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ABSTRACT

Ever since methods to deposit diamond in the form of thin films by chemical vapour deposition
(CVD) were developed in the 1990s, an astonishing variety of applications for this material has
emerged. Indeed, the number and diversity of applications for CVD diamond are now so large
that they merit a dedicated review in their own right, providing a comprehensive account of
the huge variety of CVD diamond applications reported to date. This review discusses mechanical
applications, as well as applications in electrochemistry, high-power electronic devices, quantum
technology, thermal management, electron-emission devices, diamond composite materials,
optics, radiation detectors, X-ray lenses, dosimeters, biomedical applications, diamond anvil
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cells, nuclear fusion applications, and nuclear betavoltaic batteries. Some applications for

nanodiamond particles are also reviewed.

1. Introduction

Diamond has long been renowned for its exceptional
hardness, but it also has a remarkable range of other prop-
erties, including having the highest room-temperature
thermal conductivity, high transparency from the UV
through the visible region to the infrared, being the stiffest
material, the least compressible, and is chemically and
biochemically inert [1]. With such a diverse range of
extraordinary properties, it is not surprising that diamond
has often been referred to as “the ultimate engineering
material” [2,3]. Historically, however, it proved very dif-
ficult to exploit many of these properties, due mainly to
the fact that diamond was only available in the form of
natural stones or grit, which were both scarce and expen-
sive, and for which the only real application was to be cut
and polished into gemstones for use as jewellery.

The invention of the high-pressure high-temperature
(HPHT) method of diamond synthesis [4] in the 1950s
allowed so-called “industrial diamonds” to be manufac-
tured in large quantities. These diamonds ranged in size
from nanometres to millimetres, but the high number
of defects and their off-putting yellowy-brown disco-
louration precluded their use in jewellery at that time.
Nevertheless, these HPHT diamonds could be used for
a wide range of industrial processes which exploited
diamond’s hardness and wear-resistance properties, such
as cutting and machining mechanical components, and
for polishing and grinding of optics. Over the next

70years this became a hugely profitable industry, and
the industrial diamond market remains highly lucrative
today, with an estimated annual turnover of around $15
billion dollars (USD) [5]. Over the past 50years,
improvements in the growth process have allowed
high-quality HPHT diamonds to be fabricated with
defect and dislocation densities comparable to or even
better than CVD diamond, especially for larger stones
[6,7]. The development of smaller high-pressure presses
has allowed HPHT to become the method of choice to
economically and rapidly fabricate large numbers of
small, but gemstone-quality, single-crystal diamond
stones for the jewellery market. Near-perfect HPHT dia-
mond substrates, which have been laser cut from the
as-grown material and polished smooth, are also finding
lucrative applications as the seed crystals needed for
other diamond growth methods (see below).

However, the major disadvantage of the HPHT pro-
cess is that it still produces diamond in the form of
single-crystal stones or grit, and this severely restricts
the range of applications for which it can be used. This
situation changed in the early 1980s, when work pio-
neered in Russia, Japan, and the United States [8], led to
the development of a chemical vapour deposition (CVD)
process for depositing diamond in the form of layers that
were nm, pm, or even mm thick, on a variety of sub-
strates. Research interest in CVD diamond skyrocketed,
and the price for 1 carat (0.2g) of CVD diamond in the
form of a thin coating or as a freestanding plate fell below
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$1 for the first time in the year 2000 [2]. Suddenly, CVD
diamond became significantly more accessible, and engi-
neers finally had diamond in a form which allowed them
to exploit its vast array of outstanding properties in a
wide variety of applications.

Led by US companies Diamonex and Norton [9], the
first application of CVD diamond to be commercialised
in the 1990s exploited its extremely high thermal con-
ductivity in the form of heat spreaders to remove the
localised heat from high-power electronic devices. These
heat spreaders were made from freestanding plates of
CVD-grown diamond which had been chemically
removed from their Si substrate. The plates were then
attached to the underside of the hot device on one side
and to a heat sink, radiator or cooling system on the
other, allowing rapid thermal transfer away from the
device. CVD diamond-coated cutting, drilling and
grinding tools were developed soon afterwards [10], as
these were a natural follow-on from the HPHT tools
already on the market.

But the dreams were always for diamond to break into
the semiconductor market, and figures-of-merit were
published demonstrating that diamond could, indeed,
be the ultimate semiconductor material [11]. The first
devices to come onto the market were surface acoustic
wave (SAW) filters, which were developed by Sumitomo
in Japan for use in mobile phones. These exploited the
fact that diamond has the highest acoustic velocity of
almost all materials (~19km s, or ~40 times faster than
that in air) [12]. The story of SAW filters parallels that
of much of diamond technology. At first, there was a
great deal of optimism about the remarkable properties
of diamond enabling the SAW devices to have vastly
improved performance over existing ones [13]. Then
came the realisation that interfacing diamond with the
surrounding materials (in this case the piezoelectric
material needed to convert the SAW waves into voltages
and back again), was not as easy as first thought [14], so
optimising the device might take many years longer than
hoped. Finally, as more time went by and only incremen-
tal progress was being made in solving these difficult
problems, competing materials or technologies caught
up with, and finally overtook diamond. CVD diamond
was abandoned for SAW devices by most manufacturers
in favour of new materials that had performance speci-
fications that were inferior to diamond but were never-
theless still an improvement over previous generations
of SAW devices. In short, the competing materials may
not be the best, but they were “good enough” to do the
job—without all the difficulties associated with using
diamond.

This story was repeated many times for different
potential diamond applications. Field-emission displays
using diamond and/or carbon nanotube (CNT) electron
emitters gained a lot of publicity in the late 1990s, but

these eventually lost out to liquid-crystal displays (LCD),
light-emitting diode (LED) and organic LED (OLED)
screens [15] due to their lower price, high reliability, and
the fact that working LED/OLED televisions that were
“good enough” for consumers arrived in the marketplace
before diamond ones. Not surprisingly, research and
development of diamond-based field-emission displays
all but ceased in the early 2000s.

Diamond, along with its amorphous-carbon ana-
logue, diamondlike carbon (DLC), had been proposed
as an excellent bioinert, wear-resistant material with
which to coat artificial load-bearing joint prostheses to
increase their lifetime. However, there were problems
with the early DLC coatings, which had poor adhesion
and spread nanosized particulates into the body [16].
This led to a lack of trust in DLC (and by association,
diamond) for medical applications by the medical com-
munity, who shunned diamond, preferring to stick with
tried-and-trusted materials.

From about 2000 to 2010, the lack of success in iden-
tifying a practical room-temperature n-type dopant for
diamond, along with seemingly only incremental prog-
ress in the development and commercialisation of large-
area diamond substrates, stifled the development of
diamond electronics. This roadblock coincided with
reports that competing materials, such as SiC [17], GaN
[18] (and more recently Ga,O, [19]), were going from
strength to strength in terms of performance and avail-
able wafer sizes. In the same period, exciting new “won-
der materials,” such as graphene, promised to outperform
even diamond in some applications [20]. Reluctantly,
the dreams of diamond being a universally useful semi-
conductor were scaled back, and diamond device
research became focused only upon more specialised
high-power, high-voltage and/or high-frequency appli-
cations. Even so, the continuing advances in competing
materials began to threaten diamond’s dominance here
as well. As a result, funding for diamond device research
was channelled elsewhere (particularly into graphene
research), and CVD diamond technology was starting
to look like a “non-starter”

However, around the year 2010, scientists, engineers,
and importantly, funding agencies, started to realise that
the various competing materials were also having sig-
nificant problems of their own. Graphene, in particular,
had been rather overhyped, and had received multi-
millions of dollars in funding with few if any “killer
applications” looking likely to reach the market in the
near future [21]. It seemed that diamond was now back
in the game!

This resurgence was helped by three main discoveries
which reignited the enthusiasm for diamond technology.
The first was the discovery that a common defect in dia-
mond (the NV-centre) could act as a source of photons
that were emitted one at a time with controlled and



known properties [22]. This led to the remarkable pros-
pect that room-temperature quantum computing might
become a reality in the near future. The second exciting
breakthrough was the finding that boron-doped dia-
mond (BDD) acted as superlative electrochemical elec-
trodes, enabling a range of new potential analytical and
biosensor applications [23]. Finally, the spectacular and
highly lucrative success of CVD diamond gemstones in
the worldwide jewellery market [24] helped expedite the
long-hoped-for technological advances in diamond
growth rate and large-area deposition. The availability
of single-crystal diamond (SCD) wafers with larger areas
that are more compatible with standard semiconductor
materials triggered a revival of interest in diamond
devices, with novel field-effect transistor (FET) archi-
tectures based on delta-doping and two-dimensional
hole-gas conduction being developed. The medical
world, too, lost some of its reticence about using
diamond; applications, such as diamond-based neural
implants, bionic eyes, brain-computer interfaces, and
antimicrobial coatings started to be reported [25].
The nuclear industry started taking a deeper interest
in diamond, particularly in fusion research, where
diamond has been studied as a protective material for
the plasma-facing surfaces inside a fusion reactor, or
from which to fabricate the microwave-transparent win-
dows required by gyrotrons to transmit continuously the
100’s of megawatts of power needed to maintain a
fusion plasma.

Although the exuberant hype of the 1990s has now
been calmed somewhat by the sedative of realism, dia-
mond technology is currently experiencing a renaissance
in terms of the astonishing amount and surprising vari-
ety of new applications being reported. Indeed, the num-
ber and diversity of applications for CVD diamond have
grown to such an extent that this subject has now been
granted a review in its own right. Although this review
provides a comprehensive account of the variety of CVD
diamond applications reported to date, it obviously can-
not cover them all. Indeed, just reporting the range and
variety of CVD diamond electronic devices can fill an
entire book [26], while excellent detailed reviews are
available for most distinct CVD diamond application
fields, such as electrochemistry [27], quantum informa-
tion [28], and biomedical applications [25]. Likewise,
detailed information about the growth of synthetic dia-
mond gemstones, which have applications limited only
to jewellery, can be found in several recent review papers
[4,24,29] as well as a book written as a guide to workers
in the gem trade [30]. In contrast, this review is intended
to provide a glimpse of the “big picture”—an overview
of the entire spectrum of diamond applications as they
currently stand in mid-2024. Hopefully, this review may
convince sceptical readers that diamond is finally living
up to its promise as the ultimate engineering material.
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2. Mechanical applications
2.1. Cutting milling and grinding tools

Because of the extreme hardness of diamond, its most
widely known applications are those that improve the
wear resistance and cutting ability of tools, such as saw-
blades, drill bits, milling tools, wire-drawing dies, and
grinders [31]. In addition, diamond’s extremely high
thermal conductivity removes damaging heat from the
cutting edge, while its low coefficient of friction aids in
the removal of the cut material. These impressive ther-
mal and wear properties mean that diamond tools can
run at high speeds that would destroy most other tools
or coating materials. Alternatively, when used at normal
speeds, diamond tools operate at a cooler temperature
than other tool materials, reducing damage to heat-
sensitive workpiece materials, as well as increasing tool
lifetimes by as much as a factor of 10. Indeed, ever since
so-called industrial diamond became available in the
1960s, it has been possible to buy diamond-coated tools
at a local hardware store for surprisingly low prices.
These tools are made using HPHT diamond crystals (or
natural diamond offcuts from the jewellery industry) of
size typically 2-30 um—which are either affixed individ-
ually as a coating onto the cutting surface or sintered
together with ~5% of a metal binder (usually Co) to form
polycrystalline diamond (PCD) composite blocks [32].
Other coating methods, such as electroplating or
resin-bonding are also used but are less common [33].
The market for such diamond-cutting tools has been
estimated at around $10 billion (USD) in 2022 and is
predicted to rise to close to $20 billion by 2030 [5]. They
are used in the construction industry for drilling and
cutting of concrete and other hard materials. Diamond
tools are also used in quarries for cutting and extraction
of natural stone blocks, as well as shaping and polishing
of the final stone products. Semiconductor wafers are
diced into “chips” using diamond saws, while the trans-
portation industry uses diamond tools for making and
repairing infrastructure (cutting holes in roads to lay
pipes, tunnel boring, etc.). The automotive and aerospace
industries use them extensively for cutting specialised
metals, alloys, and composites that incorporate prob-
lematic materials, such as Al-Si, Mg-Si, copper, graphite,
carbon-fibre composites, metal matrix materials, green
ceramics, fibre-reinforced plastics, and many non-
metallic materials, such as wood, paper brick, cement, and
printed circuit boards. Companies that drill for minerals,
natural gas, and oil are huge users of diamond tools [34].
The advent of CVD diamond in the 1990s meant that
tools could now be manufactured with cutting edges
toughened by a conformal layer of diamond. The advan-
tage of using CVD diamond coatings over “glued-on”
HPHT grit or PCD blocks is that the CVD film is generally
smoother, meaning the cuts have more precision, while
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the coherent uniform nature of a CVD diamond coating
affords it higher rigidity and higher thermal conductivity,
enabling higher cutting speeds [35]. CVD diamond can
also coat complex three-dimensional tool structures,
allowing them to be used for micromachining applica-
tions, such as dental drills [36]. Larger diamonds with
laser-cut holes are also used as dies for wire drawing [37].
Although the early problems of coating tungsten-
carbide tools with CVD diamond have largely been solved
[38], if used incorrectly, CVD diamond coatings depos-
ited onto other tool materials can crack and delaminate.
Currently, a lot of research effort is being put into solving
the difficulties of depositing smooth, adherent diamond
films onto metallic substrates, such as high-speed steel
tools. These problems arise from the difference in the
thermal expansion rates between the diamond and most
other materials, as well as the limited choice of substrate
material due to the high temperatures required for CVD.
Another limitation of the use of diamond tools is that
they cannot be used for non-ferrous metals, such as Co,
Ni, Cr, V, and Fe (including most steels) due to their pro-
pensity to react with the diamond and form carbides at
the high temperatures generated in the cutting process.
In 2022, CVD diamond-coated tools occupied only
about 35% of the overall diamond-tool market [39], but
that market is so huge that even this share is highly lucra-
tive. HPHT diamond will still dominate the tool industry
for many years to come, but as advances in deposition
technology appear, CVD diamond might begin to take
an increasingly larger share of the cutting-tool market.

2.2. AFM tips

In atomic force microscopy (AFM) a sharp tip, with a
radius typically several nm to tens of nm, is located at the
end of a stiff but flexible cantilever, usually made from Si
or silicon nitride. The force interactions between the tip
and the sample are recorded by monitoring the deflection
of the cantilever using a laser, as the tip is scanned across
the surface. The tip shape and radius predominantly
determine the achievable lateral resolution. However,
changes due to damage or wear of the tip frequently cause
artefacts in AFM measurements [40]. This is a major
problem in contact-mode imaging where the tip remains
in continuous contact with the sample surface while it is
dragged along. Adsorption of particles, molecules, or
other nanoscale detritus onto the tip may also create
imaging artefacts, e.g., “multiple feature” images.

Such imaging artefacts can be minimised by using
diamond AFM probes because these are less prone to
wear and damage. For example, Agrawal et al. [41]
demonstrated that AFM tips made from nanocrystalline
CVD diamond are almost ten times more wear-resistant
compared to commercially available silicon nitride AFM
tips when imaging ultra-hard surfaces. Adsorption of
particulates is also decreased on diamond AFM tips due

to the chemical inertness of diamond. Another advan-
tage of diamond AFM probes is that, due to their high
thermal conductivity, they can rapidly achieve thermal
equilibrium conditions with the sample surface when in
contact with it. This is important when analysing delicate
biological samples which may be temperature sensitive.

Diamond AFM tips can be fabricated by coating a Si
tip with a conformal layer of nanocrystalline diamond,
or by using a SCD that has been etched to the correct
shape and sharpness. Nowadays, such diamond AFM
tips can be purchased commercially from a wide range
of manufacturers.

Standard diamond AFM tips can be modified to pro-
vide extra functionality. Using electrically conducting
BDD tips allows the AFM to be used for conductivity
measurements with nanoscale lateral resolution, as well
as acting as a micro- or nano-electrode in electrochem-
ical analysis (see Section 3.3). Incorporating an
NV-centre (see Section 5) into the end of the diamond
tip allows a scanning AFM to be used for a variety of
quantum sensing applications (see Section 5.3). A review
of diamond AFM tips and their use can be found in
Ref. [42].

3. Electrochemistry

Highly boron-doped diamond (BDD) exhibits electrical
conductivity comparable to that of many metals, thus
making it suitable as an electrode material for electro-
chemical redox reactions. Compared to conventional
electrodes made from gold, platinum, or glassy carbon,
those composed of or coated with BDD offer numerous
advantages for electrochemistry [23,27,43]. Their pri-
mary benefit lies in the significantly broader operating
range, enabling operation within potentials ranging from
-1to +1.8V (see Figure 1). This facilitates the detection
or analysis of redox species typically beyond the oper-
ating range of conventional electrodes [44]. Moreover,
the signal response is flat within this operating window,
which means there is virtually no background or

BDD
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Figure 1. The potential windows of several different electro-
chemical electrodes. Redrawn using data from Ref. [44].



capacitance, allowing the BDD electrodes to be highly
sensitive to small changes in analyte concentration. BDD
electrodes are therefore able to detect compounds at
nanomolar [i.e., parts per billion (ppb)] concentrations,
even when chemically similar species are also present
(see Figure 2(a)). Moreover, BDD electrodes are chem-
ically inert and resistant to corrosion under conditions
of elevated temperatures and pressures, as well as in
environments hostile to other electrode materials.
Diamond is also recognised as being bioinert, i.e., it does
not elicit immune responses, including inflammation or
rejection in living cells, allowing it to be used in various
biochemical environments or inside living organisms.
Additionally, BDD electrodes can be patterned into var-
ious micro- or nanosized structures, for example,
nanowires [46], foams [47], fibres [48], and needles [45].
Such nanostructures can increase the active electro-
chemical surface area by up to 1000 times, together with
an associated huge increase in sensitivity [45] (see
Figures 2(b,c)). Furthermore, as well as BDD electrodes
being mechanically robust, they exhibit significantly
lower fouling propensity compared to traditional elec-
trodes. Even in the event of fouling, they can be electro-
chemically cleaned in situ [49].

