconductor contact.
When the barrier height is relatively small, such as in silicon Schottky rectifiers (0.6-0.7 V),
the thermionic emission component is dominant and the leakage current I L can be obtained from
equation (5.2.2). Since the typical reverse bias voltages are much greater than the thermal energy,

kBT q , the exponential term in the square brackets becomes very small and equation (5.2.2) becomes
simply:

 qφ 
I ≅ AA*T 2 exp  − B  ≅ I L
 kBT


(5.2.7)

IS

Equation (5.2.7) shows that the leakage current due to the thermionic emission process is a
strong function of the Schottky barrier height and the temperature. To reduce the leakage current and
the power dissipation in reverse bias, a large Schottky barrier height is therefore required. The
expression above also shows that an increase in temperature leads to a rapid increase in leakage
current. If the power dissipation due to the leakage current becomes dominant, the resulting increase in
the device temperature produces a positive feedback mechanism, which can lead to unstable operation
of the Schottky rectifier due to thermal runaway. Diamond, with its high thermal conductivity, is less
prone to this problem than other semiconductors, especially when the Schottky barrier height is kept at
higher values to further reduce the leakage current, despite increasing the on-state voltage drop. This
makes diamond the ideal material for high power rectifiers.
The reverse bias behaviour of a Schottky diode is in fact more complicated than the above
considerations. With increasing reverse bias the leakage current will increase and eventually lead to
the premature breakdown of the device, due to a combination of the following effects [2]:
1. Image force lowering: the electrostatic attraction between opposite charges at both
sides of the junction leads to a decrease of the potential near the interface on the
semiconductor side. The combination of this force potential with the potential caused
by the Schottky barrier lowers the overall barrier against charge flow across the
junction and can lead to a substantial increase of the leakage current. The change in
the Schottky barrier height can be given as a function of the maximum electric field,

EM , as:
qE
∆φB = M
4πε S

(5.2.8)
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2. Avalanche multiplication: with increasing negative bias and increasing leakage
current, electrons with high energy crossing the junction trigger an impact ionisation
process, which releases bound electrons and multiplies the number of charge carriers
reaching the edge of the depletion layer by a factor M, which is a function of EM and
the depletion layer width wD ;
3. Tunnelling: it arises from quantum-mechanics that with increasing reverse bias, and
hence increasing electric field across the semiconductor, the probability of charge
carriers crossing the Schottky barrier will also increase, contributing to the leakage
current. The thermionic field emission model for the tunnelling current leads to a
barrier lowering effect proportional to the square of the electric field at the metalsemiconductor interface.
High bandgap materials such as SiC and diamond require larger reverse bias than low bandgap
materials such as silicon to initiate an avalanche breakdown. It turns out, for example in SiC devices,
that barrier lowering and tunnelling are the dominant effects causing the increase in leakage current,
which can be written as:
 qφ 
 q∆φB 
2
I S ≅ AA*T 2 exp  − B  exp 
 exp ( CT EM )
 kBT 
 kBT 

(5.2.9)

where CT is a tunnelling coefficient. Figure 5-6 illustrates the reverse bias current-voltage behaviour
when barrier lowering and tunnelling are considered, i.e. applying equation (5.2.9).

Figure 5-6: Current-voltage curve of a non-ideal diamond-based Schottky diode in (a) linear scale and (b) semilogarithmic scale. The reverse bias leakage current is modelled by equation (5.2.9) and the forward bias current
is modelled by equation (5.2.5). A series resistance RS = 52 Ω and a carrier density in the drift layer

N=
3.5 × 1016 cm−2 were chosen, along with an arbitrary tunnelling coefficient C=
0.3 × 10−16 m2 V−2. The
T
A
smaller CT is, the higher the breakdown voltage.
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Device capacitance
The reverse-blocking voltage is supported across a depletion region in the power Schottky

rectifier as shown in Figure 5-5 (b). The thickness of the depletion region wD is related to the applied
reverse bias voltage by [2]:

=
wD

2ε S
(V + Vbi )
qN

(5.2.10)

In a simplified model, the metal-semiconductor junction can be treated as a parallel-plate
capacitor, and the capacitance is given as:
C=

εS A
wD

(5.2.11)

Equations (5.2.10) and (5.2.11) put together result in the Mott-Schottky (MS) relationship,
which was also applied in the characterisation of the semiconductor-electrolyte interface in chapter 4.
It can be used to determine the built-in potential Vbi and the charge carrier density N from C-V
measurements:


k T
1
2
=
V + Vbi ) − B 
2
2 (
C
qN ε S A 
q 

(5.2.12)

5.3 Device structure
The performance of power rectifiers, namely diamond Schottky diodes, is also dependent on
their construction. The electric field in the material, the presence and arrangement of defects in the
crystal, the metal contact interface and geometry, thicknesses, doping concentration, etc., all play a
role, as well as technological aspects (e.g. forward conduction vs. reverse blocking requirements). The
trade-off between increasing the breakdown voltage and reducing the on-state resistance to achieve a
better rectification with lower power dissipation is represented by the Vbr Ron relationship in equation
(5.3.1) [1]:
Vbr 1
= qEM µp p
Ron 2

(5.3.1)

where q (C) is the elementary charge, EM (V m−1) the breakdown field, µ p (m2 V−1 s−1) the hole
mobility and p (m−3) the hole density.
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Specifically for unipolar devices, Baliga’s figure of merit (BFM) is commonly taken for the
performance rating and comparison among different semiconductor materials [2, 39]:

Vbr2
BFM
= = ε S µp EM3
Ron A

(5.3.2)

where A (cm2) is area of the Schottky junction. Note: Ron A = RS (Ω cm2).
The reduction of Ron can be achieved with smaller drift layer thickness, higher doping, defectfree material, as well as by improving Ohmic contacts. On the other hand, Vbr can be increased by
using a larger drift layer thickness, lower doping, and by reducing the leakage current with a higher
Schottky barrier height (i.e. by choosing a metal with appropriate work function) and by minimising
structural defects in the semiconductor. While in general a higher conductivity will compromise the
breakdown voltage, Vbr can be improved by optimising the device design.

5.3.1

Edge termination
The role of edge termination is to distribute the electric field in the vicinity of the edge of the

metallic contact, thereby increasing the attainable blocking voltage of the device. It is critical to its
operation and reliability. Without effective edge termination, strong field enhancement at the contact
edge cannot be avoided, which causes premature avalanche breakdown [1]. Several types of edge
termination have been demonstrated in wide bandgap semiconductors: guard rings, metal field plates
extending over an insulating surface layer, resistive Schottky barrier field plates and junctiontermination extension. Because there is no shallow n-dopant for diamond and because diffusion after
ion implantation is not possible, field plates are preferred and have been demonstrated in diamond
Schottky rectifiers [16, 18]. An illustration is shown in Figure 5-7 (b).

5.3.2

Vertical structure
The theoretical breakdown field for diamond is very high, EM > 10 MV cm−1, but it likely

requires defect-free material and an effective edge termination before it can be achieved. Fields up to
4 MV cm−1 have been measured in intrinsic CVD diamond single crystals [9]. One of the difficulties
with diamond is the incomplete activation of the shallowest known dopant, boron, at room
temperature. This leads to p  N A and lower Vbr RS . Increasing N A will also have the side-effect of
reducing charge mobility, so this is not a viable solution.
One way to take advantage of the high mobility in diamond and have at the same time a high
density of charge carriers is to adopt a vertical metal-intrinsic-p+ (m-i-p+) structure (see Figure 5-7).
The doping concentration of the p+ layer is chosen to be very high ( N A > 1019 cm−3), preferably above
the metallic transition ( N A > 3 × 1020 cm−3), resulting in a high hole density from the complete
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activation of boron acceptors. Then the charge carriers can be injected into the intrinsic layer from the
p+ layer in forward bias, while high breakdown voltages can still be sustained in reverse bias. Another
advantage of this structure is that the electric field is evenly distributed across the intrinsic region at
reverse bias.
At high forward bias the current across the diode becomes limited by the free carrier space
charge in the intrinsic layer, and the voltage drop across the drift layer obeys the Mott-Gourney
relationship [1]:

VD =

8d 3 I
9ε S µp A

(5.3.3)

where d (m) is the thickness of the drift layer and µ p (m2 V−1 s−1) the hole mobility. It is clear from this
expression that in order to minimise VD one needs a thin intrinsic layer and high hole mobility. The
minimum thickness is, however, limited by the minimum desired breakdown voltage of the device and
by its breakdown field strength, according to equation (5.3.1).

Figure 5-7: Vertical m-i-p+ diode structure (a) without field plate and (b) with field plate.

