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Abstract

Laser writing of graphitic structures inside CVD diamond
Marta KRUGER

Diamond is the strongest and the hardest material known and pos-
sess scientifically attractive characteristics. Currently, diamond is not only
extracted from the Earth but also can be fabricated in a laboratory. The ad-
vantage of synthetic industrial diamond is that it can be manufactured in un-
limited quantities and its features might be tailored with respect to a particu-
lar application. Diamond is used in a variety of industries and research areas.
Diamond possesses high thermal conductivity, is resistant to irradiation and
suits perfectly to the harsh environments. It surpasses the properties of other
counter semiconductor materials, including Si and GaAs, on several electri-
cal figures of merit. Moreover, due to its extreme strength, diamond exhibits
high resistance to scratches and breakages. Thanks to these excellent material
properties, diamond devices already find application in sensing in harsh en-
vironments for detection of rradiation. Additionally, diamond-based devices
possess potential application in other areas, such as electrochemistry, quan-
tum technology and biomedicine. However, advanced manufacturing meth-
ods are needed to make effective devices from this challenging substrate.
Laser writing with ultrashort pulsed lasers is an effective method for fab-
rication of structures in three dimensions inside transparent materials. This
thesis explores optimisation of laser writing for conductive graphite-based
structures inside synthetic diamond substrates and shows routes towards ef-

fective diamond devices.

Whilst laser writing of conductive structures in synthetic diamond
has been demonstrated for more than ten years, much work is still needed

to optimise the process conditions for devices, understand the laser written
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structures, and explore new applications. This thesis presents a variety of
advances in ultrashort pulsed laser graphitisation of diamond supported by
adaptive optics, providing progress towards exploitation of diamond’s ex-
traordinary characteristics and implementation of diamond devices into cur-

rent working systems.

This thesis focuses on laser written conductive columns that pass ver-
tically through a diamond wafer. An all-carbon device was designed and
laser written for characterisation of the electrical properties of the fabricated
structures, without post-processing or metallisation. This architecture allows
rapid testing of devices all manufactured using the same material. A detailed
study was conducted to examine the relationship between laser pulse repe-
tition rate and resistance of laser fabricated graphitic columns. This analysis
reveals a surprisingly narrow laser fabrication window with pulse repetition
rate, ranging from 200 Hz to 2 kHz, when graphitic wires showed consistent
ohmic conductivity. Furthermore, it was demonstrated through varying laser
writing speed that the delivered laser dose (defined as number of pulses per

distance) is critical in the formation of conductive graphitic pathways.

Novel concepts of advanced laser writing are demonstrated to enable
fabrication of new devices. It is shown that overwriting of laser generated
columns using different pulse repetition rates can modify electrical proper-
ties. Particularly, an initially ohmic conductive column can be overwritten
with a high pulse repetition rate laser to create a structure showing an asym-
metric barrier potential, with diode-like behaviour. It is also shown how a
holographic laser process can be used to generate multiple columns simulta-
neously by splitting the laser beam up into many foci. This can be useful for
scaling of devices to large numbers of columns. Finally, functional diamond
devices are described that were developed in collaboration and rely upon the

advances in laser graphitisation developed in the thesis, for applications in



power electronics and detection of high energy particles.

A variety of methods are presented for evaluating laser written
columns, aside from just electrical properties. Quantitative polarising optical
microscopy is demonstrated as an effective way to visualise strain induced
by the laser written features. Measurements are given showing the stress
generated around graphitic columns and important considerations raised.
These techniques are especially important for the design of future photonic
devices, such as optical waveguides, that operate based upon refractive in-

dex modulation arising from strain.
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Chapter 1

Diamond as an engineering

material

1.1 Introduction

Since ancient times, diamonds have been known as the most precious gem-
stones on Earth. This brilliant gemstone was and still is associated with
wealth and special occasions. Therefore, diamond as the world’s most fa-
mous gemstone is mostly associated with the jewellery industry. However,
this precious jewel is also interesting from a scientific perspective and is
known as a very versatile engineering material used for cutting tools and
abrasives. Its rarity and remarkable range of physical properties make it the
world’s most popular and sought-after gemstone. As a result, a lab-grown
diamond market has emerged. Thus, this thesis primarily focuses on improv-

ing the properties of devices fabricated in industrial diamond.
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1.2 Diamond structure

Diamond is a naturally occurring mineral, which is composed of carbon

atoms, which are arranged tetrahedrally (see figure 1.1).

FIGURE 1.1: Diamond lattice structure, carbon (C) atoms (black dots) arranged
tetrahedrally in a 3D structure, based on [1].

In that configuration each carbon atom is covalently bonded to four
other carbon atoms. Each carbon atom shares one of its outer electrons with
each of other carbon atoms. This sharing of electrons results in a force be-
tween each pair of atoms, thus a bond holds them tightly together. The
carbon-carbon bonds ensure the regular arrangement of the atoms, which
form a unit cell of a crystal structure, i.e. a basic structure unit. These units
are periodically repeated in three dimensions. Owing to the tetrahedral ar-
rangement of atoms, diamond exhibits a strong, rigid, and three-dimensional

structure, which is the foundation of its unique characteristics.
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1.3 Properties of diamond

Diamond exhibits extreme physical and chemical properties unmatched by
any other material. It has the highest thermal conductivity, the highest stiff-
ness and low thermal expansion coefficient, is chemically inert, radiation
hard, optically transparent from the ultraviolet (UV) to the infrared (IR) and
possesses extreme hardness and wear resistance [2, 3]. These extraordinary
characteristics make it an attractive material, which finds use in variety of

applications.

Natural diamond serves not only as a valuable gem, but is also ex-
ploited as a heat spreader, an abrasive, etc. [4, 5]. According to the above
properties, diamond is considered as an engineering material for many other
potential applications. However, the scarcity of natural diamond resulted in
a demand for laboratory synthesized diamond. Moreover, it was proved that
laboratory grown diamonds exhibit the same chemical, optical and physical
properties as mined ones [6, 7]. Although diamond is made from 99.95% car-
bon, it also contains some impurities, e.g. trace elements, which are often
called defects [8]. Atoms of other elements, e.g. nitrogen or boron, might be
present in diamond’s structure as a result of the growing process or be intro-
duced in to the structure on purpose, e.g. to functionalize the material. The
carbon atoms are often replaced by atoms of the chosen element. It is known
that the presence and amount of trace elements have an impact on the colour
and performance of the diamond crystal. Apart from extra elements, substi-
tutional impurities, e.g. nitrogen, phosphorus, silicon, diamond also possess
some crystallographic defects. The most common crystallographic defects
present in both natural and synthetic diamond are dislocations, interstitials,
and vacancies. The controllable implementation of impurities is known as
doping, which is used in synthetic diamond growth processes to improve

performance and material properties. Doping diamond is challenging due
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to its rigid atomic structure. Although diamond is non-conductive, it is cur-
rently possible to alter its properties to act as a semiconductor via control-
lable doping. Addition of phosphorus and boron to the diamond structure
makes it either a n-type or p-type semiconductor, respectively. Currently,
silicon is the most common semiconductor applied in electronic technology.
However, the continuous demand for high capacity power devices with low
losses requires alternative materials. As a result both gallium nitride (GaN)
and silicon carbide (SiC) are applied in high power electronics to potentially
replace silicon-based devices. The thermal conductivity of diamond together
with its electrical field resistance are far greater than those of silicon and al-

ternatives (see table 1.1).

Silicon Silicon Gallium
Property / Material (Si) Carbide Nitride Diamond
(SiC) (GaN)
Band Gap (eV) 1.11 3.26 3.39 5.47

Breakdown Field E,

(MV/cm) 0.3 3.5 3.4 10.0

Electron Mobility
(cm?/Vs) 1500 800 900 2200
Thermal Conductivity
(W/em-K) 1.5 49 2.0 22

TABLE 1.1: Properties of diamond compared with other semiconductors, based on [9].

High thermal conductivity enables efficient heat transfer, and high
electrical field resistance reduces the power conversion losses. Having these
characteristics, diamond becomes an attractive semiconductor material for
electronic devices in power transmission, electric vehicles, etc. Therefore,
further study and development of diamond doping is necessary. Doping di-
amond to obtain p-type semiconductor is already well established. The most
common dopant is boron. Obtaining the n-type diamond semiconductor is

still quite challenging, however, there are elements, that could be applied to
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form this type of a semiconductor, for example nitrogen or phosphorus [10].

Figure 1.2 presents the atomic structure of diamond and diamond doped

with phosphorus.

FIGURE 1.2: AIMPRO software simulation of atomic structure of pure diamond (left)
and diamond with a phosphorus pair (right).
It was already demonstrated that doping of diamond to form both
n-type and p-type semiconductors is possible, including formation of a p-n

junction [11]. Figure 1.3 presents the schematic of a band diagram of dia-

mond.
CONDUCTION BAND
A A ¢ 0.57 eV Phosphorus
17 eV donors
\ 4 Nitrogen
5.5eV
i 0.37 eV Boron
i acceptor
T VALENCE BAND

FIGURE 1.3: Energy band diagram of diamond, based on [12].

The wide energy band gap, i.e. 5.5 eV, of intrinsic diamond offers

high electrical insulating properties. However, when both p-type and n-type
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electrical conductivity are well managed, diamond can be used as a semi-
conductor for high temperature environments. Although, no satisfactory
n-type doping has been established yet. The small lattice constant of dia-
mond means incorporation of impurities for doping is difficult. Phosphor
can be used, but is still at a relatively deep energy level. Improving doping
techniques for diamond would result in fabrication of novel next-generation

electronic devices.

1.4 Classification of diamonds

Diamonds can be classified according to the amount of chemical impurities.
Most natural diamonds ( 95%) contain nitrogen as the main impurity and are
distinguished as type Ia diamonds. They normally vary from near-colourless
to light yellow. Nitrogen atoms in this case are present as pairs or small
groups called aggregates (clusters). Type Ib diamonds are very rare. Here
nitrogen is present mainly in the form of single substitutional atoms. These
diamonds are often bright yellow in colour. Type II diamonds contain neg-
ligible amount of nitrogen. Among all diamonds, Ila diamonds are consid-
ered as chemically the purest, i.e. with no significant amount of nitrogen or
boron impurities. They are rare and usually colourless, but they can also be
grey, light brown or light pink. Diamonds containing boron impurities are
classified as IIb diamonds. The trace element boron is responsible for their
blue or greyish blue colour [13]. The Gemological Institute of America and
other groups have created tools to distinguish types of diamond. In a labora-
tory setting, the identification of diamond is based on the detection of chem-
ical imperfections in the atomic structure. Therefore, knowledge of diamond
type is important for gemologists, who determine whether the investigated
diamond is natural or synthetic. Natural diamonds are found in all types: Ia,

Ib, Ila and IIb (see figure 1.4). However, HPHT diamonds can only be Ib, Ila



1.5. Fabrication methods of synthetic diamonds 7

and IIb, whereas CVD diamonds are only Ila and IIb [13].

DIAMOND
Type 1 Type II
Type la Type Ib Type Ila Type IIb
ZAAN %
I < > L
\'2"/4 \VA%%% 374 N\ W/

FIGURE 1.4: Diamond classification, based on [26].

1.5 Fabrication methods of synthetic diamonds

Natural diamonds are formed from millions of years of geological pressure
and now are extracted from mines deep in Earth. Currently, it is possible
to reproduce the conditions resent in the Earth’s mantle in laboratory cham-
bers. There are several techniques available that imitate the natural diamond
growing environment, i.e. high pressure, and high temperature. It is re-
ported that around 50% of mined diamonds are not of gemstone quality
and are used for industrial purposes only. The rarity and unique combi-
nation of features of diamond accelerated the development of synthetic dia-
mond acquisition. The first synthetic diamonds were produced in the 1950s
for industrial uses by General Electric [14]. Currently, synthetic diamonds
have approached gem quality and are being used in the jewellery indus-
try as a less expensive alternative to mined diamonds. The most common
method imitating the natural diamond growth environment is high-pressure
high-temperature (HPHT). Another known method of growing industrial di-
amond is chemical vapour deposition (CVD). Figure 1.5 illustrates different

synthesis methods according to the phase diagram of carbon.
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FIGURE 1.5: Different methods of diamond synthesis, based on [15].

Usually, an artificial diamond is synthesized from the powder of nat-
ural diamond under certain conditions. Basic idea is to convert graphite, the
carbon source material, into diamond while applying high enough temper-
ature and pressure. In the HPHT method, pressures of several gigapascals
(GPa), e.g. 5.5 GPa, and temperatures around 1300 - 1600 °C are used to
grow diamond under conditions like those in the Earth’s crust [16]. Under
these conditions it is more likely to obtain diamond rather than graphite.
The phase diagram shows that graphite is the most stable form of carbon
at atmospheric pressure, however, at high pressures, above 5 GPa, tempera-
ture 1300-1600 °C diamond becomes more stable. Sp3-carbon is more stable
at high pressure, high enough temperature overcomes activation barrier re-
quired for rearanging sp? into sp®. If temperature is too high graphite may
form, so HPHT controls the conditions to mantain diamond growth. Within
the Earth, diamond forms at pressure of 5.5-8 GPa and temperature in range
of 1000-1400 °C at 140-240 km in-depth [17]. HPHT technology produces
small diamond crystals of diameter a few millimetres and is thus limited in

application [16]. It is the most produced form of diamond.
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An alternative to HPHT is diamond synthesis in its metastable regime,
namely chemical vapour deposition (CVD). Here, diamond is grown from a
hydrocarbon gas mixture. In this process usually 99% of hydrogen H;, and
1% of methane CHj are used as a gas source [18]. In the initial growth phase,
carbon atoms form crystallites on the substrate material and then grow to
form a continuous diamond film. This technique can be used for fabrication
of both polycrystalline and single-crystal structures [19]. Unlike HPHT, the
CVD process does not require high pressures as the growth occurs typically
at pressures under 27 kPa. Even though HPHT diamond crystals are of high-
quality, the CVD techniques allow diamond to be deposited in the form of
thin films over large areas and on various materials [20]. Moreover, CVD di-
amond can be deposited on substrates of different shapes [21]. This approach
cannot be realized by either natural or HPHT diamond. Figure 1.6 shows the
differences between the two growth methods and their impact on the final

shape of the crystal.

Typical Growth Photographic
Morphology example

Shape:
Natural 4 octahedron
genesis Growth:

8 directions

Growth Process

High Pressure, High L Shape: O

cuboctahedron ;
Temperature Q Growth: :,‘:.'/'/

(H PHT) 14 directions it
Chemical Vapour i shape: P
ey Cube 3r ik
Deposition | i Growth: LIS 4

1 direction

(CVD)

FIGURE 1.6: Different diamond growth processes and their typical morphologies. How-
ever, by changing the CVD conditions, the diamond morphology can be cubic, octahe-
dral, cubo-octahedral, triangular, etc., based on [22].
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Thanks to the ability to precisely control impurity levels and tailor
the electronic and optical properties of the diamond, CVD has emerged as
the preferred diamond growth technique for variety of applications. The
well known properties of its extremely high hardness (Vickers hardness of
10000 kgmm_z) and high refractive index (2.4), resulted in diamond being
primarily used in the jewellery and cutting and drilling industries. Optically,
diamond samples grown by CVD have the widest wavelength transmission
spectrum known in material science (from UV to FIR). Thus, diamond makes
a suitable substrate for integrated photonic devices that operate over a wide
wavelength spectrum. UV-vis-NIR region has been used to create diamond
windows and lenses for optical systems, the mid-IR transparency allowed for
applications in molecular sensing and astro-photonics, and the far-IR trans-
parency (up to THz regime) allowed for applications in bio-imaging, Far-IR
astronomy imaging, security screening and Terahertz waveguides for imag-
ing applications [23]. Moreover, diamond’s high thermal conductivity (2000
WmK 1), which is 5 times that of copper and 100 times higher than typical
optical materials, result in the use of diamond in thermal management for

high power devices and radiation detectors.

Moreover, CVD diamond components are highly resistant to chem-
ical corrosion, which makes them suitable for use in harsh environments.
Their bio-inertness allows for applications in bio-sensing [24], medical de-
vices [25], and lab-on-chip technologies [26]. Diamond also provides excep-
tional resistance to scratches and breakage. The intrinsic nitrogen concentra-
tion in diamond is crucial for applications related to nitrogen-vacancy (NV)
magneto-optical properties, such as high fluorescence, single-photon gener-

ation, the ability to read the spin state using optical methods [27-29].

In general, there are two main grades of CVD diamond used in laser

writing, namely electronic grade (Type Ia) with about 5 ppb nitrogen and
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optical grade (Type Ila) with about 100 ppb nitrogen. For applications that
require dense ensembles of NVs, HPHT-grown diamond (Type Ib) with ni-

trogen concentrations of 100 ppm is recommended.

1.6 Methods of introducing dopants into diamond

Apart from defects occurring naturally or during diamond growth, damage
of the diamond lattice may be caused by post-processing methods, namely

ion implantation, neutron or electron irradiation [30] or laser writing [31].

1.6.1 Ion implantation

Ion implantation introduces impurities (ions) into the near surface region
of any solid, including diamond and graphite. This process causes micro-
scopic and macroscopic modifications in diamond that impact the chemical
and physical properties of the sample. This method possesses high positional
accuracy and is commonly used [32]. During ion implantation, highly ener-
getic ions are bombarded on to the target sample. Their energy often exceeds
the binding energies of the atoms of the target material, here carbon, which
leads to displacement of the host atoms. This damage is undesired, however,
there are several post-implantation techniques that diminishes the unwanted
effects of ion implantation, e.g. annealing. The main change in diamond
structure due to implantation is the breakage of sp> diamond bonds, which
results in formation of sp? graphite bonds. Moreover creation of vacancies
and carbon interstitials that assist throughout the whole ion implantation
proces may disrupt the metastable equilibrium of the diamond phase. When
energy, in the form of heat or kinetic energy is delivered to the system (lattice
atoms), there is always a possibility that diamond may transform into the
thermodynamically stable form of carbon, i.e. graphite. Structural modifi-

cations like graphitisation lead to changes of the properties of diamond, e.g.
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electrical conductivity and density. Therefore, it is important to transform
material structure in a controllable and precise way. Depending on the ap-
plication, the ion implantation procedure allows controllable incorporation
of dopant atoms into semiconductors with respect to their concentration and
depth. The implantation depth is determined by the energy of the incom-
ing ions. The ions with the highest energy can penetrate around a micron
into the material [33, 34]. Nonetheless, highly energetic ions generate more
damage to the material resulting in a loss of lateral positional accuracy [32]
. On the other hand, ions of lower energy stay closer to the surface of the
material, reaching depths of around 1 nm. Diamond with shallow dopants
finds application in, for example, magnetic sensing [35]. Lattice vacancies or
dislocations are formed when the energetic ions pass through the material.
There are three ways in which an incident ion can dissipate energy within
the diamond, namely Rutherford scattering, knock-on atoms and ionisation
[36]. The Rutherford process comes from direct ion-ion scattering and sub-
sequent displacement of a carbon atom into an interstitial state. Knock-on
displacements occur when a fast-moving displaced carbon causes further lat-
tice damage of the material. The final way ions can dissipate energy is in the
form of ionisation by generating electron-hole pairs in the diamond. It was
observed that if the initial ion energy is too high, i.e. above 100 keV, graphite
material is formed [32]. Additionally, a large concentration of substitutional
atoms create strain in the structure. Therefore, to provide accurate introduc-
tion of dopants the ion implantation takes place under specific conditions,

andunder specific implantation energy and fluence [37].