It must be emphasised, however, that there are many
different varieties of BDD electrodes, and their electro-
chemical performance is critically dependent on vari-
ous factors, such as the diamond grain size (i.e., the
number of grain boundaries and their sp? carbon con-
tent), the roughness of the surface and its average crys-
tallite orientation, as well as the B-doping level and
uniformity, and surface functionality (e.g., hydrophobic
O-termination or hydrophilic H-termination) [27].

BDD electrode material or prefabricated BDD elec-
trodes themselves can be purchased from several com-
panies, including Element Six (UK) [50], Condias
(Germany) [51], Sumitomo Chemical (Japan) [52],
Boromond (China) [53], sp3 Diamond Technologies
(USA) [54], and nowadays are even available on Amazon
[55]. Worldwide, there are currently around 50 research
groups using BDD electrodes for a range of electrochem-
ical applications.

3.1. Electrochemical analysis and assaying

A hugely important application for BDD electrodes is to
determine the identity and concentration of contami-
nants or impurities in liquid samples, for example, pol-
lutants in lakes and rivers. Conventional electrodes are
often unsuitable for this purpose due to their catalysing
the oxidation and/or reduction of water at lower poten-
tials than those required to detect many target com-
pounds. In contrast, with their much wider aqueous
potential window, BDD electrodes play a key role here
in enabling the detection in water supply systems of con-
taminants, such as heavy metals (Hg [56], Cd, Pb, Ni
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Figure 2. An example of nanostructured BDD electrodes being
used for highly sensitive and selective electrochemical trace
analysis in water. (a) Differential pulse voltammograms recorded
for different concentrations (plots 1-9; 0-5puM) of dopamine
(DA) in the presence of 30 uM uric acid—a chemically similar
analyte. Inset: Current density j (mA cm=2) vs. concentration of
dopamine (uM) showing a linear response with concentration.
(b,c) SEM images of nanostructured BDD needles on the surface
of an electrode, with an electrochemically active area 220 times
larger than that of a flat diamond electrode. Figures reprinted
under CC BY 4.0 licence from Ref. [45] (published by the Royal
Society of Chemistry).

[57], As [58]), polycyclic aromatics (PCAs) and pesti-
cides [59], hormones and estrogenic compounds [60],
explosives [61], neurotransmitters, such as dopamine
[45], drugs (paracetamol, narcotics, pharmaceuticals)
[62], and water-soluble nerve agents [61].

3.2.In situ medical diagnostics

Due to its bioinert properties, an important emerging
application for BDD electrodes is for electrochemical
measurements to be made inside a living organism. For
this, micron-sized electrodes are needed [63], which
are fabricated by coating a sharpened wire (usually
made from W or Pt) with BDD. In neuroscience, these
tiny BDD electrodes can be positioned inside a cell near
the site(s) of the release and/or action of neuro-
signalling molecules, providing key information about
the concentration changes of key molecules as a bio-
logical process occurs. For example, BDD microelec-
trodes have been used to measure the release of
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noradrenalin from sympathetic nerves [64], as well as
the release of serotonin from enterochromaffin cells in
the small and large intestine during digestion [65].
However, one problem with using BDD for in vivo sens-
ing is that BDD electrodes are rigid, which makes them
difficult to implant into soft tissue. To solve this, a flex-
ible microelectrode was fabricated by depositing BDD
onto Parylene C [66]. This bendable electrochemical
sensor can detect dopamine in the presence of ascorbic
acid and has been used to record the neural activity
inside a living rat. Such studies are still relatively new,
but they hold significant promise for advancing future
medical diagnostics.

3.3. Modified BDD electrodes

Alongside electrochemistry using planar macroscopic
BDD electrodes, a relatively new and thriving field of
study is the use of nanostructured or modified BDD
electrodes. Examples of such BDD nanostructures
include nanotextures, nanowires, networks, porous
films, nanoelectrodes and undoped/BDD nanoparti-
cles, and their uses are reviewed in detail in Ref. [67].
Likewise, BDD electrodes have been decorated with a
range of metal nanoparticles for different analytical
applications, reviewed in Refs. [43,68]. Often, the case
here is that the metal nanoparticles are employed for
studying specific analytes or performing bespoke tasks,
such as catalysis, while the BDD electrode serves as a
chemically inert yet electrically conducting support.
Some recent representative examples of the use of
nanoparticle-decorated BDD electrodes include the use
of Pt for biosensors [69], Ag for analysis of ceftizoxime
[70], Au for proton detection [71], tumour-marker
sensing [72], and Hg analysis [73]), Ni as an immuno-
sensor [74], and Bi for detection of Zn, Cd, and Pb
ions [75].

3.4. CO, reduction

Another important application for BDD electrodes is to
facilitate useful electrochemical reactions [43]. As men-
tioned above, to enhance the specificity of the reaction,
high-surface-area catalytically active metal or metal-
oxide nanoparticles are sometimes used to decorate the
bare BDD electrodes. A key advantage of BDD elec-
trodes in this context is their low background current,
which mitigates the generation of H, gas resulting from
the breakdown of the aqueous electrolyte, thereby pre-
venting potential interference with the desired electro-
chemical reaction.

A topic currently generating much scientific interest
is the capturing of carbon dioxide from the air and then
converting it into chemically useful compounds, such as
formaldehyde, formic acid or methanol [76]. This can
be achieved using metal-nanoparticle-decorated BDD

electrodes. However, alongside the metal/electrode sta-
bility and reactivity (especially at low overpotentials), a
key focus is the metal catalyst’s ability to produce a single
compound selectively and with high efficiency. For
example, it was recently reported [77] that CeO,-
decorated BDD electrodes allowed electrochemical
reduction of CO, at overpotentials <50 mV with stable
performance for many hours, producing formic acid
with >40% Faradaic yield. When Pt-decorated BDD
electrodes were employed to study the CO,-reduction
reaction, its efficiency was found to depend upon the
NaCl/KCl electrolyte composition and concentration
[78]. Similarly, when BDD electrodes decorated with Ir
were used to synthesise formic acid using a low overpo-
tential of -1.7V, a Faradaic efficiency of ~50% was
achieved [79]. Cu-modified BDD electrodes have also
been used to produce C,- and C;-containing molecules
(such as ethanol, acetaldehyde, and acetone) by electro-
chemically reducing CO, at room temperature, with the
concentration distribution of the three products depend-
ing upon the applied potential and the amount of Cu
deposited [80].

3.5. Electrochemical water splitting (EWS)

EWS is the process whereby water is converted electro-
chemically into gaseous H, and O,. The process consists
of two key inner-sphere reactions, the hydrogen-
evolution reaction (HER) and the oxygen-evolution
reaction (OER), which both involve the adsorption onto
the electrodes of various reaction intermediates consist-
ing of multi-step electron-transfer processes [81]. The
H, gas that is produced can subsequently be reacted with
oxygen in fuel cells to produce electrical power directly,
or in combustion tanks to create heat and generate power
indirectly via a turbine. Thus, critical to hydrogen power
generation and the so-called “hydrogen economy” is the
development of a cheap and efficient EWS process [82].
However, BDD’s wide potential window—which is ben-
eficial in electroanalysis—is detrimental to EWS, because
a high overvoltage is now required for water splitting
[83]. Ironically, diamond’s chemical inertness means that
the intermediate species involved in the HER and OER
are less easily adsorbed onto the electrode surface, reduc-
ing the EWS catalytic efficiency on bare BDD elec-
trodes [83].

However, when the BDD electrodes are decorated
with nanoparticles, the situation changes, because the
nanoparticles now serve as the catalyst and lower the
overpotential required for EWS, while the BDD elec-
trodes act as electrically conductive supports. For exam-
ple, BDD electrodes coated with Ir-black powder are
reported to increase the efficiency of the OER [84], while
BDD electrodes decorated with CuO and ZnO nanopar-
ticles improve the effectiveness of the whole EWS pro-
cess [85].



A complementary method to EWS entails harnessing
solar energy for the photocatalytic splitting of water. For
this process, a suitable photoelectrode, such as Si, was
employed to convert sunlight into electrical current,
subsequently powering the EWS reaction [86]. However,
a gradual degradation of the Si photoelectrodes was
observed upon contact with the electrolyte. To mitigate
this issue, the photoelectrodes were coated with a pro-
tective BDD layer decorated with a cobalt phosphate
catalyst. The photocurrent generated by these protected
electrodes was directed into the aqueous electrolyte and
found to be sufficient to drive EWS—importantly with-
out Si degradation. Likewise, nanostructured BDD elec-
trodes coated by a thin layer of n-type photoactive TiO,
developed a high photocurrent suitable for EWS [87].
BDD electrodes decorated with Cu,O nanoparticles also
act as efficient photocathodes for hydrogen generation
using solar radiation [88]. Indeed, there are a large num-
ber of possible metal and metal-oxide catalysts that can
be used together with BDD electrodes for solar-driven
photo-EWS [89], most of which have yet to be studied.
This is an area where huge progress may be possible in
the next few years.

3.6. Water purification

Detecting possible toxic compounds and ions in water
sources is only the first part of the problem. Arguably
the more difficult part involves subsequently cleaning
up the water, i.e., removing organic toxins, such as chem-
ical agents [90] or bacteria/viruses [91]. So-called elec-
trolytic destruction [92] involves using a series of
electrodes to pass a current of many tens of amperes
through the contaminated water. The high current
breaks apart any dissolved or suspended molecules or
particles; the organic components are converted into
CO,, while any toxins are rendered harmless. However,
such high currents sustained for long periods of time
(hours, days, or even continuously) cause rapid degra-
dation of most electrodes. These must then be regularly
replaced, greatly increasing the operating costs. In this
regard, BDD is more robust than most alternative elec-
trode materials, enabling higher currents to be used for
longer periods, thereby lengthening the time required
between replacements [93].

In large-scale water purification, one of the most envi-
ronmentally important challenges is to electrolytically
destroy endocrine-disrupting chemicals (EDCs) that are
found as contaminants in wastewater effluents [94].
EDCs are compounds that interfere with the function of
the endocrine system in fish, birds, and mammals.
Unfortunately, they are also commonly used in a wide
range of industrial and agricultural products, including
pesticides, some plastics, surfactants, and preservatives
[95]. Reports show that many of these EDCs in small-
scale water samples can be destroyed with very high
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removal efficiencies using BDD anodes. However, scal-
ing this up to enable the treatment of rivers or lakes is a
difficult problem [94].

Commercial water-purification systems based on
BDD-electrode technology are currently available from
several companies, e.g., Proaqua (Austria) [96] and Weo
(France) [97]. At present, these BDD water-purification
systems are suitable for household supplies, or perhaps
a small factory, but not yet for larger-scale use. On a
smaller scale, a company called Enozo [98] has recently
miniaturised this technology to produce micro-ozone
cells, which are being sold as a “green” replacement for
bleach, alcohol or other cleaning fluids, in the form of
household cleaning sprays.

3.7. Dye-sensitised solar cells (DSSCs)

In these devices, sunlight passes through a transparent
electrode and excites electrons in the dye layer, which
then flow into the conduction band of an adjacent n-type
semiconductor (e.g., TiO, or n-Si). The electrons then
flow toward the transparent electrode where they are
collected for powering a load or charging a battery. The
electrons flowing through the external circuit are re-
introduced into the cell via a counter electrode on the
back, and flow into the electrolyte. The electrolyte then
transports the electrons back to the dye layer completing
the circuit.

Although other carbon-based materials, such as
CNTs and graphene have been used as counter elec-
trodes in DSSCs [99], there are very few reports describ-
ing the use of BDD for this purpose. In 2011, Vispute
et al. [100] reported the successful use of CVD diamond
as a DSSC counter electrode, however, this had very low
efficiency due to the diamond being undoped. Oddly,
the obvious improvement in conducting BDD has never
been reported in the years since then.

3.8. Solvated electrons

Muminating diamond with light at photon energies
greater than the band gap of diamond (5.47eV,
A <225nm), excites electrons from the valence band into
the conduction band. H-terminated diamond exhibits a
negative electron affinity surface (see Section 7.1) which
means that no potential barrier needs to be overcome
for these excited electrons to escape the surface, and they
can do so with several eV of kinetic energy. If, instead
of air or a vacuum, water is present above the diamond
surface, the high-energy emitted electrons may react
with the water molecules to form “solvated electrons.”
These are stable complexes where individual isolated
electrons are surrounded by a cluster of polar water mol-
ecules [101]. Solvated electrons have an electrochemical
potential of —4.6eV (versus a standard hydrogen elec-
trode) which makes them extremely reactive reducing
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agents that can drive chemical reactions that are impos-
sible through conventional means.

In 2013, the group at the University of Madison-
Wisconsin led by Robert Hamers first reported the spec-
troscopic detection of solvated electrons originating
from electrons photo-emitted from diamond into water
following irradiation with a pulsed 213 nm-laser [102].
The high-energy solvated electrons generated by irradi-
ated diamond have subsequently been reported to facil-
itate several electrochemical reactions [103]. An example
is the reaction between N, gas and H, gas to form NH,
which usually requires very demanding high-temperature
and high-pressure conditions due to both the high
energy of the intermediates and the unwillingness of the
reactants to adsorb on a solid catalyst or electrode.
Solvated electrons avoid these limitations allowing the
reaction to proceed at less extreme conditions [104].
This approach has successfully demonstrated the pro-
duction of NH; in both single-compartment and
dual-compartment electrochemical cells [105] and
improved further by using NH,-terminated diamond
[106], and by decorating the BDD electrodes with Ag
nanoparticles [107]. Solvated electrons generated from
diamond electrodes have also been used to reduce CO,
to CO with 95% efficiency [108].

Although solvated-electron chemistry is an extremely
exciting development, in the decade since this process
was first reported, surprisingly few reports of new reac-
tions have appeared in the literature, possibly because
other workers have found reproducing the exact condi-
tions to be rather challenging. A few intriguing publica-
tions still appear occasionally [109], but mainstream
adoption of this technology has been rather limited.

4. Electronic devices

Compared to other wide-band-gap semiconductors,
such as SiC or GaN, diamond has several advantages for
device fabrication. These include its high hole and elec-
tron mobilities (>2000 cm? V' s7!), high critical electric
field (>10MV cm™), extremely high thermal conduc-
tivity (~22 W cm ™' K™!) and very wide band gap (5.47 eV)
[110]. Consequently, diamond is considered to be an
ideal semiconducting material for a large variety of
applications in the medium-to-high-power regime.
These are discussed in great detail in the recent excellent
reviews by Donato et al. [111] and Araujo et al. [112],
and in the book by Koizumi et al. [26]. However, many
of these devices might currently be considered rather
specialised because, rather than mainstream consumer
electronics, they are focused on high-power, high-
frequency and/or high-temperature applications. With
improved efficiency in power electronics together with
countries becoming more environmentally aware, such
“niche” applications are starting to appear more import-
ant for everyday life. For example, in the UK there is a

loss of ~8% of the generated energy by simply processing
electricity along the chain from primary sources, such
as power stations, solar farms, efc., to end-users, like
homes, shops and factories, houses [113], and these
losses be considerably higher in larger countries with
extensive power networks. The majority of these losses
come from the use of inefficient Si-based power-
conversion systems along the national grid at places like
electricity sub-stations. Replacing these old Si devices
with diamond-based power converters, that can switch
higher power loads with fewer losses and at higher fre-
quencies, could significantly reduce these energy
losses—and on a national scale, this simple change could
make a hugely positive environmental impact.

More generally, there are several problems that have
hampered progress in diamond electronics since the
early 1990s. Arguably, the most important issue is the
continued lack of a suitable n-type dopant for diamond
[114], without which many types of semiconductor
devices are impossible. The second problem—the frus-
tratingly slow progress in commercialising large-area
SCD wafers—has also greatly hindered device develop-
ment. For comparison, the standard wafer size used in
SiC device fabrication is 150 mm (6 inches), and many
SiC fabrication facilities are already moving to 200 mm
(8inch) wafers. Likewise, GaN-on-Si wafers can be
bought relatively cheaply at all sizes up to 200 mm, and
even gallium oxide, which is a relatively new semicon-
ductor material, can be purchased as single-crystal
wafers up to 100 mm (4 inch). Although significant prog-
ress has been made in recent years with increasing the
size of SCD wafers, the diamond substrates that are cur-
rently commercially available in reasonable quantities
are only linch (25mm) in diameter. This is not only
significantly smaller than competing materials, but the
diamond wafers are also substantially more expensive.
Undoubtedly, over the next few years diamond-wafer
sizes will increase while prices will fall. But the question
is—as we saw earlier—whether the semiconductor
industry will hang around waiting for diamond technol-
ogy to catch up, or simply “make do” with the existing
materials because they are “good enough” for most appli-
cations, and crucially, are available now.

4.1. Schottky diodes (SDs)

These are probably the most studied type of diamond
device [115] due to the lack of a suitable n-type dopant
for diamond. SDs only require p-type diamond and so
are a practical choice for researchers to prove to funding
bodies that diamond has the potential to be used in use-
ful, commercial devices.

A SD is formed by the junction of a semiconductor
with a metal. This junction acts as a diode, in one direc-
tion (forward) it has low electrical resistance and there-
fore only a low forward voltage is needed to conduct



current. Conversely, the reverse direction has a high
resistance that blocks current flowing backwards. If the
semiconductor is p-type diamond, then the forward
voltage is very low, while the reverse voltage is extremely
high, which enables efficient operation of high-power
systems operating at up to 20 A and at temperatures as
high as 500K, with little energy loss [116].