One of the difficulties with this vertical structure is the necessity to have a p+ layer thick
enough to provide mechanical stability for the whole device, which should be a few hundred µm thick
at least. Achieving such thickness is not practical with certain types of MWPCVD reactors (including
the ASTeX used throughout this work), which require growth times of several days. Furthermore,
heavy B-doping can be rather unstable and lead to the formation of defects on the sample. Therefore,
to avoid such complications and to take advantage of the best quality diamond substrates, a pseudovertical structure can be adopted instead.

5.3.3

Pseudo-vertical structure
A diamond Schottky diode built as a pseudo-vertical structure consists of a thin heavily B-

doped layer grown on a thick diamond substrate, followed by growth of an intrinsic drift layer on top
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(see Figure 5-8). It has the advantage of requiring a more practical thin B-doped layer, and of
inheriting mechanical stability from the diamond substrate.

Figure 5-8: Pseudo-vertical m-i-p diode structure (a) without field plate and (b) with field plate.

5.3.4

Vertical back-etched structure
A noticeable disadvantage of the two previous structures is the need to grow an intrinsic layer

on top of a metallic B-doped layer, a process that can induce the formation of interfacial defects which
propagate into the layer that is supposed to be defect-free. This can happen mostly due to the lattice
mismatch between undoped and heavily B-doped diamond, as discussed earlier in chapter 3. This
problem is aggravated when the surface to be overgrown is first subjected to mechanical polishing.
In order to avoid these problems, we devised a different strategy: a back-etched vertical
structure. It consists of 1) preparing a diamond substrate of the highest quality; 2) growing a thick
(couple 100 µm) B-doped layer on top; 3) back-etching the diamond substrate down to the desired
thickness of ca. 20 µm [46] and using it as the drift layer. In this way the stress due to the lattice
mismatch at the interface accommodates in the B-doped layer, which isn’t as detrimental to the
performance of the diamond SBD. Potential downsides of this approach are the long deposition time,
which can lead to unstable growth and formation of defects, and the increase of the series resistance of
the device with the higher thickness.

5.4 Experimental
In this work, several heteroepitaxial diamond-based SBDs were fabricated:
1. The first type of sample consisted of nickel-diamond junctions in a pseudo-vertical
SBD structure with a thin drift layer of ~2 µm;
2. The second type of sample consisted of iridium-diamond junctions in a vertical backetched SBD structure with a thick drift layer of ~20±5 µm;
3. The third type of sample consisted of iridium-diamond junctions in a regular vertical
SBD structure with a thin drift layer of ~2.5 µm;
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4. The last type of sample consisted of nickel diamond junctions in a regular vertical SBD
structure with a thin drift layer of ~1 µm.

5.4.1

Nickel-diamond pseudo-vertical structure
The first Schottky devices prepared were nickel-diamond junctions in a pseudo-vertical

configuration. This is a more easily achievable structure that doesn’t involve growth of thick B-doped
layer or thinning of the substrate. Nickel, with a work function of roughly 5 eV, was firstly chosen as a
metal contact based on good performance demonstrated in the literature [19], and for being readily
available and easy to handle.
The sample preparation steps are illustrated in Figure 5-9: 1) A diamond substrate 1 of ~1 mm
thickness was grown on Ir/YSZ/Si(001), 6° off-axis, and 2) subsequently made freestanding with
chemical (acid) and mechanical (scaife polishing) removal of the support substrate. 3) The surface was
then polished mechanically, followed by RIE (reactive ion etching) in Ar/Cl2 atmosphere for 1 h, in
order to remove ca. 3 µm of diamond and take away the damaged layer caused by the mechanical
polishing step. 4) Subsequently a metallic (p++) B-doped layer was grown by MWPCVD to a thickness
of ~7 µm, followed by growth of what was intended to be an intrinsic or a lightly B-doped (p−) drift
layer. This layer turned out to be a ~2 µm p+ layer with an estimated density of acceptors

N A = 2 × 1018 cm−3 due to the high B background in the reactor from previous processes 2. 5) Next, a
strip of the p++ layer was exposed by RIE using a shadow mask, in order to enable a back contact for
the diodes. 6) The diamond sample was then subjected to an acid treatment in a boiling mixture of
concentrated H 2SO 4 + HCl + HNO3 (roughly 1:1:1) for 30 min to remove non-diamond phases and
metal contaminants [47] and to promote an oxygen termination 3 of the diamond surface. Then a strip
of Ti(20 nm)/Pt(250 nm) was deposited by e-beam evaporation (process pressure of ~10−6 mbar) on
the exposed p++ area of the diamond by means of a shadow mask. 7) An annealing step at 600 °C in
atmosphere (under Ar flow of ca. 50 sccm) was performed to promote an Ohmic contact between the
diamond and the Ti/Pt layer. 8) Finally, the sample was placed again in the e-beam evaporator for the
deposition of 25 circular Ni pads on top of the p+ (drift) layer using another shadow mask.

1

Sample identification: MFAIX336.
The reactor was subjected beforehand to a H2+CO2 plasma cleaning step for 6 hours. The subsequent growth
step for the drift layer included CO2 added to the gas phase to reduce B incorporation, a strategy discussed
before in chapter 2.
3
See section 7.2 for further information on chemical O-termination of our diamond samples.
2
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Figure 5-9: Fabrication steps of 25 nickel-diamond junctions in a pseudo-vertical configuration. Electrode areas:

= 1.96 × 10−3 cm2. Consult the text for a detailed description of the process.
Asmall
= 4.91× 10−4 cm2 and Alarge

5.4.2

5.4.2.1

Iridium-diamond vertical structure

Thick drift layer (type a)
The next Schottky devices prepared were iridium-diamond junctions in a vertical

configuration. A back-etch approach was taken in order to use the higher quality of the ~1 mm thick
undoped diamond substrate. The sample preparation was rather challenging, as the laser-cutting and
mechanical polishing steps easily lead to wedge formation, causing significant thickness
inhomogeneity over the sample area. With this structure we also wanted to exploit our know-how with
epitaxial iridium deposition to pioneer the creation of a Schottky junction capable of sustaining high
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operation temperatures due to the high melting point of this metal (~2500 °C) and strong bonding with
carbon, which would in principle result in a very stable performance. Furthermore, iridium has a work
function similar to nickel. Ir-diamond Schottky diodes were, to the best of our knowledge, never
reported.
The sample preparation steps are illustrated in Figure 5-10: 1) A diamond substrate 4 of
~1 mm thickness was grown on Ir/YSZ/Si(001), 6° off-axis along [110], and 2) subsequently made
freestanding with chemical (acid) and mechanical (scaife polishing) removal of the support substrate.
3) The surface was then polished mechanically, followed by RIE (reactive ion etching) in Ar/SF6
atmosphere until ~4 µm of diamond was removed along with the damage caused by mechanical
polishing. 4) Subsequently a metallic (p++) B-doped layer was grown by MWPCVD to a thickness of
~300 µm. This layer had to be made thick in order to ensure mechanical stability/integrity of the
device. 5) The backside of the diamond substrate was then laser-cut, mechanically polished and
subjected to RIE until a thickness of roughly 20±5 µm was achieved. 6) Next, the sample was
subjected twice to air plasma treatment (one run for each side, 5 min each at 0.6 mbar) to O-terminate
the diamond surface 5. 7) Using e-beam evaporation, metallic contacts were prepared in two steps: first
the iridium contacts were evaporated on the surface of the drift layer using a shadow mask, up to a
thickness of ~140 nm (process pressure of 10−6−10−5 mbar, sample holder heated to ~450 °C,
deposition rate of ~0.002 nm s−1 for the first ~10 nm, ~0.004 nm s−1 for the next ~11 nm and finally
~0.02 nm s−1 until the final thickness). Such parameters are used for epitaxial deposition of Ir [48].
Second, a large circular Ti(20 nm)/Pt(130 nm) contact was evaporated on the exposed p++ (heavily Bdoped) side of the diamond by means of a shadow mask (process pressure of 10−6−10−5 mbar, sample
holder heated to ~450 °C). 8) The evaporation steps were followed by a 2 h annealing step at 500 °C
while in vacuum inside the evaporation chamber. The final device can be seen in Figure 5-10 (9).