1.6.2 Irradiation

Another method to introduce disorder into the diamond lattice is, for exam-

ple, irradiation with high energetic particles and neutrons. This technique
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causes collision displacements, i.e. energy transfer from incident neutrons to
material atoms, that result in changes in the distribution of material atoms
and its properties. This is called neutron irradiation damage [38]. Usually,
the higher the energy of the neutrons, the greater the irradiation damage.
Carbon is an interesting material to study structure transformation, for ex-
ample the graphite to diamond transition. Thanks to the optical experiments
conducted on single crystal diamond exposed to ion irradiation of an energy
of a few MeV, the radiation effects were observed, namely the transition from
diamond to graphite structure, and accordingly the decrease in the mass den-
sity [39]. Figure 1.7 shows the process of formation of NV centres, starting

from nitrogen irradiation of diamond [40].

Energetic N species

/|

\
e Lattice vacancy NV center
)
0 °H 0 ; )| 10000 | O) ¢ o) I15-25nm

Diamond target

FIGURE 1.7: Schematic picture of irradiation of diamond by N and generation of NV

centres. Energetic N species enter diamond, then they are incorporated within the lattice

and finally after thermal processing form NV centres (grey elements were drawn to
indicate fast movement of energetic species), based on [40].

When diamond is exposed to high energy particles (e.g. electrons,
neutrons, protons, ions) or photons (e.g. <y-rays) carbon atoms can be dis-
placed from the lattice and produce vacancies and interstitial atoms. Upon
annealing where interstitials and vacancies are mobile, they can migrate in
the lattice and form intrinsic (e.g. V2) or extrinsic (NV) complexes. The study
of extrinsic defects in diamond led to development of more advanced tech-

nologies to introduce defects in a more governable and accurate manner.
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1.6.3 Laser writing

Laser writing enables more precise defect incorporation in different types
of material, compared to the methods mentioned above. The availability of
such technology is crucial, especially in the research area of colour centres
in diamond and application of NV centres in quantum computing [41]. This
technology enables fabrication of localised defects by laser writing in a dia-
mond structure, and is a promising prelude to the novel defect engineering
techniques for quantum technologies. It is of particular importance since NV
centres exhibit atom-like properties that are required in quantum computing.
NVs have an electron which is isolated from the lattice, which means that a
certain electronic state information can be stored and maintained in the NV
even at room temperature. Therefore, in quantum information, NVs may be
treated as basic units called qubits [42]. Due to this finding, diamond was
announced as a perfect substrate for spintronics and quantum technology,
resulting in development of manufacturing of a new generation of quantum

devices that use individual colour centres.

1.6.4 Patterning diamond

Patterning of diamond for electronic devices requires controllable and repro-
ducible methods. Knowing that diamond possesses unique chemical inert-
ness and hardness, the removal of surface material without damage is re-
quired. Thiss been successfully accomplished by dry etching processes, in-
cluding plasma etching, ion beam etching and reactive ion etching (RIE).
These techniques have been applied for fabrication of uniformly etched di-
amond structures for photonic devices, e.g. micro-electrochemical systems

(MEMS). Moreover, prototypes of diamond devices have been demonstrated,
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e.g. diamond cold cathodes [43], field effect transistors [44], MEMS [45], op-
tical diffractive elements, and diamond micro lenses [46]. Patterning the sur-
face of diamond was also demonstrated by laser processing, e.g. excimer
laser etching [47]. Moreover, nanosecond pulsed lasers manifest the ability
of micromachining [48] and even cutting the diamond [49]. These examples
show that lasers are ideal for processing delicate and extremely hard mate-
rials. For instance, diamond, which is the hardest material known, can be
drilled, cut, and patterned by laser machining technology. Ultrafast lasers,
e.g. 500-fs pulsed lasers, surpass the ability of other laser systems offering
multiple advantages, i.e. lack of lateral thermal damage, precision, and clean-

liness of the abricated surface.

Therefore, this report focuses mainly on the diamond defects created
by ultrafast laser technologies, in particular, direct laser writing (DLW). This
novel technique is considered an effective way to induce defects into dia-
mond structure. The important factor is that DLW enables generation of
microstructures at both the surface and the subsurface of a transparent ma-
terial. DLW is a new and emerging method that can transform diamond
technology through effective machining inside crystals. This process serves
different purposes, vacancy creation, graphitisation, and local annealing, just
to name a few. Thus, the further development of this technique is required.
Such research on DLW in diamond, supported by adaptive optics, leads to
better understanding and improving of existing technology. Here, adaptive
optics is applied to correct for aberrations in the laser beam caused by im-
perfections in optical components or variations in the refractive index of the
material being processed. By adjusting the shape or phase of the laser beam,
adaptive optics systems can compensate for these aberrations in real-time,

resulting in improved precision and resolution of the fabricated structures.
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Moreover, DLW technique possesses the potential to be applied in interdisci-
plinary studies, including surface processing, sensing, quantum information,

biomedicine, etc.

1.7 Conclusions

Owing to its extreme properties, diamond has a high industrial value and
thus is a favourable material for interdisciplinary technologies. Moreover,
the amount of chemical impurities and thus the properties of diamond can
be easily manipulated when produced in the laboratory environment. The
development of CVD diamond synthesis allowed scientists to control the pu-
rity of the material, obtain larger areas of diamond, and utilize its properties.
Both CVD and HPHT methods enable control of diamond growth, includ-
ing the concentration of impurities, that influence material properties, and
hence the final performance of the diamond devices. Diamond synthesis in
laboratory conditions has reduced the costs of the material, and diamond
wafers of 120 mm diameter can be deposited. Currently, CVD diamond has
found applications in machining and tribology (e.g. cutting tools), photonics
(e.g. optical components for lasers), electrochemistry (e.g. electrochemical
sensors) and the semiconductor industry (e.g. heat sinks) [50], just to name
a few. Additionally, there are still areas of science where properties of syn-
thetic diamond might find their use, for instance quantum technology and
high-power electronics. Thus, today’s demand for diamonds is mostly satis-

fied by laboratory grown diamonds.



Chapter 2

Laser processing in transparent

materials

2.1 Introduction

Ultrafast lasers have been initially developed over half a century ago and be-
came the state of the art of the current research and development. Lasers in
the femtosecond, picosecond and nanosecond time regimes have been ap-
plied to modify and characterize different materials. In comparison with
nanosecond pulsed lasers, the ultrafast ones are distinguished by their high
peak intensities and their interaction with materials on a timescale shorter
than the creation of attice disorder and heat conduction. These characteristics
enable ultrafast lasers to perform very precise and controlled modification of
structure of the material. Currently, laser processing technology is used in
diamond to generate individual defects (e.g. colour centres), graphitic mi-
crostructures, and surface structuring (nanoablation). This chapter aims to
outline the nature of ultrafast lasers, and provide examples of material pro-
cessing and methodology, namely direct laser writing and laser machining
in transparent materials, such as diamond. The principle and importance

of adaptive optics to support the laser writing processes is also discussed
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here. This chapter introduces various examples of applying laser writing
for diamond functionalization. However, research presented in this thesis
concentrates mainly on laser writing of graphitic microstructures that find
application in electronic and photonic devices, e.g. electrodes for radiation

detectors.

2.2 Ultrashort pulsed lasers

In the context of laser classification, lasers are categorized based on their op-
erational mode, which can be either continuous or pulsed. In the case of
continuous-wave (CW) lasers, the emitted light operates continuously, main-
taining a constant amplitude throughout a time duration. For conti-

nuous-wave operation, the population inversion of the gain medium needs
to be continuously replenished by a steady pump source. In some lasing
media, such as Ruby laser, nitrogen lasers this would be impossible, while
for others it would mean pumping the laser at very high powers that could
eventually destroy the laser. Lasing media that require short-lived excited
states or high power densities for inversion (e.g., excimers, nitrogen, ruby,
and free-electron lasers) are typically unsuitable for continuous-wave opera-
tion. Consequently, such lasers must be run in pulsed mode. CW lasers typ-
ically exhibit a narrow wavelength bandwidth. Initially, CW lasers utilized
laser dyes to cover broader spectral regions, particularly within the visible
spectrum. Over time, the spectral coverage of CW lasers expanded, reaching
into the infrared (IR) region along with the advancement of solid-state ma-
terials. Although dye lasers dominated the field in earlier times, they have
been nearly completely replaced with powerful and efficient diode-pumped

solid-state lasers.
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In contrast, pulsed laser light emission means that the optical power
is delivered in pulses of a specified duration at a particular repetition rate.
The mode-locking procedure enables emission of laser light in the form of
time limited pulses [51]. The first ultrafast laser was a helium-neon laser op-
erating in nanosecond pulse regime, built in 1964 [52]. Currently, the most
popular lasers are picosecond and femtosecond ultrashort pulsed lasers, used
in a variety of research applications. The ultrashort laser pulses are consid-
ered to have a uniform phase across the collimated laser beam and a uniform
pulse front (contours of constant intensity within the pulse). A common ex-
ample of a femtosecond laser is Ti:sapphire, which is used as a tunable laser

medium.

Ultrafast lasers are characterised by several parameters, i.e. pulse
duration, which is the time between the start and the end of a pulse (short
pulse durations are on the order of picoseconds, femtoseconds or attosec-
onds), peak power, which occurshen the intensity reaches its maximum value
(minimum power is usually 0 W), and the bandwidth (or linewidth), which
means the width of the optical spectrum of the output. It is possible to cal-
culate the peak power of a laser beam by dividing the energy in each pulse
by the duration of the pulse (also known as pulse width). Ultrashort pulses
with few-femtosecond pulse durations can have very large bandwidth, for
example tens of terahertz. Moreover, ultrafast lasers have higher peak inten-
sity than CW lasers as the mode-locking technique significantly increases the

peak power of ultrafast lasers.

2.2.1 Mode locking techniques

An ultrafast laser comprises an optical cavity containing two mirrors and a

material, referred to as a gain medium, positioned between these mirrors.
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When light enters the cavity, it oscillates between the mirrors, being ampli-
fied with each passage through the active medium as a result of stimulated
emission. Stimulated emission of pumped energy occurs when an excited
atom in the gain medium is stimulated by an incoming photon to emit an-
other photon of the same wavelength and phase. One of the mirrors is par-
tially transparent, permitting a portion of the light to exit the cavity after each
cycle of propagation within it. Laser emission has a spectral bandwidth Av,
which is usually defined as a full width at half maximum (FWHM) of the

Gaussian curve (see figure 2.1).

As the light confined in the cavity reflects multiple times, the radia-
tion of the laser is represented in the form of cavity modes of certain reso-
nance frequency. The mode spacing is defined by the round-trip time inside
the cavity, and represents the frequency difference between each mode, Jn.
The frequency difference between each mode is described by the following

equation,

1 C
oNn= — = — 2.1
" Ter 2L 2.1)

where Trr is the cavity round-trip time, ¢ is the speed of light and L stands

for the optical length of the cavity.

Mode-locking techniques are introduced to obtain ultrashort laser
pulses in a regular pattern with a fixed phase relationship between the modes.
The presence of the mode-locking device ensures that pulse parameters, such
as pulse energy, pulse duration, spectral bandwidth, etc., do not change after
each completed round trip. Figure 2.2 represents a temporal profile of the

mode-locked laser emission.
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FIGURE 2.2: Fundamental modelocking in a) time and b) frequency domain. Mode-
locking in time domain corresponds to an active modulation that is synchronised to the
round-trip time of the pulses. In the frequency domain, this corresponds to a modu-
lation that is equal to the mode spacing, }5e4,] the round-trip frequency (frr), based on
Two types of mode locking can be distinguished, namely active and
passive mode locking. Active mode locking involves periodic modulation
of either the resonator losses or the round-trip phase, and can be performed
by placing, for example, an acousto-optic or electro-optic modulator into the
laser cavity. Modulation synchronized with the resonator round trips results
in generation of ultrashort pulses (usually picosecond pulses). Passive mode
locking can be achieved by implementing a saturable absorber into the laser
resonator. A saturable absorber is a device that exhibits intensity-dependent
transmission. Ideally, a saturable absorber absorbs low-intensity light and
transmits high-intensity light. This process is repeated as the light oscillates

in the cavity and the passive mode locking is automatically synchronized

with the round trip frequency. Therefore, the passive mode locking is also
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known as self-mode-locking. Compared to active mode locking, the pas-

sively mode-locked laser generates pulses with a shorter pulse duration [55].

During this research a Newport Spectra Physics Ti:sapphire laser with
100 fs pulse duration, 790 nm wavelength with passive mode locking and
Light Conversion, Pharos 8SP emitting 200 fs pulses at a wavelength of 515

nm were used. A more detailed description is presented in chapter3.

2.3 Direct laser writing

Direct laser writing (DLW), also known as multiphoton lithography or direct
laser lithography, is a laser-based method used for introducing modifications
into a material structure. Although the direct laser writing can be performed
in either nanosecond (ns) or picosecond (ps) regimes, femtosecond lasers (fs)
provide multiple advantages, such as lack of lateral thermal damage, high

precision and cleanliness of fabricated surface.

In case of femtosecond laser machining, the optical energy is trans-
ferred to the material by laser induced optical breakdown, where a propor-
tion of electrons are excited across the bandgap, and can subsequently trans-
fer energy to the lattice, causing structural damage. DLW with ultrafast lasers
offers precise three dimensional (3D) microfabrication inside transparent ma-
terials through a non-linear process, which means that the light is absorbed
within the transparent sample by multi-photon absorption or tunelling ion-
ization [56, 57]. The femtosecond laser pulses generate large peak electric
fields, of the order of 10° V/m, which is required for non-linear absorp-
tion to occur. Non-linear absorption processes require femtosecond pulsed

lasers with very high intensities, and the only location that has sufficient
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electric field density for this to occur is within a tight focal volume, which en-
sures high three-dimensional resolution of fabrication. Features of microme-
tre scale and smaller may be fabricated within different materials, including
glass and diamond. Here, the short pulse duration is crucial, as all the pulse
energy is delivered to the laser focus in a timescale shorter than that required
for thermal diffusion of the absorbed energy. The laser writing procedure is

illustrated in figure 2.3.

515nm

diamond

X
z s
graphitic wire lI

FIGURE 2.3: Schematic of laser writing of graphitic columns.

Upon femtosecond pulse irradiation, the semiconductor material ex-
periences several regimes of excitation and relaxation before coming back to
its equilibrium state. The four regimes include carrier excitation, thermaliza-

tion, carrier removal and thermal and structural effects.

Continuously growing demand for more advanced devices to meet data ca-
pacity requirements in communications made femtosecond laser writing an
attractive technique to fabricate integrated photonic systems. Features of mi-

crometre scale and smaller may be fabricated within different transparent
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materials without any modification to the surface or surrounding regions.
Femtosecond laser pulses directly induce refractive index changes in trans-
parent dielectric materials, and when the sample moves along with the laser
beam a refractive index profile like in a buried waveguide can be produced
[58]. Laser writing of waveguides in bulk glass enhances manufacture of
three-dimensional photonic devices. The main characteristic of the waveg-
uide is that they, as the name suggests, guide light. They define the spatial
region where the light can propagate. There are many examples of generat-
ing waveguide devices in different type of glasses [59-61] and polymers [62,
63]. Optical waveguides have also been demonstrated in different types of
crystals, i.e. LiNbOj3 [64, 65], Nd:YCOB [66], ZnSe [67], Nd:YAG [68]. The
laser writing approach is easier compared to conventional surface waveg-

uide fabrication by alternative processes [69].

Another application of fs-laser micromachining is to support fabri-
cation of magnetic field sensors [70]. Here, the laser system was used to
write an interferometer design into silica glass. Aerospace and petrochem-
ical industries require pressure sensors that can work at high temperature,
e.g. 500°C. Currently, the main sensor material applied in such conditions is
silicon, but that, unfortunately, does not last long in that environment. Thus,
silicon carbide (5iC), which is nearly as hard as diamond, has been proposed
as a promising candidate to replace silicon detectors. It was already demon-
strated that laser micromachining silicon carbide could fabricate high tem-
perature pressure sensors [71]. The excellent properties of SiC, e.g. its resis-
tance to thermoplastic deformation, makes it a perfect candidate for sensing
devices in harsh environments. Diamond exceeds SiC performance [9] and
is considered as a candidate material for sensing devices applied in extreme

conditions [72, 73].
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Apart from laser writing of 3D optical waveguides and microstruc-
tures in bulk transparent materials, laser micromachining finds application
in cell biology [74]. It was demonstrated that femtosecond laser pulses en-
able non-invasive intercellular ablation of individual organelles in living cells
[75]. Recently, scientists from the University of Southampton demonstrated
a new approach of ultrafast laser writing in order to pattern silica glass with
anisotropic nanograting structures with negligible transmission losses [76].
The resulting birefringent modifications allowed fabrication of ultra-low space-
variant birefringent optical elements with high thermal and chemical dura-
bility along with high optical damage threshold. These elements can allow
the formation of vector beams (beams of light containing structured polari-
sation) or other optical elements relying on polarisation modulation and can
be applied for high power lasers. They are also used for optical data stor-
age, providing high capacity data archiving with unlimited lifetime at room

temperature and thermally stable up to 1000°C [77].