Because of its low serial resistance, a vertical structure
is one of the most popular geometrical configurations
used for diamond SDs. It is characterised by electrical
current travelling vertically from a highly conductive
substrate through several layers of different composition
and conductivity, to a top electrode. Many different ver-
sions of vertical diodes have been reported, as shown in
Figure 3. The difficulty with obtaining large-area heavily
doped SCD substrates has led to the development of
pseudo-vertical diamond SDs (Figure 3(b)), where layers
of heavily doped p* diamond are grown on top of a stan-
dard undoped SCD substrate. To improve the uniformity
of the diamond-metal junction, as well as to reduce leak-
age currents which may result in premature breakdown
of the device, different metals, such as W, Zr, Cu, and Pt,
and surface treatments have been studied. For example,
a pseudo-vertical diamond SD using Zr has been
reported which operates at 1000 A cm~2 at 6V with a
high reverse breakdown field >7.7MV cm™ [117].
Despite the poor performance of n-type diamond, some
diodes using this material have still been reported,
although the high resistance of the p-n junction often
limits their efficiency [118]. Nevertheless, various
so-called PIN devices and Schottky PN diodes (see

(a) (b)
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Figure 3. Different types of diamond diodes. Diamond layers
are labelled: “p"=p-doped, “n"=n-doped, “p*"=heavily
p-doped, “i-layer”=intrinsic undoped. (a) Vertical Schottky
diode using only p-type diamond. (b) Pseudo-vertical
Schottky diode which uses only p-type diamond but no back
contact. (c) a PIN diode composed of an undoped intrinsic
diamond layer sandwiched between a layer of p*-type dia-
mond and an n-type diamond layer on top, with ohmic con-
tacts on either side. (d) Schottky PN diode. Figure reproduced
from Ref. [111] and modified under the Creative Commons
Attribution 3.0 licence.
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Figures 3(c,d)) have been fabricated with promising elec-
trical characteristics [111]. There are also diode struc-
tures which operate using electron emission from the
diamond surface, and these are discussed in Section 7.5.

4.2. Field effect transistors (FETs)

These devices control the flow of current from one elec-
trode (the source) to another (the drain) by applying a
voltage to a third electrode (the gate). The gate voltage
alters the conductivity of the material between the drain
and source, allowing the FET to be used as a current
amplifier (a small gate voltage controls a much larger
source-drain current) or a digital on/off switch for
binary electronics. The current through a FET involves
either electrons or holes, but not both. As such, FETs can
be fabricated using only p-type diamond. FET devices
come in many different shapes and forms, but the ones
which have been applied most to diamond are described
in the next few sections.

4.2.1. Surface-channel FET devices

These devices usually employ a MOS (metal-oxide-semi-
conductor) structure for the gate electrode. Here, a
highly conducting metallic gate electrode is electrically
isolated from a semiconductor (in this case, doped dia-
mond) substrate by a very thin oxide layer (see Figure 4).
When a voltage is applied to the gate, carriers (electrons
or holes) in the bulk are attracted towards the gate but
become trapped and build up beneath the insulating
oxide. With enough carriers present, a thin conducting
channel is created temporarily, connecting the source to
the drain, and allowing current to flow between them.

Source Drain
Gate
AlLO
2o Ti
Au Au
p+ Au p+

Ib semi-insulating substrate

Figure 4. Atypical design for a diamond lateral deep-depletion
MOSFET-style device. A p-type BDD layer labelled “p” is depos-
ited homoepitaxially onto a standard type-1b diamond (usually
HPHT) substrate. The source and drain electrodes are composed
of heavily BDD labelled “p*." Electrical contact to the BDD is
improved by depositing thin capping layers of first, titanium
(which when heated forms a carbide by reaction with the dia-
mond), and second, of highly conducting metal, such as gold,
which also prevents the Ti from oxidising in ambient air. These
electrodes are patterned using standard photolithography and
dry etching methods. The Au gate electrode is electrically iso-
lated from the BDD layer by a thin gate oxide, in this case made
from insulating Al,0,. Image reproduced and modified from
Ref. [111] under the Creative Commons Attribution 3.0 licence.



10 R. ZULKHARNAY AND P.W. MAY

When the gate voltage is switched off, the channel dis-
appears, and the current flow stops.

Many variations of diamond-based MOSFET devices
have been fabricated, with varying degrees of success.
One problem with diamond FETs is that carbon (dia-
mond) does not have a solid oxide, meaning the gate
oxide has to be deposited in the form of a thin metal-
oxide layer. The poor interface between these metal
oxides and diamond is often highly defective, which
disrupts the carrier mobility through the channel.
Various diamond-metal-oxide interfaces have been
studied [119], with AL O, so far exhibiting the best per-
formance [120]. The most efficient FET devices are
CMOS (complementary MOS) which include both p-
and n-type devices on the same wafer. Here, again, we
run into the problem of n-type doping for diamond, and
so most diamond FETs reported are p-channel devices.

These difficulties in making standard MOS devices
have led to a range of new FET designs. One of these,
called a finFET [121], has demonstrated reasonable
device performance, but shows a rather high negative
threshold voltage indicative of the presence of a high
level of interface defects. The gate-oxide problem can be
eliminated by using novel device designs which do not
require a gate-oxide layer, such as Junction FETs (JFET),
metal-semiconductor FETs (MESFETs) and bipolar tran-
sistors. These devices are reviewed in detail in Ref. [111],
and improvements in their performance are continually
being made, albeit it at a rather slow pace. Unfortunately,
competing materials, in particular SiC, have more than
adecade’s head start on diamond, and they may capture
the market for high-power, high-temperature devices
before superior diamond devices become commercially
available. It may be that the prize is won by the material
that delivers the solution first, not the one that works best.

For all the SD and FET devices mentioned in the sec-
tions above, the comprehensive analysis conducted by
Donato et al. [111] has suggested that diamond may
remain limited to devices with high junction tempera-
tures (>450 K), medium-high frequency (>20kHz), and
high-voltage (>3kV)—where they should outperform
SiC and GaN commercial alternatives—for some time.
Nevertheless, there are several more specialised
diamond-based devices that may not suffer these lim-
itations, as discussed in the following sections.

4.2.2. 5-doped devices

So-called “delta doping” requires the epitaxial growth of
a very thin (<2nm) heavily BDD subsurface layer with
B concentration above the limit required for conductiv-
ity to become metallic. Due to its similarity to the abrupt
“O-function” in mathematics, this highly conducting
layer is called a “delta-doped layer” because it has atom-
ically smooth and sharp interfaces with the undoped
diamond layers immediately above and below it. Several
research groups have reported attempts to make §-doped

FET devices [26,122], but controlling the concentration
profile of the B dopant to near atomic-level precision is
so difficult that results remain disappointing.

4.2.3. 2-Dimensional hole gas (2DHG) FET devices
One promising design of diamond FET device is based
on “surface transfer doping”—an unusual property of
the diamond surface identified in 2004 [123,124].
Hydrogen-terminated diamond displays a surface dipole
due to the electronegativity difference between the bulk
carbon atoms and the surface H atoms. When this polar
surface is exposed to ambient air, electron-accepting
molecules adsorb onto the surface. Electrons from the
bulk diamond then transfer to the adsorbates, which
become negatively charged. Lacking electrons, the dia-
mond forms a positively charged two-dimensional layer
a few nm thick, located just below the surface, containing
a high concentration of holes (10'2-10"cm™2) [125].
Although constrained within this 2-dimensional layer,
the highly mobile holes (mobility ~ 50-120cm? V-1 s7)
possess many of the properties of a gas; thus the layer is
termed a “2-dimensional hole-gas” (2DHG) [126].
Unfortunately, the electrical conductivity of the 2DHG
layer can be altered or even destroyed by simply changing
the atmosphere (pressure, humidity, temperature, etc.)
above the surface, because this changes the nature and
concentration of the adsorbates. One method to stabilise
this fragile conductive layer is to cap the diamond surface
with a protective layer of an electron-accepting oxide,
such as V,0,, MoO,, or for optimal performance, Al,O,
deposited by atomic-layer deposition (ALD) [127]. This
capping layer hermetically seals the surface while also
replacing the role of adsorbates in providing surface
acceptors to generate and stabilise the 2DHG layer (see
Figure 5). Research groups (e.g., at Waseda University
(Tokyo) [128] and Glasgow University [124]) have pio-
neered novel FET devices in which the source-drain
current, moderated via a gate voltage, now travels
through this 2DHG conductive layer, rather than through
the semiconducting substrate.

4.2.4. Accumulation-channel devices
In the last couple of years new variants on the 2DHG
device have been developed where the device operation

Diamond

Figure 5. Schematic cross-sectional view of a diamond-based
MOSFET device utilising the 2DHG conduction channel in
H-terminated diamond protected by a MoO, capping layer.S, G,
and D refer to source, gate, and drain, respectively. For improved
performance, often ALD-deposited Al,O, rather than MoO; is
used directly under the gate.



is dominated by field-effect carrier accumulation across
the entire channel—more like that in a conventional Si
MOSEET. Such a device architecture has been success-
fully implemented by replacing the C-H diamond ter-
mination with a layer of oxidised Si [129]. Due to the
similar electronegativities of C and Si, the C-Si surface
bonds generate only a small surface dipole compared to
that of C-H bonds. Nevertheless, electrical measure-
ments show that the source-drain channel is conducting,
but has a conductivity ~3 orders of magnitude lower
than that seen with H termination, suggesting a compa-
rably low-carrier-density 2DHG layer has probably been
created. Therefore, to attract sufficient carriers into the
channel, the entire source-drain region is gated (rather
than just the region under the small gate electrode as in
normal MOSFETS, like that shown in Figure 5). When
a voltage is applied to this large gate, carriers can be
attracted into the whole channel from the nearby
ohmic-contact regions, and the device operates more
like a typical FET.

Similarly, a Japanese group have recently reported
fabricating p-channel FETSs that use a hydrogenated dia-
mond channel and an h-BN layer as a gate dielectric to
reduce coulomb scattering and increase mobility [130].
These devices, again, operate as accumulation-channel
FETs and require a gate voltage across the whole channel
to generate the 2DHG. The devices exhibit very prom-
ising characteristics: a low sheet resistance (1.4kQ) and
high on-current (200 mA mm™') with a very high Hall
mobility (680 cm? V! s7!) at room temperature.

However, for both of these types of preliminary
accumulation-channel architectures reported to date, the
necessity to gate the whole channel may become a prob-
lem for high-power and high-frequency electronics due
to the reduced breakdown voltages and the parasitic
capacitances associated with the close proximity of the
gate to the ohmic source-drain contacts.

Nevertheless, many of the 2DHG FETs mentioned in
Section 4.2.3 and their accumulation-channel counter-
parts in this section exhibit excellent device performance
[129], and offer huge promise for future development.
The transfer-doping and accumulation-channel pro-
cesses are intrinsically less thermally sensitive than stan-
dard impurity doping, and so could well be a better
choice for electronics that need to operate across a wide
temperature range. Furthermore, because they are fabri-
cated directly onto an insulating diamond substrate,
these devices should be considerably more radiation hard
compared to standard Si-based devices, making them
suitable for applications in space, nuclear power stations,
or military equipment, as outlined in the next section.

4.3. Radiation-hard devices

Most electronics based on Si, GaAs, GaN, or similar
semiconductor materials, are unfortunately not
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radiation-hard [131]. The radiation resistance of some
devices, however, can be improved by using insulating
substrates, such as silicon-on-sapphire (SoS) or
silicon-on-insulator (Sol) wafers. In a variation of Sol
technology, the insulator is an undoped insulating CVD
diamond substrate, onto which the active semiconductor
layer (e.g., Si or GaN) is deposited. Such silicon-on-
diamond (SoD) [132] or GaN-on-diamond (GoD) [133]
technologies are currently being developed for thermal
management in high-power devices (see Section 6). Studies
suggest that SoD devices out-perform their Sol equivalents
while being significantly more radiation hard [134]. The
surface-transfer-doped FETs and accumulation-channel
FETs described in Sections 4.2.3 and 4.2.4, respectively, are
also inherently radiation-hard.

4.4. SAW filters

Surface acoustic wave (SAW) filters remove unwanted
frequencies from a circuit, and are particularly useful in
removing noise from high-frequency communication
signals, such as those found in televisions, mobile phones
and radar. With the advent of 5G and 6G technology
which operate at frequencies of 10s or 100s of GHz, the
technical requirements for these filters will become chal-
lenging to meet. A SAW device converts signal voltages
into acoustic waves at one end of the device using a
piezoelectric material. These SAW waves then travel the
length of the device at a speed determined by the mate-
rial from which the device is constructed. The waves are
then reconverted back into signal voltages at the other
end using another piezoelectric, but with any higher-
frequency noise components removed.

One approach to fabricate SAW devices that operate
at these very high frequencies is to use a material for the
SAW substrate that has an intrinsically high sound veloc-
ity. Diamond, due to its high Young’s modulus, has the
highest sound velocity of all materials (~18km s™"), and
so is an ideal candidate for this substrate. But because
diamond is not piezoelectric, it must be combined with
a piezoelectric layer, such as a ZnO film, for the gener-
ation of the acoustic wave [135]. Another issue is that
the smoothness of the substrate surface is a key require-
ment because any surface roughness leads to energy
losses as the wave propagates. Hence, effective diamond
surface polishing technology is crucial (Figure 6).

Since the mid-1990s, a range of practical SAW devices
have been successfully fabricated using diamond films
grown either on Si substrates or directly on SCD sub-
strates, combined with ZnO, AIN, or AIScN as piezo-
electric layers [136-138]). The characteristics of these
devices are generally superior to those which use con-
ventional SAW materials, with operational frequencies
as high as 33 GHz being reported [138,139]. Indeed, due
to its relative simplicity, the SAW filter was the first dia-
mond electronic device to be commercially exploited,
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Piezoelectric substratc

RG

Figure 6. The basic structure of a two-port SAW resonator
made from CVD diamond patterned into “fingers” to form two
interdigitated transducers (IDTs), one of which forms the trans-
mitter and the other the receiver. At either end of the device are
a series of reflector grids (RG), while the whole device is fabri-
cated on a piezoelectric layer, such as ZnO, deposited on a Si
substrate. The input IDT converts the incoming electrical signal
into acoustic waves. The nearby RG reflects the waves back onto
the generating IDT creating a standing wave at a particular res-
onant frequency depending on the length and separation of
the fingers. The acoustic wave then travels across the surface of
the device (i.e., as a surface acoustic wave, SAW) to the output
IDT, causing it to resonate at the same frequency, while the
underlying piezoelectric then reconverts this back into an elec-
tric output signal. Image reused from Ref. [14] under the
Creative Common CC BY license.

mainly due to extensive development work by the
Sumitomo company in Japan, which used diamond-
based SAW filters in commercial mobile-phone equip-
ment in the early 2000s. However, unresolved problems
with combining the piezoelectric layer and diamond [14]
delayed significant further progress for many years, such
that competing materials which did not suffer these
interface issues were able to capture the SAW market.
As a result, interest and research into diamond SAW
devices declined and there have been few further com-
mercial products. Nevertheless, there are still a few spo-
radic papers published every year which keep the hope
of commercial high-frequency diamond SAW fil-
ters alive.

4.5. Micro electronic mechanical systems (MEMS)

These devices combine mechanical and electrical com-
ponents and are fabricated on the micron-scale (MEMS)
or nanoscale (NEMS) using semiconductor fabrication
techniques. Common examples of these devices are
accelerometers which can detect the sudden impact of
a car crash, and then instantly discharge the safety air-
bags. They can also act as gravity sensors so that a mobile
phone or handheld device knows which way is up and
then can orient the display screen accordingly.

One of the most common designs for MEMS devices
uses a cantilever made from a stiff material, which is
fixed at one end but free to vibrate along its length—and
looks a bit like a microscopic diving board. Piezoelectric
circuitry attached to the fixed-end of the cantilever can
induce it to vibrate at different frequencies, which
depend upon the mechanical properties, especially the
stiffness, of the cantilever material [140,141]. Diamond,
having an extremely high stiffness, allows cantilevers to

vibrate at extremely high frequencies (>1 GHz) [142],
which therefore affords very high sensitivities to fre-
quency change. These frequency changes depend upon
the environment of the cantilever, and they can be mon-
itored via a laser beam focused onto a reflective area on
the top of cantilever [143]. Most diamond MEMS
devices, to date, have been fabricated from PCD films
grown on a Si substrate [144], with the Si being removed
from around and under the diamond by wet etching,
isotropic plasma etching, or other micromachining
processes.

MEMS structures are not limited to cantilevers; a wide
range of possible geometries and architectures can be
used, and many diamond varieties are reviewed in Ref.
[143]. Prototype diamond MEMS devices have been
reported describing applications as diverse as transduc-
ers, actuators, and sensors, including RF applications,
and in both gases and fluids [140]. Hybrid devices, where
diamond and other electronic materials, such as SiC,
GaN, or DLC are combined, have also been proposed
[145], and these may enable a new class of hybrid-MEMS
devices for extreme applications. Heavily boron-doped
superconducting diamond resonators have also been
reported operating at 10 MHz, which may readily be cou-
pled to other superconducting circuits (see Section 4.6)
[146]. Similarly, combining diamond MEMS with
NV-centres opens the door to hybrid systems which can
be used for precise quantum sensing and quantum infor-
mation processing (Section 5) [147].

Another use for diamond MEMS technology is as an
“electronic nose” (EN), which is a device that can detect
and identify molecules for analysis purposes, or to
“snift” out illicit substances, such as drugs or explosives
at ports and airports. EN devices must be inexpensive,
portable, lightweight, and highly sensitive—but selective
only to the molecules of interest. Many competing
gas-sensor technologies are candidates for the next gen-
eration of EN [148], but CVD diamond ENs offer several
advantages. They can sample smaller gas volumes, have
reduced detection surfaces, and offer shorter detec-
tion times.