4
5

Sample identification: MFAIX235.
Consult section 7.2 for further information on the surface O-termination by air plasma treatment.
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Figure 5-10: Fabrication steps of 16 iridium-diamond junctions in a vertical configuration. Electrode area:

A 4.91× 10−4 cm2. Consult the text for a detailed description of the process.
=

5.4.2.2

Thin drift layer (type b)
A second version of the Ir-diamond Schottky diodes was produced in a similar way to the

previous, but following a regular vertical structure. Here, the original undoped diamond substrate was
back-etched until completely removed, leaving only the thick B-doped layer. After a RIE step to
remove polishing-induced defects, a ~2.5 µm thick intrinsic layer was grown on the B-doped layer by
MWPCVD in a boron-free reactor (see Figure 5-11 for an illustration). Mott-Schottky analysis
yielded and estimated density of acceptors between N A = 6 × 1016 cm−3 and N A = 1 × 1017 cm−3 in the
drift layer, depending on the device/diode measured. The sample preparation differed from the
previous one in the steps highlighted below in Figure 5-11.
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Figure 5-11: Modified fabrication steps of 16 iridium-diamond junctions in a vertical SBD configuration. Steps

A 4.91× 10−4 cm2. Consult the text for
5a to 5c substitute step 5 in Figure 5-10 for this sample. Electrode area:=
a detailed description of the process.

5.4.3

Nickel-diamond vertical structure
At a later stage the same substrate and diode structure used for the Ir-diamond vertical

structure “type b” was reset and nickel Schottky contacts were used. To remove the Ir contacts the
sample was lightly polished and subjected to RIE for 4 minutes, leading to a drift layer thickness of
1.2±0.2 µm. Then the sample was cleaned in hydrogen plasma for 5 minutes and O-terminated in air
plasma for 5 minutes. Subsequently, Ni contacts were evaporated (without heating or annealing) in the
same manner as before (see Figure 5-10 (9)) to form 16 contacts. The Ohmic Ti/Pt contact on the
backside survived the processes and was not changed. At this stage, the substrate is not anymore a
pristine diamond, because a few of the former iridium-diamond diodes were biased to breakdown,
causing damage. Nevertheless a few functioning nickel diamond diodes could be obtained.

5.4.4

Electrical characterisation
The DC behaviour (current density vs. voltage, or J-V curves) of the devices was characterised

in forward and reverse bias at room temperature, in air and/or in Fluorinert 6 using a home-made
apparatus, consisting essentially of two adjustable metallic tips to contact the sample, installed in a
Faraday cage and connected to a Keithley 6517B electrometer with coaxial cables. The electrometer
was operated with a high current resolution down to 10−6 pA, however, the background noise was in
the range of ~0.2 pA.
6

FluorinertTM (3M) is a high dielectric strength fluid used to prevent surface discharge during reverse bias.
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Impedance spectroscopy (IS) and capacitance-voltage (C-V) measurements were performed at
room temperature with the same apparatus, but connected to a Gamry Interface 1000
potentiostat/galvanostat.
The measured electrical data was acquired through supporting hardware and software, and
treated/fitted using various tools, such as purpose-built MATLAB programs and proprietary analytical
software supplied with the equipment.

5.5 Results and discussion
5.5.1

Pseudo-vertical, nickel-diamond diode

5.5.1.1

Current-voltage behaviour and forward bias performance
An initial survey of the Ni-diamond SBDs was performed by measuring the current-voltage

behaviour of a few selected devices, from −2 to 2 V, in air and at room temperature. The results are
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Figure 5-12: J-V curves of several Ni-diamond Schottky diodes (sample type #1) for an overall performance
overview, displayed in (a) semi-log and (b) linear scale. The curves are identified by their respective device and
measurement number.

The J-V curves in Figure 5-12 all show a diode-like behaviour, with low current at reverse
bias (less than 1 mA cm−2) and at least ~5 orders of magnitude higher current at forward bias (up to
10 A cm−2), when operating in Ohmic regime. The curves are very similar, although, when plotted in
semi-logarithmic scale, some display a prominent bulge at low forward bias. A common feature to all
the curves is a steep increase of saturation/leakage current for increasing reverse bias, i.e. from 0 to
−2 V the current increases by ~5 orders of magnitude. From extrapolation of the right-hand portion of
the curves (quasi-linear, Ohmic regime), a turn-on voltage of ~1.6 V was estimated.
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Out of all measured devices, the best and the worst were selected for a more detailed
analysis. Their respective current-voltage curves were acquired and fitted to equation (5.2.5) for the
extraction of the Schottky barrier height, ideality factor and series resistance. The results are shown in
Figure 5-13 (a) and (b), respectively for the best (04) and for the worst (14) device.
The device 04 displayed a very competitive performance, with rectification ratio of ~1010,

φB ≅ 1.4 eV and RS ≅ 14 mΩ cm2, which are very close to the state of the art values obtained with
high-quality diamond single crystals (i.e. rectification ratio of ~1010, φB ≅ 1.4-1.6 eV for either
pseudo-vertical WC-diamond SBD or for vertical Ni-diamond SBD, RS ≅ 9.8 mΩ cm2) [15, 18, 19,
34]. The ideality factor has a respectable value of ~1.7, although still relatively high compared to the
best reported values close to unity [15], pointing to increased recombination in the space charge region
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Figure 5-13: Fitting of J-V curves from (a) device 04 (sample type #1), showing very competitive rectification
ratio and series resistance, and from (b) device 14, showing worse performance and high non-linear parasitic
shunt component (region 2).

Device 14, the worst performing case shown in Figure 5-13 (b), has two components: region
1, attributed to the Ni-diamond Schottky barrier, and region 2, attributed to an existing parasitic shunt
component, which is visible at low forward bias. The total J-V curve of device 14 was well-modelled
by the sum of both components, each fitted to equation (5.2.5), i.e. they are both diode-like. In fact
almost all devices showed parasitic current, to a lesser or greater degree, but in device 14 it is the
highest, while in device 04 (and also device 08) it is the lowest, or effectively non-existent. The
standard fitting of equation (5.2.5) for parameter extraction from each device always disregarded the
parasitic region, which would otherwise lead to inaccuracies. In the case of device 14, region 1
indicates worse rectifying properties than the average, with lower barrier height and higher ideality
factor. The parameters from all devices are summarised in Table 5-1 for comparison.
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5.5.1.2

Reverse bias and breakdown voltage
Among the most important properties of a high power rectifier is its ability to withstand high

a negative bias without suffering breakdown, while displaying low leakage current. In order to test the
breakdown characteristics of our Ni-diamond SBDs, a few devices were selected for J-V
measurements at negative bias. The results are shown in Figure 5-14.
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Figure 5-14: J-V curves of a few devices (sample type #1) in reverse bias in (a) semi-logarithmic and (b) linear
scale, displaying an early breakdown.

In the J-V curves above, the reverse blocking regime at negative bias is contrasted with the
forward conduction regime at positive bias. While the maximum 7 forward current is achieved at ~2 V,
a maximum leakage current is achieved at ca. −32 V, after increasing exponentially from about −4 V.
This represents a rather premature breakdown and a reverse current profile that bears similarities with
the simulated breakdown in Figure 5-6, indicating that the breakdown mechanism is a combination of
tunnelling and image force lowering of the Schottky barrier.
The maximum electric field EM can be estimated from equation (5.2.6) written as:
EM =

2qN AVbr

εS

,

(5.5.1)

but without an abrupt breakdown, i.e. a sudden jump in the current at a defined Vbr , it is difficult to
visually pinpoint an exact breakdown voltage, unlike often observed in the literature for single crystal
diamond-based Schottky diodes, with few exceptions [46]. In this particular report, Brezeanu et al.
took as breakdown voltage the value given by the tangent line to the steep part of the curve in linear
scale, which in our case in Figure 5-14 (b) would correspond to roughly −30 V. From equation (5.5.1)
it becomes evident that the high density of acceptors of N A = 2 × 1018 cm−3 in the drift layer is one of
the main reasons for the breakdown voltage being so low, because a higher charge carrier density will

7

The maximum current here refers to the maximum value allowed by the Keithley 6517B electrometer.
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enhance the impact ionisation process as the electric field increases [2], leading to a premature
breakdown. Taking Vbr = −30 V and applying equation (5.5.1), the maximum electric field is
estimated as EM = 6.3 MV cm−1, which is still well below the record high 20 MV cm−1 [3] and higher
than the maximum electric field value of EM = 4 MV cm−1 [9, 50] reported for Schottky structures
without edge termination, such as the one studied here. The corresponding Baliga’s figure of merit
would be 65.22 kW cm−2. However, defining the breakdown voltage by a current threshold gives
distinct results (Table 5-1).
In order to further analyse the breakdown behaviour, impedance spectroscopy (IS)
measurements of a selected device was done before and after biasing until breakdown. The complex
impedance was measured over a wide frequency range and plotted as Nyquist plots in Figure 5-15.
The data was fitted to a model representing the metal-semiconductor interface, consisting of a
capacitor CP (depletion layer capacitance), a parallel resistor RP (shunt resistance) and a series
resistor RS (the sum of all series resistances in the device), as shown in the inset of figure (a).
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Figure 5-15: IS measurements of device 01 (sample type #1) (a) before and (b) after breakdown. Notice how the
parallel resistance RP decreased by ~3 order of magnitude from (a) to (b), indicating a much larger shunt
component and effective destruction of the junction.