One particular example of ultrafast laser machining is ablation, which
is removal of material from the surface. This process occurs when the laser
fluence of the laser exceeds the ablation threshold of the target material. In
case of femtosecond interaction, the laser pulse duration is much shorter than
electron cooling rate [78]. At high laser fluences, the energy from the sur-
face leads some of the surface to melt and evaporate resulting in an ablation
plume. It is possible to achieve laser-induced periodic surface structuring
(LIPSS) in this kind of environment [79]. For fs-lasers processing, the LIPSS
consists of periodic nano- and micrometre- scale features [80-82]. It was al-
ready observed that femtosecond lasers can damage even the hardest known
materials [82, 83]. Ablation is a destructive process and is one of the easiest
ways to cut and scribe hard materials, and is hence applied across different

industries.
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2.4 Graphitisation

At room temperature and atmospheric pressure, diamond is a metastable
material. However at high temperatures, usually at 1000-1600 °C, it can
transform into graphite. Graphitisation of diamond refers to the transforma-
tion of diamond into graphite, which is possible upon implantation of ions,
during postimplantation annealing or when high-energy laser irradiation is
applied. This conversion leverages distinct physical properties of diamond
and graphite, i.e. diamond is an excellent insulator with high thermal con-
ductivity and hardness, while graphite is a good electrical conductor. Dia-
mond graphitisation occurs not only by high-temperature annealing but also
by novel methods that enable fast graphitisation, for example graphitisation
under laser treatment [84-86], which is the main point of this thesis. The
atomistic simulation of the diamond (111) surface y Wang et al. [87] shows
that the diamond-to-graphite transition occurs along different pathways, de-
pending on the length of the pulse of the laser. When using nanosecond laser
pulses or longer, electrons excited by the laser can reach thermal equilibrium
with the lattice over the pulse duration, resulting in thermal disordering or
surface melting. In this case, the graphitisation front propagates vertically
into the bulk layers, leading to the formation of diamond-graphite interfaces
after the laser treatment. However, when the laser pulse duration is reduced
to the femtosecond range (200-500 s), structural changes on the surface can
occur within a few hundred femtoseconds. This rapid transformation is sig-
nificantly faster than the usual time scale of lattice dynamics, and is thought
to be driven by hot electron plasma excited by the intense femtosecond-laser
pulse [88, 89]. Here, graphitisation of the surface occurs layer by layer and
results in a clean diamond surface after ablation. Upon the interaction be-
tween energetic plasma and diamond, defects start to occur in the lattice by

the atom displacement, causing the random formation of amorphous carbon



28 Chapter 2. Laser processing in transparent materials

clusters. Finally, graphitisation of diamond starts at high enough tempera-
tures [90]. When a high-energy laser is focused onto a diamond surface, it
generates localized heating that can raise the temperature of the diamond to
above its graphitisation point (around 1700°C). At these temperatures, the
diamond’s crystal structure, composed of sp>-bonded carbon atoms, begins

to rearrange into the sp?-bonded structure characteristic of graphite.

Typically, an experimental consists of a high-power laser system (e.g.
Yb or Ti laser) to irradiate the diamond sample. The laser beam is focused
onto the diamond using high numerical aperture (NA) objectives, which
allow for high-resolution patterning. The sample is mounted on a precise
translation stage that enables control over movements and patterning. Real-
time monitoring systems such as optical microscopes and spectrometers, are
employed to observe the process and adjust parameters. Laser parameters
are very important in controlling the graphitisation process. The wavelength
of the laser affects the absorption efficiency of the diamond, with shorter
wavelengths generally being more effective. Short pulse duration in ultrafast
femtosecond lasers provides high precision, minimizes thermal diffusion and
collateral damage to surrounding areas. Another important parameter is rep-
etition rate, higher rates can lead to cumulative heating effects that facilitate
the graphitisation process. Furthermore, the quality of the diamond itself sig-
nificantly impacts the efficiency of graphitisation. Synthetic diamonds, either
CVD or HPHT grown or HPHT are often used in these experiments because
of their controlled purity and defect levels. The crystallographic orientation
and intrinsic defects of the diamond can influence laser fabrication, affecting

the uniformity and quality of the resulting graphite.

Recent studies have demonstrated the potential applications of laser-
induced graphitisation of diamond in various fields. In photonics, this tech-

nique is used to create waveguides and photonic circuits [91], leveraging the
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contrasting optical properties of diamond and graphite to guide and manip-
ulate light effectively. In electronics, the combination of conductive graphite
and insulating diamond can be used to fabricate advanced electronic com-
ponents, such as diodes [92]. In sensing applications, the robustness and
chemical stability of graphitised diamond make it suitable for developing
highly sensitive and durable sensors [93]. Additionally, the precise control
over nitrogen-vacancy (NV) center placement in diamond via laser process-

ing opens new possibilities in quantum computing and communication [94].

Aside from writing defects for quantum applications, laser writing
can also provide a stronger fabrication regime for micro-graphitic modifi-
cations [95], [96]. The interesting fact here is how the choice of laser pro-
cessing components and parameters affect the nature of graphitic-like struc-
tures. Figure 2.4 shows examples of laser-written structures given different
processing parameters, where using higher NAs resulted in smoother and

continuous laser-written graphitic wires.
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FIGURE 2.4: Microscopic images of the graphitic structures laser written in the bulk

of diamond by varying processing parameters, using 0.75 NA, 0.95 NA and 1.25 NA

focusing objectives (50 pm depth). The laser writing scan speeds (from left to right) in

every energy set of 0.75 NA are 0.05, 0.2, 1 mm s~!. Laser writing speeds for 0.95 NA

are 0.2, 0.5, 1 and 5 mm s~ ! (written along +x and -x directions (left to right), with x

direction parallel to 110 crystallographic direction). For 1.25 NA scan speeds are 40, 50,
20,5 and 2 mm s~ !, taken from [63].
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The ultrafast lasers enable non-thermal transition from sp® phase to
graphitic sp? phase. At normal temperature and pressure, 20 °C (293 K) and
0.10 MPa, the stable phase of carbon is graphite, but diamond is metastable,
thus its conversion to graphite is negligible. However, at temperatures above
about 4500 K, diamond rapidly converts to graphite. Rapid conversion of
graphite to diamond requires pressures well above the equilibrium line: at
2000 K, a pressure of 35 GPa is needed [26]. Since carbon has no liquid
phase at atmospheric pressure, no molten material is generated. Figure 2.5

shows the carbon phase diagram that indicates diamond transformation into

graphite.
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FIGURE 2.5: Carbon phase diagram, which shows the carbon state with respect to

varying temperatures and pressures. It indicates conditions under which one phase

is metastable. The phase boundary between graphite and diamond for temperatures
below 4000 K is a wide coexistence area indicated by the grey stripes, based on [97].
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2.5 Different types of laser-written devices in dia-

mond

Although, diamond is the hardest common material, it can be drilled, cut
and patterned by laser machining technology. Ultrafast lasers with sub-
picosecond pulse duration offer multiple advantages, such as lack of lateral
thermal damage, high precision, and cleanliness of fabricated surface. Di-
rect laser writing (DLW) with ultrafast lasers offers precise three-dimensional
(3D) microfabrication inside transparent materials through a non-linear pro-
cess by multi-photon absorption or tunnelling ionization [56], [57]. Features
of micrometre scale and smaller may be fabricated within different transpar-
ent materials without any modification to the surface or surrounding regions.
DLW can be applied to functionalize diamond by modifying its lattice struc-
ture [98], [99] and at higher intensities introduce micro-graphitic inclusions
through breakdown of the diamond lattice [100], [101]. Such controllable and
precise structural modifications offer great promise for diamond technology

through effective machining inside crystals.

The development of advanced materials with tailored properties has
been a subject of intense research in various fields. One such material that
has gained significant attention is synthetic diamond. Synthetic diamond
possesses exceptional mechanical, thermal, and electrical properties, making
it an attractive material for a wide range of applications, including electron-
ics, optics, and cutting tools. One of diamond’s notable properties is its low
electrical conductivity. However, carbon also has a common allotrope that
is indeed conductive, namely graphite. Hence, diamond offers the possi-
bility of accommodating electrical circuits, if it can be locally changed into
graphite. Researchers have explored various methods to introduce graphitic

structures into diamond, thereby enhancing its electrical properties. Laser
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writing has emerged as a powerful technique for modifying both surface and
subsurface of synthetic diamond, enabling the generation of graphitic struc-
tures. Laser fabrication on synthetic diamond offers unprecedented control
over the material’s properties, opening up new avenues for the development
of advanced devices and systems. It has been demonstrated that laser as-
sisted methods enable writing of individual defects in diamond at selected
locations and with high positioning accuracy [102]. For example, generation
of vacancies in diamond samples with nitrogen content followed by thermal
annealing, is a first step for formation of the coherent colour centres, i.e. NV

centres, for quantum photonics.

2.5.1 Electrical devices

Another example presents laser writing of graphitic electrodes for diamond
detectors [103, 104]. As a result, laser processing has attracted interest due
to potential generation of 3D electrical circuitry and its advantage over other
conventional methodologies [90, 105, 106]. Currently, electrical devices cre-
ated in materials such as silicon are used for radiation detection. However,
diamond is more resistant to radiation and exhibits higher thermal conduc-
tivity than silicon. These properties, including temperature tolerance, chemi-
cal inertness and ability to detect different types of radiation, make diamond
an attractive detector material for harsh environments, e.g. nuclear-power-
station monitoring and oil-well logging [107]. Some scientific experiments
require focused beams of X-rays, which are usually produced by highly en-
ergetic electrons in synchrotrons. To support the analysis of the beam, a pro-
totype of an X-ray diamond detector has been already reported [108]. The
aim of this device is to simultaneously measure the position, profile, and flux

of an incident beam. The illustration of the prototype device is in figure 2.6.
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FIGURE 2.6: a) A schematic (not to scale) of the graphitic wire-layout inside a diamond

plate and b) the cross-sectional image of the fabricated detector. Presented are embed-

ded graphitic wires together with vertical columns that are used to transport the charge
to the surface pads, taken from [109].

To obtain the above structure a short, 200 fs, pulsed laser, focused
to micron-sizes using high NA lenses, assisted by adaptive optics aberration
correction to graphitize wire paths inside bulk diamond was used. This kind
of pixel detector was fabricated by laser writing two separate and mutually
perpendicular arrays of graphitic wires, that are located beneath the surface
of a diamond plate. The advantage of this detector is that the intensity, po-
sition, and shape of an X-ray beam can be well monitored. Single crystal
CVD diamond detectors are essential as non-destructive diagnostic tools for

the operation of synchrotron beamlines [110]. For that reason, it is crucial to

functionalize diamond for sensing applications, e.g. laser writing of graphitic
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structures. Furthermore, the conductive graphitic structures beneath the sur-
face of the diamond give better control over wire geometry;, i.e. its 3D geom-
etry. In order to bring this technology to life, comprehensive studies need to

be performed, which form the motivation for the research in this thesis.

2.5.2 Optical Waveguides

It was already demonstrated that it is possible to laser write optical waveg-
uides [111] and other graphitic structures [84, 112] in diamond. The laser
fabrication parameters, i.e. wavelength, intensity and pulse energy can be
adjusted with respect to a chosen defect of interest. Figure 2.7 illustrates the
laser writing procedure and the fabricated waveguides within the diamond

bulk.

FIGURE 2.7: Femtosecond laser-writing procedure and laser-written waveguides in
bulk diamond, taken from [113].

Three-dimensional waveguides in the bulk of diamond are manufac-
tured using ultrafast laser fabrication. High intensities in the focal volume of

the laser cause lattice breakdown. As a result, diamond is transformed into a
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graphitic phase leading to a stress-induced refractive index change in neigh-
boring regions. Waveguides consist of the region of increased refractive in-
dex, compared to the surrounding medium (also called cladding). In case of
diamond, the laser-generated graphitic-like modifications enable light prop-
agation. Due to the lower density of the sp? phase, compared to that of sp?, a
strong localized stress is generated within the surrounding diamond, which
can act as an optical waveguide. It is possible to fabricate type II and type III
waveguides [111], which means that they support propagation of either one

or two polarization states, respectively.

2.5.3 Advanced applications and innovations

Ultrashort laser pulses are used to modify the structure of a material. More-
over, this technology is being used as a tool for product protection, namely
security laser marking. One of the examples is to fabricate diffraction-based
security features, e.g. holograms [114]. Another idea is surface marking on
the girdle of diamond gemstones to identify or personalize jewellery. This
idea is currently used by the Gemological Institute of America (GIA). How-
ever, there is a risk that the security features written on the surface may be
easily polished off or be replicated on counterfeit stones. Small laser marks
written beneath the surface of diamonds offer increased resilience to polish-
ing, providing a significant improvement in the security of diamonds when
compared to surface marking. These engravings can be performed by laser
systems built at Opsydia, that specializes in commercially available laser
technology to implement practically invisible structures, or identifiers, on
the surface of or within transparent materials without compromising their
integrity. The resolution of these marks created in the bulk of the material
is much higher than current surface laser marks and so can be made much

smaller, while still being visible under sufficient magnification.
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2.6 Adaptive optics for aberration correction

Femtosecond laser writing requires focusing of the laser beam with a high
NA objective lens inside the transparent material. The femtosecond pulses
diminish the heat distribution and allow precise, highly localized at the fo-
cus, structure modifications. Focal volume confinement of the structural
change enables precise machining of complex structures in 3D. However,
apart from imperfections or misalignment of the optical system, the size of
the light-matter interaction volume is defined by diffraction effects. It is said
that an optical system with a resolution close to its theoretical limit is “diffrac-
tion limited’. This phenomena was discovered in 1873 by Ernst Abbe, who
observed that light of a wavelength A that travels in a medium of refractive
index n converges to a spot of angle 6 and makes a spot of radius r, the min-

imum resolvable distance,

o A A
- 2nsinf  2NA

(2.2)

where nsinf is the so-called numerical aperture, NA. This phenomena is

known as Abbe’s Diffraction Limit [115].

Currently, the intensity of the best focused light of a circular aperture
is defined by an Airy function, also known as an Airy disk. The Airy pattern
intensity is a result of diffraction theory, which in the focal plane of an ob-
jective lens can be approximated to a two-dimensional Fourier transform of
the light incident on the pupil. In the x-y focal plane (lateral focal plane), the

distance between two first intensity minima can be specified as follows:

(2.3)
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The above formula defines the lateral size of a perfect focal spot. Correspond-

ingly, the axial (z axis) size of the focal spot is described by:

4dnA

== Nz

(2.4)

However, the approximate equation is valid for low NA. A more accurate

expression in terms of N A is presented below:

27
4 = (n— /(n2 — NA?) (25)

Both results were obtained based on derivation of Fourier optics and trigo-
nometric relationship, which represents light propagation through a lens [116].
From Fourier theory, it possible to calculate the light intensity in the focal
plane of the lens. Here, the lens acts in a way such that the focal plane of
the lens displays the far-field Fraunhofer diffraction pattern of the objective
lens aperture. Figure 2.8 presents the schematic of optical system Fraunhoffer
diffraction approximation with an example of Airy disc and intensity distri-

bution, where equation 2.3 describes the first minimum.
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FIGURE 2.8: Optical system Fraunhoffer diffraction approximation. Schematic includes
Airy disc and intensity distribution.
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The successful fabrication of sub-surface microstructures is limited
by spherical aberrations that occur when focusing onto a specimen with re-
fractive index different to the immersion medium of the focusing objective
lens, e.g. oil or air. A particular example is a depth-dependent spherical
aberration as a result of refraction of light rays at the specimen interface. The
spherical aberration results on a loss in resolution and power efficiency of
fabrication. It has been demonstrated that a characteristic elongation of the
focal intensity limits the generation of desired features [117]. Thus, control
over the focal point is required to eliminate any optical aberrations. Figure
2.9 presents a schematic diagram of the phase aberrations arising from the

lens.
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FIGURE 2.9: Schematic of spherical aberrations arising from the lens, based on [118].

The phase ¢ of the light as a function of position within the back
focal plane (pupil plane) of the objective lens can describe the light-matter
aberrations. The aberrated phase function in the pupil of the objective lens

can be written as [119]:

psalp) = 20\ Jod — Naz?) - [ - NAYR) @)
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FIGURE 2.10: Schematic of focusing geometry showing the refraction of rays at the
interface between two media of different refractive index, d,;o,; being the nominal depth
within the sample and d,; is the actual depth, A, is extent of the focus.
where A is the wavelength of the light, p is the normalised pupil radius of the
objective lens, n is the refractive index of the sample and d,,;; is the nominal
depth within the sample (see figure 2.10), assuming that the objective lens
operates in air (n=1). Equation 2.6 describes spherical aberration as a result
of the refractive index difference between the immersion medium of the ob-
jective lens (n1) and the specimen (11;). It is a very common aberration that
occurs when light is focused into material through planar interface of two dif-
ferent refractive indices. It is worth highlighting, that even a small mismatch

between the refractive indices may lead to significant spherical aberrations.

Phase aberrations can also be described by Zernike polynomials, or-
thogonal functions that can describe surface shapes and quantify wavefront
aberrations in mirrors and lenses of a circular shape. Zernike polynomi-
als correspond to different aberrations, for example astigmatism, coma, and

spherical aberrations [120].
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This approach assumes that light propagates through an inhomoge-
neous refractive index material. Figure 2.11 graphically represents the most
common Zernike modes. The lower order Zernike modes such as piston, tip,
tilt and defocus have negligible effect on the focusing mechanism. The aber-
rations that are corrected during the laser-writing procedures include coma,

astigmatism and spherical.
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FIGURE 2.11: Graphical representation of Zernike modes, taken from [121].

It was already demonstrated that adaptive optics elements have sup-
ported ultrafast laser systems in various experiments, for instance for reso-
lution enhancement in multiphoton microscopes [122] and manipulation of
temporal pulse distribution [123]. An adaptive optics instrument can com-
pensate for the depth-dependent spherical aberration by introducing a phase
profile on an incident wavefront. The phase profile needs to be equal and
opposite to the aberration caused by mismatch of refractive indices at the

sample surface. This requires so-called adaptive-optics instrumentation, i.e.
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a membrane deformable mirror (DM) or liquid-crystal spatial-light modula-
tor (SLM), enabling precise fabrication of microstructures embedded within
transparent materials. A deformable mirror provides a continuous phase dis-
tortion with large amplitude, but has a low number of actuators. On the con-
trary, an SLM benefits from a larger number of pixels, but its maximal modu-
lation depth is typically limited to 27t radians. Figure 2.12 shows a schematic

of a liquid-crystal spatial-light modulator.
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FIGURE 2.12: Schematic of liquid crystal SLM in ON and OFF states, LC: liquid crystal,
Eyj,: threshold of the electric field amplitude, based on [124].

The SLM used in this research is a parallel-aligned liquid-crystal SLM
that is used to compensate phase aberrations generated in the optical system.
This SLM uses Liquid Crystal (LC) on Silicon technology, where liquid crys-
tal is controlled by an applied voltage, resulting in a change of refractive
index of the LC. Thus, the wave front of the reflected laser light can be modi-
tied. The performance of the SLM is controlled by software. Here, the liquid
crystal modulates only the phase of light without any changes in polariza-
tion or intensity. Figure 2.13 presents the resolution of laser-focal intensity

distribution, without and with, an adaptive-optics element, namely SLM.
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FIGURE 2.13: Example of correction of laser focal intensity distribution 50 pm in the

diamond. Without any correction, the focus is elongated (left) but drastically improves

with use of a spatial light modulator, SLM, that compensates optical aberrations that
occurred during laser processing, taken from [94].

The SLM removes spherical aberration caused by light propagation
through the air-diamond interface. The SLM is positioned on objective lens
and changes the direction of the beam. There is no flat wave front after SLM.
Moreover, the choice of lens numerical aperture is crucial, as the higher the
NA the bigger the focusing angle, which results in shorter elongation in the z-
axis. The advantage of laser systems equipped with adaptive-optics elements
is that they can generate precise modification in substrate structures, even
if there is a big refractive index mismatch between both the sample and the
immersion medium. For example, 1.4 NA oil lens (1=1.52) laser fabrication in

diamond (n=2.42). Figure 2.14 shows a result of laser fabrication in diamond

before and after aberration correction.