An example of a diamond-based EN developed by
CEA (France) is shown in Figure 7 [149]. This device
uses MEMS diamond cantilevers, the resonant frequency
of which depends upon their dimensions, material com-
position, and crucially their mass. Because the cantile-
vers are made from diamond, their resonant frequency
is very high (20-150 kHz), making them extremely sen-
sitive to changes in mass. When gas molecules adsorb
onto a cantilever, its total mass changes, which lowers
the resonant frequency. This frequency change indicates
the gas concentration. Selectivity for different gas mol-
ecules is achieved by covalently bonding a specific bind-
ing molecule (protein, antibody, inorganic reagent) to
the diamond surface (see Section 7). The group reported
successful trials of an 8-cantilever array sensor, each one
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Figure 7. Left: Diagram of an EN gas sensor with 8 MEMS cantilevers. Right: Photograph of the sensor. Figure reproduced from Ref.

[149] under CC BY 4.0 licence.

functionalised to detect a different molecule. Such sys-
tems are still in development, but scaling these up to
detect perhaps 100 different molecules of interest simul-
taneously is the next step to commercialisation. The
sensors could then be deployed at train stations, airports,
and other critical buildings.

4.6. Superconducting devices

With very heavy boron doping ([B] >3 x 10*! cm™?), dia-
mond transforms from a wide-band-gap semiconductor
into a superconductor with a critical temperature
T.~10K [150,151]. The superconducting behaviour of
doped SCD appears to be consistent with that of
conventional “low-temperature” Bardeen-Cooper-
Schrieffer (BCS) superconductors, i.e., involving cou-
pled pairs of electrons called Cooper pairs [152].
However, in superconducting PCD films, the presence
of multiple grain boundaries has been reported to make
the material unexpectedly rich in exotic quantum phe-
nomena. Reported oddities include an anomalous resis-
tance peak before the superconducting transition [153],
strong spatial modulation of the superconducting order
parameter [154,155], and a superconducting anisotropy
with opposite behaviour to that of any other supercon-
ducting thin films [156]. These bizarre quantum
confinement phenomena suggest that granular nanodi-
amond could be used to fabricate novel superconducting
quantum devices. Indeed, superconducting quantum
interference devices (SQuIDs) have already been
reported [157] which may act as sensitive magnetic-flux
sensors or nanoscale motion detectors. Recently, Zhang
et al. [158] demonstrated that the formation and trap-
ping of Cooper pairs in nanoscale superconducting
diamond-ring structures can produce an unconven-
tional giant “magnetoresistance.” If these Cooper pairs
trapped within such a nanoring can be released in a
controlled manner, it could be feasible to integrate the
rings as charged qubits into superconducting quantum
circuits for logic operations.

4.7. Laser written devices

These are very experimental novel diamond transistor
devices that were first reported at the Hasselt diamond
conference in March 2024 by groups from UCL and
Oxford University. Using femtosecond laser pulses
focused beneath the surface of SCDs, insulating, con-
ducting, or semiconducting carbon tracks were written
directly into the bulk diamond [159]. The conducting
tracks can be used as micro- or nanoscale wires connect-
ing electronic circuitry. However, the semiconducting
tracks are more intriguing, as these can be gated using
the conducting tracks as electrodes, suggesting the pos-
sibility of fabricating a future paradigm-changing
all-carbon system for electronic devices. Further devel-
opments are eagerly awaited. ..

5. Quantum applications

Over the past few decades, several optically active
atomic-scale defects have been identified within the dia-
mond lattice, some of which have recently become the
focus for a range of new and exciting diamond-based
quantum technologies [160]. The most studied of these
defects is the negatively charged nitrogen-vacancy centre
(often just called the “NV-centre”) [22,28] although sev-
eral other defects with similar properties have also been
investigated, including SiV~ [161], SiV° [162], GeV~
[163], SnV~ [164], and PbV~ [165], with many more
candidate defects being discovered regularly [166,167]
(Figure 8).

The electrons linked with these defects have some
useful properties. First, the transparency of diamond
allows the electrons to be accessed and manipulated
using light. The electrons also possess a spin which is
sensitive to external magnetic fields. Additionally, due
to their extraordinary isolation by the surrounding dia-
mond lattice from other nearby NV-centre spins, these
spins possess long coherence times (the duration for
which the spin remains stable and predictable). This
isolation means that an NV-centre behaves like a single



14 R. ZULKHARNAY AND P.W. MAY

Figure 8. A schematic representation of the structure of the
negative NV-Centre in diamond.

isolated pseudo-atom, i.e., it can absorb or re-emit only
one photon at a time. When a laser beam composed of
billions of laser photons is used to probe the defect, only
one of those photons will be absorbed at any one time,
exciting one electron in the defect to a higher energy
state, while all the other photons pass through the dia-
mond unaffected. After a short delay, the excited elec-
tron will relax to a lower state, emitting only one photon
again, but often of lower energy than the original laser
photon. In the case of the NV-centre, the laser probe
usually uses wavelengths in the green (A =532 nm) while
the emitted fluorescence is in the red (A=637nm) [168].

The spin of the electrons is measured using a process
called optically detected magnetic resonance (ODMR),
which can be viewed as a hybrid of photoluminescence
(PL) spectroscopy and electron spin resonance (ESR)
spectroscopy. An NV defect possesses an extraordinary
set of energy levels—it does not matter what spin the
initial ground-state electron has, because when the dia-
mond is illuminated with green light the electron will
absorb a green photon and then relax and re-emit a red
photon—only to readsorb another green photon and
repeat the cycle. In this way, the electron cycles through
all the allowed energy levels repeatedly as it is irradiated.
Due to the rules of quantum selection combined with
the relative lifetimes of the states involved, statistically
the electron is ultimately more likely to end up in the
ground state with spin m,=0 than those with m =+1.
For multiple NV-centres cycled around this loop enough
times, nearly all their electrons will eventually end up in
this same ground state, which effectively “resets” the
system, ensuring that for any subsequent experiment,
the starting point is always the same.

The energy gap between the m;=0 and m, = £1 states
occurs in the microwave region, so once reset, micro-
wave radiation of the correct frequency (2.87 GHz) will
excite the electron to the higher state, and in doing so,
change the defect spin from 0 to +1. In ODMR, the
NV-centre is exposed to continuous microwave radia-
tion whose frequency is varied in a controlled way, while
simultaneously monitoring the red fluorescence signal
from a continuous green probe laser. The spin state of
the defect (“up” or “down”) can be inferred by simply

observing a decrease in red fluorescence intensity as a
function of microwave frequency. For more details on
the transitions and energy levels involved, please see the
excellent review in Ref. [22].

The red fluorescence photon from an NV-centre will
be emitted with spin properties determined by those of
the original electron, which are known from the ODMR
observation. If emitted near the diamond surface, these
single photons can be focused using various microfab-
ricated lenses and optics into a fibre-optic waveguide.
Photons from different NV-centres can then be brought
together inside a single waveguide and combined to cre-
ate so-called quantum superpositions and entanglement
[169] (see Figure 9). Such entangled photons form quan-
tum bits (qubits) which are the basis of quantum com-
munication and computing.

Furthermore, monitoring of the absorption by the
NV of the applied microwaves as a function of micro-
wave frequency enables an ESR spectrum to be
obtained. When no magnetic field is present, there is
only one ESR peak due to the single m =0->m ==1
transition. But when a magnetic field is present, the
Zeeman effect causes the two degenerate m, levels to
split, producing two peaks corresponding to transitions
from m,=0->-1and m,=0->+1. The energy separation
of the two peaks is proportional to the applied magnetic
field, allowing this phenomenon to be used for mag-
netic sensing applications (see Section 5.3). The

Figure 9. A simplistic representation of quantum entangle-
ment of two photons. (a) Two photons emitted from different
NV-centres, with opposite spins (depicted as red and blue),
approach each other inside a fibre-optic waveguide. (b) When
they meet, their wavefunctions entangle and they both attain
the same superposition wavefunction—i.e., the photons are
now both red and blue simultaneously. (c) Upon separation,
both photons remain entangled in the same shared quantum
state, until (d) one of the photons is eventually observed, at
which instant the superposition wavefunction collapses and the
spin of that photon is fixed (in this case, blue). At that same
instant, the spin of the other photon (red) becomes known,
although it was never observed and might now be thousands of
km from its partner.



splitting between the m, sub-levels also depends on
temperature, external electric fields, and lattice strain
which enables the NV centre to be used as a sensor for
these quantities also.

5.1. Quantum computing

In conventional binary computing, a “bit” represents
either 0 or 1. If we call 1 spin-up, and 0 spin-down, then
a qubit comprised of two entangled photons would exist
in a state of both 0 and 1 simultaneously, persisting in
this superposition until observation collapses the state
of one of the pair (see Figure 9). However, when the spin
of the observed photon is revealed, the spin of the other
photon immediately becomes known, even though the
latter has not been examined and may now be located at
a very long distance from the first photon. Quantum
theory states that there is actually no limit to this sepa-
ration. The two photons might now be thousands of km
apart—yet the communication between them remains
instantaneous.

Quantum computing is so powerful because changing
one of the states of one of the qubits instantly changes
the states of all of its entangled partners. As such, for n
qubits, the number of calculations that can be performed
“instantly” scales as 2". So, entangling only 20 qubits
together enables the equivalent of over a million calcu-
lations to be performed in one go. Hence, a calculation
requiring multiple steps, such as additions, multiplica-
tions, etc., performed sequentially by a normal computer,
can be done by a quantum computer in one single very
fast step. Quantum computers, therefore, have the poten-
tial for extraordinary computing speeds, and coupled
with the rapid progress in artificial intelligence, may
become truly world-changing in the coming decades.

The qubits in today’s quantum computers are not
yet created via diamond defects [170], and so they need
to be liquid-helium cooled to temperatures ~10-20K
for them to attain the sufficient coherence times needed
for complex calculations. Diamond-based quantum
computers should operate at room temperature, elim-
inating the need for cooling, and making them vastly
cheaper and easier to operate. Think of the possibilities
if a small quantum computer could be embedded
within your desktop PC, your mobile phone, or your
smartwatch!

The first demonstration of entanglement between an
NV spin and a photon was reported in 2010 [171], and
progress in the field of diamond quantum computing
has been fairly rapid since then. Three years later, the
photons from two separated NV-centres were entangled
using lenses patterned into the diamond surface acting
as amplifiers [172]. In the same year, the “node” separa-
tion (the distance between the entangled qubit photons)
was extended to 3m [173]. In 2015, the node separation
was extended further to >1km [174]. Only a few years
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later, a 10-qubit register was reported by a group at Delft
University that could store quantum information for up
to 755 [175]. These long timescales are sufficient to per-
form controlled logical operations (AND, NOR, etc.)
between different spin qubits [176]. Scale up further into
multi-qubit quantum registers requires rapid and easy
initialisation and manipulation of the diamond
NV-centre spins, and this can now be performed with
single-shot measurements [177].

Current research in this area is now following two
approaches. The first aims to improve the hardware, i.e.,
the quality of the diamond. The goal here is to reduce or
eliminate unwanted defects, and to develop methods to
control the positioning and density of NV (or other)
centres. Maximising the photon extraction efficiency
from individual NV-centres [178] is also crucial, and
this can be achieved by fabricating photonic nanostruc-
tures (lenses, waveguides, efc.) near the NV-centres. The
second approach involves developing new software that
is needed to drive these quantum systems. Key to the
success of quantum systems lies in code to detect and
correct errors in qubit states. Examples of such codes
have already been demonstrated in small qubit networks
[179]. The crucial challenge for the future is how to scale
up quantum networks from tens of qubits to possibly
hundreds of qubits. Although such work is now rapidly
proceeding, it may be many more years yet before we see
a fully functioning diamond quantum computer [180].

5.2. Quantum cryptography

The control and entanglement of photon spins from an
NV-centre may also enable perfectly secure electronic
communications [181]. The information being sent is
first encrypted using an entangled quantum key—
generated by entangled photons from diamond
NV-centres—that is known only to the sender and
receiver. If the message were to be intercepted by a third
party, the entanglement of the quantum key would
break, and the attempted eavesdropping event would be
exposed. Such unbreakable codes would enable secure
communications which should, in theory, make copying
or modifying confidential data impossible [160]. Data
security is becoming increasingly important—and dia-
mond-based quantum cryptography may play an
important future role in examples such as PIN numbers
sent over the internet, medical or other personal data
stored on a company database, banking records, or even
your internet browsing history!

5.3. Quantum sensing and magnetometry

The electronic spins in NV (and other) centres are sen-
sitive to temperature, electric and magnetic fields, and
lattice strain, and can be used as highly sensitive
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room-temperature sensors. Most of the reported work
concerns magnetometry, and describes the measure-
ment of tiny magnetic fields at the nm scale, especially
in the study of new semiconducting or superconducting
materials (see Figure 10) [183].

In practical applications, quantum sensing employs
a diamond sample with a high-density, thin layer of
near-surface NV-centres. This sample is then placed or
deposited onto the substrate to be tested. Subsequently,
the substrate is illuminated with light of a suitable wave-
length, typically green for exciting the NV-centres. Upon
absorption of this light by the NV-centres, they emit red
fluorescence, enabling tracking of NV-centre movement
or measurement of a desired parameter (such as tem-
perature or magnetic field) through the small wave-
length shift of the fluorescence.

The N'V-centres can also be incorporated into nano-
diamond (ND) particles (see Section 15) or other nano-
structures to achieve nm proximity to the site of interest.
They can also be attached to the end of fibre-optics to
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Figure 10. An example of magnetometry using NV-centres in
diamond. (a) Continuous illumination of the sample with both
laser light and microwave radiation allows detection of the
magnetic field via the spectral line shift as the NV-centre is
moved across the magnetic region. The frequency difference
between the curves is 4.7 MHz, corresponding to a magnetic
field difference between these two scanned regions of 0.16 mT.
(b,c) Alternatively, if the laser illumination is held constant while
the microwave frequency is scanned, the single ESR peak seen
for zero magnetic field in (b) splits into two peaks with a mag-
netic field present due to the Zeeman effect (c), with the differ-
ence between the two peaks dependent upon the magnitude
of the magnetic field. Images were taken from or replotted
based on data from Ref. [182].

make magnetic endoscopes. For example, biological cells
can ingest ND particles containing NV-centres enabling
in situ sensing and tracking as the nanoparticles move
around inside the cell [183,184] (see Figure 11). The
local temperature inside a living cell has also been mon-
itored by ingested NV-centres providing information
about a cell’s metabolism and transport pathways [185].
The first reports of NV-based magnetic sensing appeared
in 2008 [186-188], and since then, this technique has
been used to detect a range of other physical quantities,
such as electric fields, charge, voltage, current, orienta-
tion, strain, temperature, and pressure. A summary of
different sensor types with their related sensitivities is
given in Nebel’s detailed review paper [28].

Diamond quantum technology in all its variations is
causing a great deal of excitement in the scientific and
commercial world. There are a growing number of com-
panies interested in this topic, including large compa-
nies, such as Lockheed Martin, Bosch, and Thales, as well
as many start-ups, such as Quantum Diamond
Technologies [189], NVision [190], and Quami [191]. In
parallel with the development of high-purity substrates
to contain the N'V-centres (or other suitable fluorescent
defects), quantum technology could well become one of
the key applications for diamond technology in the com-
ing decades.

6. Thermal management

Diamond has the highest room-temperature thermal
conductivity of any known material (~2200W m™ K™!
for high-quality SCD), which together with its low coef-
ficient of thermal expansion (CTE) and remarkable elec-
tronic and optical properties, makes it ideal for thermal
management [192,193]. Indeed, diamond heat spreaders
were one of the first diamond products to be commer-
cialised in the 1990s, and nowadays there are dozens of
companies worldwide that supply “thermal grade” dia-
mond as commercial products; they can even be pur-
chased from the online retail store Alibaba! [194].

Figure 11. Red fluorescence showing the positions of single
35nm NDs in a Hela cell. Most of the uptaken NDs are seen to
distribute in the cytoplasm. Image taken from Ref. [184] with
permission. Copyright (2007) National Academy of Sciences,
USA.



Heat spreaders are particularly relevant for high-
power electronic devices, laser diodes, nanophotonic
circuits, radar amplifiers, and high-electron-mobility
transistors (HEMTSs), where the intense heat generated
locally by the device can be dissipated rapidly by attach-
ing it directly to a diamond heat spreader which then
conducts the heat to a remote heat sink, radiator or even
a microfluidics assembly. In doing so, not only is the
device temperature greatly reduced allowing it to be
operated at even high powers and therefore speeds, but
its lifetime, linearity, and stability can be hugely
increased, while also enabling a reduction in size and
cost savings. A good example of this is for GaN devices
which are currently used in power electronics, radio
frequency (RF) components, and the transmitter base
stations for 5G mobile-phone networks. Such commer-
cial GaN devices typically run at power densities
~5-10 W mm™' (equivalent to a staggering 10 GW m2),
but as much as 50% of the electrical power is dissipated
as waste heat [195,196]. Unsurprisingly, there are major
efforts worldwide to develop a hybrid GaN-diamond
technology (Figure 12), either by depositing CVD dia-
mond onto GaN (with or without a SiC or AIN barrier
layer), or the opposite, depositing GaN onto diamond,
or simply by glueing GaN wafers and diamond wafers
together—face-to-face—in a process called wafer bond-
ing. An excellent review of the progress in this area can
be found in Ref. [195].