The impedance results above show a modification of the electrical characteristics of device 01
after breakdown, with the most prominent change being in the parallel (or shunt) resistance, which
decreased by ~3 orders of magnitude. This evidences that the Ni-diamond junction was permanently
damaged after breakdown. A lower shunt resistance will lead to higher leakage current, as in fact
observed later with another Ni-diamond device (Figure 5-17).
At this point, it is already possible to infer that our Ni-diamond SBDs are comparable in
performance to reported single crystal SBDs of similar structure, particularly in forward conduction.
When considering that the breakdown voltage was strongly defined by the high charge carrier density
of N A = 2 × 1018 cm −3 , and that a maximum breakdown field of EM ≅ 4 MV cm−1 could also be
achieved without field plate, there is no evidence that the high dislocation density of the
heteroepitaxial diamond substrate is being detrimental to the performance. The lack of edge
termination is still likely a predominant factor in the observed premature breakdown. In a recent
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publication, Kawarada et al. [51] showed that a breakdown voltage of ca. −600 V can be expected
from a fully optimised diode structure with a similar charge carrier density N ≅ 1018 cm−3 in the drift
layer. Based on these considerations, we conclude that our devices are not limited at this stage by the
material, but rather by structure/design.

5.5.1.3

Annealing
In order to investigate the quality and stability of our Ni-diamond junction, the

substrate/sample was annealed for 1 hour at 400 °C in a tubular oven under Ar flow (50 sccm). After
this annealing step, the remaining devices (19 to 24) were electrically characterised and analysed in a
similar way as before. Figure 5-16 shows averaged J-V curves of those devices, before and after
annealing.
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Figure 5-16: Averaged pre- and post-annealing J-V curves in (a) semi-logarithmic and (b) linear scale. Sample
type #1.

The annealing step produced visible changes in performance and parameters of the diodes,
with the most noticeable one being the reduction of the turn-on voltage from ~1.6 to ~1.1 V. The
ideality factor improved by ~8% and the Schottky barrier height decreased by ~17%, while the series
resistance increased by ~7%. As n and RS are competing factors in the fitting routine 8, their relatively
small variations after annealing may not be real. This leaves φB as the only significant parameter
change. A direct consequence of a reduced Schottky barrier height is a lower turn-on voltage.
Another visible change in the J-V curve after annealing was a reduction of the parasitic
current, i.e. the “bulge” or “belly” at low bias voltages, by roughly 2 orders of magnitude, which
accounted for a slight improvement of the rectification ratio.
In order to analyse whether the SBDs can be restored to their previous state or not, an
annealing step was applied to a selected device which was previously biased until breakdown. Its

8

I.e. if the series resistance is fixed at lower values, the ideality factor increases for the best fit.
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current-voltage profiles were measured before and after each step and the results are shown in Figure
5-17.
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Figure 5-17: J-V curves of device 25 (sample type #1) before and after breakdown, and annealed after
breakdown. Despite the suffered deterioration, the device undergoes a small improvement after annealing.

The J-V curves above show a clear deterioration of the Ni-diamond SBD after breakdown,
with several orders of magnitude higher leakage current (green curve) than the pre-breakdown curves
(black and red). However, after annealing (blue curve) an improvement of the leakage current of about
1 order of magnitude is observed, as well as a reduction of the turn-on voltage similar to the observed
case in Figure 5-16.
We explain the improvement of the SBDs after annealing in terms of passivation of shunt
paths with the rearrangement of chemical bonds and defects in the Ni-diamond junction. This
rearrangement might have been, for example, at the expense of O-termination, leading to a
modification of the electron affinity, of interfacial states and of the charge neutrality level, thus
changing the effective Schottky barrier height.
In order to further substantiate this interpretation, Mott-Schottky analysis of a selected
device was performed before and after annealing. This technique allows from equation (5.2.12) not
only the estimation of the charge carrier density, but also the built-in potential of the semiconductormetal junction, which is determined by the work function of the metal, by the electronic affinity of the
semiconductor and by the presence of interfacial states [41]. The results of the MS analysis are shown
in Figure 5-18.
The figure shows a change of the C-V profile: the initial slope (black curve) became more
negative after annealing (red curve) and the intersection at 1 CS2 = 0 shifted from ~2.1 to ~1.4 V,
which corresponds to Vbi . This result is a clear indication of a chemical change in the Ni-diamond
interface, because the reduction of the built-in potential is correlated with a smaller band bending at
the interface, which, in its turn, is strongly dependent on the factors described above. The decrease in
built-in potential would, at first glance, point to a reduction of oxygen coverage of the diamond
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surface, but obtaining precise information about the real chemical environment at the interface
requires the use of other techniques. From our results, we can conclude that the Ni-diamond interface
changed and that the band bending was reduced by roughly 0.6 V, a comparable change to the turn-on
voltage in Figure 5-16 for a similar device.
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Linear fit
After annealing
Linear fit
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4.0x1019

Before:
Vbi=2.09 V
NA=2.49×1018 cm-3
After:
Vbi=1.44 V
NA=1.31×1018 cm-3

0.0
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

VOLTAGE (V)
Figure 5-18: Mott-Schottky curves of device 06 (sample type #1) before and after annealing, measured at
10 kHz.

The results from the Mott-Schottky analysis above can be compared with the parameters
extracted from the J-V curves of device 06 (Table 5-1). The built-in potential, Vbi , and the Schottky
barrier height, φB , are related by the following equation [41]:

φB = Vbi + Vp + k BT q

(5.5.2)

where Vp is the energy difference between the top of the valence band and the Fermi level in the
semiconductor, which can be estimated 9 as approximately 0.26 eV for N A ≅ 1018 cm −3 . Using this
relationship and taking φB = 1.35 eV (Table 5-1), a built-in potential of 1.06 V can be estimated, which
is roughly 1 V lower than the estimated value from MS analysis.
The reason for this discrepancy is believed to be due to an uncompensated series resistance,
i.e. during the Mott-Schottky measurement the applied voltage is divided between the semiconductormetal junction and other resistive elements in the circuit (e.g. drift layer, contacts, cables, etc.).
Following the case of device 06, by using equation (5.2.4) and applying V = 2.09 V (the applied bias
when the band is flat), VD = 1.06 V (which becomes the real potential drop across the SBD) and the
9

The density of free holes at room temperature (usually being treated as the doping concentration), which is
obtained by C-V measurements, is not the same as the actual doping concentration, due to the high ionisation
energy of B acceptors. The doping concentration is also necessary for the estimation of Vp . Based on data from
the literature (see Figure 1-17) [52, 53], for p ≈ N A ≅ 1018 cm −3 , the real doping density was estimated to be
19
−3
approximately [ B] ≅ 10 cm .
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=
RS 20.9 mΩ cm 2 (equivalent to 42.6 Ω) the current results in
previously measured series resistance
=
I 2.15 × 101 A cm −2 , which matches the maximum current measured for all devices (see Figure
5-12) at 2 V forward bias. In this way we could cross-check the data and confirm that the built-in
potential measured by MS analysis is overestimated by an uncompensated series resistance, and that
the Schottky barrier height measured from J-V curves is a reliable value.

Table 5-1: Summary of the parameters obtained for 14 Ni-diamond Schottky diodes (sample type #1), before
annealing, from fitting of J-V profiles. A nominal breakdown voltage was defined for when the current density is
≥ 0.1 A cm−2. The best and worst parameters are highlighted. Baliga’s figure of merit (BFM) is also presented.

Device:

n

φB
(eV)

1.54
1.46
01
1.84
1.27
02
1.60
1.38
03
1.68
1.40
04
1.75
1.32
05
1.68
1.35
06
1.60
1.41
07
1.47
1.44
08
1.52
1.40
09
1.54
1.39
10
1.69
1.31
11
1.77
1.30
12
1.62
1.39
13
2.00
1.23
14
Avg. ± Std. 1.66 ± 0.14 1.36 ± 0.06

5.5.2

5.5.2.1

Vbr

Emax

(mΩ cm )

(V)

(MV cm )

BFM
(kW cm−2)

23.2
19.1
24.4
13.8
19.1
20.9
22.5
24.8
23.7
22.3
19.2
18.4
22.7
17.7
20.8 ± 3

−11.9
−12.3
−19
−8.7
−7.64
−13.6
−14.6
−11.4
−12.4 ± 3.3

3.96
4.02
4.97
3.36
3.15
4.2
4.35
3.84
3.98 ± 0.53

6.10
6.20
26.16
3.96
2.35
7.80
9.56
6.77
8.61±6.94

RS
2

−1

Vertical iridium-diamond diode

Current-voltage behaviour and forward bias performance
An initial survey of the Ir-diamond “type b” SBDs was performed by measuring the current-

voltage behaviour of all the 16 devices, from −4 to 4 V, in air and at room temperature. The results are
shown in Figure 5-19:
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Figure 5-19: J-V curves of all “type b” Ir-diamond Schottky diodes (sample type #3) for an overall performance
overview, displayed in (a) semi-logarithmic and (b) linear scale.