The laser processing system may employ different objective lenses for
different applications. For example, during laser machining at the surface of
the diamond, usually an air lens of NA=0.5 is used. Here, the appearance
of aberrations is not expected, as there is no refractive index mismatch. For
subsurface modifications an oil immersion lens (NA=1.4) is preferable. The
reason for this choice is that the oil burns before surface fabrication. In order
to fabricate deep structures within the material it is required to flip the sam-

ple, as the fabrication with an oil lens is limited to around 200 pum in depth.
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FIGURE 2.14: Laser fabricated structures a) without and b) with aberration correction,
taken from [125].

In case of vertical fabrication, sometimes there is is a gap between the sub-
surface structure and the surface, therefore the air lens is applied to connect
the wire with the surface of the material. Figure 2.15 shows graphitic wires

generated beneath the surface of diamond (80 pm deep).
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FIGURE 2.15: Graphitic wire fabricated a) without aberration correction and b) with
adaptive optics element, taken from [112].

It was demonstrated that the resistivity of the fabricated wire drops
drastically when aberrations are compensated by adaptive-optics (AO) in-
strumentation [112]. As long as adaptive optics compensates for aberrations
that occur during laser processing within the substrate and tailors the focal
intensity distribution, ultrafast laser machining becomes a promising method

for fabrication of advanced three-dimensional structures.
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2.7 Conclusions

The current need for high-power devices makes femtosecond laser machin-
ing an attractive technology in interdisciplinary research. Direct laser-writing
has been demonstrated to be a powerful tool in the structural modification of
transparent materials, which have promising applications in quantum com-
puting, sensing and photonics. Furthermore, ultra-fast laser micro-machining
of transparent materials has many advantages over other fabrication meth-
ods. First, due to the tight confinement of the focal volume, it is possible
to fabricate well localised, permanent and complex three-dimensional struc-
tures on a sub-micron scale. Even though the laser-fabrication system suf-
fers from aberrations, they can be compensated by implementing adaptive-
optics elements. It was already proven that aberration correction signifi-
cantly improves characteristics of laser written structures inside diamond.
Moreover, it ensures that all the structural modifications happen in the laser
focal area, meaning that the rest of the material remains unchanged. Second,
this technology enables fabrication of different structures inside transparent
materials without the necessity of using cleanroom facilities. Direct laser-
writing enables fast and simple modification of the material, which makes
it a favourable method for device prototyping. The main advantage of this
technology is that it can be applied to a variety of materials and adjust to cus-
tomised applications. However, this thesis concentrates predominantly on
laser writing of graphitic electrodes inside synthetic monocrystalline CVD di-
amond, which has a potential application in radiation sensing. Thus, the aim
of this project is to investigate the process of laser writing of graphitic struc-
tures followed by optical and electrical characterization including the eval-
uation of measured resistivity. Moreover, analysis of birefringent induced
structure modifications is required to estimate the stress distribution. Most

of all, it is crucial to choose the fabrication parameters, because as reviewed
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in the literature, different sets of parameters lead to different results.

Despite the promising advancements, challenges remain. Achieving
uniform graphitisation over large areas and complex patterns is difficult, and
there is a need for further research to enhance the precision and scalability
of the process. Advanced laser systems, hybrid fabrication techniques, and
comprehensive theoretical models are areas of ongoing investigation to ad-
dress these challenges and unlock the full potential of diamond graphitisa-

tion.
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Chapter 3

Experimental methods

3.1 Introduction

The aim of this chapter is to describe the experimental set-ups used through-
out the rest of the thesis. This chapter will begin with a description of com-
mon fluorescence characterisation techniques used throughout the thesis.
This information is partly repeated in Chapter 5, however due to the unique
application of the confocal fluorescence microscope found within that chap-
ter the repetition is useful. Additionally, this chapter will cover non-optical
experimental aspects of the research performed, such as information on dia-

mond samples and annealing.

3.2 Ultrafast laser machining

In this study, graphitic structures were laser written inside diamond samples.
Direct Laser-Writing techniques enabled the introduction of three-dimensional
(3D) structural modification within the crystal of interest. Two laser writing

systems have been used in this research, namely PHAROS and SOLSTICE.
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3.2.1 Laser-Writing System SOLSTICE

This section describes the experimental setup and process used to generate
conductive graphitic structures. Figure 3.1 gives a schematic diagram of laser
system Solstice.

LASER A2
790NM  WAVEPLATE f=.50 MM

- —

POLARISER f= 400 MM

S5LM

f=300 MM
f=250 MM
DICHROIC IMAGING
MIROR [ SYSTEM
MICROSCOPE
OBJECTIVE
SAMPLE 3D TRANSLATION
[ ] STAGE

TRANSMISSION LIGHT SOURCE

FIGURE 3.1: Schematic of laser system SOLSTICE, with spatial light modulator
(SLM) and red LED as a transmission light source.

The experimental setup consisted of different optical components.
The near-infrared Ti-Sapphire Solstice femtosecond pulsed laser operated at
790 nm, pulse repetition rate 1 kHz, pulse duration 250 fs. A femtosecond
laser emited optical pulses on the order of a picosecond or less, i.e. ultra-

short pulses, which is desired in this experiment. Compared to conventional
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laser techniques, femtosecond-laser machining provided high peak irradi-
ance with minimal thermal effects. Moreover, short pulses were required for
multiphoton interactions, i.e. nonlinear absorption. The laser beam was ex-
panded onto a liquid-crystal phase-only spatial light modulator (SLM) (Ha-
mamatsu X10468), which was in turn imaged in a 4f configuration on to the
back aperture of an objective lens (Zeiss 20 x 0.5NA). Basically, the femtosec-
ond laser beam went through the telescopic lens, which was responsible for
its expansion. Later, it reached the processing optics aided by adaptive-optics
components and eventually hit the dichroic mirror. The role of dichroic mir-
ror, also known as a colour filter, in this example was to transmit the infrared
beam for fabrication, but reflect a red LED light into the camera for imaging
of the sample. Then, the laser beam traveled via an objective lens and in-
teracts with the sample placed on a viewing stage. When in focus, the high
electric field lead to a non-linear absorption resulting in the breakdown of

the diamond lattice.

Since material modification took place at the focal volume, 3D mi-
crostructures might be fabricated simply by translating the sample with re-
spect to the laser propagation using computer-controlled motion stage. The
diamond samples were mounted on precision translation stages (Aerotech
ABL10100, ANT95) and were imaged during fabrication with a transmission
optical microscope. Here, the stages moved with respect to certain parame-
ters indicated in the software, to support generation of continuous damage

tracks, which might be electrically conductive.

A red LED illuminated transmission microscope was used to provide
an image of the sample during fabrication. The transmitted red light was
collected by the imaging system, which enabled visualization of the sample.
In this study a single crystal CVD diamond sample (3x3x0.25 mm) was used,

and micro graphitic structures were generated on both surface and the bulk
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of the diamond. The focusing objective used in creation of defects below
the surface was an oil objective with numerical aperture (NA) equaled to 1.4
(Olympus 1.4NA 60x oil lens). The laser system with the oil lens had tight
focusing which allowed low energies (20 nJ - 70 nJ). Surface fabrication of the
contact pads do not require as high intensities, so a lower NA, air lens was

used for ease of fabrication.

3.2.2 Laser-Writing System PHAROS

Surface fabrication and laser writing of vertical structures (structures that
go through the whole thickness of the sample) within a iamond wafer was
performed by laser-writing system PHAROS. The graphitic tracks were pro-
duced using an Yb:KGW laser (Light Conversion Pharos SP-06-1000-pp) with
a central wavelength of 515 nm, pulse duration 250 fs and various repetition
rates, ranging from 100 Hz to 1 MHz, focused with a 0.5 NA air-based objec-
tive lens (Zeiss 20x0.5NA) for the vertical wires. Figure 3.2 shows a schematic
diagram of the laser-processing system used for surface and subsurface mod-
ifications of CVD diamond samples.

Laser
Wavelength 515nm
Pulse duration 170fs
Pulse repetition rate IMHz or 1kHz

Polariser
A2 60 LED
illumination™~y 180
150 —
N
y <:| D %Dichroic mirror
300 200 Objective
Zeiss 20x 0.5NA
Single crystal
SLM CVD diamond
Hamamatsu X10468-02 3D translation stage

Aerotech ABL10100 x2 and ANT95V

FIGURE 3.2: Schematic of PHAROS laser-writing system, the numbers in bold
next to each lens denote the focal length of that element.
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This setup consisted of different adaptive-optics components to con-
trol the laser during machining. First, the laser beam passed through a ro-
tatable half-waveplate and a polarizer, which enables power control. The
beam was expanded and directed at a phase-only liquid-crystal spatial-light
modulator SLM (SLM, Hamamatsu X10468) was used to adaptively correct
in real-time for optical aberrations related to refraction at the diamond in-
terface. The laser beam was imaged in 4f configuration onto the back of a
microscope objective lens (Zeiss 20x, 0.5 NA). The laser beam could be fo-
cused down to a diffraction-limited spot size inside the diamond of refrac-
tive index of 2.4. The diamond sample was placed onto three dimensional
precision translation stages (Aerotech ABL10100 (x,y); ANT95-3-V (z)). The
graphitic vertical columns were laser fabricated by focusing the laser on the
rear side of the diamond wafer and drawing the laser focus through the thick-
ness of diamond wafer to the top side. The diamond sample was illuminated
from underneath by a red LED. A dichroic mirror separated the LED illumi-
nation from the laser before passing through a tube lens onto a CCD. This
procedure formed a microscope to allow real-time imaging of the diamond

sample during fabrication.

3.2.3 Laser writing of graphitic columns

The Pharos laser system was used to fabricate the so-called all-carbon de-
vices. Here, the whole device was generated by using only one laser fabrica-
tion system. Figure 3.3 represents the fabrication steps involved in the laser
processing, presenting a schematic architecture that allows straightforward

testing of electrical properties of graphitic columns.

First, vertical graphitic columns were fabricated by focusing the laser
on the back surface of the diamond to seed the graphitisation, and then trans-

lating away from the lens to draw the graphitisation through the thickness
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FIGURE 3.3: Schematic of laser writing of a) graphitic columns, b) small
graphitic contact pads and c) linking graphitic contact pads. This design was
used for a straightforward all-carbon device.

of the sample. The graphitisation occurs at the surface first as the break-
down threshold is lowest. This sp? material then absorbs energy from subse-
quent laser pulses, creating more sp? material. The columns were fabricated
at different pulse energy in each row, while the repetition rate and transla-
tion speed were kept constant at 1 kHz and 10 nm/s, respectively. Adaptive
aberration correction ensured diffraction-limited performance at each depth.
Secondly, small graphitic contact pads of area 50 pm x 50 um were fabri-
cated on the top diamond surface over each column. Finally, the sample was
flipped over, and larger contact pads were laser written on the opposite sur-
face. The long contact pads (dimension 250 pm x 50 ym) were fabricated in
the same way as the small pads and acted as a base electrode to connect a set
of graphitic columns that had been fabricated with identical parameters. All
surface contact pads were fabricated at optimised parameters of 30 um/s of
translation speed, pulse energy 100 nJ and repetition rate of 10 kHz, with a
raster step size of 1 pm. The pattern used for this investigation consisted of

three graphitic columns in a row, all fabricated at the same pulse energy.

3.3 Characterisation techniques

Different material characterisation techniques were applied throughout this
research. Thanks to these techniques both the optical and electrical properties

of CVD diamond and its graphitic modification have been studied.
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3.3.1 Two-probe station

The electrical behaviour of the laser-written graphitic columns was examined
by two-probe station measurements. Figure 3.5 illustrates the idea of the two-
probe station characterisation. After successful laser fabrication of graphitic
structures, two tungsten probes with 10 pm tips were micro-positioned to
contact the small pads on the top surface of the diamond. The electrical
testing investigated the relation between laser-fabrication parameters and
d.c. electrical resistance of the graphitic wires. A source Measurement unit
(Keithley 2450 SourceMeter) measured the current-voltage relationship for

the wires, using a voltage ramp of -50 V to +50 V at 5 V steps.
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FIGURE 3.4: Schematic diagram of two-probe station electrical characterisation
tool.

It is worth highlighting that the design of an all-carbon device en-
abled a straightforward measurement of resistances of the parallel columns
that were linked by the large graphitic contact pad that served as a base elec-
trode. The final resistance outcome contained then, not only the resistances

of the graphitic wire, but also all the linking resistances that partially came
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FIGURE 3.5: Picture of two probe station electrical characterisation tool.

from the contact pads. A modified version of electrical characterisation was
proposed, where the bottom of the diamond sample was coated with sil-
ver paint (Agar Silver Paint, G3691) allowing a direct measurements of the
chosen graphitic column. Here, one probe was placed on silver paint that
worked as a base electrode and the second one was positioned at the top of

the graphitic contact pad.

3.3.2 Raman Spectroscopy

Raman spectroscopy is a characterisation method that helps identifying the
composition of a material. This technique can detect molecular vibrational
states of different materials. By focusing a laser beam onto a sample, the light
interacts with molecular vibrations, resulting in scattered light at varying
frequencies. Most of the scattered light retains the same frequency as the

laser, which is known as Rayleigh (elastic) scattering. However, a portion of
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the light shifts in frequency due to excitation to higher or lower vibrational

states, known as Raman (inelastic) scattering (see figure 3.6).
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FIGURE 3.6: Schematic diagram of electronic levels involving Stokes, Rayleigh
and Anti-Stokes scattering and corresponding Raman spectra, taken from
[126].

In this experiment all photoluminescence measurements were per-
formed on a dispersive HORRIBA Raman/PL spectrometer, which operates
based on the principles of Raman scattering and photoluminescence detec-
tion. Raman spectroscopy is used to identify molecular vibrations and chem-
ical compositions, while photoluminescence (PL) detects the re-emission of
light from a material after absorbing photons. Optical characterisation was
performed at room temperature. Figure 3.7 illustrates the basic idea of spec-

trometry.

In the Raman system, a focused laser beam interacts the sample, ex-
citing its phonons. The scattered light is collected and analyzed by a spec-
trometer, which separates it based on its wavelength. By detecting the shift

in frequency of the scattered light, the system generates a Raman spectrum,
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FIGURE 3.7: Schematic diagram of laser Raman spectrometer.

which helps identify molecular components of the material. All measure-
ments were performed in the following manner, the point of choice at the
sample was scanned with the Raman spectrometer (A = 532 nm) and all the

data points were analysed with Matlab2023b software.

In this research, Raman spectroscopy was applied to detect differ-
ent carbon states. Single-crystal diamond consists of sp®> bonds, whereas
graphite is characterized by sp? bonds. Thus, Raman spectroscopy was ap-
plied to distinguish these two allotropes. The most characteristic diamond
peak exhibits a Raman shift at 1332 cm~!, whereas Raman shift of around
1600 cm~! is associated with graphite (also known as the G-peak). The higher
the content of graphite, the higher the intensity of the G-peak. Therefore, Ra-
man spectroscopy was used to investigate the quality of laser-written graphitic

columns and graphitic contact pads.
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3.3.3 Scanning Electron Microscopy (SEM)

To investigate the quality of laser fabricated wires, usually transmission elec-
tron microscopy was applied. However, in order to see how the structure
looks like at a smaller than a micrometer scale, Scanning Electron Microscopy
(SEM) was applied. This type of microscopy uses a focused electron beam in-
stead of visible light to scan the sample and image very small structures, in-
cluding even at the nm scale. The electrons interact with atoms in the sample
and collect information about the surface topography and sample compo-
sition. Here, the highly energetic electron beam is scanned in a raster scan
manner across the sample. In most common cases, the secondary electrons
emitted by atoms excited by electron beam or backscattered electrons are de-
tected. The detected number of electrons, hence, signal intensity is linked
to specimen topography. As a result, magnified images of structural mod-
ification can be detected. Secondary electrons (produced by elastic scatter-
ing) have low energies, thus they escape only from the top nanometres of
sample surface. On the contrary, the backscattered electrons are the primary
beam electrons that are reflected from the sample via inelastic scattering and
they emerge from deeper parts of the specimen. Secondary electrons are
mostly used to provide topographical information about the sample whereas
backscattered electrons provide more information about chemical composi-
tion of the material [127]. Figure 3.8 illustrates the electron-matter volume in

the SEM.

SEM imaging was used to characterize the topography of graphitic
structures laser fabricated at the surface of diamond. Both contact pads and

the graphitic columns were examined by SEM.
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FIGURE 3.8: Electron-matter interaction volume, taken from [128].

3.3.4 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was applied for high resolution im-
ages. After successful laser fabrication of graphitic columns within the dia-
mond wafer, the sample was prepared for TEM characterisation. A thin layer
of diamond sample (including graphitic content) was cut out of the main sub-

strate using the Focused Ion Beam (FIB) lift-out method (see figure 3.9).

The thin plates were extracted from the centre of each laser incident
point from the rear (initiating) side. The thin diamond plates were 15 pm
long by approximately 5 pm deep with a thickness of around 70 nm. Figure
3.9 shows the schematic diagram of this procedure. All TEM characterisation

was performed in Cadiz by Pilar Vilar and Daniel Araujo.

Electron-microscope observations were carried out using two pieces
of FEI equipment. Specifically, High resolution transmission electron mi-

croscope (HRTEM) and scanning transmission electron microscope (STEM)
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FIGURE 3.9: Lift out methodology. A) A protective layer is applied over the re-

gion of interest. Focused ion beam irradiation is used to remove diamond ma-

terial from the sample either side of the region of interest to create the structure

seen in (B). (C) Further vertical ion beam irradiation is applied to this down the

sample wafer, taken from [92].

studies were performed using a Talos F200X, and HRSTEM studies were car-
ried out using a Cubed Titan Themis 60-300. Both electron microscopes are
equipped with a high-brightness XFEG gun, and the last one also is equipped
with a double correction system (Cs-DCOR) for probe and image. All of the

electron microscopy experiments were run with200 keV as the electron accel-

eration voltage. Velox software was used to process TEM micrographs.
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Chapter 4

Writing electrodes in diamond

4.1 Introduction

As seen in Chapter 2, ultrashort pulsed laser writing has become established
as a technique for fabricating high-quality microstructures inside transpar-
ent materials. The direct laser-writing process facilitates transition of di-
amond into graphitedue to the high intensities in the focal volume of the
laser followed by diamond lattice breakdown. This method was developed
to generate high-quality electrically conductive graphitic structures on both
the surface and below the surface of the diamond. Laser-written graphitic
channels that pass through a diamond wafer find application as electrodes in
diamond radiation detectors and diamond electronic devices. Thus, chapter
4 depicts the surface and sub-surface laser-writing processes in the diamond
bulk. Here, both electrical and optical results of laser-written column elec-
trodes through a diamond wafer are included. Moreover, an optimized all-
carbon device is demonstrated for rapid prototyping. A study on the electri-
cal performance of laser fabricated devices is presented supported by Raman

spectroscopy.
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4.2 Surface structuring

Direct laser writing is used to functionalize synthetic diamond samples by
introducing permanent modifications into the diamond structure. Due to
this method, changes can be introduced in a precise and controllable man-
ner. The ultrafast laser pulses can be used to introduce periodic patterns on
the surface that are much smaller than the laser wavelength. For example
laser-induced periodic surface structure (LIPSS) has been used to tailor the
surface of synthetic diamond. It was found that this technique enables fast
patterning in a controllable manner. Here, the topographic changes depend
on the material itself along with the laser wavelength A, number of applied
laser pulses N, the angle of incidence 6 and polarization state of electric field

[129]. Figure 4.1 shows the example of LIPSS on the diamond surface.