7. Applications of functionalised diamond
surfaces

Because of the predominantly hydrogen atmosphere
present during CVD, as-grown diamond necessarily has
a hydrogenated surface, i.e., all the surface carbon atoms
are terminated with H. This gives rise to a surface dipole
which makes the surface hydrophobic but allows air-
borne molecules to adsorb onto the surface and exchange
electrons with the bulk, creating the 2DHG layer men-
tioned in Section 4.2.3. The H-terminated surface also

GaN microwave
transistor

Diamond
heat
spreader

Microfluidic
cooling

Figure 12. Proposed GaN-on-diamond HEMT with heat
extraction at the back of the assembly. (Copyright University of
Bristol 2017).
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exhibits negative electron affinity which is the basis for
several applications involving electron emission (see
Sections 3.8 and 7.1).

These C-H surface bonds can be readily modified
using standard chemical reagents [103]. Indeed, simply
leaving the as-grown diamond in ambient air for a few
days or weeks changes the surface conductivity [197],
presumably by oxidising some of the C-H bonds to
C-OH bonds. Oxidising the diamond surface can also
be done deliberately—the four most common methods
are hot acid treatment, ozone treatment usually generated
from a UV lamp, O, plasma exposure, or an O, cracking
system under UHV. These different methods produce
different types of oxygen termination (see Figure 13) on
the surface (e.g., ketone C=0, ether bridges C-O-C,
hydroxides C-OH, or more complex structures, such as
carboxylic acid groups or lactones) in different propor-
tions [199]. Oxidising the diamond termination in this
way changes the polar nature of the surface from hydro-
phobic to hydrophilic, and this is useful for fabricating
electrochemical electrodes with different activities (see
Section 3), or surfaces which respectively inhibit or
support biological cell growth (see Section 11).

Similarly, the surface H atoms can also be chemically
replaced by other elements or groups, such as N, NH,,
S, and halogens [200]. These more-reactive surface
groups can be further exploited to covalently attach
larger molecules, such as fluorophores, light-harvesting
dyes, DNA strands, antibodies, proteins, or polymers.
The most common functionalisation strategies involve
attaching aryl-diazonium salts [201] or short-chained
terminal alkenes [202] which act as linker molecules,
onto which the larger molecules will be attached. In the
case of alkenes, the double bond is activated by UV light,
and bonds to the diamond by displacing a surface H,
while at the other end of the molecule is a reactive spe-
cies, such as a carboxylic acid or amine that is chemically
prevented from reaction by protecting groups. Similarly,
the aryl-diazonium salts with para-substituted reactive
species (also chemically protected) can be activated elec-
trochemically to attack and bond to the diamond sur-
face. Once grafted onto the surface, the protecting
groups are chemically removed from the untethered end,
revealing the reactive end-group ready for reaction with
the larger molecule of choice [203].

O-terminated diamond is also often employed for
further functionalisation via silanisation or esterification
reactions, while N- or NH,-terminated diamond can be
amidised [204]. Such chemically modified diamond sur-
faces afford a variety of different applications, such as
biochemical or electrochemical sensors (Section 3), the
creation of solvated electrons to drive electrochemical
reactions (Section 3.8), as an artificial nose (Section 4.5),
and as antimicrobial surfaces (Section 11.5). An excel-
lent comprehensive review on diamond functionalised
surfaces is given by Raymakers et al. [103].
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Figure 13. Simulations of the (a,b) ether O-terminated (100) and (111) diamond surfaces, respectively, and (c,d) the ketone
O-terminated (100) and (111) diamond surfaces, respectively. Cand O atoms are shown in grey and red, respectively. Image modified

from Ref. [198].

7.1. Electron emission from diamond surfaces

Many advanced technological applications exploit the
controlled emission of electrons from a surface for their
operation. These include, for example, emissive flat-
panel displays, spacecraft ion engines, high-power
microwave amplifiers, X-ray sources, electron micros-
copy; and electron-beam lithography techniques [205].
For an electron to be emitted from a surface, it must
possess sufficient energy to overcome the potential bar-
rier situated at the interface between the surface and the
external medium, which is usually a vacuum, but could
be air or water. This potential barrier—the work func-
tion, ¢—is defined as the energy difference between the
Fermi level (the electrochemical potential of electrons
inside the material) and that of the vacuum level. For
wide-band-gap semiconductor materials operating at
normal temperatures, the conduction band (CB) is usu-
ally empty of electrons while the valence band (VB) is
partially or fully occupied. The two bands are separated
by an energy band gap of a few eV (e.g., 1.1eV for Siand
5.47 eV for diamond). This means ¢ for most metals and
semiconductors is also typically several eV. Hence, either
UV photons or temperatures >1500K are required to
provide sufficient energy to emit electrons located at the
Fermi energy in the VB directly into the vacuum or to
excite them into the CB to be subsequently emitted
from there.

However, for some semiconductors and insulators,
such as diamond, an alternative emission pathway is
possible if the conduction band minimum (CBM) lies
higher in energy than the vacuum level. This uncommon
situation is known as negative electron affinity (NEA).

Here, any electrons located in the CB experience no
emission barrier to escape the surface. As such, bulk
electrons residing in the VB (or in mid-band-gap states
as aresult of p- or n-type doping), only need to be excited
into the CB for emission to take place. Consequently,
materials with NEA require far less photon or thermal
energy for electron emission, and so are promising can-
didates for next-generation electron-emission applica-
tions [205].

Diamond possesses an NEA surface when it is ter-
minated with certain electropositive chemical species
[206]. As mentioned above, the most common species
found on the surface of natural and CVD diamond is
hydrogen. The small difference in electronegativity
between carbon and hydrogen creates a surface dipole,
with the positive charge outermost, lowering the emis-
sion barrier and establishing the NEA. As a conse-
quence, electrons are, to some extent, repelled from the
negatively charged bulk and attracted toward the posi-
tive surface, from where they are emitted into vacuum,
while the NEA ensures there is little or no barrier for
emission.

As-deposited CVD diamond is fully H terminated
and possesses an NEA measured as —1.3eV for the
(100) surface and -1.27eV for the (111) surface
[207,208]. Diamond with other types of termination
or with a bare surface that has lost its terminating
groups can be re-hydrogenated by H,-plasma treat-
ment in a microwave CVD (MWCVD) reactor [209].
This hydrogenated NEA diamond surface is an excel-
lent candidate for many applications requiring efficient
sources of electrons, as discussed in the subsec-
tions below.



7.2. Cold-cathode electron emitters

In the case of field emission, a positive potential is
applied between the diamond film surface and a nearby
electrode at room temperature (hence the other name
for this process, cold-cathode emission) causing elec-
trons to emit from the surface and travel to the electrode,
resulting in an emission current. The NEA surface of
diamond (see Section 7.1) means that compared to many
competing materials (W, LaBy), higher emission-current
densities can be achieved with lower applied voltages.
Diamond has other advantages—it has excellent
mechanical and chemical stability, including high hard-
ness, high thermal conductivity, and compatibility with
Si fabrication processes, plus its surface can be chemi-
cally functionalised to tailor the emission properties
(Section 7) [210]. As such, diamond has been considered
a potential candidate for a range of vacuum microelec-
tronic devices [211], such as high-power switches, elec-
tron sources for microwave tubes, large-area electron
guns for high-definition television, high speed, high-
power amplifiers, and even integrated circuits [212]. In
the years from 2000 to 2010, extensive work in this area
using diamond and other forms of carbon emitter (DLC,
carbon nanotubes, and ND), reported field-emission
current densities of up to 1 mA cm™ for applied electric
fields of <5V pm™ [213], which are sufficient for use in
flat-panel displays [214,215] and X-ray [216] and micro-
wave generators [217]. Improvements to the emission
current while reducing the emission threshold voltages
were reported by the use of nanostructured diamond
“Spindt tips” [218] or diamond-coated teepee structures
[219], by depositing a thin metallic layer on the diamond
surface [210], or by using ultrananocrystalline diamond
(UNCD) with a high density of grain boundaries [220]
(Figure 14).

The latter report—that field emission occurred read-
ily from flat UNCD films—suggested that the commonly
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held mechanism for field emission based upon Fowler-
Nordheim theory—was insufficient to explain electron
emission in PCD. The theory suggests that the applied
electric field concentrates and amplifies around sharp
tips and edges. Thus, nanostructured needles and cones
exhibit increased emission current compared to flat
emitters for the same applied bias. However, this geo-
metrical enhancement was insufficient to explain the
extremely large current increases being reported for
some diamond films, and could not explain the enhanced
emission from flat UNCD films. The electron emission
seemed to be correlated with the number and density of
grain boundaries containing sp? carbon [222]. Also, SCD
with no grain boundaries exhibited little, if any, field
emission.

To explain this, Cui et al. [223] devised a mechanism
in which the threshold for field emission is lowered due
to a local reduction of the electron affinity of the dia-
mond surface surrounding nanoscale graphitic surface
structures, such as defects or grain boundaries. The elec-
tron emission takes place from this graphitic region,
although the emission barrier is controlled by the sur-
rounding diamond lattice. Direct evidence for this
mechanism was provided in 2015 when tunnelling AFM
was used to observe the emission coming only from the
grain boundaries of microcrystalline diamond (MCD)
films [224], with the grain boundaries “lighting up” in
the AFM images due to the emitted electrons while the
bulk crystallites remained dark.

These findings mean that the surface topology and
grain boundaries are more important for field emission
from diamond than the presence, or otherwise, of an
NEA surface. However, an NEA surface is still preferable
to a PEA surface to ensure the overall work function is
as low as possible.

Since about the mid-2010’%, interest in diamond
field-emission devices, and in particular flat-panel dis-
plays, has dropped off significantly. Although, in theory,

Figure 14. Example field emission devices made from diamond. (a) SEM image of a vertical diamond field emission triode. The fab-
ricated diamond emitter has a very sharp tip (~5nm) surrounded by a self-aligned silicon gate. The diamond cathode is electrically
insulated from the silicon gate by a 2-um-thick SiO, layer. (b) SEM image of a lateral diamond field emission diode with four diamond
“fingers” configured as a field emission cathode and a diamond anode located laterally 2 um from the diamond fingertips. Images

reproduced from Ref. [221] with permission.
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diamond field-emission displays should afford several
benefits compared to conventional displays, such as high
brightness, large viewing angle, and fast response, the
competing technologies (LCD, LED, and recently OLED)
won the race to commercialisation. Emissive diamond
(and CNT) displays, despite their potential advantages,
simply lagged too far behind the market to make further
development worthwhile, and many commercial man-
ufacturers, such as Samsung and Sony, abandoned field
emission in favour of other display technologies [15].
This is, perhaps, a sobering lesson for other fledgling
diamond applications—sometimes it’s not the best prod-
uct that wins, but the first product to get to market that
is good enough for the job [225]!

7.3. Thermionic energy generation

Diamond has been proposed as a candidate for energy
generation using a thermionic energy converter (TEC)
[226,227]. In a TEC (Figure 15), electrons emitted from
a hot cathode (the emitter) travel across a high-vacuum
gap and are captured by a cooler anode (the collector).
The difference in work function between the anode and
cathode creates a potential difference between the elec-
trodes. Connecting the two electrodes completes the
circuit, and permits electrons to flow from the collector
back to the emitter, driving an electric current through
a load. Thus, heat can be converted directly into elec-
tricity within a solid-state device that has no moving
parts. Ideally, the heating of the emitter would be
obtained in the form of infrared light from the sun,
which would be collected using a solar-tracking array
and focused onto the back of the emitter. A solar TEC,
such as this might provide an alternative to standard
photovoltaic (PV) solar cells for renewable energy gen-
eration [228].

The efficiency of a basic TEC device can be improved
by using either light or additional electrons to enhance
the electron-emission process. Such variations include
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Figure 15. Simplified schematic diagram of a thermionic emis-
sion converter. Electrons are emitted from a heated emitter and
travel across a vacuum gap to strike a cooler collector.
Connecting the two electrodes allows a current, /, to flow back
to the emitter through a load. Thus, heat is converted into elec-
tricity. Redrawn based upon a diagram in Ref. [206].

photon-enhanced thermionic emission (PETE)—where
photon absorption and thermal energy both contribute
towards energising electrons into the conduction band
[229]—and using electrons from radioactive B-decay to
assist the thermionic process in a similar process to beta-
voltaic devices (see Section 14).

TECs could be coupled with existing heating systems
for domestic electric-power co-generation and waste-
heat scavenging [230]. Small, portable TEC devices have
also been suggested as a method of reducing the heat
signature of military vehicles, making them harder to
detect by IR thermometry or to target with heat-seeking
weapons.

Thermionic emission begins for hydrogenated dia-
mond at only ~500 °C, and by ~900 °C the emission cur-
rent density often exceeds 1 mA cm™ [206], with the
highest value reported to date being 210 mA cm™ for
N-doped diamond on Mo at 1500 K [231]. This emission
threshold temperature compares to values of over
1500 °C that are typically required for thermionic emis-
sion from metals or semiconductors [206], and which
often support current densities much less than 1 mA
cm 2. Unfortunately, the relatively low adsorption energy
of ~ —4eV for H onto diamond means that these surfaces
remain stable to only ~600-800°C, after which the H
atoms start to desorb leaving a bare surface without an
NEA leading to a significant decrease in emission cur-
rent. The hydrogenated surface also partially oxidises in
air or water over a period of days or weeks, with a result-
ingloss in NEA, and it can also undergo surface transfer
doping with airborne adsorbates (Section 4.2.3), which
impair or block electron emission. A great deal of effort
has been expended, therefore, to find a suitable diamond
surface termination that exhibits similar or improved
NEA properties to hydrogen-terminated diamond but
with greater stability at higher temperatures under ther-
mionic emission conditions and/or under ambient con-
ditions in air [206].

Most work on alternative termination species has
involved depositing monolayers or sub-monolayers of
electropositive metals (M), such as Li, Mg, Na, Ti, Al
and Sc, directly onto the diamond surface [206].
Relatively few metal adsorbates have been studied exper-
imentally to date, but several of those have shown prom-
ising thermionic characteristics. However, although
many of these metals may establish a useful NEA surface
when adsorbed onto diamond at room temperature, due
to weak M-C bonding, at elevated temperatures they
often desorb or the surface reconstructs into a non-NEA
form. Additionally, many of these metals oxidise easily,
so on exposure to air, the M-C bonds break in favour of
new M-O bonds, and the NEA surface is again destroyed.

One approach to solve these issues is to pre-oxidise
the diamond surface before metal deposition. While it
may appear counterintuitive to surface terminate with
electronegative O, provided a sufficiently electropositive
metal is bonded on top of the oxygen layer, the overall



M-0O-C sandwich can produce a net NEA surface. A
number of such sandwich structures have been investi-
gated both experimentally and theoretically [206], and
a few general observations have been made, which apply
to both M-C and M-O-C surface structures. Results
suggest that small metal adsorbates (Li*, Na*) are pref-
erable to larger ones because they lie closer to the dia-
mond surface and thus have high adsorption energies
with increased temperature stability. Metals with high
electropositivity, or which ionise easily to form highly
charged ions (Mg?*, AI**, Ti*, Sc**), and which form
strong, stable bonds with both C and O, are also good
candidates for further investigation. Indeed,
Sc-terminated diamond has recently been reported [232]
to have the highest NEA for a metal adsorbed onto bare
diamond measured to date (-1.45 and —-1.13 eV on dia-
mond (100) and (111) surfaces, respectively), as well as
being thermally stable up to 900 °C (Figure 16). Si [233]
and Ge [234] terminations have also been investigated
experimentally and theoretically, and look very promis-
ing. Boron termination on bare diamond has been
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Figure 16. (a) The UPS spectra of Sc on the bare SCD (100) sur-
face observed at different sample preparation stages: the bare
unhydrogenated surface, immediately after Sc deposition, and
following annealing at four different temperatures. The steeply
rising curves around 17-18eV are indicative of electron emis-
sion from the conduction band, and the cut-off energies can be
used to calculate the electron affinity. Regions labelled | and IV
provide information about valence-band and conduction-band
electrons, respectively, while regions Il and Ill come from bulk
electrons. Extrapolations to determine the position of the
valence band maximum (VBM) and cut-off energy relative to
the Fermi level are shown in (b) for region |, and (c) for region IV,
respectively. Figures reprinted under CC BY 3.0 licence from Ref.
[232] (published by the Royal Society of Chemistry).

FUNCTIONAL DIAMOND . 21

predicted theoretically to be thermally stable and exhibit
areasonable NEA [235], however, no experimental work
has yet been reported for this system.

The related termination approach with N instead of
O, i.e., M-N-C structures, has so far only been reported
for Ti [236] and Sc [237], but calculations show that
these, too, should exhibit NEA with high-temperature
stability. The most promising candidates so far studied
include LiO [238], MgO [239], and ScO [240], although
thermionic emission data under realistic operating con-
ditions and lifetime tests have yet to be reported.

7.4. Secondary electron emission

Electronically, light is usually detected by focusing pho-
tons onto a photocathode, which then emits electrons,
that are subsequently collected on an electrode and mea-
sured in the form of an electrical current. At low light
intensity, the small number of emitted electrons have to
be amplified to obtain a usable signal. This multiplica-
tion is usually achieved by devices, such as photomulti-
plier tubes or microchannel plates [241]. These use high
voltages to accelerate the slow emitted electrons to high
velocities, which then strike surfaces that have been cho-
sen due to their high (>1) secondary-electron emission
yield (SEY). For these surfaces, the high-energy
primary-electron impacts liberate multiple secondary
electrons depending on the SEY of the surface. These
secondaries are then accelerated deeper into the device
to strike another surface, which, in turn, emits even
more electrons. Most electron-multiplication devices
require many such amplification stages, determined by
the SEY of each surface and the gain required. For exam-
ple, a dynode device comprised of five amplification
stages, each with a SEY of 10, will amplify the signal
10° times.