Upon inspection of the J-V curves above, clear differences from the Ni-diamond SBDs can
be identified. To start with, forward current values are smaller by ~2 orders of magnitude, and the
leakage current at reverse bias is higher by roughly a similar factor, translating into a rectification ratio
of no more than ~103. In contrast, the Ni-diamond SBDs displayed a ratio of ~105 and a best value of
1010. The curves above also show a lower turn-on voltage, which was estimated as ~0.32 V, and higher
on-state/series resistance. While low turn-on voltage is advantageous in forward bias, overall the Irdiamond SBDs “type b” display worse rectification than the Ni-diamond counterparts.
For a more detailed analysis, the two best performing Ir-diamond diodes were measured and
the current-voltage curves fitted to equation (5.2.5). The results are shown in Figure 5-20.
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Figure 5-20: J-V curves of the two best performing “type b” Ir-diamond Schottky diodes (sample type #3),
respectively (a) device 08 and (b) device 09. The series resistance of ~50.1 Ω cm2 is equivalent to ~102 kΩ,
which is ~3 orders of magnitude higher than for the Ni-diamond diode. The leakage current was lower in excess
of 1 order of magnitude when the devices were measured in Fluorinert rather than in air.

The characterisation of devices 08 and 09 above yielded a Schottky barrier height of

φB ≅ 0.76 eV, which is about half the value obtained for the nickel-diamond diodes before annealing
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(~1.36 eV), and still lower by ~0.37 eV than the value after annealing. As discussed earlier, a lower
Schottky barrier is advantageous for forward conduction by keeping the turn-on voltage low, but on
the other hand, the saturation/leakage current is drastically increased, resulting in worse rectification
and poorer blocking. The lower Schottky barrier height for the Ir-diamond SBDs is consistent with the
lower turn-on voltage of ~0.32 V.
The series resistance RS ≅ 100 kΩ (~50.1 Ω cm2) also resulted very high when compared
with the ~42.5 Ω (~20.8 mΩ cm2) obtained for the Ni-diamond SBDs, which explains the lower
forward current of ~10−1 A cm−2. An increase is rather expected due to the drift layer having a much
lower doping level 10 than before and also because the whole device is much thicker, with a ~300 µm
thick B-doped layer. Considering the drift layer thickness d = 2.5 µm, the device area=
A 4.91 × 10−4

ρ 1.7 × 105 Ω cm can be
cm−2 and the above series resistance, the resistivity (specific resistance) =
estimated, which is in line with the expected value for a B doping level in the range of 1017 cm−3 (see
Figure 1-14). So we conclude that main reason for the high series resistance is the more resistive drift
layer and that the thick B-doped layer and the metallic contacts add a less significant contribution to it.
Despite the lower Schottky barrier height and higher series resistance, the ideality factor
resulted even closer to 1 than for the Ni-diamond SBDs, which is an indication of reduced
recombination in the space charge region [49]. The reason for this is not clear, but we speculate that it
could be related to the lower impurity concentration in the drift layer causing a sufficient increase in
charge carrier mobility to overcome the increased depletion layer width, thus reducing the probability
of recombination as the charge carriers cross the depletion layer. However, a more careful
investigation of the electrical properties of the drift layer in both types of SBD, as well as greater
knowledge of their specific types of defects would have to be pursued in order to confirm this
hypothesis. The fact that the ideality factor and the series resistance of the Ni-diamond SBDs
effectively did not change after annealing is a strong indication that n is more dependent on the
electrical properties of the diamond.

5.5.2.2

Reverse bias and breakdown voltage
The reverse bias behaviour of the same two best performing Ir-diamond “type b” SBDs was

also investigated in the same manner as for the Ni-diamond SBDs. The measured reverse currentvoltage profiles can be seen in Figure 5-21.

10

From Mott-Schottky analysis, the estimated density of acceptors was N A ≤ 10 cm−3.
17
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Figure 5-21: J-V curves in reverse bias of the two best performing “type b” Ir-diamond Schottky diodes (sample
type #3), respectively (a) device 08 and (b) device 09, measured in Fluorinert.

Looking at the J-V curves above and comparing them with those from the Ni-diamond SBDs
in Figure 5-14 (b), their similarities are noticeable. The Ir-diamond diodes behave in a very similar
way to the Ni-diamond ones in reverse bias, displaying both an exponential increase of the
saturation/leakage current, which was attributed to the image force lowering effect discussed earlier.
Despite the lower doping level in the drift layer, the breakdown voltage did not result
substantially higher, but instead presented values in the range of −45 V. From equation (5.5.1), taking

N A = 1 × 1017 cm−3, a breakdown field of EM ≅ 1.7 MV cm−1 can be estimated, which is almost 4 times
lower than the maximum electric field obtained with the Ni-diamond SBDs. If the Ir-diamond SBDs
had experienced the same EM as the former, the resulting Vbr would have been around −600 V, but
instead the measured value was more than an order of magnitude smaller. According to Kawarada et
al. [51], a fully optimised structure with similar density of acceptors in the drift layer should withstand
breakdown voltages above 1 kV. The reason for the poor blocking in our Ir-diamond device is
believed to be related to the smaller Schottky barrier height, which in turn leads to higher leaking
current densities and premature breakdown, and also attributed to the lack of edge termination.
Combining the results from forward and reverse bias, Baliga’s figure of merit for the Irdiamond “type b” SBDs results in BFM = 0.04 kW cm−2, which is ~3 orders of magnitude lower than
the value obtained for the Ni-diamond SBDs.
Turning our attention to the Ir-diamond “type a” SBDs, their reverse bias current-voltage
profiles were measured and shown in Figure 5-22 for comparison.
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Figure 5-22: J-V curves in reverse bias of the highest blocking “type a” Ir-diamond Schottky diodes (sample
type #2) with a drift layer of ~20 µm. These are the devices produced by the “back etch” procedure.

The J-V curves above display the same exponential behaviour as measured for the previous
devices, however the breakdown voltage results much higher, in the range of −600 to −700 V. These
values show the significance of having a properly insulating drift layer for the improvement of the
breakdown voltage, despite the performance coming at the cost of forward conduction. With a ~10
times thicker drift layer than the “type b” SBDs, from equation (5.3.1) Vbr should increase by the same
factor because of the higher series resistance. In this way, the highest part of the applied potential is
expected to be supported by the bulk diamond instead of the metal-semiconductor junction.
Nevertheless, it is positive to register for the first time high breakdown voltages for heteroepitaxial
diamond grown on Ir/YSZ/Si(001) and verify that this material can support hundreds of volts despite
its high density of dislocations. These breakdown voltage values set a new target for future
heteroepitaxial diamond-based SBDs.

5.5.3

Vertical nickel-diamond diode
In order to investigate the causes of the poor performance of the iridium-diamond diodes we

opted to use the same substrate and structure and produce a comparable nickel-diamond version,
expecting then a similar Schottky barrier height as for the SBDs in the pseudo-vertical structure, as
well as stronger rectification and reverse bias performance.

5.5.3.1

Current-voltage behaviour and forward bias performance
Following the same procedure as before, the J-V characteristic of the vertical Ni-diamond

Schottky diodes (~1.2 µm thick drift layer) were measured and summarised in Figure 5-23.
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Figure 5-23: J-V curves of the best performing Ni-diamond Schottky diodes (sample type #4) in (a) semilogarithmic and (b) linear scale, all measured with the sample immersed in Fluorinert.