FIGURE 4.1: Example of LIPSS fabricated in diamond.
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Here, two different types of LIPSS were tested, namely high spatial
frequency LIPSS (HSFL) < A /2 and low spatial frequency LIPSS (LSFL) with
period > A/2 were studied. It was found that the surface modifications, i.e.
height and periodicity, are strongly related to the laser processing parame-
ters, such as number of pulses or fluence. LIPSS was applied to tailor optical
properties of diamond providing regular and precise patterns of high qual-
ity diamond anti-reflection (AR) coatings. The findings demonstrate a large
potential for the production of high quality diamond photonic surfaces with
tailored characteristics in a simple and reliable way. However, this method
can be also utilized in other semiconductor materials and different areas of

research [62].

For example, high power lasers are used to introduce graphitisation
of diamond also known as metastable modification of carbon [130]. Contrary
to thermal heating, here a thin graphitic layer has no time to oxidise and
remains on the diamond surface [131], resulting in changes of both optical
and electrical properties of the material. Moreover, laser ablation is an effi-
cient method for precise microstructuring the diamond surface. Kononenko
et al., have already demonstrated the relationship between laser pulse du-
ration and thickness of laser induced graphitic layer on the diamond sur-
face [132]. The material ablation can happen in both short pulse (ns) and
ultrashort pulse (< 10 ps)) regimes. In the case of ultrashort pulses, the ma-
terial interaction happens at the electron level, where the heat conduction
occurs after the end of each laser pulse duration. Hence, the thickness of the
graphitic layer is proportional to the absorption properties of graphite. In
contrary, longer pulses lead to material heating up, resulting in melting and
evaporation [133]. It was reported that for 200 ns laser pulse duration, the

graphitic layer may reach 1 pm thickness [132].
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During this research the impact of laser writing parameters on the
graphitic layers on the surface of the diamond sample was examined. Here,
a short-pulsed laser beam was focused on the top surface of the diamond,
where the graphitic structures were fabricated. Thanks to ultra short pulses,
all the energy is delivered to the laser focus in a timeframe shorter than ther-
mal diffusion of the absorbed energy. High intensities in the focal volume
of the laser cause lattice breakdown, and as a result diamond is transformed
into a graphitic phase [133]. The graphitisation is confined to the laser struc-

tures, which can be electrically conductive [134, 135].

Different laser writing parameters have been studied in order to op-
timize the laser processing technique for high-quality electrically conductive
graphitic structures on the surface of the diamond. The laser fabrication sys-
tem PHAROS was used in this study (see Chapter 3). The sample used for
this examination was a single-crystal CVD diamond from Element Six, Ltd.,
with dimensions 3 mm x 3 mm x0.3 mm, a 100 top face and 1 ppm nitrogen
concentration. Figure 4.2 presents a microscopic image of successful fabrica-
tion results of sixteen graphitic contact pads (dimension 250 pm x 30 pm) that
were generated in various environments. Table 4.1 shows the laser-writing

parameters applied for processing of these graphitic contact pads.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

~ < :

FIGURE 4.2: Microscopic picture of laser written contact pads (1-16).

— '§6um
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Fabrication parameters
Number of contact pad | Pulse repetition rate | Pulse energy (nJ)

1 0.3

2 2.73
3 1 kHz 7.53
4 14.61
5 35.05
6 0.3

7 2.73
8 10 kHz 7.53
9 14.61
10 23.85
11 0.3

12 100 kHz 2.73
13 7.53
14 1.22
15 1 MHz 4.84
16 0.3

TABLE 4.1: Laser fabrication parameters for contact pads (1-16).

As presented in the optical microscope image in figure 4.2, the contact

pads reveal the diverse nature of their structure, that is the consequence of

using different laser-writing parameters. Each of 16 contact pads was gen-

erated using different pulse energies and repetition rates. Pulse energies

are always measured by averaging over lots of pulses, effectively taking a

power reading and dividing by the repetition rate. This approach helps to

investigate the optimal set of parameters in order to achieve a homogeneous,

graphitic and conductive layer. It was demonstrated that laser processing

leads to either ablation of the diamond surface or generation of a graphitic

layer. Different translation speeds have been used for this experiment, 50
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pm/s for contact pads: 1, 2, 3, 4, 5, 16; 30 pm/s for contact pads 6,7, 8, 9,
10, 11, 12, 15 and 10 pm/s for 13, 14. The quality of the fabricated contact
pads was examined under the optical microscope and the electrical perfor-
mance was characterized by a two-point probe station measurement, which
is described in more details in the previous chapter. The pattern used for
this investigation and choice of dimensions enabled straightforward testing
of their electrical properties simply by placing the sample on the stage and
positioning two tungsten probes with 10 yum tips on the laser modified area
on the top surface of the diamond. The digital multimeter (Fluke 23) deliv-
ering a constant dc current of 1 pm measured the resistance of the graphitic
contact pads. Thus, the probing test examines the conductivity of the mi-
crofabricated graphitic structures. To conduct this measurement, the contact
pads were designed to be long enough to prevent the testing probes from
touching each other, in this particular sample, they are of 30 pm x 250 pm.

Figure 4.3 shows the results of the resistance of these graphitic structures.

As demonstrated, there is no clear tendency depicted in figure 4.3.
The probing test was repeated five times in order to check whether the mea-
sured values are reliable and trustworthy. Some of the contact pads did not
provide any electrical response, presumably because only small pockets of
sp? were generated with little connectivity between them. Furthermore, it
seems that the values of electrical resistance are not stable, most likely due
to testing problems. It was also observed that the location of the probes, i.e.
whether they are at the edges or closer to centre of the contact pad, impacts
the final outcome. Nonetheless, it was observed that for the contact pads
numbered 6-13, the electrical resistance values do not fluctuate much. What
is more, these structures appear optically darker than the others, which might

suggest good graphitic structure.There is also a relationship that the higher
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FIGURE 4.3: Conductivity results of the laser fabricated contact pads.

pulse energy used, the lower the electrical resistance (e.g. contact pads 7-
13). The study on optimization of laser-writing parameters was performed
for graphitic structures laser written inside the diamond bulk. For the sake
of laser processing of graphitic contact pads on the surface of the diamond
sample, the repetition rate of 10 kHz and translation speed of 30 pm/ s were

chosen.

4.2.1 SEM study

SEM was used to study the topography of the graphitic structures laser writ-
ten on the top surface of the diamond. The laser writing of the surface contact
pads was achieved by raster scanning of the laser beam with a 1 um step. Al-
though the optical microscope images of contact pads (see fig.4.2) present

quite homogeneous structures, SEM reveal more details. Figures 4.4 and 4.5
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present the topography of the graphitic contact pads under 4.3k and 10.6k
magnification, respectively. The laser written graphitic-like structures now
appear permanent and rough compared to the surrounding diamond mate-

rial.

FIGURE 4.4: SEM image of a laser-written graphitic contact pad on the top
surface of CVD single-crystal diamond, 4.3k magnification.

FIGURE 4.5: SEM image of a laser-written graphitic contact pad on the top
surface of CVD single-crystal diamond, 10.6k magnification.



4.3. Subsurface fabrication 67

SEM imaging showed that even though the laser-fabricated struc-
tures are continuous, they are not homogeneous. Images under high mag-

nification reveal the complexity of the laser induced modifications.

4.3 Subsurface fabrication

Femtosecond laser micromachining has opened opportunities for both sur-
face and bulk modification of diamond. Laser processing supported by adaptive-
optics systems enables precise and accurate modification of a material’s struc-
ture. It was already demonstrated that direct laser writing helps to generate
a variety of three-dimensional structures of different geometries inside the
bulk of diamond [112]. One of the examples includes introducing graphitic
tracks inside the diamond bulk for waveguiding purposes [91, 136, 137].
Moreover, this technology is also applied to create atomic-scale defects (e.g.

nitrogen vacancies) for quantum technology applications [94, 138, 139].

This next section focuses mostly on laser processing inside the dia-
mond wafer and optimization of laser-writing parameters, which are crucial
for a successful fabrication of conductive electrodes. The horizontal graphitic
wires were laser written in the subsurface of diamond sample using differ-
ent parameters settings. They were fabricated with the Solstice laser system
using an oil objective lens (1.4 NA) to reduce the aberrations at the interface

(more details in Chapter 3).

Figure 4.6 presents the microscopic image of the laser-written graphitic
structures. These horizontal wires were connected to the surface by graphitic

pillars and graphitic contact pads.

Figure 4.7 shows a microscopic image of few graphitic pillars that
were laser written through the diamond bulk by the PHAROS laser system

(see Chapter3) at various laser parameters. Both translation speed and pulse
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FIGURE 4.6: Microscopic picture of horizontal graphitic structures embedded
10 pm in the diamond sample. The vertical graphitic pillar connect the hori-
zontal wire to the surface.
energy were kept constant, however, the repetition rate was different for each

pillar. Devices were fabricated on electronic-grade single-crystal CVD dia-

mond substrates.

Optical analysis of graphitic structures at the polished side of dia-
mond was performed. Figure 4.7 depicts the longitudinal profiles of laser-
written graphitic structures, viewed here through the polished side of the

sample.

This study proved the importance of choice of laser parameters. It
was observed that there is no continuous graphitic structure at 100 Hz (D),
as the delivered laser dose is too low. Thus, no electrical conduction was
seen. In this case, random graphitic points are present throughout the laser
fabrication path. The graphitic structures laser written at 1 kHz (C) and 10
kHz (B) look optically similar, being dark, which suggests efficient diamond-
to-graphite conversion. The most surprising result happens at 1 MHz (A),
where the graphitic-like column is continuous but less distinguishable opti-
cally. One may deduce that there is less graphite present compared to the

previous examples. For better understanding of the characteristics of the
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FIGURE 4.7: Microscopic image of laser-written graphitic columns on the pol-
ished side of a CVD polycrystalline diamond sample. They were fabricated
with 10 pm/ s of translation speed, 144 nJ pulse energy and various pulse rep-
etition rates, from the left: 1 MHz, 10 kHz, 1 kHz and 100 Hz.
laser-written graphitic wires inside the diamond wafer, TEM and SEM stud-

ies were carried out. The results of TEM study are discussed in section 4.8.

4.3.1 SEM analysis

SEM images were taken of the chosen graphitic structures laser written in di-
amond bulk. Figures 4.8 and 4.9 present the pictures of the heads of the cho-
sen graphitic columns from the non-seeding surface (opposite to the seeding
surface). It was demonstrated that the structures possess circular-like shapes
and that a certain degree of roughness accompanies all of them. Under higher

magnification it is noticed that even though the structure goes through the
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wafer, there is a crater-like imperfection around the wire. This information is

important for any further post processing.

FIGURE 4.8: SEM image of a heads of laser-written graphitic wires on the top
surface of CVD single-crystal diamond, 1.44k magnification.

SEM was performed to examine the topography of the laser-written
graphitic columns. Here, the images were taken from the top surface of the
diamond sample. It has been demonstrated that a circular shape was ob-
tained for all the wires. The diameter of the chosen head of a graphitic col-
umn has been measured as 3.3 pym. Knowledge about the topographical char-

acteristics on the top of the sample may enhance any further post processing.
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FIGURE 4.9: SEM image of a head of laser-written graphitic wire (diameter 3
pm) on the top surface of CVD single-crystal diamond, 8.77k magnification.

4.4 All-carbon device for rapid testing

A prototype of an all-carbon device has been designed for straightforward
electrical testing. Figure 4.10 presents a schematic diagram of laser writing

of graphitic structures inside diamond.

Here, the laser-writing system PHAROS was used to introduce struc-
tural modifications within the diamond wafer (see Chapter 3). The sample
was a single-crystal CVD diamond from Element Six with dimensions 3 mm

x 3 mm x 0.3 mm, a 100 top face and 1 ppm nitrogen concentration.
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FIGURE 4.10: Schematic diagram of laser writing of graphitic structures.
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FIGURE 4.11: Schematic diagram of laser-fabrication procedure of graphitic

wires of length of ~ 250 pm and diameter of ~ 5 pm . Firstly, the columns were

generated throughout the sample thickness. Secondly the graphitic contact

pads were fabricated on the diamond surface each side at a time. Finally, the

sample was examined electrically as an all-carbon device. Finally, the bottom

of the sample with large contact pads was coated with silver paint and the
sample was re-tested to probe individual columns.
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Figure 4.11 presents the architecture allowed for straightforward test-
ing of the electrical properties of the laser-written graphitic columns, by plac-
ing electrical probes on the small contact pads on the top surface of the dia-
mond, without any additional procedures such as surface metallisation. This
permits a rapid cycle of fabrication and testing on a single sample, for op-
timisation of the laser process parameters. To ensure reliability of the test-
ing process, the back side of the sample with the large contact pads was
finally coated with a silver conductive paint (Agar Silver Paint, G3691), to
allow analysis of the properties of single columns. The understanding of
correlation between laser-fabrication parameters and electrical properties of

graphitic structures is crucial for fabrication of novel diamond devices.

After successful laser fabrication, the sample was analysed both opti-
cally and electrically. The quality of fabricated contact pads and structures
was examined under the optical microscope and the electrical properties
were measured by a two-point probe-station measurement (see Chapter 3).
Figure 4.12 shows the microscopic images of the laser-written graphitic struc-

tures.

FIGURE 4.12: Microscopic images of laser-written graphitic structures a) top
of the graphitic column, b) small and c) large graphitic contact pads

Figure 4.13 presents the two-probe measurement that was used to ex-
amine the electrical properties of the laser-written graphitic columns. The
electrical testing investigated the relation between laser-fabrication parame-

ters and d.c. electrical resistance of the graphitic wires. Two tungsten probes
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FIGURE 4.13: Picture of the two-probe station. a) Two probes touching the
diamond sample. b) The probes contacted the laser-written graphitic pads,
that linked the graphitic column with the two surfaces of the diamond.

with 10 pm tips were micro-positioned to contact the small pads on the top
surface of the diamond. A Source Measurement unit (Keithley 2450) mea-
sured the current-voltage relationship for the wires, in a voltage ramp of -50
V to +50 V at 5 V resolution. Several tests demonstrated that only fabrica-
tion with optimized laser parameters generated wires showing measurable

ohmic conductivity with the linear IV curve with no barrier potential [135].

Tests were conducted for two environments, firstly one for the native
all-carbon device without any additional coating. The connection between

probes on the small contact pads on the top surface of the diamond (figure
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4.13b) thus measured the resistance of the two columns traversing the wafer
in addition to the contact resistance from the graphitisation at the top and
bottom surface. Finally, to verify the reliability of the test procedure, a silver
paint layer was added to the bottom surface to create a common ground-
electrode for contact with one of the probes, thus allowing analysis of in-
dividual graphitic columns by probing single pads on the top surface (see

tigure 4.11).

It is shown that the laser-fabricated graphitic columns exhibited ohmic
behaviour. Their electrical properties were investigated by two-probe station
measurements and proved that the columns exhibit ohmic behaviour. How-
ever, it is worth highlighting that their resistance drops on average by a factor
of 2, as expected, when the silver paint is applied as a common base elec-
trode. The layer of silver eliminates the additional link resistances, resulting
in a direct measurement of the resistance of a single graphitic column. The
resistances were examined by discrete measurements at different laser fabri-

cation powers (from 100 nJ to 350 nJ) as shown in figures 4.14 and 4.15.

Finally, resistance has been calculated and the outcome is presented
for two scenarios, one all carbon native device and one with an additional
layer of silver paint. Figure 4.16 presents the obtained results. Both exam-
ples were laser written with the same processing parameters. The two-probe
station method was applied to analyse this device. The first set of measure-
ments was taken without any supplementary material, however, silver paint
was used to create a common base electrode in the latter. It was observed
that both sets of results present similar behaviour, namely the resistance drop
with the increase of the laser pulse energies. For pulse energies higher than
309 nJ a spike in resistances is noticed. Here, resistance for a laser pulse en-

ergy of 340 n] is higher than that for 350 nJ.
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FIGURE 4.14: Ohmic behaviour of laser-written graphitic wires without any
additional coating.
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FIGURE 4.15: Ohmic behaviour of laser-written graphitic wires with an extra
layer of silver paint.
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FIGURE 4.16: Resistance of laser-fabricated graphitic columns, comparison be-
tween the results with and without silver paint.

4.5 Optimization of laser processing parameters

It was already shown that the choice of laser-writing parameters is crucial
for a successful fabrication. Therefore, further study was performed for a
better understanding of the laser-writing process and how optimize the laser
writing parameters for conductive graphitic wires. Figure 4.17 shows the
current-voltage relationship for graphitic columns fabricated at a fixed pulse
energy of 144 n] and translation speed of 10 um/s but different repetition
rates. It was demonstrated that the pulse repetition rate had a significant im-
pact on electrical properties of the generated structures. Surprisingly, only
narrow fabrication window with linear ohmic conduction, ranging from 200

Hz to 2kHz, was shown. The insets in figure 4.17 present the low current data
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at higher resolution. They proved that there is no conduction seen for repe-
tition ratesf 100 Hz and 10 kHz, whereas at 5 kHz there is a barrier potential
at 15V [135] before conduction.

Figure 4.18 shows the conduction for wires fabricated at pulse rep-
etition rate (PRRs) of 1 kHz with different laser pulse energies from 100 nJ
to 350 nJ. The conduction shows a weaker dependence on pulse energy than
PRR, with higher-pulse-energy wires yielding slightly higher current for a
given voltage. For laser pulse energies above the fabrication threshold at 1
kHz and 500 Hz, the conduction was linear in all cases and there was no evi-

dence of a barrier potential, presumably since the system was well corrected

for aberration [135].
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FIGURE 4.17: Current-voltage relationship of laser-written graphitic columns

generated at fixed pulse energy and translation speed but at different pulse

repetition rates. Insets show data for selected PRR on a magnified current
scale.
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FIGURE 4.18: Resistances of laser-written graphitic columns and different rep-
etition rates.

A clear tendency of increasing column resistance with increasing rep-
etition rate was observed for all fabrication energies. These results are pre-
sented for a small fabrication window of 200 Hz to 2 kHz. Moreover, impact
of translation speed at a fixed repetition rate of 1 kHz was examined and the

findings are presented in figure 4.19.