Secondary electron emission is generally interpreted
as a three-step process, in which the excitation of the
emitted electrons in the bulk, their transport to the solid
surface, and their escape into the vacuum, are described
by three different processes [242]. For an efficient emit-
ting surface, each primary electron can liberate multiple
secondary electrons, and providing these can be accel-
erated to sufficiently high energy, they can excite other
electrons by means of a cascade generation process. At
each collision the electrons lose energy, until ultimately,
they thermalise at the bottom of the CB. The emission
of these low-energy electrons now depends only on their
ability to overcome the energy barrier present at the
surface.

Diamond exhibits excellent secondary-electron emis-
sion characteristics, with SEY values higher than metals
and many insulator materials [243,244]. Indeed, SEY
values as high as 80 (i.e., 80 electrons emitted for every
primary electron that strikes a surface) at 3keV are
reported for pristine SCD [245,246] and ~10 for
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polycrystalline CVD films [247]. High SEY's can usually
be obtained from hydrogen-terminated electrically con-
ducting BDD films [248]. This is attributed to the com-
bination of efficient electron transport from the bulk
(where the secondary electrons are generated) to the
surface, resulting in a large mean escape depth (around
a few tens of nm for a primary energy of ~1keV),
together with an NEA surface which removes the poten-
tial barrier for emission (see Section 7.1).

The applications for diamond-based electron ampli-
fication devices are numerous and diverse [249].
Photomultiplier tubes and microchannel plates are ubiq-
uitous in many fields of science, especially in advanced
spectroscopic techniques and mass spectrometry. They
are also used for medical imaging in PET scanners and
for the detection of ionised particles and neutrinos.
Diamond-based electron multipliers, such as those
shown in Figure 17 have been investigated for use in
night-vision goggles [251], and as a converter of back-
scattered electrons into secondary electrons in scanning
electron microscopy [243].

However, despite this promise, very few such dia-
mond dynode devices have been commercialised to
date. The problem may be that the emission of electrons
through the hydrogenated diamond surface, especially
at high currents, causes gradual desorption of the H,
removing the NEA vital for high SEY. However, follow-
ing recent reports of the more thermally robust dia-
mond NEA surfaces using metal adsorbates and/or
metal-oxygen adsorbates (see Section 7.3), interest in
diamond secondary-electron applications has reawak-
ened [249]. This may be a field to watch in the com-
ing years.

7.5. Diamond PN/PIN diode-type electron emitters

Recently, the Schottky diode designs discussed in
Section 4.1 have been modified to fabricate devices that
operate via electron emission from an NEA diamond

(a) Reflective
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(b) Transmissive
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Figure 17. Two geometries typically used for secondary elec-
tron multiplication dynode devices, except here using thin-film
diamond as the dynode material. Three multiplication stages
are shown for each, with each stage having a higher positive
bias compared to the previous stage. (a) “Venetian blind"-style
reflective device. (b) A transmissive device involving thin dia-
mond membranes. Image taken from Ref. [250] under the
Creative Commons 3.0 licence.

surface [252]. The NEA surfaces so far have all been
H-terminated, but nevertheless have begun to show a
great deal of promise for applications, such as high-
voltage switching or as electron sources. These devices
operate at room temperature and operate via a mecha-
nism which involves the creation of excitons (electron-
hole pairs) by supplying sufficient energy (in the form
of UV photons or high voltage) to electrons residing in
the valence band (VB) that they emit directly into
vacuum without first thermalising in the conduction
band (CB). The loss of an electron leaves a positive hole
in the VB, which can be neutralised by an electron
injected from an external circuit.

These devices require an NEA diamond surface to
eliminate the energy barrier for electron emission, how-
ever, to achieve high emission currents they also need
to minimise the overall energy required to create the
excitons. One way to achieve this is to use n-type dia-
mond, where the donor level sits just below the CB min-
imum (CBM). Unfortunately, n-type diamond can cause
strong upward band-bending which inhibits electron
emission [253]. An alternative is to use p-type diamond
which creates downward band-bending favourable for
emission, however, with the acceptor level being far from
the CB, this means there are few electrons at the CBM.
The solution is to combine both p-type and n-type dia-
mond into a 2-layer device, as shown in Figure 18(a).
Here, electrons are injected from the n-type layer into
the p-type layer, while holes travel in the opposite direc-
tion. The electrons injected into the p-layer are effec-
tively in an “excited” state, from which they can then be
emitted more easily by the application of a suitable volt-
age or a photon of the correct frequency.

The first such diamond PN junction was successfully
fabricated in 2001 and demonstrated clear diode char-
acteristics and electron emission [254]. Moreover,
235nm UV light was generated, which was attributed to
the phonon-assisted recombination of free excitons, con-
sistent with the proposed exciton-emission mechanism.
Over the next few years, improvements in crystalline
quality and n-doping efficiency using phosphorus
helped increase the emission efficiency to 1.9% [255].

An improvement over these simple PN diodes incor-
porates an undoped (intrinsic) diamond layer between
the p-type and n-type layers, to make a PIN diode device.
This is because intrinsic diamond can support a much
higher density of free exciton states than the doped lay-
ers, which enables a higher current through the device
leading to higher electron emission. As well as electrons,
the recombination of the excitons in PIN devices causes
emission of deep-UV photons, which has been used to
fabricate deep-UV LEDs [256]. A further improvement
on the design added a heavily n-doped layer between
the n-doped layer and the metal contact to reduce the
contact resistance (Figure 18(b)) [257].
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Figure 18. (a) Typical design for a PN diode emission device. The p-type diamond layer is patterned using dry etching to form a pro-
truding “mesa” structure from which the electrons are emitted into vacuum to be captured by a nearby collector electrode. The
p-layer sits directly on top of an n-type layer, which itself sits on an undoped single-crystal diamond substrate. Electrons are returned
to the n-layer via an electrical contact on the surface. A removable contact on the p-type surface is used to measure the conduction
properties through the diode device in the absence of electron emission. (b) Schematic diagram of the design of a PIN diode with a

heavily doped n* top layer. Both redrawn from Ref. [252].

These early PN/PIN diode devices used (111) dia-
mond because this orientation is easier to #n-dope with
phosphorus. However, recent advances in the P-doping
efficiency of the more common, cheaper, and higher
quality (100) orientated diamond, may allow significant
improvements in the emission current from these
devices in the near future. This may lead to a range of
new applications, including proposed compact high-
voltage power-switches [258] for use in intelligent power
grids running off sporadic “green” energy sources, such
as wind and solar polar. At present, such devices have
been demonstrated at 10kV [259] with a room-
temperature power-transmission efficiency of 73% at
9.8kV. But, in theory, with further improvements in
diamond quality, it should be possible to increase the
voltage to 100kV or more. NEA surfaces that use termi-
nation schemes that are more robust and more thermally
stable than H, such as metals or metal oxides (see Section
7.1) may also improve device performance and longevity.
Thus, PN/PIN electron-emission diodes might soon be
found in telecommunications, radar, and analysis instru-
ments, such as X-ray scanners and in free electron lasers.

8. Diamond composites

Addition of diamond to a material to form a composite
can improve its properties, in particular physical prop-
erties, such as strength, brittleness, wear behaviour, or
thermal conductivity. The diamond is usually added in
the form of particles with sizes ranging from a few pm
to tens of um, while the matrix material can be metals,
alloys, oxides, carbides, nitrides, sp? carbon, and organic
polymers, all of which are reviewed in Ref. [260]. The
majority of these diamond composites are used for
mechanical applications, such as cutting, grinding, or
polishing (Section 2), but they are beginning to find uses
for applications, such as biosensors [261], energy storage
[262], supercapacitors [263], and photoelectrochemis-
try [264].

Composites can also be fabricated by embedding
diamond-coated fibres, which are extremely rigid, into

a suitable metal or plastic matrix. Embedding short dia-
mond fibres in random orientations increased the over-
all stiffness of the material in three dimensions. But if
the embedded fibres are long and aligned, the stiffness
of the composite is hugely increased—but only in the
direction perpendicular to the fibres—leading to a com-
posite with tuneable anisotropic stiffness properties
[265]. Such diamond-fibre-reinforced metal-matrix
composites may be useful for aerospace applications
where strong, stiff but lightweight materials are essential.
Furthermore, diamond’s huge thermal conductivity
means that if the matrix material is plastic, such as epoxy,
then embedding long, aligned diamond fibres enables
the fabrication of heat-conducting composites which are
electrically insulating [266]. These could be useful to
remove heat from localised sources, such as electronic
devices without the risks and problems associated with
water-cooling.

9. Optics

Diamond is unique among materials due to its wide
spectral transparency [267]. Depending on its level of
purity, diamond can be transparent from its fundamental
cut-off at ~225nm through to the far infrared (with the
exception of a multi-phonon absorption band in the
wavelength range of 2.5-6.7 um), as well as through
much of the X-ray region. Diamond’s very high thermal
conductivity and small thermal-expansion coefficient
allow it to dissipate huge, localised sources of heat (e.g.,
from a laser spot or beamline) to a nearby heat sink
without significantly distorting its shape, making it an
ideal material for windows, lenses, beam-splitters, and
other optics [268,269].

Three game-changing advances over the past 20 years
have driven the use of diamond for optics. The first is
the ability to deposit CVD diamond at high rates to pro-
duce freestanding mm-thick diamond plates, ideal for
bulk optics. Thick SCDs—although primarily for the
gemstone market—can be polished and shaped to make
excellent bulk optical components [270]. Even PCD can
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now be manufactured with sufficiently high purity and
transparency for use as freestanding windows with
diameters ~150 mm and excellent transmissivity [271]
(see Figure 19). Smaller versions of these, typically
10-50 mm diameter, have now become the preferred
window material for high-power multi-kW CO, laser
systems, replacing the previous ZnSe windows which
had problems with thermal lensing leading to poor beam
quality and laser focus. In contrast, because diamond
windows have high thermal conductivity, low dn/dT
(i.e., the refractive index does not change much with
temperature), and excellent IR transparency, the
thermal-lensing effect is significantly reduced. As such,
diamond windows can handle much higher power levels
without any deteriorating effect on the laser beam.
Interference effects between the front and back surfaces
of windows can be minimised by fabricating them with
wedge angles close to 1° [273].

The second advance is the development of low-
temperature growth over large areas using novel plasma
methods, such as linear antenna plasma deposition
(LAPD) [274], distributed antenna array microwave
(DAAM) deposition [275], or surface wave plasma
(SWP) deposition [276]. These have made it possible to
deposit a protective nanocrystalline diamond (NCD)
layer onto delicate IR window materials, such as ZnS,
and ZnSe, as well as more conventional optical materials,
such as quartz and glass [277].

The final advance is the development of techniques
to process diamond to obtain optically smooth surfaces
with roughness <1 nm by polishing using a slurry made
from conventional diamond grit, or RIE etching, and
chemical-mechanical polishing [278].

The higher powers and larger wavelength ranges now
accessible to lasers that use diamond windows are
enabling new technologies. High-power CO, lasers
operating in the IR (10.6 um) are used in industry for
welding, hardening, or remelting metals, and can cut all

Figure 19. An example of a CVD diamond window embedded
in a UHV conflat vacuum flange. Photo: used with permission
from Diamond Materials [272].

types and thicknesses of metal and other materials: mild
steel, stainless steel, aluminium, as well as plastic, tile,
marble, and stone. Because diamond windows are trans-
parent to microwaves, they are beginning to find use in
gyrotrons in fusion reactors (see Section 13.2), in radar,
or in planned directed-energy applications, especially
military weapons where high-powered (100 MW)
microwave laser beams may be used to incapacitate per-
sonnel or knock-out electronics [279]. High-power UV
lasers using diamond windows are also at the forefront
of extreme ultraviolet lithography (EUVL) (13.5nm) for
semiconductor fabrication [280].

Other diamond optics are becoming essential in a
diverse range of advanced X-ray devices, such as X-ray
monochromators, beam splitters, high-reflectance back-
scattering mirrors, lenses, phase plates, diffraction grat-
ings, bent-crystal spectrographs, and for the generation
of fully coherent hard X-rays by seeded free-electron
lasers—see the detailed review of these in Ref. [269].

9.1. Anti-reflective coatings (ARCs)

ARGCs are used in many optical products in daily life,
such as on spectacle lenses, on the screens of smart-
phones or tablets, on the dashboards of cars, and on the
control panels of house-management systems. DLC is
commonly employed as a combined wear-resistant layer
and ARC on many types of optics [281]. Unfortunately,
using a CVD diamond layer instead of DLC in this way
is problematic due to the fact that most optical materials
(glass, plastics) do not survive the high-temperature
CVD process. Nevertheless, using a low-temperature
CVD process along with surface layers of low-refractive
silicon dioxide or other oxides, promising results have
been reported with diamond ARC layers on quartz and
glass substrates [282]. IR optics which use Si as the opti-
cal material are easier to coat with a CVD diamond ARC,
and reports show that diamond-coated Si optics have
been successfully used to monitor processes in the
high-temperature, highly corrosive environment of
steelworks [283]. Rather than use films of diamond on
optics, bulk SCDs can act as attenuated total reflection
(ATR) crystals, enhancing the accuracy and precision of
chemical analysis [284].

9.2. Missile domes

Heat-seeking missiles use IR sensors to lock on to their
targets. However, the IR-sensitive materials used (ZnS,
ZnSe) are fragile and prone to damage—especially if the
missile were to fly at high speed (up to Mach 5) through
rain or sandy dust clouds. Such devices need to be pro-
tected by a window that (a) is IR-transparent, (b) can
survive high-velocity impacts from sand particles or
water droplets, (c) can cope with aerodynamic heating—
the large temperature increases resulting from friction



with the fast-moving air, and (d) is dome shaped for
aerodynamical efficiency. PCD domes were developed
for this application by the UK and US air forces in the
late 1990s. There remains a lot of secrecy surrounding
the final outcome of this work and whether or not the
domes were even adopted by the military, but the lack
of recent publications in this area suggests that the cost
of the diamond domes proved uneconomic compared
with competing materials, such as sapphire. Nevertheless,
their development instigated several advances in CVD
technology, including how to deposit and then polish
diamond on macroscopic 3D substrates [285], which led
directly to the development by Element Six of CVD dia-
mond tweeters for high-end music systems [286].

9.3. Raman lasers

Raman lasers use an optical pump laser to excite
high-frequency lattice vibrations (phonons) in a suitable
transparent crystal, such as potassium gadolinium tung-
state (KGW), YVO,, or Ba(NO,),. These phonons absorb
some of the laser energy and then re-emit the remaining
energy as a lower-energy (longer-wavelength) laser
beam. Their utility lies in the fact that they can convert
commonly available laser wavelengths into unusual laser
wavelengths, such as yellow light (see Figure 20), which
are difficult to achieve by conventional laser or optical
systems, but which have important applications in chem-
ical analysis and medical treatment. However, the
absorbed pump-laser energy causes the target crystal to
heat up significantly, distorting the outgoing laser
beam—a problem which limits most conventional
Raman lasers to low powers.

The advent of large (multi-mm-sized) high-purity
optical-quality CVD diamond crystals enables many of
the limitations of current Raman laser systems to be
overcome [288]. Diamond’s very high thermal conduc-
tivity eliminates many of the excessive heating problems,
meaning Raman lasers with much higher output power
levels can be achieved. Diamond also has a higher
Raman gain coefficient (which governs what fraction of
the pump-laser power is converted into the frequency-
shifted laser light), than any of its competing materials,

Figure 20. Conversion of green laser light to yellow/orange
using a monolithic diamond Raman resonator. Image taken
from Ref. [287] with permission.
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making the process very efficient. In the last few years,
researchers at Macquarie University [289] and
Strathclyde University [290], amongst others, have
reported a range of different diamond-based Raman
laser variations, including continuous wave, Q-switched,
and ultrafast lasers, with wavelengths from the deep-UV
to the mid-IR. The power limits of diamond Raman
lasers are still being pushed, with kW lasers now being
developed. As larger and higher-purity diamond com-
ponents become available, the possible uses for such
high-power diamond Raman lasers will doubtless
increase.

10. Radiation detectors and other applications
for synchrotrons and particle beams

The extreme power densities and heat fluxes associated
with synchrotron radiation, especially when highly
focused, make conventional optics challenging. CVD
diamond is radiation hard and compatible with ultra-
high vacuum, and is highly transparent from the ultra-
violet through to the infrared, as well through the X-ray
region. As such, it is often the only material that can be
used in such challenging conditions.

10.1. H-atom beam generation

Diamond’s robustness, even in the form of thin, large-
area, freestanding foils, makes it resistant to damage and
distortion when placed into high-energy ion beams.
Nanocrystalline diamond foils (<1 um thick, 10 x 16 mm)
supported on one edge, have been used to strip electrons
from H™-ion beams to produce H-atom beams [291].
Remarkably, these very thin but large-area diamond foils
can withstand the energy of a 1.0 GeV ion beam. To pre-
vent distortion, the foils are patterned with U-shaped
corrugations to enhance their mechanical strength and
prevent them curling up under thermal or mechanical
stress. Such diamond foils may allow future synchrotrons
to create and utilise H-atom beams with unprecedented
energy and flux.