Upon analysis of the curves above, and comparing them to the Ir-diamond diodes (Figure
5-20), one observes that the rectification ratio increased from ~103 to ~107 and that the turn-on voltage
increased from ~0.32 V to roughly 1.4 V.
The J-V curve of device number 13, identified as the best, yielded the following parameters
after fitting to equation (5.2.5): n = 3.8 , φB = 0.90 eV, RS = 0.19 MΩ (~106 Ω cm2). With exception
of the Schottky barrier height, all parameters resulted worse for the Ni-diamond SBDs than for the Irdiamond SBDs. The Schottky barrier height being almost 0.5 eV lower for this device than for the
pseudo-vertical Ni-diamond SBDs, and only ~0.14 eV higher than the Ir-diamond SBDs, points
towards significant differences in the junction, most likely related to surface termination. That is, the
pseudo-vertical Ni-diamond SBD would have higher oxygen coverage and therefore more positive
electron affinity, resulting in higher energy barrier for charge carriers.
The most unexpected result of all is the increase of the series resistance, which should have
in fact decreased due to the thinning of the drift layer from ~2.5 to ~1.2 µm. This suggests again a
more fundamental problem related to either the Ni-diamond interface and/or perhaps to the Ti/PtB:diamond interface.
At this point we can only speculate whether the Ti/Pt-B:diamond interface was damaged
after the plasma treatments (RIE, hydrogen plasma and air plasma) and/or whether the air plasma
treatment for O-termination of the diamond was not as beneficial as suggested by our XPS survey (see
section 7.2). This could explain why in every case where the samples were treated by air plasma to Oterminate the surface the SBDs suffered with small φB , whereas the Schottky barrier height of the
pseudo-vertical Ni-diamond diodes (O-terminated chemically) resulted in a competitive ~1.4 eV. A
more in-depth investigation of these issues will be left for a future work.
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Reverse bias and breakdown voltage
A few vertical Ni-diamond SBDs were selected for breakdown voltage measurements like

for the previous devices. The results are shown in Figure 5-24.
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Figure 5-24: J-V curves in reverse bias of a few Ni-diamond Schottky diodes (sample type #4) in a vertical
structure with a ~1.2 µm thick drift layer. All curves were measured in Fluorinert.

Comparing the curves above with those from the vertical Ir-diamond diodes (Figure 5-21),
an improvement of at least ~20 V is observed. Some devices broke down at even higher values of
roughly −100 V, which is a substantial improvement over the previous −45 V, considering that it’s a
recycled substrate with a thinner drift layer. This result can be attributed to the higher Schottky barrier
height and to the higher series resistance.
Combining the results at forward and reverse bias, the (recycled) vertical Ni-diamond SBDs
yielded a BFM = 0.12 kW cm−2 at best, which is more than 2 orders of magnitude smaller than the best
devices in this work: the pseudo-vertical Ni-diamond SBDs.

5.6 Conclusion and final remarks
The work presented in this chapter concerned the evaluation of Schottky barrier diodes (SBDs)
fabricated out of heteroepitaxial diamond grown on Ir/YSZ/Si(001) for high power switching
applications.
In a first step, proof of concept was demonstrated with SBDs fabricated following a pseudovertical (or lateral) structure, employing Ni as the metal for the semiconductor-metal junction. Due to
initial experimental constraints, the drift layer was grown in a MWPCVD reactor with a high B
background, leading to high doping level and SBDs with suboptimal rectification properties.
Nevertheless, the pseudo-vertical Ni-diamond SBDs displayed rather good forward bias behaviour,
with excellent series resistance RS ≅ 13.8 mΩ cm2, respectable Schottky barrier height φB ≅ 1.36 eV,
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and an excellent rectification ratio of ~1010. Reported state-of-the-art SBDs fabricated with highquality diamond single crystals (several of them with smaller device areas and use of edge
termination) present comparable or only slightly better values (i.e. rectification ratio of ~1010,

φB ≅ 1.4-1.6 eV for either pseudo-vertical WC-diamond SBD or for vertical Ni-diamond SBD, and
RS ≅ 9.8 mΩ cm2) [15, 18, 19, 34]. The high doping level in the drift layer of our device and the lack
of edge termination led, however, to poor reverse bias behaviour and premature breakdown voltages of
only several 10 V. The final result was a device with a low BFM of 26.16 kΩ cm−2 or 65.22 kΩ cm−2
in the best case, depending on the criterion for the breakdown voltage.
During preparation of this thesis chapter, Schottky diode structures on heteroepitaxial diamond
grown on Ir (deposited on Si(001) with an undisclosed buffer layer in between) were also
demonstrated by another group [54]. With a drift layer of ~1 µm, dislocation density of 108 cm−2,

N A = 4 × 1016 cm−3, RS ≅ 76.3 mΩ cm2 and φB ≅ 1.49 eV, this device has reached a breakdown voltage
of ca. −52 V (breakdown field of ~1 MV cm−1) without edge termination. From those parameters a
BFM of 35.42 kΩ cm−2 could be determined. Despite their final figure being apparently better, after a
more detailed comparison of our devices, the merits of our pseudo-vertical Ni-diamond SBDs become
clear, particularly because of the difference in doping level. By reducing N A from 2 × 1018 to
4 × 1016 cm −3 a drastic increase of the breakdown voltage (factor of ~50) can be, in theory, expected for
our device. With further optimisation of the doping concentration and the thickness of the drift layer,
as well as the adoption of edge termination still to be done, our pseudo-vertical Ni-diamond SBDs
turned out to be more than a proof of concept. They stand as an excellent platform with much more
performance to be extracted from.
In a second step, we have shown for the first time diamond-based SBDs with Ir as the Schottky
contact, in an attempt to profit, on a later stage, from the high melting point of this metal for stable
high-temperature device operation, and from the fact that Ir can grow epitaxially on diamond, forming
an abrupt interface with strong bonds. At the same time we explored the use of vertical device
structures. Overall, all Ir-based devices have shown worse merits, mainly represented by smaller
Schottky barrier height and higher series resistance. These results translated into lower rectification
ratio of ~103, worse conductivity at forward bias, relatively low breakdown voltages and BFM values
of 2-3 orders of magnitude lower than that for the pseudo-vertical Ni-diamond SBDs. Nevertheless,
the Ir-diamond SBDs still need to be investigated more carefully and in a similar platform as that used
for the pseudo-vertical Ni-diamond SBDs, in order to isolate and eliminate the encountered problems
of high resistivity and possibly damaged diamond surface due to plasma etching processes. A strong
indication of Ir not being the cause of poor performance was observed when the vertical SBDs were
recycled to be used with Ni Schottky contacts, as the gain in performance with Ni was virtually none.
Despite the issues with the vertical structures, high breakdown voltages of −700 V to −600 V
could be measured for SBDs with ~20 µm thick drift layers fabricated out of heteroepitaxial diamond.
To the best of our knowledge, these are the highest reported values for this type of material. Added to
the very good performance of our pseudo-vertical Ni-diamond SBDs, these values are a good
indication that heteroepitaxial diamond grown on Ir/YSZ/Si(001) with dislocation densities of
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107 -108 cm -2 can indeed be applied as functional devices for high-power electronics and join the
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competition against other wide bandgap materials. See figure below.
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Figure 5-25: Figure of merit of different wide-bandgap semiconductor-based SBDs: (green circle) best
heteroepitaxial diamond-based SBD from this work (sample type #1); (red circle) heteroepitaxial diamond-based
SBD from Japan [54], (blue squares) best single crystal diamond-based SBDs [17, 18]; (black triangle) best
GaN-based SBD [39]. The diagonal lines are approximate theoretical limits for the three materials, Si, GaN and
diamond, calculated from equation (5.3.2).
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Summary and outlook
This thesis is devoted to investigations of heteroepitaxial boron-doped diamond grown on

Ir/YSZ/Si(001) by MWPCVD (microwave plasma-enhanced chemical vapour deposition). The present
work encompasses 4 main areas of investigation, from synthesis (i.e. growth environment and
interaction of gas precursors), to structural properties (i.e. doping, stress and defects) and finally to
application in the fields of electrochemistry and high-power switching.
Heteroepitaxial diamond on Ir has inherent advantages compared to other types of diamond (i.e.
homoepitaxial single crystals and polycrystalline diamond) for combining the attributes of large area,
well-defined crystalline orientation, and a level of density of defects (i.e. dislocations) which has been
improving substantially over the last years. This development is enabling heteroepitaxial diamond on
Ir to be used in advanced applications where before only homoepitaxial single crystals could provide
the necessary electrical and optical properties. As many high-end applications rely on semiconducting
or metallic diamond, boron-doping is a topic of fundamental importance.
In the first part of this thesis a thorough investigation of in situ B-doping of diamond during
heteroepitaxial growth on Ir/YSZ/Si(001) was performed. Optical emission spectroscopy (OES)
enabled the monitoring of species in the gas phase involved in the growth by MWPCVD. It was
demonstrated how important it is to have knowledge and control over the background B contamination
of the CVD reactor in order to produce accurate doping concentrations and doping profiles. Without
this knowledge the optimisation of the semiconducting properties of diamond for device fabrication
cannot be achieved. In order to improve the control over the available doping range in reactors
contaminated with B, it was shown that controlled addition of oxygen by adding CO 2 to the feedstock
gas reduces the boron-related BH emission signal in the OE spectra in a proportional way, which leads
to a controlled reduction of incorporated B in the diamond lattice. However, it was shown that this
strategy is limited by a concomitant reduction of the growth rate with increasing O C ratio in the feed
gas, and that, as a consequence, the absolute amount of carbon needs to be increased in a proportional
way to maintain the growth rate. OES has subsequently shown that under this condition, the BH
emission signal is not as strongly reduced as before, and that the decrease of B incorporation is,
therefore, not as strong. The knowledge of the interplay between these growth parameters enables a
very careful control of the growth and semiconducting properties of B-doped heteroepitaxial diamond.
Furthermore, this study suggests that OES may be applied as a powerful standard tool for the precise
control of doping processes, by using the measured BH emission signal to automatically adjust the
composition in the feed gas during the CVD growth process.
Boron in the gas phase (e.g. intentional from a gas precursor or from background contamination)
was found to have a dramatic effect on the nitrogen-induced growth rate enhancement of diamond.
Despite addition of nitrogen in the gas phase being known to accelerate diamond growth by up to a
factor of 10, it was observed that a few ppm of B in the gas phase is enough to completely inhibit this
effect up to concentrations of ≥ 2000 ppm N 2 . A strategy to restore the catalytic effect of nitrogen
was employed by using oxygen to reduce the boron background. Systematic experiments have
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demonstrated that this is indeed possible, and that a well-defined threshold exists for the [ N B]gas
ratio in the gas phase separating standard (non-accelerated) growth from catalysed (accelerated)
growth. OES studies of concomitant addition of B and N in the gas phase revealed that neither the BH
emission signal is affected by addition of nitrogen, nor is the nitrogen-related CN emission signal
affected by addition of boron. This behaviour strongly supports that the influence of boron on the
nitrogen-induced growth rate enhancement must take place on the immediate surface of the diamond
during growth, and not by mutual interaction in the gas phase. From this knowledge, considerations of
the incorporation efficiencies of N and B in the diamond lattice then applied to the measured [ N B]gas
threshold for the growth rate enhancement, led to the estimation that the threshold coincides with an
incorporation ratio of [ N B]incorp. = 1. Growth rate enhancement requires an excess of nitrogen,