There is a clear tendency that the resistances of the graphitic columns
decrease with the higher translation speed. However, for high fabrication
pulse energy (340 nJ), only wires fabricated at translation speed up to 35
pum/s demonstrated ohmic behaviour. For those fabricated faster than 35
pm/s there was no conductive electrical response at all. Resistance below
50 kQ) could be obtained by laser machining at 30 um/s using either 144 nJ
or 255 nJ of pulse energy. Here, with lowest resistance values of 32 k() was

obtained at pulse of 255 nJ] and speed of 45 ym/s.
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FIGURE 4.19: Relationship between electrical resistance of the graphitic
columns and laser-writing parameters, here, with constant pulse repetition
rate, 1 kHz, and different pulse energies and translation speeds.
Another important concept when looking at the column resistance

values is the “axial dose’. Here, it was defined as the number of pulses inci-

dent per unit micrometre along the writing direction.

dose — pulse repetit%on rate (PRR) 1)
translation speed

The importance of dose was was performed based on a set of gra-
phitic columns fabricated at a pulse energy of 144 nJ with both constant PRR
(1 kHz) while translation speed was varied, and constant stage speed (10

pm/s) while PRR was varied. The obtained results are presented in figure

4.20.
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FIGURE 4.20: Relationship between dose and resistances at fixed pulse energy
(144 nJ), here in two environments, at constant repetition rate and at constant
speed.
It has been determined that values of resistance increase along with
the increase in dose. Additionally, a clear tendency was recognized in the
data for resistance values presented as a function of laser dose, whether rep-

etition rate or translation speed were kept constant. Thus, laser dose is an

important parameter when fabricating graphitic electrodes.

Finally, the resistivity of the fabricated graphitic columns was esti-
mated based upon optical measurements of their cross-sectional areas. The
diameter of the wire at the top surface of the diamond (the exit side) was cal-
culated based on measurements taken in a transmission optical microscope.
Figure 4.21 displays values of both resistivity and radius of graphitic columns

fabricated at different repetition rates and at different pulse energies.
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FIGURE 4.21: Relationship between resistivity at different pulse energies.

It was noticed that the diameter of measured column increased with
the increase of both pulse energy and repetition rate. The increase of the
column diameter results in increased effective resistivity. Resistivity in the
range less than 1 {)cm, as typical for such columns, is achievable for many set-
tings with lower pulse energy and lower PRR. However, resistivity is not the
most ideal criteria for describing graphitic columns. High-resolution electron
microscopy imaging has shown that the internal structure of such columns
consists of a complex network of sp? and sp® carbon bonds (more details in
section 4.8). Furthermore, controlling the cross-sectional area of the columns
during fabrication is not straightforward, making it challenging to use as a
reliable parameter. Therefore, resistance of graphitic column becomes the
primary criterion for evaluating the laser fabrication process, where we have

shown that the laser dose is a critical parameter.
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4.6 Wires oriented in different crystallographic di-

rections

Another approach that was examined during this project was performance
of laser-written graphitic wires at different geometries. Here, the graphitic
wires were fabricated at different angles in the diamond, starting from 5° to
45° relative to the surface normal. Figure 4.22 illustrates the idea behind laser
processing at different angles. It has recently been shown that laser written
graphitic wires can show different conductivity based on orientation within
the diamond [134], where wires along (110) direction had higher conductivity
than those along (100) direction. Thus it is important to investigate wires
written in different directions. Also so we can fabricate more complicated

devices with wires in any direction.

FIGURE 4.22: Schematic of laser writing of graphitic structures at different
geometries, where o refers to the angle between the surface of the diamond
and graphitic wire.

In this experiment, two different designs were investigated. The first
one included laser writing of graphitic wires at different orientations in the
(100) crystal plane, whereas the second example consisted of graphitic wires
laser written in different orientations in the (110) crystal plane. More details
are depicted in figure 4.23. The diamond lattice features different fracture
characteristics in different crystal directions, so exploring wire orientation

relative to crystal orientation is important.
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FIGURE 4.23: Schematic diagram of laser writing of graphitic structures ain
different directions relative to the diamond crystal.

Wires were written with the Pharos laser system (Chapter 3) at a pulse
repetition rate of 1 kHz, speed of 10 pm/s and pulse energy of 250 nJ at
different angles to surface normal as described above. Figure 4.24 shows a
transmission optical microscope image of the entire diamond chip following
the laser processing, while Figure 4.25 shows a magnified image of wires in
the (100) crystal plane, and Figure 4.26 shows a magnified image of wires in
the (110) crystal plane. After successful fabrication of graphitic wires, small
graphitic contact pads were generated to enable direct electrical measure-
ments. The long contact pads linked three wires of each set to independent
devices. Procedure was maintained the same as in those in the case of all-
carbon devices (see figure 4.10). However, in this case, the dimensions of
graphitic contact pads were chosen with respect to separation distances be-
tween diagonal graphitic structures, thus they differ in sizes, from 40 x 50

pm to 120 x 40 pm (see figure 4.27).
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FIGURE 4.24: Transmission microscope image of diamond chip showing laser-
written wires at various angles to the surface normal.
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FIGURE 4.25: Transmission microscope image of diamond chip showing laser-
written wires at various angles within the 100 crystal plane. Images show the
wires at top surface, inside the diamond and focused at bottom surface.
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inside

FIGURE 4.26: Transmission microscope image of diamond chip showing laser-
written wires at various angles within the 110 crystal plane. Images show the
wires when focused inside the diamond.

FIGURE 4.27: Microscopic image of diagonal graphitic wires covered with
graphitic contact pads.
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The bottom side of the sample was covered in silver paint (Agar) and
the electrical characterization was performed for these devices. Figures 4.28
and 4.29 present the current-voltage relationship at different angles for both

fabrication at different angles in (100) and (110) crystal planes respectively.

%107

Voltage (V)

FIGURE 4.28: Current-voltage relationship of graphitic wires with respect to
different angles of fabrication, from 5° to 45° in (100) crystal plane.
Both figures show Ohmic behaviour for two different scenarios. How-
ever, only characterisation of diagonal wires fabricated from 5 to 30 degrees
was successful in the (110) crystal plane. For angles bigger than 30° the IV

curves were very noisy and disrupted.

Finally, the resistances of these graphitic microstructures have been
calculated. A basic fit was applied in order to extract resistance values. This
procedure was used for all IV-curves, as depicted in figures 4.30 and 4.31,

and all of them have expressed linear ohmic behaviour, with negligible error.
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FIGURE 4.29: Current-voltage relationship of graphitic wires with respect to
different angles of fabrication, from 5° to 30° in (110) crystal plane.
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FIGURE 4.30: Current-voltage relationship with a basic fit for a chosen fabrica-
tion orientation, here in (100) plane at 5°. Resistance (R) equals 61.84 k() and
the best fit factor r>=0.9996.
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FIGURE 4.31: Current-voltage relationship with a basic fit for a chosen fabrica-
tion orientation, here example in (110) plane at 30°.Resistance (R) equals 25.17
kQ and the best fit factor r>=0.9996.
Comparison between two cases is presented in figure 4.32. Both ap-
proaches exhibit similar behaviour, namely the resistances drop as the angle
of diagonal wire increases. Resistances of wires fabricated in the (110) plane

have a very linear relationships, however there is a quite sharp drop in resis-

tance value at 15° for those fabricated in (100) plane.

It is initially surprising that the measured wire resistance drops as
the angle of the wire increases. As the angle increases, the length of wire
increases as can be seen in Figure 4.33, so we might expect the resistance to
increase. However, it is worth noting that the laser focal spot is asymmetric
due to the limited numerical aperture of the focus. Figure 4.34 shows that if
there is asymmetric focal spot moving at an angle relative to the optic axis,
the effective cross-sectional area is traced out increases. Therefore, whilst the
length of wires increases we can also expect the wire cross-sectional area to

increase. Therefore, it is also possible for wire resistance to drop due to the
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FIGURE 4.32: Resistances of graphitic diagonal wires with respect to angle of
fabrication, from 5 © to 30°.

greater cross-section of conductive material, regardless of any effect related

to crystal orientation.

Graphitic wire
written at angle 0
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FIGURE 4.33: Schematic diagram of diagonal wire in diamond wafer.
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FIGURE 4.34: Elongation of the laser focus can create wires with greater cross
section area when writing at angles other than normal.

With reference to Figures 4.33 and 4.34, a formula we can derive a

formula to predict the wire resistance at different angles in the substrate as:

T A cosBdy (9;sinf + Jycosh)

R =P pD (4.2)

where R is the resistance, p is the conductivity, L is the length and A is the
cross-sectional area. D denotes the substrate thickness, while 6 gives the
wire angle relative to the surface normal. é,x, §, and ¢, give the laser focal
dimensions along respective axes. This simple geometric relationship is used
in figure 4.35 to fit the data. It can be seen that the equation describes the

experimental data well.
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FIGURE 4.35: Comparison of the measured data and the simulated data for
wires in (100) crystal plane. Simulation calculated with respect to Equation
4.2.

This study has confirmed that the graphitic microstructures can be
successfully generated at different orientations within diamond crystal. More-
over, they have maintained their conductive properties. Resistances of this
structures have dropped with respect to increasing angle of deviation from
the optical axis. Knowing that resistance is proportional to the relationship
between length and area of the structure it would be expected that their re-
sistance values would increase along with their length. Even though, the
graphitic wires were longer for bigger angles, their resistances kept decreas-
ing. This is due to the increased cross-section traced out by the asymmetric
laser focus. A simple geometric relationship is used to provide a good fit
to the data. There is little difference between wires fabricated in (100) plane
and (110) plane indicating that wire geometry and laser parameters are more

significant than crystal orientation for wire conductivity.
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4.7 Raman analysis

Raman analysis was performed to examine the presence of graphite in the
laser-written structures (see Chapter 3). This study has investigated the be-
haviour of both sp® and sp? peaks and its relationship with respect to differ-
ent laser-fabrication conditions. Firstly, the measurement of a reference sam-
ple was taken, namely a chosen area of unprocessed CVD crystal diamond

sample was scanned. Figure 4.36 presents the obtained results.
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FIGURE 4.36: Raman spectrum of CVD single-crystal diamond.

Here, the sp® peak is very distinguishable at a Raman shift of 1332
cm ™! that confirms the sample is diamond. However, laser-written graphitic
columns were also present in this CVD single-crystal diamond sample. They
were generated by PHAROS laser system (see Chapter 3) to characterize op-
tically graphitic content within the fabricated microstructures. Figure 4.37

shows the microscopic image of the laser-written graphitic structures, in this
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case only columnar graphitic wires were fabricated through the diamond
wafer. Here, different laser processing parameters have been applied, the
pulse energies were of 144 nJ, 255 n] and 340 nJ and when the repetition rate
was kept constant at 1 kHz, the translation speed varied from 5 pm/s to 50
pm/s. The other set was fabricated at the same pulse energies but here the
translation speed was the same and equaled 10 pm/s and the repetition rates

varied from 100 Hz to 1 MHz.
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FIGURE 4.37: Microscopic image of chosen laser-written graphitic columns,

view from the top. The top row was laser written with a pulse energy of 340

nJ, middle row of 255 nJ and bottom row of 144 n]. The repetition rate was kept

constant, 1 kHz. The translation speed varied, from the left from 50 pm/s to

30 um/s with a 5 pm/s step.

The spectrometer cursor was placed on the corresponding head of
graphitic wire and the scans were performed for the full range of the param-
eters. Figure 4.38 and 4.39 present the obtained results for fabrication at 255

nJ of pulse energy with varied repetition rate and varied translation speed,

respectively.

All spectra of the analysed samples show a vry distinctive diamond
peak at 1332 cm~! Raman shift and the secondary peak at 1580 cm~!, that
coresponds to a graphitic peak. Here, the graphitic peak is present in all

spectra, regardless of the laser-fabrication conditions.

Finally, the Raman spectra of structures fabricated with the most used

repetition rates are presented, here the range is 100 Hz, 1 kHz, 10 kHz, 100
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FIGURE 4.38: Raman spectra of graphitic columns fabricated at the same pulse
energy, 255 nJ, but for different repetition rates of fabrication.
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FIGURE 4.39: Raman spectra of graphitic columns fabricated at the same pulse
energy, 255 nJ, but for different fabrication translation speeds.
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kHz and 1 MHz. Based on figure 4.40 it is seen that the Raman peak at 1332
cm~! describing sp® bonded diamond is present for all laser written columns,
as expected (more details in section 4.8). In contrast, an sp?-bonded carbon

with a peak at around 1600 cm ! is only present for 1 kHz fabrication.
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FIGURE 4.40: Raman spectra of graphitic structures laser written at 255 nJ
pulse energy, 10 pm/s translation speed, but different repetition rates (mea-
surement performed at the top surface of the diamond sample).

The relationship between sp?-bonded carbon and sp>-bonded carbon

is presented in figure 4.41.

As described above, a high intensity sp®> peak was present in all of
the spectra (see figure 4.40). However, the intensity of the sp>-carbon-bonded
peak was not repeatable. Even though, the Raman measurements were taken
at the top side of the diamond sample at the centre of the laser-written graphitic

column, it was demonstrated that they mostly consist of sp® carbon.
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FIGURE 4.41: Relationship between graphite and diamond with respect to dif-
ferent fabrication repetition rates for graphitic structures fabricated at the same
pulse energy, 255 n]J.

4.8 TEM analysis

Laser-induced lattice modifications significantly impact the final performance
of the device. The hypothetical approach assumes that the generated graphitic
structures are not homogeneous and that other nanocarbon features are present,
resulting in a stack of graphitic-like clusters spaced out close enough from
each other to provide the ohmic behaviour. Figure 4.42 depicts the idea of
distribution of graphitic-like content within the area of a graphitic wire. This

assumption was examined by high resolution microscopy.
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L/

FIGURE 4.42: Schematic diagram of hypothetical dispersion of graphitic-like
content inside the area of graphitic wire.

To understand the mechanism for the different conduction properties
of the graphitic columns and how they depend on the laser processing con-
ditions high-resolution imaging was performed. TEM was applied to previ-
ously described laser-written devices (see figure 5.2) to investigate the laser-
induced structural modifications. In the case of the results presented here,

TEM imaging has been carried out on the initiating side of the written wire.

Here, high resolution TEM was used to provide depth resolution
and better spatial resolution of these sub-surface graphitic structures. Cross-
sections of the chosen wire were then extracted by a method known as lift-
out. In this example, the thin area of diamond was cut out and then lifted out
from the sample and then analysed by high resolution TEM (see Chapter 3).
Figure 4.43 shows a TEM image of a chosen graphitic wire laser written at 1

kHz.

TEM image revealed the internal microstructure of laser written graphitic

column and proved the presence of structural disruptions in the laser-processed
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FIGURE 4.43: Cross-sectional TEM image of a graphitic wire laser written at

1 kHz in the diamond bulk (in yellow frame) and the ejected material (in red

frame). (The dark material on the top of the image can be disregarded, as it is
metal associated with the FIB preparation method.)

area. Here, the light-matter ineraction created the main structure of approx-
imately 1 pm across, which is expected to continue in this manner through
the whole thickness of the diamond wafer. The interesting result of laser fab-
rication was observed at the top of the sample, the area at which laser beam
started to interact with diamond. Here, a partial ejection of material in an
area greater than the laser beam diameter was seen. Additionally, the laser-
written graphitic column contains regions of lattice damage that propagate
from the main core structure in [110] directions. These can be seen as the lat-
tice giving way under the buildup of localized pressure along weaker (111)
cleavage planes that intersect with the (110) facets. Their irregularity is quite
consistent and most of them are of a few hundred nanometres in size, which
is below the optical diffraction limit. However, these nanostructures were
spaced out close to each other thus the whole graphitic column appeared as

a continuous wire when imaged optically.
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When a stationary laser spot is focused below the diamond surface,
an opaque material begins to spontaneously propagate through the diamond
towards the laser [140]. Raman microscopy revealed that this opaque mate-
rial exhibits a G peak ( 1580 cm~!), which is characteristic of graphite [141].
As the laser focus moves steadily through the crystal toward the radiation
source, the graphitization wave can continue indefinitely, allowing the cre-
ation of graphitic wires of any length [101], [142]. These wires are often
described as series of distinct wave fronts that overlap enough to support
electrical conductivity. The wavefront pattern arises because the volume ex-
pansion needed to convert diamond into graphite is restrained by buildup
of pressure, which is only relieved when the laser moves to a less pressured
area of the crystal. This pattern of wave fronts has been observed in earlier
studies and resembles the backbone structure seen under the pulse repetition

rate 1kHz (PRR-1k) condition (see figure 4.43).

Another example was also examined with high resolution microscopy.
Figure 4.44 reveals the internal microstructure of laser-fabricated column at
1 MHz of pulse repetition rate. Compared to what was presented above,
cross-sectional TEM images revealed a totally different structural modifica-
tion when the laser pulse repetition rate was increased by a factor of 1000.
Figure 4.44 showed that there is no connected conductive pathway, only lots

of small dots of sp? bonded material that are not linked to each other.

The results discussed above provide insight into the electrical proper-
ties of the laser-written wires. For wires generated under pulse repetition rate
of 1 kHz, the IV characteristics exhibit ohmic behavior, indicating that elec-
trical conduction occurs symmetrically in both positive and negative charge
directions with the same resistance. TEM images reveal that, rather than

forming a single continuous wire, a complex array of nanocarbon networks
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FIGURE 4.44: Cross-sectional TEM image of a graphitic wire laser-written at
1 MHz in the diamond bulk. A spaced out series of sp? spots appeared not
linked to each other, resulting in no electrical charcteristics.