10.2. CVD Diamond fluorescent screens

Perfect diamond does not show any visible fluorescence.
However, when CVD diamond is struck by high-
intensity light, the nitrogen and vacancy-related defects
present in the lattice create fluorescence in many visible
colours, ranging from blue-violet and green down to
red-orange. Thus, CVD diamond fluorescent screens can
be used to track the position of “invisible” synchrotron
beams, and have proven to be a powerful tool for the
monitoring of synchrotron radiation. Indeed, the bright-
ness of the fluorescence is sufficient to monitor white
undulator beams as well as monochromatic beams [292].
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10.3. X-ray lenses

Diamond displays several outstanding properties that
make it desirable for X-ray optics and instrumentation,
especially for high-brilliance third- and fourth-
generation X-ray sources. In these high intensity X-ray
beams, many competing materials (such as Si) simply
do not function or remain stable. Due to its low atomic
number (Z=6), diamond is much more transparent to
X-rays than silicon (Z=14), because absorption scales
as ~Z°. With less energy absorbed, diamond X-ray optics
heat up to a lesser extent, and with their high thermal
conductivity and low CTE, these optics are very efficient
and stable. For X-rays lenses, the important metric is a
short focal length, and diamond achieves this due to its
relatively large decrement of the refractive index, mean-
ing less material is required to produce a short focal-
length optic—and less material means fewer absorbance
losses. Alianelli et al. [293] demonstrated an X-ray pla-
nar compound refractive lens (CRL) fabricated via CVD
growth of a conformal NCD layer onto an etched Si
template. The Si substrate was removed to produce a
freestanding diamond CRL, as shown in Figure 21.
Testing on a high-power X-ray synchrotron beam
yielded a line focus of sub-micron width. Further
improvements in this technology may enable nm-scale
focusing of high-power X-ray beams. Such unprece-
dented improvements in resolution for X-ray scattering
studies should permit the molecular structure of pro-
teins and other biomolecules to be determined to aston-
ishing precision.

10.4. Particle and radiation detectors

Solong as the particle energies involved are greater than
the band gap of diamond (5.47 eV), diamond radiation
detectors can be designed to detect and analyse most
forms of ionising and non-ionising radiation, including
neutrons [294], protons [295], alpha [296], beta [297],
and gamma [298] radiation, as well as UV [299] and
X-rays [300] (see the comprehensive reviews in Refs.
[301,302]). Compared to competing materials and tech-
nologies, diamond has several distinct advantages in
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Figure 21. An X-ray linear CRL fabricated using freestanding
NCD deposited conformally into a prepatterned Si mould. Photo
reproduced with permission from Ref. [293] (Copyright AIP 2010).

relation to detecting and measuring radiation levels
[303]. Diamond-based detectors are very robust and
therefore seldom require repair or replacement. They
generally have a very fast response (<100 ps) due to their
high mobility of free charges (~4500 cm? V! s7! for elec-
trons, 3800 cm? V! s7! for holes [304]) and they can be
operated at room temperature with no need for cooling.
They have a resistivity several orders of magnitude
greater than Si-based detectors, with extremely low leak-
age currents, which makes them highly sensitive. Unlike
Si detectors, diamond detectors do not require p-type or
n-type junctions to connect the detector to the control
electronics. Because such junctions are often a point of
failure, diamond detectors are more robust, allowing
them to be used in extreme environmental conditions,
e.g., high humidity, high temperature, and highly corro-
sive environments.

These features, combined with diamond’s intrinsic
properties, give diamond detectors perhaps their most
important advantage over other materials—they are
resistant to the extremely high radiation levels at which
most other detectors stop functioning. Indeed, the main
Atlas detector used on the Large Hadron Collider at
CERN is made from diamond, as no other material could
survive the huge radiation levels (proton fluences of
1x 10" cm™and instantaneous rates of at least 1 x 10° cm?
s71[305]) in the beam. The intense beams of X-rays from
synchrotron sources at ESRF (Grenoble) and the
Diamond Light Source (Harwell, UK) are monitored
using diamond detectors and have been focused using
diamond compound refractive lenses (see Section 10.3),
while the Joint European Torus (JET) nuclear fusion
facility at Culham (UK) uses diamond detectors for UV
and neutron detection. The next-generation fusion
energy source, ITER, will use diamond detectors for
several applications, including as part of their
neutral-particle analyser [306].

Details on the design and operation of the different
diamond detectors used for various types of radiation
can be found in Refs. [301,302]. In brief, most diamond
detectors work on the same principle as photovoltaic
devices or ionisation chambers (see Figure 22). An
incoming high-energy particle or photon strikes the dia-
mond and travels through the bulk, losing energy via
collisions with the carbon nuclei or bulk electrons. As it
travels through the diamond, the particle leaves behind
it a trail of electron-hole pairs. A potential difference
applied across the diamond causes these charges to sep-
arate, with electrons drifting towards a positive electrode
and the holes drifting in the opposite direction towards
a negative electrode. This movement of charge creates a
measurable current, the magnitude of which is related
to the energy and number of incoming particles.

The diamond research group at CEA Saclay in France
have developed several different diamond-based radia-
tion detectors, the operation and applications of which
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Figure 22. Schematic diagram showing the operating princi-
ples of a diamond radiation detector.

are described in detail in Ref. [307]. There are now sev-
eral companies worldwide that produce such detectors
commercially, including PTW-Freiburg (Germany), St.
Gobain/Norton Diamond Film (Northboro, MA, USA),
and Element Six, Ltd (Harwell, UK).

10.5. Dosimeters

Diamond can also be used as a radiation dosimeter, to
detect and monitor the total dosage absorbed by humans
exposed to radiation [308,309]. Most dosimeters are
designed for medical and therapeutic use, for example,
in X-rays and computerised axial tomography (CAT)
scans, but these often only work at low radiation levels.
Moreover, many existing technologies have limitations:
Si dosimeters suffer from radiation damage and low life-
time, whereas ionisation chambers have low spatial res-
olution and low sensitivity.

Dosimeters that utilise diamond overcome some of
these problems. Diamond has a low atomic number
(Z=6) compared to the mean value for soft tissue of
Z~6.5-7.5. Thus, diamond is described as being “tissue
equivalent” This means diamond dosimeters have fewer
calibration errors or offsets than, say, Si (Z=14) detec-
tors, and do not over-estimate the dosage at lower ener-
gies [310]. However natural diamond dosimeters are
expensive. Therefore, multiple research groups world-
wide are actively developing dosimeters that instead use
cheaper CVD diamond. Examples include the EU proj-
ect MAESTRO (Methods & Advanced Equipment for
Simulation & Treatment in Radiation Oncology) [311]
and two projects funded by the Italian National Institute
of Nuclear Physics called CANDIDO and CONRAD, on
natural and synthetic diamond-based dosimeters for
clinical radiotherapy [312].

11. Biomedical applications

Diamond is emerging as one of the major new biomate-
rials of the twenty-first century that could reshape the
way medical treatment is performed, especially when
invasive procedures are required, as explained in detail
in these reviews [25,313]. The two main properties of
diamond that make it a highly desirable candidate for
biomedical applications are that it is bioinert, meaning
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that there is minimal immune response when diamond
is implanted into the body and that its electrical conduc-
tivity can be controlled from insulating to near-metallic
enabling electrical signals to be sent to or received from
cells, such as neurons.

11.1. Coatings for artificial joints

DLC coatings for metal and ceramic replacement hip-
joints have been around for over 20 years, providing high
wear resistance for the mechanical ball-and-socket joints
and increased lifetimes. However, these coatings have
become less favoured due to reports of the films delam-
inating after a few years and generating damaging par-
ticulates [314]. Similar worries prevented the adoption
of CVD diamond coatings in artificial joints, which ini-
tially had poor adhesion onto the most commonly used
implant material, Ti. However, some modern hip
implants now use silicon nitride rather than Ti, and these
are much more amenable to diamond CVD, with the
diamond forming smooth adherent coatings. Extremely
low wear rates for NCD-coated nitride hip-joints have
been reported [315], but it is unclear whether these will
become the mainstream solution for joint prostheses. A
recent review on diamond for medical devices can be
found in Ref. [316].

11.2. Culturing cells on diamond

Another approach for using diamond medicinally is as
a bioinert culture-plate upon which to grow biological
cells, including stem cells, cardiac muscle cells, various
types of neurons, osteoblasts, fibroblasts, macrophages,
and epithelial cells [25,317]. These cells are then avail-
able as in vitro test subjects for determining the efficacy
of new drug treatments, or for studying the toxic effects
of chemical or neurological agents—without the cost and
controversy of using in vivo tests or animal experiments.
Cells cultured on diamond plates can survive for many
months, unlike those on traditional glass or plastic sub-
strates which typically die after a few weeks. This means
that long-term testing is possible, as are inheritance tests
that require multiple generations of cells.

Studies at University College London [318] and the
University of Bristol [319] have demonstrated that
human stem cells thrive on diamond culture-plates and
that they can later be transformed into other cell types
(kidney, liver, and especially neurons) using suitable
chemical treatments. When BDD is used as the plate,
then the cells growing on its surface can be electrically
interrogated or stimulated via this conducting substrate.
The substrate can also be patterned or treated such that
areas of the surface are amenable to cell growth, while
other areas are not. In this way, cells, such as neurons,
can be persuaded to grow only in certain areas, allowing
two-dimensional neural networks to be fabricated (see
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Figure 23) [320]. These “brains-on-a-plate” act as mod-
els that mimic to some degree the behaviour of a real 3D
brain, allowing neuroscientists to study how different
types of stimuli propagate through the neural network.
Such studies may pave the way for future development
of organic computers.

11.3. Bone and cartilage scaffolds

Coating traditional joint and bone implants with crystal-
line diamond can increase biocompatibility and cell adhe-
sion, as well as reducing adverse reactivity, inflammation,
erosion, and release of metal nanoparticles into the
bloodstream. The diamond implant acts as a scaffold
around and upon which new bone growth occurs [321].
The challenge is to optimise the CVD process on standard
implant alloys, for which, as mentioned earlier, diamond
deposition is usually unfavourable. Despite significant
progress being made recently for deposition on Ti, Co-Cr,
and even steel substrates (see the review by Catledge et al.
[322]), it is likely that such scaffolding technology will
first appear in dental implants [323]. Cartilage, too, can
utilise diamond as a scaffold for growth or regrowth
[324], suggesting future scenarios where body parts, such
as the ears, nose, trachea, or even larynx, could be
repaired or even regrown in the laboratory.

11.4. Neural implants, bionic organs, and brain-
computer interfaces

Diamond is rapidly becoming the material of choice for
bioimplants [325,326] because it does not provoke an
immune response when implanted inside the body. As
such, diamond-based implants produce minimal inflam-
mation or scarring, and can therefore survive and func-
tion for years—or even decades—within the body, with
no need for the cost and trauma of surgical replacement.
Diamond is not chemically attacked by the body’s fluids.
Thus, it can be used to protect non-biologically inert
components (such as Si microprocessor circuitry) within

hermetically sealed diamond “boxes.” An example of this
is the “bionic eye” project from Melbourne University
[327-329], which uses an artificial retina chip sealed
inside a protective diamond shell, implanted into the
eye, to provide some degree of sight for patients with a
malfunctioning retina.

Electrically conducting BDD can be used as an active
biosensor, allowing electrical signals to be transferred to
and from cells. This is especially useful for neurons sit-
uated in the brain, the central nervous system, or in the
periphery, such as arms and legs [319]. Recently, there
have been two major EU-funded research consortia
(DREAMS [330] and NEUROCARE [331]) to study
diamond-based implants that interface with living
human neurons. The aim was to find treatments for neu-
rological disorders, such as Alzheimer’s, Parkinson’s,
stroke, epilepsy, paralysis due to trauma, and many oth-
ers. An example biosensor is an artificial retina, reported
by a collaboration between several French research
groups, that uses a conducting diamond film grown onto
a flexible polyimide substrate that can wrap around the
back of the eyeball and transfer signals from the retina
to the optic nerve [332]. Similarly, diamond sensors were
implanted into the auditory cortex of a live guinea pig,
allowing neuronal sound-dependent stimulations to be
recorded [333] as the first step towards a “bionic ear”
Other examples currently being researched are diamond
sensors embedded into the spinal cord of paraplegic
patients, which pick up signals from the brain and trans-
fer them wirelessly to an external computer. Interpretation
of these signals using special software may allow robotic
legs to be moved at will by the patient. Such treatments
for paralysis have already been demonstrated using mul-
tiple external sensors placed on the scalp [334], but with
an internal diamond implant, the sensor would be por-
table and remain in situ for perhaps 30 years.

Such two-way communication also opens up other
possibilities, such as direct brain-computer interfaces
(BCIs) [334]. In this case, the diamond sensors perma-
nently implanted into the brain would pick up the neural

Figure 23. Ordered growth of neurons on a laminin-coated hydrophilic diamond substrate. The right-hand image shows a detailed
higher magnification image of the part of the left-hand image indicated by the rectangle. Multiple neurites cross this intersection,
possibly originating from several neurons. Images reproduced from Ref. [320] with permission.



impulses and transfer them wirelessly to an external
computer. With suitable software to interpret the signals
(a difficult problem in itself), it may, in time, be possible
to develop thought-controlled equipment (TVs, cars,
drones, etc.). Although this may seem rather far away,
the implications of BCI technology for medical applica-
tions, military applications, and society as a whole, are
huge—as any science-fiction author would attest!

11.5. Antibacterial coatings

Medical experts are currently warning about an antibi-
otic crisis due to the increasing number of strains of
bacteria that are evolving resistance to antibiotics. As
well as developing new types of antibiotics, another strat-
egy is to develop antimicrobial coatings that kill bacteria
mechanically rather than chemically. It would prove
much more difficult for bacteria to evolve resistance
against such surfaces, which would then function as a
preventative, rather than a cure. One possible answer
has been suggested following the study by Ivanova et al.
[335] of the microstructure of the wings of dragonflies
and cicadas, which are covered with micropillars a few
100 nm tall. Biologists believe these micropillars act as
a protective mechanical antimicrobial surface. A surface
with properties similar to these was fabricated using
so-called black silicon—a synthetic nanostructured
material that contains high-aspect-ratio nanospikes on
its surface produced through plasma etching. Ivanova
et al. found that black Si acts as an effective bactericidal
surface for both Gram-negative and Gram-positive bac-
teria. However, the nanostructured Si surface is fragile
and is easily damaged or scratched. A solution to this
may be to coat the needles with a conformal layer of
diamond, 50-100 nm thick, making the nanostructures
far more robust and less likely to become damaged. As
well as having excellent electrochemical properties (see
Section 3.3), the diamond-coated spikey surface (called
“black diamond”), was also found to kill bacteria effi-
ciently and effectively [45,336] (see Figure 24). When
the surfaces of the black-diamond needles were fluori-
nated by exposure to an SF, plasma, they became supe-
rhydrophobic, further increasing their antimicrobial
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properties, as well as hindering the growth of biofilm
[337,338].

Realistically, for real world applications, microbial-
resistant surfaces will never be coated with exotic
materials, such as black diamond. Instead, similar nano-
structured surfaces could be fabricated from more
conventional materials like stainless steel, Ti, polytetra-
fluoroethylene (PTFE), or medical-grade rubber.
Nevertheless, the general findings from studies, such as
those on black diamond will provide important infor-
mation for the development of next-generation antibac-
terial surfaces made from more practical materials.
Several other strategies for using diamond in anti-
bacterial coatings are reviewed in Ref. [339].

12. Diamond anvil cells (DACs)

Ina DAC, a sample placed between the flat, parallel faces
of two opposed SCD stones (the anvils) is subjected to
extreme pressure (up to 600 GPa) when a force pushes
the two anvils together [340,341]. The transparency of
the diamond anvils in the visible, IR, and X-ray regions
has enabled a variety of optical and X-ray techniques to
be used to study materials in situ under these extreme
high-pressure conditions. Moreover, heating the sample
to temperatures as high as 6000K is possible using a
focused laser passed through the transparent diamond.
Static compression studies using DACs have explored a
wide range of phenomena in materials at pressures of up
to ~200 GPa and temperatures from near 0K to several
thousand K.

The advent of lab-grown CVD SCD anvil cells, which
can be significantly larger and cheaper than natural
stones, has enabled experiments to be performed at even
higher pressures and temperatures, and with larger vol-
ume samples [342]. Such studies are proving invaluable
for geologists to understand the environment deep
within the Earth. CVD diamond anvils can now be
grown with bespoke properties that have been optimised
for a particular application, for example, X-ray or neu-
tron scattering. Furthermore, sensors and electrical cir-
cuits can be fabricated onto the anvil surface and then
overgrown with a layer of CVD diamond to embed the

Figure 24. SEM images of E. coli bacteria, showing (a) healthy, turgid bacterial cells on MCD control samples, but (b) deformed and
flaccid dead bacteria on a spikey black diamond surface. Figures reproduced from Ref. [337] under the CC BY 4.0 licence.
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electronics inside the anvil. This process creates “smart”
anvils [343] enabling electrical and thermal transport
measurements [344], or localised heating [345], to be
performed while the sample is under extreme pressure.

13. Nuclear fusion applications

The sun’s energy source, nuclear fusion, is seen as a
potentially important option to provide cheap, clean
energy here on Earth. However, the conditions required
for nuclear fusion are extreme—to say the least! Diamond,
with its own extreme properties, is often the material of
choice for fusion power generation via the two most
promising methods: laser compression of hollow spheres
containing nuclear fuel (ICF—Section 13.1) or by plas-
mas in tokamak reactors (Sections 13.2 and 13.3).

13.1. Diamond spheres for inertial confinement
fusion (ICF)

One of the methods used to create nuclear fusion in the
lab is ICFE, in which the nuclear fuel (a mixture of deu-
terium and tritium, abbreviated as DT) is encapsulated
inside a thin-walled, mm-sized, hollow sphere (called
an ablator target) made of a low-atomic-number ele-
ment, such as carbon. Extremely powerful lasers are
focused onto this target from all sides simultaneously,
causing it to collapse and compress to extremely high
pressures and temperatures—sufficient to initiate
nuclear fusion in the fuel (see Figure 25).