resulting in [ N B]incorp. > 1. In order to corroborate this hypothesis, elastic recoil detection analysis

(ERDA) of diamond films grown with [ N B]gas around the threshold was performed, yielding the
remarkable result that, indeed, the incorporated N B at the threshold is in the order of unity, with an

averaged experimental value of 1.88±0.35.
The present result suggests a simple mechanism where the inhibition of the growth rate
enhancement by nitrogen takes place via a local coadsorption of B and N. The formed BN pair is then
overgrown and incorporated as a BN unit. The final proof of the incorporation of BN units may be
obtained in future HRTEM and/or FTIR experiments. It can be expected that these results will
improve our understanding of the growth mechanism and dopant incorporation in diamond and
stimulate further theoretical work.
In the second part of this thesis, focus was given to the study of structural properties of borondoped heteroepitaxial diamond on Ir, with special attention to the effects of B-doping of films with
high dislocation densities. It was found that high dislocation densities in B-doped films also lead to the
formation of high compressive or tensile stress depending on the deposition temperature, in a similar
way to undoped films, which is explained in terms of the “effective climb” of dislocations. It was
demonstrated that the stress state in the B-doped films is, therefore, dependent not only on the wellknown lattice expansion due to B incorporation, but also on the additional stress caused by the
deposition temperature. Consequently, the knowledge of the components of the stress tensor, i.e. a
biaxial component and a hydrostatic component, is necessary in order to deduce the correct values for
B concentration in the films from standard techniques, e.g. X-ray diffraction (XRD) and
cathodoluminescence (CL). This result is not only relevant for heteroepitaxial diamond, but also for
homoepitaxial diamond, since high dislocation densities are often observed during (111) -oriented
homoepitaxial growth and they can also be introduced by sample preparation (e.g. mechanical
polishing).
The knowledge of the stress state in the B-doped heteroepitaxial diamond films enabled a correct
assessment and comparison of various techniques for the determination of the B incorporation in the
films, including CL, XRD and SIMS (secondary ion mass spectroscopy), which allowed the
measurement of an incorporation efficiency of ~20% for high-to-heavy doping (i.e. [ B] > 1020 cm−3).
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Imaging of dislocations for the reliable estimation of dislocation densities on plasma-etched
undoped and B-doped heteroepitaxial diamond films was also investigated. A broad survey of etch
parameters (i.e. gas composition, process pressure and temperature) was carried out, showing distinct
etching behaviour depending on the etchant and also depending on whether the sample is undoped or
B-doped. Two main types of etch-pit were identified: 1) inverted square pyramids with edges aligned
along 110 and 2) inverted square pyramids with edges aligned along 100 . Their asymmetric shape
along the [110] direction was found to be a pure geometric effect due to the off-axis direction of the
diamond along the same direction. In these studies it was also shown that not only addition of oxygen
via CO 2 to the hydrogen plasma enhances etch-pit formation (i.e. defect selectivity), but also B
present in the gas phase (either intentionally or from background contamination) produces a similar
enhancement. Furthermore, it was found that both pressure and temperature during etching play a
major role in the final shape of the etch-pits, while the measured etch-pit densities remain effectively
unaltered. The depth of the etch-pits (i.e. the angle of the 4 inner facets of the pyramid relative to the
base plane) was found to depend strongly on the process temperature, and that a sharp switch from
near- {112} to near- {115} facets takes place at 150 mbar, while a switch from near- {115} to near-

{117}

facets takes place at 50 mbar, with increasing temperature. These results have shown that the