(NCN ) is produced. These networks were broad enough to be intercon-
nected and contained both graphite-like and graphene-like areas [92], whose
presence explained the observed ohmic conductivity. However, under pulse
repetition rate of 1 MHz (PRR-1M) conditions the energy delivered to the
system is too big to support graphitisation, resulting in formation of a series
of disconnected damaged regions. In case of overwriting a PRR-1k wire with
PRR-1M (designated PRR-1k1M), the nanocarbon structures characteristic of
PRR-1k were also observed in the subsurface region on the laser writing ini-
tiation side, but no graphite-like structures were detected deeper within the
overwritten structure. Moreover, the resulting junction-like electrical prop-
erties were consistently reproducible across multiple locations on the sample
as well as on other samples. Even though, a stable 3D junction has been laser
fabricated, a further study is still required to understand described mecha-

nisms.
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4,9 Conclusions

The direct laser writing enabled fabrication of graphitic structures on both
the surface and below the surface of diamond, which were shown to demon-
strate ohmic conductivity. An all-carbon device structure was introduced to
allow straightforward testing of electrical properties for pairs of laser written
graphitic columns without any additional post-processing, e.g. metalliza-
tion. The method was verified by comparison with results when the sample
was coated with silver paint on one surface to provide data from individual
graphitic columns. It was shown how the laser parameters used influence
the resistance of the laser-written columns, which is important to minimize
for novel diamond electrical devices. At the optimized laser-writing environ-
ment, graphitic wires exhibited ohmic conduction. Although, these graphitic
structures were examined by Raman spectroscopy, it was not a stable char-
acterisation technique for these particular cases, because their results have
not been repeatable. The optical analysis form the top view has confirmed
presence of modified structures within the sample, however, no notable dis-
tinction was observed between the structures created with a single laser pass
and those that were overwritten. Optical imaging from the side has revealed
more information about graphitic columns laser written at different repeti-
tion rates, showing that structures fabricated at low repetition rate were not
continous and those fabricated at very high repetition rate were continuous
but blurred. It was demonstrated, that the fabrication window is very nar-
row with respect to pulse repetition rate. Thus, the dose was crucial. More-
over, TEM analyses have revealed more information about features present
in the laser modified regions. It has explained why the structures generated
with 1 MHz do not conduct but exhibit graphitic content within modified

areas. Presumably, higher power pushed fabrication further from the laser
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focal volume resulting in worse conversion from diamond to graphite. Nev-
ertheless, TEM was a complex analytical approach and provided details only
about the surface region. Therefore, this study creates a good base knowl-
edge and understanding for future fabrication of graphitic electrodes and

diamond-based devices that find application in various areas.
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Chapter 5

Advanced writing concepts

5.1 Introduction

This chapter introduces the ideas of advanced laser writing of graphitic wires
inside the CVD diamond. Based on the all-carbon device, another proto-
type was fabricated. This approach consists of laser fabication of graphitic
columns at a repetition rate of 1 kHz and then overwriting them with an
additional laser-beam pass at 1 MHz repetition rate. The overwritten ar-
eas were distributed in the area of choice along graphitic columnsand some
whole columns were overwritten. Interesting electrical properties were char-
acterised for overwritten structures. Moreover, the optimisation techniques
for even more time-efficient fabrication was studied. The parallelisation idea
relies on simultaneous fabrication of a number of graphitic wires. This ex-
periment investigates the scenarios of both sequential and holographic laser
writing of graphitic columns. Arrays of graphitic columns examined in this

study consist of two-by-two columns matrix to six-by-six columns matrix.
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5.2 Overwriting graphitic wires

Taking the idea of an all-carbon device (see figure 4.11) another approach
has been established. It is seen in Chapter 4 that the laser writing of the
graphitic columns is very sensitive to laser pulse repetition rate, which gives
inspiration for the new device design. This design consists of areas that were
laser fabricated first at pulse repetition rate of 1 kHz to be conductive and
with additional laser pass at the repetition rate of 1 MHz, which normally

gives no conduction.

For the experiment, the graphitic columns were laser machined in
a high-purity single-crystal diamond using the PHAROS laser system de-
scribed in Chapter 3. The laser was focused down to a spot size of 1 pm on
the rear side of the diamond to initialise the graphitic column, the substrate
then was translated downward along the optical axis (within [100] crystal ori-
entation) to complete laser writing through the wafer. Here, the laser pulse
energy of 120 nJ] and sample translation speed of 10 pm/s were kept con-
stant. As seen in Chapter 4, the pulse repetition rate (PRR) was a critical
factor determining the electrical characteristics of the laser- written graphitic
structures. The fabrication process consisted of three different regimes with
different choice of repetition rates, namely 1 kHz and 1 MHz. They are de-
scribed as PRR-1k (single column written at pulse repetition rate of 1 kHz),
PRR-1IM (single column written at pulse repetition rate of 1 MHz) and PRR-
1k1M (single column written first at pulse repetition rate of 1 kHz, then over-

written with 1 MHz).

Figure 5.1 shows transmission microscope images of the various wires
imaged at the top surface. Laser-written cross hairs can be seen in figure, and
were processed on the surface of the diamond for accurately aligning the

wire for subsequent analysis in TEM (as described in Chapter 4). From the
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top view, there is little obvious difference between the laser-written wires in
different regimes. It was already discussed that the graphitic columns show
different electrical conduction properties. However, the optical images of the
column’s "head” are similar, with a column diameter of 5 to 6 pm. Dimen-
sions of the diameter of laser-induced graphitic columns were significantly

larger than the focused laser spot (1 pm in diameter).

FIGURE 5.1: Optical micrographs showing the initiating side of each graphitic
column.
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FIGURE 5.2: Optical micrographs of cross-section of graphitic wires laser-
written through the thickness of the single-crystal diamond plate.
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Figure 5.2 shows the microscopic images of the same laser-written
graphitic structures viewed from the side of the single-crystal diamond sam-
ple (through the polished surface) that were generated using different fabri-
cation conditions. The differences in structural modification are now clearly
observed. Only those columns that were laser written firstly with repetition
rate of 1 kHz show graphitic content within the microstructure. The laser
written column at PRR-1M is optically distinct, being lighter in colour and
smoother, compared with the latter two. However, optically, the structure

with overwrite PRR -1k1M looks very similar to that without PRR-1k.

Additionally, the electrical analysis was performed for three different
laser writing regimes. First samples were coated with layers of titanium,
platinum and gold to give ohmic conduction connection to the laser written
wires. The metal was then patterned, as seen in figure 5.3, to give connection
to single wires. The metallisation work was done through collaboration with

Callum Henderson at University College London.

FIGURE 5.3: Optical micrographs showing the initiating side of each graphitic
column after metallisation.
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Figure 5.4 shows current voltage relationships for the PRR-1k and
PRR-1M scenarios. Ohmic behaviour is seen for the graphitic column fab-
ricated with PRR-1k, however, in case of PRR-1M fabrication, the structure
became insulating. This is consistent with findings presented in Chapter 4.
Furthermore, the hybrid configuration was generated by initially forming
the graphitic column with a single pass of the laser at 1 kHz PRR and then
overwriting it at 1 MHz PRR. As a result, semiconducting properties were
obtained and showed a diode-like behaviour, which is depicted in figure
5.5. An asymmetric barrier potential was formed, i.e. it conducts at volt-
ages greater than +25 V but does not conduct at all up to -80 V. This is very

unusual and exciting behaviour for an all-carbon device.
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FIGURE 5.4: Current-voltage relationships for graphitic columns depending

on the laser pulse repetition rate used for fabrication, PRR-1k and PRR-1M.

Ohmic conduction is seen for PRR-1k while insulating characteristics are ob-
served for PRR-1 M example. Figure courtesy of Callum Henderson, UCL.
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FIGURE 5.5: Nonlinear diode-like behaviou seen for a hybrid laser write strat-

egy, where the graphitic columns were initially formed with a PRR of 1 kHz

and then overwritten at 1 MHz (PRR-1k1M). igure courtesy of Callum Hen-
derson, UCL.

It was found that the order of the overwrite is important. If the
graphitic wire was firstly generated at 1 MHz and then overwritten with at
1 kHz, the resulting structure did not conduct at all. Even though the other
wires were generated at PRR-1k and PRR-1k1M, respectively, they seemed
optically indistinguishable (Figure 5.2). Therefore, the imaging at higher spa-
tial resolution is necessary to investigate the characteristics of the generated
modifications to try to see why they lead to different electrical behaviour.
This was done via transmission electron microscopy in Ref [92]. It was found
that asymmetry in the breakdown of the diamond lattice based on process di-
rection could maybe explain asymmetry in conduction. Furthermore, it was
seen that the ordering of the graphite layers next to the diamond interface
was different compared to the PRR-1k scenario. This is the subject of further

work to understand the exciting underlying reason for unusual conduction

characteristics.
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FIGURE 5.6: Schematic diagram of graphitic columns overwritten
at the chosen regions.

A further study was devised to explore the origin of the asymmetric
barrier potential. Figure 5.6 introduces a schematic diagram of this idea. In
general, the architecture of the new device stays the same as for all-carbon de-
vices, with the only difference being that, here, some of the areas of graphitic
wire are overwritten with an additional laser-fabrication scan. In this case,
devices consisted of two columns per row and there were five rows fabri-

cated (see figure 5.7).

1N
.

FIGURE 5.7: Microscopic image of laser-written graphitic columns with over-
written elements, here covered with graphitic contact pads. This design con-
sists of five pairs of columns.

All five pairs were first laser written with single scan with pulse rep-

etition rate of 1 kHz, translation speed of 10 pm/s at pulse energy of 255
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nJ. Rows 2 to 5 consisted of graphitic columns with overwritten elements.
The whole columns were overwritten in row number 2. Halves of graphitic
columns in row 3 were overwritten, from the focus point at the rear side of the
diamond sample toward the middle of the column. Row number four also
consist of graphitic wires that were overwritten in half, here from the middle
of the column towards the top side. Graphitic columns in row number five
were overwritten in the middle, here the laser was focused at one quarter of
the wire length from the rear side of the diamond. It is worth highlighting
that the overwriting scan was conducted from the bottom of the diamond
sample towards the top side of the sample. There was only one scan applied
for each fabrication idea. The reason for the study was to examine whether
the origin of the asymmetric barrier potential is related to the surface or bulk

effects, and whether there is difference for the seed and exit side of the wire.

5.3 Holographic writing

This research presents a way of optimizing the laser-writing procedure of
graphitic columns. It has already been demonstrated that the conductive
properties of graphitic column can be tailored with respect to laser-processing
parameters. However, all these results were presented for sequential laser
writing of graphitic columns, namely single column by column. An alter-
native approach could be laser writting of several columns simultaneously.
Figure 5.8 presents a schematic diagram of this idea and the microscopic im-
age of laser fabricated columns from the top view. In order to have multiple
columns laser written simultaneously, a holographic mask has been imple-
mented to the laser-processing system (see figures 5.9 and 5.10). This enables
many columns to be written at the same time to speed up fabrication process

and think about scaling for larger devices.
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FIGURE 5.8: a) Schematic diagram of holographic approach to laser writing
of graphitic columns. Here, J is the distance between the graphitic columns,
which is kept constant within the matrix. Scenarios with variable distances be-
tween columns have been fabricated. b) Microscopic image of laser-fabricated
graphitic wires (top view). Distance between the columns in this matrix equals
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FIGURE 5.9: Example of a holographic mask applied to a liquid-crystal spatial-
light modulator with respect to spacing, 4 x4 refers to a matrix of columns to
be laser written, in this case it was 16 columns.
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2x2 3x3 4x4 55
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FIGURE 5.10: Example of a holographic mask applied to liquid crystal spatial
light modulator with the same spacing of 8 pm but different column arrays,
for example 2x2, 3x3, 4x4, 5x5.

An adaptive hologram displayed on a liquid-crystal spatial-light mod-
ulator enabled simultaneous fabrication of multiple graphitic wires and cor-
rection for aberrations associated with refraction at the air-diamond inter-
face [125]. As a result, arrays of graphitic columns were laser written with
a single scan through the thickness of the diamond, which optimized their
fabrication time. Holograms displayed on the SLM were generated using a
weighted Gerchberg-Saxton algorithm [143]. Different holograms were gen-
erated for a square lattice of 2x2, 3x3, 4x4, 5x5, and 6x6 foci. The aim of
this research was to explore how the device performance scaled with the de-
gree of parallelisation. Supplementary holograms were generated for a 4 x4
lattice of points with different spot spacing  from 6 pm to 16 pm. Addition-
ally, the spherical aberrations were continuously updated during fabrication

based on feedback from the vertical translation stage.

Electrically conductive graphitic columns were laser written through
wafers of single crystal CVD diamond with a thickness of 300 pm (Element
Six, nitrogen content < 1 ppm) using the Solstice laser fabrication system (see

Chapter 3).

This study shows results of two different fabrication scenarios, namely
structures fabricated with a single laser focus and with a focal array for par-

allel fabrication. Graphitic columns were laser written following the scheme
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FIGURE 5.11: Schematic of laser-writing procedure of graphitic columns

through the thickness of a diamond wafer. The laser wavefront was modu-

lated by a SLM to correct for aberrations induced by refraction at the diamond

surface or to additionally generate multiple foci.

depicted in Figure 5.11, which shows a schematic diagram of the laser-writing
procedure used in both sequential (SEQ) and multi-spot fabrication (HOLO).
Here, the laser was initially focused on the rear surface of the diamond wafer
to seed the graphitic column. The diamond sample was then translated ver-
tically down at a constant speed of 10 um/s to build the graphite up through
the thickness of the wafer. Arrays of columns were generated with the multi
foci generated by the hologram. Additionally, an identical array was then
generated using a single laser focus which fabricated each column consecu-
tively. Arrays were fabricated at two different laser pulse energies (either 200
nJ or 400 nJ per focus) were used to fabricate the arrays. This means that, for
example, for a 2x2 holographic array the total pulse energy was either 800 nJ
or 1600 n]J. Figure 5.12 presents microscopic image of single-crystal diamond

sample with laser written graphitic columns (top view).
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FIGURE 5.12: Microscopic image of the graphitic wires fabricated both sequen-
tially and holographically at two different laser pulse energies (200 nJ and 400
nJ). From the top: first and third rows were written in a single scan using holo-
gram, second and fourth rows were written with single spot generating each
column in the array sequentially. Single columns were only fabricated in first
and third rows. First four rows present different size spot arrays at fixed spot
spacing (2x2, 3x3, 4x4, 5x5 and 6x6), whereas rows five and six show 4 x4
hologram array with different spot spacings (from 6 ym to 16 ym). Right bot-
tom corner includes the testing area.

Transmission microscopy was used to examine the laser-written gra-
phitic structures. Figure 5.13 depicts exemplary microscopic images of laser
written arrays of 3x 3, 4x4 and 5x5 columns generated in two different man-
ners. Interestingly, arrays of graphitic columns fabricated sequentially and
holographically differ in image. It was observed that at small spacing dis-
tances and due to high power, cracks started to occur in case of sequential
fabrication (see figure 5.13 b) and 5.13 c)). This occurrence could be related to

high stress induced during the laser-writing process of short-spaced arrays

of graphitic columns.
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- 8 um

FIGURE 5.13: Example microscopic images of graphitic wires fabricated both
sequentially (a, b, c) and holographically (e, f, g). All arrays were fabricated at
400 nJ. Spacing of all arrays is the same and equals 8 pm.

Moreover, images were also taken on a polarising optical microscope
to investigate strain-induced birefringence within the sample. Figure 5.14 de-
picts crossed-polar images of chosen arrays of laser-written graphitic columns.
The level of birefringence depicted on theseimages can be used to estimate
the ress induced in the diamond sample due to the graphitisation process
[144], [145]. Significant stress was noticed for all of the arrays. However,
images indicate that more stress is present arround the SEQ arrays in com-
parison with the equivalent HOLO arrays. This can suggest a greater lattice
disruption and introduction of more sp?-bonded material, resulting in better

conductivity for the SEQ laser-written columns.

After imaging, arrays of graphitic columns were covered by laser-
written graphitic contact pads. This procedure enabled linking all the columns
of the array. Figure 5.15 presents the diamond sample with generated graphitic

contact pads.
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FIGURE 5.14: Example image of the graphitic columnar arrays taken by polar-
ising optical microscope.

FIGURE 5.15: Microscopic image of columnar arrays of graphitic wires cov-
ered by graphitic contact pads. Here, dimensions of contact pads were ad-
justed to the dimensions of the arrays.
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All contact pads were laser written on one of the diamond surfaces
at pulse energy of 100 nJ, repetition rate of 10 kHz and translation speed of
30 pm/s. In order to characterize them electrically, the other surface of dia-
mond was coated with silver paint (Agar G3691) to create a blanket electrode,
which enabled direct measurements. Electrical testing of the dc current-
voltage relationship of each array were taken by two-probe station measure-
ment. Here, 10 pm tungsten tips were probe between a graphitic contact pad
on the top surface and the silver electrode on the lower surface. A Keithley
2450 sourcemeter was used and all the measurements were taken between

+50 Vin 5V steps.

The current-voltage relationships for arrays of different sizes fabri-
cated holographically are depicted in figure 5.16. Figure 5.17 shows current-
voltage relationships of arrays of different sizes fabricated sequentially. All
arrays presented at figure 5.16 and 5.17 were generated at a laser pulse en-

ergy of 200 n]J per focus.

The current-voltage relationships for arrays of different sizes fabri-
cated holographically are depicted in figure 5.18. Figure 5.19 shows current-
voltage relationships of arrays of different sizes fabricated sequentially. All
arrays presented at figure 5.18 and 5.19 were generated at a laser pulse en-

ergy of 400 nJ per focus.

It can be seen that for both fabrication methods, as the size of the fo-
cal array increases, the maximum current increases as well. It was expected
as there is a greater number of conductive pathways in larger arrays. The
current-voltage relationship is linear for all arrays, and indicates ohmic con-
duction. The sequentially fabricated arrays were observed to perform bet-
ter, presenting higher maximum current when compared with the equiva-

lent holographic array. It was also noted that in HOLO case, the maximum
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FIGURE 5.16: Current-voltage relationships from the laser-written graphitic

columnar arrays, for different array sizes. The laser-write pulse energy was

200 n] per focus. Here, the arrays were laser written in a single scan of the
sample using a holographically generated focal array.
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FIGURE 5.17: Current-voltage relationships from the laser-written graphitic

columnar arrays, for different array sizes. The laser-write pulse energy was

200 nJ per focus. Here, the arrays were laser written sequentially, i.e. a single
focus was used to write each column in the array.
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FIGURE 5.18: Current-voltage relationships from the laser-written graphitic

columnar arrays, for different array sizes. The laser-write pulse energy was

400 nJ per focus. Here, the arrays were laser written in a single scan of the
sample using a holographically generated focal array.
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FIGURE 5.19: Current-voltage relationships from the laser-written graphitic

columnar arrays, for different array sizes. The laser-write pulse energy was

400 nJ per focus. Here, the arrays were laser written sequentially, i.e. a single
focus was used to write each column in the array.
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current does not always increase with an increase in the array size. For exam-
ple, 2x2, 3x3 arrays are similar while the 5x5 array appears to show more

conductivity than the 6 x6 array.

For the fabrication with laser pulse energy of 400 nJ per focus, there
is a difference in behaviour between the HOLO and SEQ processing meth-
ods (see figure 5.18 and figure 5.19. The current-voltage relationship for the
SEQ arrays exhibits the same tendency as those at lower pulse energy, where
maximum current increases along with the size. However, for the HOLO ar-
rays, whilst the 2x2 array displays an improvement in conductivity, all other
arrays show maximum current lower than of just a single column (1x1), de-
spite being written with a total pulse energy that is raised by as much as an
order of magnitude and supposedly a much higher graphitic cross-section.
Moreover, the HOLO arrays bigger than 2x2 exhibit a current that is no
longer purely linear with applied voltage and symptomatic of a symmetric

barrier potential [135] (see figure 5.20).