As you might imagine, fabrication of these hollow
spherical ablator targets is tricky, and the material used
is key. CVD diamond has several advantages over other
possible materials (e.g., Be and plastic). First, its high
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Figure 25. Diagrams of the ICF process at the US National
Ignition Facitity (NIF). (a) The hollow diamond ablator contain-
ing the DT fuel sits in the centre of a small cylinder, whereupon
the incident UV laser light is focused onto the inside wall of the
cylinder where it is converted to soft X-rays which compress the
ablator target. (b) Optimised diamond ablator design consisting
of a 2.6 mm diameter hollow diamond capsule with a wall thick-
ness of 75 um surrounding the 61 um thick DT ice fuel layer. (c)
Photographs of the nanocrystalline diamond targets. Images
taken from Ref. [346] with permission.

atomic density means that diamond can adsorb 10-20%
more energy than competing materials. Also, its
extremely high yield strength enables handling of the
filled targets—in which the gas mixture has a pressure
of ~1000 atm at room temperature, without them burst-
ing. Finally, CVD diamond can be mass-produced rela-
tively inexpensively, and in an environmentally friendly
manner (depending on the method of electricity gener-
ation used to power the CVD reactors).

The main problem is how to fabricate diamond abla-
tor shells that are defect-free and nearly perfectly spher-
ical. This has been achieved by a group based at the
Fraunhofer Institute in Freiburg, who used solid silicon
spheres as substrates for diamond CVD, with the Si
spheres being continually rotated during the deposition
process. The diamond-coated Si sphere is then polished,
and a 5um hole is laser-cut into it, enabling the Si core
to be dissolved away using a wet etch process [346]. The
resulting hollow diamond spheres are currently under
test at the National Ignition Facility (NIF) based at
Lawrence Livermore National Labs in the USA. In
December 2022, the NIF researchers reported they had
achieved more fusion power output than was required
to run the lasers—demonstrating net fusion power gen-
eration by the ICF method for the first time [347].
Similar technologies using spherical CVD diamond
ablators are also being developed in Japan [348] and
China [349].

13.2. Gyrotron windows

The most well-known method used to study nuclear
fusion is a high-power plasma located in a doughnut-
shaped reactor called a tokamak. Heating the plasmas
within tokamak reactors to temperatures of ~150 million
K required for nuclear fusion is achieved using a gyro-
tron—a microwave generator employing cyclotron res-
onance coupling between microwave fields and a beam
of electrons. They are notable because they can generate
enormous power levels (tens of megawatts) at microwave
frequencies [350]. The ITER fusion reactor, part of the
European “Fusion for Energy” project [351], is planning
to use 56 such gyrotrons located some 100 m away from
the tokamak to avoid perturbations from its magnetic
field. The high-power microwaves from the gyrotrons
will travel through waveguides to the ITER plasma
chamber. Because both the gyrotrons and the tokamak
chamber are under vacuum, the only way to get the
microwave power out of the waveguides and into the
chamber is through a microwave-transparent CVD dia-
mond window [352]. Each of the 56 windows will be
about 80 mm in diameter and 1.1 mm thick, and be capa-
ble of transmitting up to 2 MW of microwave power for
durations of up to 3000s. They must also be extremely
pure, as any defects might absorb microwave energy and
cause catastrophic local heating of the window, possibly



triggering it to shatter. Even more powerful gyrotrons,
requiring even thicker and larger diamond windows, are
being developed for other high-power plasma applica-
tions [353].

13.3. Reactor coatings

The “plasma-facing” inside walls of a tokamak fusion
reactor must withstand extreme conditions, such as tre-
mendously high temperatures, the surfaces being bom-
barded by high fluxes of charged and neutral species,
rapid changes of pressure, and plasma transients (arc-
ing) [354]. Not only must the surface coatings of the
wall and any components in this environment protect
them from damage, but any particulates or atoms from
the coating that are etched or sputtered into the plasma
must not contaminate the fusion process. Atoms with
high atomic numbers are particularly problematic with
regard to plasma contamination, which makes coatings
made from commonly used wear-resistant materials,
such as tungsten (Z=74), undesirable (although W is
still often used, albeit reluctantly, due to its very low
erosion rate). As such, graphite or carbon-fibre com-
posite (CFC) coatings are preferred for this purpose due
to their resistance to high temperatures and their low
atomic number (Z=6), meaning any C atoms that evap-
orate into the gas phase do not significantly perturb the
plasma. However, graphitic carbon etches relatively rap-
idly when exposed to high fluxes of H isotopes, which
decreases the lifetime of the coating. Moreover, the
etched carbon atoms can then be redeposited elsewhere
in the reactor, causing a problem with tritium absorp-
tion. Tritium and deuterium are the main reactants in
the fusion reaction, but graphitic carbon can absorb and
retain significant amounts of these H isotopes, depleting
them from the gas phase, and thereby limiting the fusion
process.

One possible solution to this is to use CVD diamond
as a protective coating for plasma-facing components.
Diamond has all the advantages of being made from
carbon, without the high erosion rate of graphite in H
atmospheres. Moreover, its dense crystalline structure
means diamond does not absorb tritium or deuterium
to the same extent as graphitic carbons. Several groups
have studied PCD coatings for this purpose, and the
results look promising [355]. However—using ITER (see
Figure 26) as an example—its internal surface area is
~600 m? and will be protected by 440 “blanket” modules
made from beryllium (Z=4, expensive and toxic) or
tungsten (Z =74, potentially contaminating). Replacing
such large-surface-area modules with equivalent CVD-
diamond-coated versions would be too costly using cur-
rent technology, especially if the modules need to be
replaced regularly due to erosion. As such, it is more
likely that diamond may be used in specific areas of the
reactor with particularly high thermal load, such as the
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Figure 26. Cut-away representation of the ITER tokamak fusion
reactor. The blanket module (yellow) is composed of a large
number of tiles which provides the main thermal and nuclear
shielding of the vacuum vessel and components. The test blan-
ket modules (TBM, green) are replaceable panels used to test
the performance of new plasma facing materials. The divertor
(red) is located at the bottom of the plasma chamber; it exhausts
the major part of the plasma thermal power and minimises the
helium and impurity content in the plasma. It must tolerate high
heat loads while at the same time providing neutron shielding
for the chamber and magnet coils in its vicinity. Diagram
colourised and reproduced with permission from Ref. [356].

divertor. ITER is still many years away from completion,
however, and the final design and choice of blanket-
coating material are yet to be finalised.

13.4. Microplasma arrays

These are plasma sources with sub-millimetre dimen-
sions which maintain stable, high-density nonthermal
discharges in diverse working gases at pressures exceed-
ing 1atm [357]. Applications include ignition triggers
for fusion plasmas, as well as high-efficiency sources
of vacuum-UV excimer radiation, the remediation of
environmental pollutants and destruction of biological
pathogens, mass spectrometer ionisation sources, pro-
cess chemistry, large-area visible or UV lighting, and
ion-thrusters for spacecraft. However, severe demands
are placed on the electrodes by the high gas tempera-
tures and ion energies produced under high-power,
high-pressure d.c. operation, limiting the achievable
power density and device lifetime. Most microplasma
devices have employed electrodes manufactured either
from Si or refractory metals, such as Mo. Diamond is
a promising candidate for microplasma applications
due to its low sputter yield and superlative thermal con-
ductivity [358]. Moreover, monolithic all-diamond
devices are possible where the insulating layers are
made from undoped diamond and the conducting elec-
trodes from BDD. Prototype monolithic diamond
hollow-cathode devices with cavity diameters on the
order of 100 um have been reported that operate at
nearly 10atm [359].
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14.”Everlasting” nuclear batteries

Diamond has been proposed as a material with which
to fabricate nuclear electrical batteries with extremely
long lifetimes. A nuclear battery turns radioactivity into
electricity, and they were developed due to their long
battery life, mainly for powering spacecraft as they travel
to distant planets over periods of many years. Many dif-
ferent types exist, depending upon the design and type
of radioactivity involved.

One type of nuclear battery that is currently gaining
alot of interest [360] is based on diamond composed of
radioactive “C, which is a beta emitter with a half-life
of ~8000vyears (see Figure 27). Because this type of
device generates electrical power from beta radiation,
they are also known as betavoltaic batteries. The raw
material for the *C diamond layer is radioactive graphite
which is a waste product from many nuclear power sta-
tions. This graphite contains *C, and when burnt in a
H, atmosphere this is converted into *CH, which can
then be separated from any '>*CH,. The isotopically pure
1CH, is then used in the gas mixture in a CVD reactor
to deposit a thin layer of *C diamond onto a conducting
substrate. The substrate is placed under vacuum, and a
metal “collector” electrode is positioned ~100 um away,
facing the diamond layer. The *C layer emits high-
energy beta electrons which travel across the vacuum
gap to strike the collector. Connecting the two electrodes
allows current, I, to flow back to the emitter, driving an
external load, in a similar fashion to thermionic energy
generation (Section 7.3).

Such betavoltaic devices could produce electrical
power almost indefinitely (thousands of years!) and can
be made into small, portable, sealed solid-state packages,
with no moving parts which require zero maintenance.
The output power would be perhaps only a few uW per
device, but if required, hundreds or thousands of devices
could be daisy-chained together in series to produce
higher powers. Because the battery is always on, it could
continuously trickle-charge a capacitor ready for
intermittent high-power use, e.g., a transmitter on a
spacecraft that sends all its data back to Earth in a short
high-frequency burst once a day. Other uses include
places where changing a battery is difficult, costly,
or impossible, for example, military applications
(e.g., remote surveillance), aerospace applications (e.g.,
sensors inside jet engines), or medical applications

Figure 27. Schematic diagram of a concept for a diamond-
based betavoltaic battery.

(perpetual heart pacemakers). Commercial applications
are numerous, too, such as batteries for domestic use
(watches, calculators, mobile-phone chargers, etc.),
although possibly the largest application would be for
powering “smart” devices for the “Internet of Things”
[361]. A great many household devices, from kettles to
fridges, may soon be connected to the internet, and these
will require a small but continual supply of power—just
enough to power the wifi connection. It would be
impractical for all these appliances to be mains-powered,
whilst normal batteries would need changing regularly,
but a betavoltaic battery could supply the small power
levels required indefinitely.

Other designs based on layers of alternating p- or
n-doped diamond sandwiched between “C diamond
emitting layers [362], that utilise *Ni or tritium as the
radioactive sources [363], or which combine beta radi-
ation and thermionic emission [364], have also been
proposed. Such devices are possibly on the verge of com-
mercialisation [365], so it may not be too long before we
see our first “everlasting” battery in the shops.

15. Applications of 0D, 1D, and 2D diamond
nanostructures

As well as diamond in the form of single-crystal gem-
stones or thin films, diamond can be fabricated at the
nanoscale in the form of zero-dimensional particles,
one-dimensional fibres or needles, or two-dimensional
sheets [366]. Generally, there are two main approaches
that are used to make these materials: bottom-up depo-
sition and top-down etching. For deposition, the overall
shape of the resultant diamond nanostructure is deter-
mined by that of the substrate. The same criteria apply
to these types of deposition as for macroscopic CVD,
namely the substrate material must be stable enough to
withstand the CVD conditions, there needs to be a
high-quality interface with the diamond for good adhe-
sion, and the CTE of the substrate must be low to prevent
stress formation and delamination. An extra consider-
ation is that uniform deposition of diamond on all sides
of the substrate may be necessary.

Conversely, top-down processing involves first depos-
iting a thick planar CVD diamond film and then etching
this into the required structures using O,-based plasmas
[367] and nanoscale masks, or with catalytically active
metal nanoparticles [368,369].

However, only a few applications have been reported
for most of these novel nanostructures to date, so the
reader is referred to the comprehensive review of this
subject by Li et al. [366].

15.1. Nanodiamond

Diamond particles in the range um to mm, usually
obtained from the debris of processing natural and



lab-grown diamond into gemstones, find several lucra-
tive applications in cutting, grinding, and polishing (see
Section 2). But nanodiamond (ND) particles with sizes
2-10nm (see Figure 28(a)) are arguably of more scien-
tific interest [371,372]. The most common method of
production for NDs is via detonation of an explosive
mixture (such as TNT and hexogen) in an inert atmo-
sphere or in water/ice, inside a steel chamber [373]. The
shockwave produced by this detonation propagates
through the reaction mixture at supersonic speeds. The
prevailing pressure and temperature within the tran-
sient shockwave can be p~10-20 GPa and T ~2000-
4000K, under which conditions diamond is the
thermodynamically favoured phase of carbon. However,
at all other times, the pressure and temperature condi-
tions favour other forms of carbon. As the high-
pressure, high-temperature shockwave passes through
the reaction mixture, the carbon atoms in the explosive
begin to crystallise into diamond. But within a few ys,
the shockwave passes by, the ambient conditions revert
to much lower p and T, and the remaining unreacted
carbon atoms solidify as amorphous or graphitic carbon
material. Thus, the explosion produces a mixture of
diamond nanoparticles (whose size is determined by
the speed of the shockwave), soot, and other sp* carbon
material.

The powdery mixture of products from the detona-
tion is cleaned with various acids and reagents to remove
unwanted metallic impurities and soot, and the diamond
component extracted. The resulting material, often
called “detonation nanodiamond” (DND) is commer-
cially available from many suppliers worldwide as a pow-
der or as a suspension in water. It is currently produced
at a rate of several tons per year and sold for as little as
$100/kg! Unfortunately, due to its fabrication process,
the DND particles tend to fuse into aggregates ~100 nm
in size (see Figure 28(b)), and therefore the as-supplied
material requires de-aggregation before subsequent pro-
cessing. This can be achieved in many ways, including
ball milling, pulverisation, high-power sonication, acid
treatments, controlled heating in O, or H,, or combina-
tions of these methods [374]. The resulting DND parti-
cles are best described as having a diamond core
surrounded by a (partially) graphitic or fullerene-like

Single nanodiamond

Aggregate

.0“’

Figure 28. (a) TEM Image of a single nanodiamond on a hollow
electron microscopy carbon film. (b) Brightfield optical micros-
copy image of nanodiamonds in water, drop cast onto a glass
coverslip. Images reproduced with permission from Ref. [370].
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shell—and are sometimes described as “bucky-dia-
monds” [375].

Following the various cleaning processes applied
after detonation synthesis, the surfaces of DND parti-
cles are usually terminated with oxygen-containing
groups, such as carboxyl, hydroxyl, or bridging-ether
groups. DND particles are therefore usually hydro-
philic, which helps their stability when in aqueous sus-
pensions. This oxygenated surface can be modified by
standard chemical methods, replacing the O-groups
with H (producing a mildly hydrophobic surface), with
F (which is superhydrophobic), or with NH,. Both
O-terminated and NH,-terminated ND are of particular
interest because they enable the subsequent binding of
a large variety of functional molecules, such as bioactive
compounds (proteins, enzymes, antibodies, DNA), cat-
alysts, drug molecules, or polymer building-blocks by
amide bond formation or other standard chemical pro-
cedures [376].

ND particles containing fluorescent NV-centres
exhibit bright luminescence, which, combined with a
readily modifiable surface and biocompatibility, make
them extremely promising for biomedical applications
[377], and, in particular, for use as a biomarker to “tag”
biomolecules of interest as they travel around within
living organisms [378] (see Section 5.3). Chemically
functionalized NDs have also been used as delivery vehi-
cles in targeted drug therapy [379]. These so-called
“magic bullets” are treatments that affect only the
afflicted part of the body, such as an organ or a tumour
[380]. Although these sorts of treatments are still under
development, results so far look impressive and prom-
ising, and may provide a novel means of tackling dis-
eases, such as cancer in the near future.

15.2. CVD diamond seeding

The discovery and commercial production of DND is
perhaps the most important advance relevant to dia-
mond film nucleation in the last 20 years [371]. DND is
now commonly used to seed non-diamond substrates,
reducing the induction period at the start of CVD before
diamond growth starts. Their small size allows a
near-monolayer coverage of close-packed DND particles
to be deposited onto a surface, which not only protects
delicate substrate materials (such as GaN, see Section 6)
from etching in the CVD atmosphere but enables thin,
conformal diamond layers to coalesce rapidly into con-
tinuous coatings, even on highly textured 3D structures
(see Section 11.5).

The fabrication, processing, and characterisation of
ND and its wide variety of applications is a huge subject
which is beyond the scope of this review, so readers are
invited to consult the various books on the subject
[381,382].
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16. Conclusions

The upsurge in the market for lab-grown diamond jew-
ellery over the last decade has seen huge increases in the
number of gemstones produced, along with improve-
ments in their size, quality, and throughput. These devel-
opments in the gem industry have fed into the scientific
sector in terms of ultra-pure SCD substrates with
increasingly larger wafer sizes for electronic and quan-
tum applications, and at ever lower costs. This, in turn,
gave rise to a renaissance in CVD technology from about
the year 2010 onwards, where the number of applica-
tions for CVD diamond expanded enormously. The
discovery that the NV-centre in diamond could act as a
single-photon source opened up an entirely new research
field of diamond-based quantum applications, and
offered the exciting prospect that a room-temperature
diamond quantum computer might be possible “in the
near future” BDD electrodes also began to become com-
mercialised, with several companies selling these elec-
trodes for electrochemical assays or water purification.
These same electrodes can be used to generate solvated
electrons which can drive many high-energy chemical
reactions in solution without the need for high tempera-
tures. Following 30years of development, diamond
electronic devices have built upon their steady
progress—helped by the advances in several exciting
new approaches which are now re-energising this field.
For example, delta-doped devices, although somewhat
controversial, are intriguing—if the fabrication difficul-
ties can be overcome—while 2DHG FETs are emerging
as viable candidates for radiation-hard high-power
high-temperature operation. Alongside these, there is a
huge number of possible diverse applications for CVD
diamond that are also beginning to make an impact in
medicine, the nuclear industry, optics, aerospace, etc.,
many of which are close to market or already being
commercialised.

After all the hype surrounding CVD diamond in the
1990s, followed by the crash in the early 2000s when
several technological set-backs made it seem like the
“wonder material” might not be so wondrous after all,
diamond has bounced back in the 2020s with a truly
remarkable number and diverse range of applications.
After that somewhat shaky start, it may be that CVD
diamond is finally living up to its promise of being the
ultimate engineering material.
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