previously reported formation of near- {113} facets is not a universal property of etch-pits, but rather
process dependent.
Understanding the properties of dislocations in B-doped diamond is fundamental not only for
the development of efficient strategies to reduce their density in the material, but also to understand
their influence on the electrical properties of electronic devices such as p-n junctions and Schottky
barrier diodes. The role of dislocations in the performance of diamond-based devices is currently very
much unclear, i.e. it is still open whether single dislocations represent killer defects which have to be
avoided completely or whether appreciable levels of dislocations are acceptable for a reasonable
device performance (see situation for GaN devices). Therefore, dislocations in heavily B-doped
heteroepitaxial diamond films were closely investigated in this thesis by HRTEM and auxiliary
techniques, yielding several important results. Contrary to reported observations on undoped diamond
grown with and without nitrogen, the dislocations in the B-doped film were found to propagate
exclusively along [ 001] . Dislocations with an inclination of 15° relative to [ 001] from the substrate
switched to 0° once threading through the B-doped layer. Dislocations reaching the surface were
found to terminate at etch-pits formed after an etch step, supporting the previous etch studies. By
selecting different extinction conditions, both edge- and 45° mixed-type dislocations with Burgers
b
vector b = a 2 101 were identified in the B-doped layer, in accordance with previous reports on
undoped diamond. Combined EELS (electron energy loss spectroscopy) and HR ADF-STEM (highresolution annular dark-field scanning transmission electron microscopy) analyses have shown for the
first time that dislocations in the B-doped layer are enriched with B and that the intermittent contrast
pattern typically observed along the dislocation line is correlated with an intermittent B-enrichment.
From analysis of the strain field around a dislocation core combined with EELS spectra, it was shown
that B-enrichment occurs in the region of tensile strain of the dislocation. Finally, EELS spectra from
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the dislocation core have shown that part of the incorporated B is in a perfect tetrahedral environment,
while part is embedded in a lower coordination, as indicated by the presence of a π* signal in the
EELS spectra. The incorporation of B in lower coordination, which has been reported before to be
present at twin and grain boundaries, was observed here for the first time also at individual
dislocations.
In the third part of this thesis, highly-heavily B-doped heteroepitaxial diamond films grown on
Ir/YSZ/Si(001) were applied for the first time as electrodes for electrochemical sensing. A thorough
characterisation of heteroepitaxial diamond electrodes was performed by a variety of standard
electrochemical techniques and the results were compared with polycrystalline diamond electrodes
and with results from single crystal diamond-based electrodes in the literature. Inner-sphere and outersphere redox mediators were used to evaluate rate constants and to assess the surface quality of the
material from cyclic voltammetry and impedance spectroscopy measurements. The resistance to
fouling was evaluated with a more complex mediator and SECM (scanning electrochemical
microscopy) maps of the surface of the electrodes were performed in order to investigate their
electrochemical homogeneity. The results have clearly demonstrated that B-doped heteroepitaxial
diamond electrodes possess remarkable performance, surpassing the ubiquitous polycrystalline
diamond electrodes and equalling single crystal diamond electrodes in terms of background current
(i.e. higher sensitivity), potential window (i.e. large available potential range of ~3.3 V for redox
reactions), selectivity and homogeneity (i.e. the surface is remarkably pure in terms of phase, with
absence of sp2 carbon, and in terms of O-termination), and resistance to fouling (i.e. less prone to
surface contamination by polar adsorbates). Boron-doped heteroepitaxial diamond has, therefore,
established itself as a superior material to polycrystalline diamond for electrochemical sensing
applications, and superior as well to single crystal diamond due to its inherent availability in larger
areas.
In the last part of this thesis, heteroepitaxial diamond on Ir/YSZ/Si(001) was pioneered as
Schottky barrier diodes (SBDs) for high-power switching applications. Several device structures were
investigated using either Ni or Ir for the Schottky contact. It was successfully demonstrated that
heteroepitaxial diamond-based SBDs can reach performances in forward bias on the same level as
single crystal diamond-based SBDs with low dislocation densities and optimised structure which
includes field-plate, despite the suboptimal device structure adopted in this work. The best
heteroepitaxial diamond-based SBD (Ni-diamond junction) has shown excellent merits, such as low
series resistance RS ≅ 13.8 mΩ cm2, Schottky barrier height φB ≅ 1.36 eV and high rectification ratio
of ~1010. In reverse bias an effective blocking was compromised by the relatively high doping level in
the drift layer, which resulted in a low breakdown voltage of −30 V and a Baliga’s figure of merit of
65.22 kΩ cm−2. The use of Ir for the Schottky contact was also pioneered in this work. This metal was
expected to form a stable and temperature-resistant junction with an atomically sharp interface,
surpass the performance of Pt-diamond and compete with WC-diamond junctions. However, SBDs
fabricated with Ir resulted in poorer performance than the Ni-diamond counterparts for reasons that
still need to be investigated in more detail. It is suspected that oxygen-termination of the surface by
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air-plasma etching before the junction was made may have damaged the diamond and, consequently,
deteriorated the Ir-diamond interface. An investigation of this possibility will be left for a future work.
Nonetheless, it was clearly demonstrated that heteroepitaxial diamond can indeed perform as Schottky
rectifiers, and that much higher performances can still be achieved simply by optimising the device
structure (e.g. with a more careful control over the drift layer thickness, of its B-doping level, and by
employing edge-termination to homogenise the electric field near the metal-semiconductor junction).
No clear evidence was found of detrimental effects of high dislocation densities. Finally, the best
Schottky diode presented in this thesis, despite sub-optimised, was able to match and even surpass the
later demonstrated heteroepitaxial diamond-based SBD from a Japanese group, a result which is
highly motivating and which makes a bold statement about the huge potential for heteroepitaxial
diamond on Ir/YSZ/Si(001) to be applied in high-end electronic applications.
Overall, the present thesis brings significant contributions not only to the understanding and to
the improvement of B-doped heteroepitaxial diamond, but also to the understanding of B-doping and
diamond growth in general, as the processes occurring in the gas phase during synthesis and the
processes influencing the structural properties of diamond are of interest to the whole diamond
community. Furthermore, with the B-doped diamond electrodes and the diamond-based Schottky
diodes, heteroepitaxial diamond can, along with other materials, be part of the solution for what is
arguably one of the most critical challenges that mankind faces in this century: the need to produce
clean and renewable energy and to use this energy in an efficient manner. The work presented in this
thesis contributes, therefore, with a humble step in this direction.
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7.1 Characterisation of the Burgers vectors of [001] dislocations by TEM
The following weak-beam dark-field (WBDF) TEM images were obtained in [110]-oriented
FIB foil. In this orientation, all the dislocations, except the edge dislocations with Burgers vector
b
b = a 2 [110] , can be identified. Indeed, all the diffraction vectors offered by the [110] zone axis are
perpendicular to this Burgers vector, leading to the invisibility of this family of dislocations. The
WBDF image of Figure 7-1 was obtained with g = 220 in the same region shown in Figure 3-26 in
section 3.4.3. It exhibits dislocations parallel to the [001] direction. In the WBDF image of Figure 7-2
obtained with g = 004 , some dislocations indicated by “E” in Figure 7-1 vanished. This confirms that
b
these dislocations are edge dislocations of type b = a 2 1 10  . The WBDF image of Figure 7-3 has
been obtained using the diffraction vector g = 1 11 . In this image, the dislocations labelled “M1” in
Figure 7-1 are invisible even though they present a small residual contrast due to the presence of
Boron at the dislocation core, which can affect the diffraction contrast and the extinction conditions.
This indicates that these dislocations are 45° mixed dislocations with Burgers vector of type
b
b
b = a 2 10 1  or b = a 2 [ 011] . Indeed, these two vectors make an angle of 45° with the line of the
dislocations, i.e. [001]. Figure 7-4 shows WBDF image obtained with g = 111 . In this image the

dislocations labelled “M2” in Figure 7-1 vanished. They are 45° dislocations with Burgers vector
b
b
b = a 2 [101] or b = a 2 01 1  . Again, a small residual contrast due to Boron segregation can be
observed.
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Figure 7-1: WBDF image obtained with g = 220 . Edge dislocations are indicated by “E”, while 45° mixedtype dislocations are labelled “M1” and “M2”.

Figure 7-2: WBDF image obtained with g = 004 .

Supplementary information

Figure 7-3: WBDF image obtained with g = 1 11 .

Figure 7-4: WBDF image obtained with g = 111 .
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7.2 Evaluation of O-terminated B-doped diamond by XPS
Oxygen termination is a necessary step in the fabrication of diamond-based Schottky diodes,
because it defines very strongly the Schottky barrier height by increasing the electron affinity up to
1.7 eV, which is crucial to the device’s performance. In our laboratories we have three possible
methods readily available to O-terminate diamond: 1) annealing in air at ~500 °C for 1 hour; 2) low
pressure (0.6 mbar) air plasma treatment for 5 min; 3) hot chemical bath in boiling concentrated

H 2SO 4 + HCl + HNO3 (roughly 1:1:1) for 30 min. Chemical and plasma processes are the most
common in the literature, therefore we focussed on those two. In order to find out which O-termination
is most effective, we sent our standard heteroepitaxial B-doped diamond samples for XPS (X-ray
photoelectron spectroscopy) analysis, courtesy of Johanna Larsson from the group of Prof. John
Foord, University of Oxford. Figure 7-5 shows the results of plasma treatment and Figure 7-6 shows
the results of the chemical treatment. Peak fitting was done with CasaXPS and normalisation by the
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Figure 7-5: XPS of the B-doped sample treated in air plasma. (a) Survey scan; (b) C 1s region; (c) O 1s region.
(b) and (c) are plotted in the same vertical scale.

The O C ratio in the plasma-treated sample is surprisingly high; 10-15% is common for oxygen
adsorbed on a polycrystalline B-doped diamond; 20% oxygen in the sample may suggest that O has
been absorbed into the carbon layers. The number of oxygen functionalities (Figure 7-5 (b)) is
consistent with a large amount of oxygen.

Table 7-1: Normalised areas of O 1s and C 1s and the relative amount of O to C in the plasma-treated sample.

Normalised area
%

O 1s

C 1s

O/C

2491.07

10485.47

0.2375
23.8

INTENSITY (arb. unit)
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Figure 7-6: XPS of the B-doped sample treated chemically. (a) Survey scan; (b) C 1s region; (c) O 1s region. (b)
and (c) are plotted in the same vertical scale, as is the CaCO3 region (Figure 7-7). Note in (a) the presence of
other functionalities in the C 1s region: N, Ca and Cl.

At first glance, the sample treated chemically shows a higher O C than the plasma-treated one,
but this is likely due to the presence of CaCO3 . If this contribution is ignored, the O C ratio results
therefore smaller. Note in Figure 7-6 (a) the presence of more functionalities in the C 1s region,
including Ca, N and Cl, which are likely impurities from the acids and tools used in the chemical
process.
Table 7-2: Normalised areas of O 1s and C 1s and the relative amount of O to C in the sample treated
chemically.

O 1s

C 1s

O/C

Normalised area (total peak)

2005.69

7243.09

0.277

Normalised. Area (without CaCO 3 )

1214.53

6556.21

0.185
27.7 or 18.5

INTENSITY (arb. unit)
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Figure 7-7: CaCO3 region of the chemically treated sample.
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The ratio of Ca to oxygen in Table 7-4 matches the stoichiometric proportions of CaCO3 ,
supporting that the actual O coverage in the chemically treated sample is smaller than in the plasmatreated sample. The nature of the chemical process is, therefore, less efficient to O-terminate diamond
than the air plasma treatment, and with the side-effect of leaving traces of undesired contaminants on
the surface.
Table 7-3: Normalised areas of Ca 2p and C 1s and the Ca to C ratio in the sample treated chemically.

Normalised area
%

Ca 2p

C 1s

Ca/C

265.36

7243.09

0.0366
3.7

Table 7-4: Normalised areas of Ca 2p and O 1s in the CaCO3 environment (see Figure 7-7), and the Ca to O
ratio in the sample treated chemically.

Normalised area
%

Ca 2p

O 1s ( CaCO 3 )

Ca/O

265.36

791.16

0.335
33.5
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