Resistance values were extracted from the I-V plots from Figures 5.16,
5.17, 5.18 and 5.20 by using a basic linear fit to the data. Three separate de-
vices were fabricated for each setting and repeat measurements were taken
to establish error bars. For arrays exhibiting a barrier potential (only those
tabricated with 400 n] HOLO), resistance values were ascertained by a linear

fit to data points outside of the barrier voltage window (see figure 5.21).

Figure 5.22 shows the effective total resistance of each array while fig-
ure 5.23 plots the average resistance per column for each array. It was shown
that for 200 nJ HOLO arrays it was possible to reduce the resistance of the ver-
tical graphitic columns using a holographic fabrication process. Even though
these resistances drop, they are not at the same level as for arrays written se-

quentially. However, the fabrication is done within a single scan and hence
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FIGURE 5.20: Current-voltage relationships from the laser-written graphitic

columnar 3 x3 array. The laser-write pulse-energy was 400 nJ per focus. Here,

the arrays were laser written in a single scan of the sample using holographi-

cally generated focal array.

the processing time be significantly reduced. The holographic technique has
some limitations, for example for the higher pulse energy of 400 nJ per focus
the fabrication breaks down and produced results are inferior to those with
a single scan and single focus. This method of fabrication was highly repeat-
able with small error bars (less than 5%) for the resistance. However, the
holographic fabrication at 400 n] was much more variable, indicating prob-
lems with the holographic processing at higher pulse energies. Neverthe-
less, by appropriate choice of pulse energy and array size, the holographic

technique allowed fabrication of highly conductive structures with reduced

processing time.
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FIGURE 5.21: Current-voltage relationships from the laser-written graphitic

columnar 4 x4 array. The laser-write pulse-energy was 400 nJ per focus. Here,

the arrays were laser written in a single scan of the sample using holograph-

ically generated focal array. Basic fit was applied to the first and last 8 data

points. The resistance of the first 8 data points (red line) equals 173.5 k() and

of the last 8 data points equals 166.9 k(). As a result the averaged resistance
equals 170.3 k).

It was analysed that the average resistance per column in an array
seemed to always grow with the array size, regardless of the fabrication tech-
nique (see figure 5.23). For the sequential laser fabrication, this could be re-
lated to a growing amplitude aberration. Here, existing graphitic columns
may disturb part of the laser focus cone for the other columns in an array
(see Figures 5.24 and 5.25). Moreover, graphitic structures generate a com-
pressive stress in the surrounding diamond, which may affect laser writing
process as the latter graphitic structures were fabricated in pre-stressed ma-
terial. The average resistance per column rises more rapidly as a function
of array size for the holographic process, even though the amplitude aberra-

tions were considered negligible in this case. Nevertheless, there may still be

effects associated with stress-accumulation in the diamond, although these
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FIGURE 5.22: Different array resistance as a function of column spacing.

Graphitic columns were laser written at pulse energies of 200 nJ and 400 nJ.
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Scattering and absorption from existing
columns when writing sequentially gives
amplitude aberration.

FIGURE 5.24: Amplitude aberration arising from sequential laser writing of
closely spaced graphitic columns.

A

Larger arrays have greater overlap
between focus cone and existing
columns, so have larger aberration

FIGURE 5.25: The amplitude aberration in SEQ laser writing becomes worse
for larger arrays of graphitic columns.
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would be slightly different in nature than for the sequential fabrication pro-
cess. Another aspect was that it was more likely that, as the array size in-
creased, the hologram became less efficient at distributing the laser energy
to the focal array and resulting in increasing non-uniformity across the ar-
ray, which impedes the fidelity of the laser-induced graphitisation. This is
supported by analysis of transmission microscope images of the arrays (see
figure 5.29). Here, the SEQ arrays showed clear definition of the columns in
the array. In case of holographically written arrays there is much evidence
of surface graphitisation between column locations confirming the existence
and influence of the stray light. Especially, at the higher pulse energy of 400
nJ per focus, this stray light disturbed the laser fabrication of the graphitic
columns near the top surface of the diamond, resulting in increase of resis-

tance per column and development of a barrier potential.
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FIGURE 5.26: Current-voltage relationships from the laser-written graphitic

columnar 4x4 arrays at different spot spacings, varied from 6 pm to 16 ym.

The laser-write pulse-energy was 200 nJ per focus. Here, the arrays were laser

written in a single scan of the sample using holographically generated focal
array.
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FIGURE 5.27: Current-voltage relationships from the laser-written graphitic

columnar 4x4 arrays at different spot spacings, varied from 6 pm to 16 pm.

The laser-write pulse-energy was 400 nJ per focus. Here, the arrays were laser

written in a single scan of the sample using holographically generated focal
array.

The influence of the spot spacing in a focal array when implementing
holographic processing was also studied. Figure 5.26 and figure 5.27 present
the current-voltage relationships for pulse energies of 200 nJ and 400 nJ, re-
spectively. Both figures present plots for a range of different 4x4 arrays with
varied centre-to-centre spacings, from 6 pm to 16 um. For smaller column
spacing, e.g. 6 pm, the current-voltage relationship is not linear. In this case,
the IV curve indicates a barrier potential and reduced maximum current.
For column spacings above 10 pm, the current-voltage relationship becomes
linear and the maximum current increased. In general, the current-voltage
characteristics are independent of the column spacing at higher separations,
which is expected since there is the same number of columns and the same

pulse energy per column. This is clearly presented in figure 5.28 where the

overall array resistances approach a uniform value at larger spacing.
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FIGURE 5.28: Different array resistance as a function of column spacing.

Graphitic columns were laser written at pulse energies of 200 nJ and 400 nJ.

Figure 5.29 presents transmission microscope images of arrays with
different spacing between columns. It was noticed that individual columns
cannot be clearly distinguished in arrays with small spot separationsf 6 pm.
The cross-talk between the fabrication process may have resulted in poor
electrical performance. On the other hand, at higher spacings, each graphitic
column was well defined and there was a corresponding improvement in

electrical conduction (see figure 5.28).

It was also observed that the choice of columnar spacing might de-
pend on the pulse energy. For instance, there was still some evidence of
cross-talk in the optical processing for the 400 nJ 16 pm array which did not
occur in the 200 nJ counterpart. Furthermore, a column spacing of 8 um ap-
peared problematic for fabrication at a laser pulse energy of 400 nJ but not
200 nJ per focus. Due to the limited diffraction efficiency of the SLM for high-
spatial-frequency phase patterns and the broadband nature of the ultrashort

laser pulses, it was not possible to examine larger column spacings [146].
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FIGURE 5.29: Microscopic images of graphitic column arrays with different
spacing.

5.4 Conclusions

This chapter summarizes the advanced techniques used in laser fabrication

and characterization of novel diamond devices.

The first part described the overwriting technique and discussed its
potential application in fabrication of diodes. Both optical and electrical ex-
amination has revealed different properties of graphitic structures that were
laser written under different processing conditions. The current voltage rela-
tionship of graphitic wires laser-written at PRR-1k exhibited an ohnmic be-
haviour, the PRR-1IM proved the structure to insulating and the overwritten
column (PRR-1k1M) presented a diode-like behaviour. The ability to laser
write conductive, semiconductive and insulating 3D wires within a diamond
substrate was demonstrated, and showed the potential for all-carbon sys-

tems for electronics and other types of devices. However, there is still further
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study required to understand the complexity of these processes.

The second part of the study focused on the use of holographic laser
processing to reduce the fabrication time of conductive graphitic columns
in diamond wafers. It was discussed that the laser-processing time could be
shortened by parallelizing the process through the use of computer-generated
holograms, which create multiple focal points from a single lens, allowing
different parts of the device to be fabricated simultaneously. Additionally,
the study found that the choice of spot spacing, array size, and laser-ulse
energy significantly affects device performance. The results were compared
to traditional sequential processing, showing that by carefully optimizing
these design parameters, highly conductive graphitic structures can be pro-
duced in a shorter time. The current-voltage relationship of both scenarios
has expressed the ohmic behaviour, and the calculated resistance had linear
tendency in both cases, where the resistance values were similar. Although
multi-spot fabrication had been previously studied conceptually, this work
demonstrated its practical application in device manufacturing. The find-
ings have potential implications for improving laser processing in diamond

and other material devices.
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Chapter 6

Birefringence and stress analysis

6.1 Introduction

In its pure form, diamond is optically isotropic and not birefringent. How-
ever, strain in diamond induced by impurities makes the structure anisotropic
and birefringent [147]. Laser-writing technology precisely introduces struc-
ture modifications that lead to stress in the diamond crystal structure and re-
sult in a change of refractive index. Sometimes, transformations of the mate-
rial generate stress fields that modify diamond’s properties. The stress fields
formed due to laser graphitisation can be used to create optical waveguides
inside the diamond [111]. Moreover, direct laser-writing procedures enable
fabrication of graphitic wires within the diamond. These graphitic modi-
fications are used to enhance electronic diamond devices, and the analysis
of stress generated in the sample could possibly provide more information
about the quality of the laser-written microstructures. Thus, this chapter fo-

cuses on characterisation techniques of stress induced by laser processing.
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6.1.1 Diamond sample

Laser writing of microstructures inside a diamond sample not only modifies
the diamond crystal structure but also induces stress in the surrounding dia-
mond during the graphitisation process. These characteristics can be used to
enhance the properties of novel graphitic devices, for example waveguides.
In order to investigate the properties of birefringence as a result of stress-
accumulated in the diamond, sets of graphitic columns were laser written in
a single-crystal diamond wafer. The whole sample consists of series of laser-
written vertical microstructures (see figure 3.3) of different lengths. The pur-
pose of structuring the sample this way was to divide the sample with respect
to different sets of parameters (see figure 6.1), including the length of the
modification, pulse energy and optical elements, and observe their impact
on the final outcome of laser machining. In order to analyse birefringence,
a couple of sets of various subsections were selected, which are presented in

tigure 6.2. The imaging was performed accordingly.

6.2 Imaging techniques

The stress analysis relies on analysis of polarimetric images that reveal bire-
fringence of the microfabricated structures. Once the changes in the refrac-
tive index are known, it would be possible to estimate the stress distribution.
In this experiment, the optical properties of the sample were investigated
by two types of polarimetry, namely Metripol polarimetry [148] and Mueller
matrix polarimetry [149]. Metripol microscopy helps to obtain quantitative
birefringent data in the form of images within a matter of seconds. This tech-
nique requires two parallel light faces to pass through the sample of a known
thickness (d). The birefringent colours observed between crossed polarizers

indicate the level of retardation. An exemplary image of diamond is shown
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FIGURE 6.1: Transmission microscopic image of the laser-fabricated mi-

crostructures in one of the samples. L represent the length of the wire that

varies along the subsections, from 75 pm to 300 pm. The laser-writing proce-
dure was repeated for different laser pulse energies.
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FIGURE 6.2: Illustration of the subsections of the investigated sample. Laser-

written graphitic columns are present in sections A-E, and sections F-I consist

of laser-written graphitic waveguides. Both high and low numerical apertures
(NA) were used in this experiment.

in figure 6.3.
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FIGURE 6.3: a) Diamond between crossed polarisers (as indicated by white

arrows), where the colours indicate birefringence. The dark lines passing

through each column are due to the orientation of the polarisers. Quantitative

birefringent imaging techniques (like Metripol) give details on b) retardance
and ¢) orientation, credit to Patrick Salter.

The phase shift of the light (77) is described by the equation below:

n =kdén = 277-(51161 (6.1)

Here, A length, d corresponds to the thickness of the sample, which estab-
lishes the path length of the birefringent material. The Metripol’s signal out-
put that is expressed sinusoidally, |sin(n)|. The birefringence, which is the
refractive index difference for orthogonal polarizations (An=n. - n,, where
e refers to extraordinary and o refers to ordinary axis) generates phase re-
tardance, described as (énd). Here, the real part of the refractive index is
described as a ratio of the speed of light in the investigated material and the
speed of light of vacuum. The imaginary part of refractive index is described
by the absorption coefficient in anisotropic materials, both the real and imag-

inary parts of refractive index depend on thevpolarization of light.

Mueller matrix microscopy is a technique for investigating anisotropic
properties of the refractive index e.g. in biological tissues [147]. Figure 6.4
presents a schematic diagram of the polarimetric microscope built by Dr

Chao He.
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FIGURE 6.4: Schematic diagram of Mueller matrix microscope, here QWP
stands for quater-waveplate, P is a polarizer, LED means light emitting diode,
credit to Chao He.

Here, two quarter-wave plates (QWP1 and QWP2) rotate out of phase
to each other. One rotates by every 6° and the other by every 30°. Once the
sample is located on the stage, the position of the uarter-wave plates changes
and the polarimetric images are taken. This technique uses multiple images,
all together 30 images for each measurement, with illumination of varying
polarisation to create a map of magnitude of retardance (1) and the fast-axis
orientation at each point of the image. The process repeats with respect to the
number of structures to be investigated. The birefringent images of the fabri-
cated microstructures were taken using a birefringent imaging system. Stress
distribution was estimated based on analysis of polarimeter images. Retar-
dance is proportional to the birefringence that is proportional to the differ-
ence between principal stresses. The magnitude of birefringence in principal

coordinates is:

on=; (”8‘]1’50 (Umax — Omin )) (62)

N —
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giso stands for piezo-optical coefficient, which for diamond equals 0.301 X
10712 Pa~! [148], 0yax is the maximal stress value, ,,;, is the minimal stress
value and ny is the refractive index of diamond. The polarimetry technique
does not provide separate information on principal stresses, but the differ-

ence can be estimated by the following equation:

A

_ 6.3
rtdndqiso T (63)

(Umax - Umin) =

The wavelength used for imaging was 633 nm, 7y is the refractive index of
diamond and d is the length of the laser fabricated wire. Although, this form
of polarization imaging enables collection of information required for further
stress analysis, it is still not complete. For example, the depth of field is
unknown, which might result in a limited information of the laser written

microstructure.

6.3 Stress-induced birefringence from graphitic struc-

tures

6.3.1 Polarimetric results for high and low NA

For the sake of stress analysis I have chosen examples that were fabricated
with high (NA=1.4) (see figure 6.5) and low (NA=0.5) numerical aperture
(see figure 6.6). Once the birefringent data were computed, it was interesting
to see how the profiles of the retardance of the fabricated structures look. In
order to obtain more information, the MATLAB R2020a software was devel-
oped to obtain the profiles of investigated quantities. Firstly, the birefringent
images were generated, followed by choosing a desired microstructure, then

the cross-sectional profiles were extracted. Every profile was extracted in a
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clockwise manner and taken by every 10°. The results of the chosen samples

are presented below.
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FIGURE 6.5: a) Birefringent image of microstructures written into diamond
sample with high numerical aperture (1.4 NA). The top line consists of
graphitic wires of length of 100 pm and the bottom-line wires have 75 pm.
The left and right column were fabricated with 50 nJ and 25 nJ pulse energy,
respectively. b) The orientation of the fast-axis of a radial distribution.

In general, there is a similarity in the results obtained for structures
tabricated with both low and high numerical aperture. However, in case of
laser fabrication with low NA aperture, the structures have the same forms
but different diameter and higher value (see figure 6.6a). Figure 6.6b repre-
sents the fast axis orientation of a radial distribution. It is shown that the
stress distribution around the wires is radial.
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FIGURE 6.6: a) Birefringent image of microstructures written into diamond
sample with low numerical aperature (0.5 NA). The bottom line consists of
graphitic wires of length of 75 pm and the bottom-line wires have 150 pm.
The left and right column was fabricated with 200 nJ and 100 nJ pulse energy,
respectively. b) Orientation of the fast-axis of a radial distribution.
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The retardance profiles and their average retardance profile are ex-
hibited in figure 6.7 and figure 6.8. Here, the retardance data consist of data
points taken at a radius of 7.5 um, starting from the centre of the circle. Dif-
ferent profiles were taken in order to investigate the influence of various nu-

merical aperature.
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FIGURE 6.7: The profiles of retardance of the chosen microstructures fabricated
with high NA (a) and low NA (b

It is clearly visible that the lines are pretty smooth, and the graphs
show low retardance in the middle, which is due to the high absorbance in
this region leading to low light levels. It results in most of the stress induced
modifications being present outside the fabricated microstructure, which is
highlighted as a ring shape structure. The radius of laser-fabricated defect
changes with respect to the optical system of fabrication. When high NA

instrumentation is applied, the radius of the defect is smaller.

The shape of the retardance profiles remains similar for both cases,
however, the main noticeable difference is that the retardance peaks reach
higher values for the microstructures fabricated with lower NA, compared
to those of high NA. Finally, the retardance peaks of the chosen structures
were examined. Figure 6.9 presents their relation, together with length of the

wires and pulse energies used during fabrication.
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FIGURE 6.8: The profiles of retardance of the chosen microstructures fabricated
with high NA (blue) nad low NA (red).

6.4 Measurements of laser-induced stress

These data were examined by two techniques, namely polarimetry and cross-

polar microscopy. The following analysis presents results obtained by these

two methods.

It is known that (2r/))dnd varies with respect to the length of the wire
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and corresponding pulse energy. The tendency is that the longer the wire and
the higher pulse energy, the higher the retardance. However, this rule does
not apply to the wires of 50 pm (see figure 6.9). It was proven by analysis of
the polarimetry images that the retardance of the 50 um wire is higher than

those of 75 pm and 100 pm.
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FIGURE 6.9: a) Polarimetric images of the microfabricated structures. b) Retar-
dance peaks of the wires with respect to the wire lengths.

These results are quite surprising, thus further research using the po-
larimetric analytical tool is required along with limiting the imperfections
of the optical system itself. The depth of field is not known and it may ap-
pear that the focal spot used for taking birefringent images does not cover
the whole length of the graphitic wires, resulting in misleading information
about its retardance. What is more, the polarimetric findings do not correlate
to those based on crossed-polar analysis. Based on analysis of crossed-polar
images, it was observed that high pulse energy, regardless of wire length,
generates higher stress, which is depicted by more intense petal-shaped pat-
terns around the graphitic points on the surface (see figure 6.10), which was
expected also for the results of polarimetry measurements. The crossed-polar
microscopic image was divided into four sections with respect to the wire
length, while the image intensity was analysed corresponding to the pulse

energy. It was found that the highest intensity peaks are present for the



6.4. Measurements of laser-induced stress 141

longest modifications that were laser written with the highest pulse energy.
The intensity of crossed-polar images was analysed in Image] software and

the obtained results are presented in figure 6.10b) .

Eventually, the crossed-polar and polarimetry microscopy provided
qualitatively different results. However, the crossed-polar images were taken
with a 0.3NA lens and the polarimeter used 0.5NA. Thus, it is expected to
see a greater depth of field of the crossed polar image, and as a result, a
more accurate representation of the whole structure. Moreover, the depth of
field is also related to the illumination, where there is more control with a

commercial widefield microscope, than possible in home-built version.

Along with laser writing of graphitic waveguides, again it is demon-
strated that higher pulse energy induces stronger graphitisation (see figure
6.11). It was noticed that higher pulse energy provides a more homogeneous
graphitic structure, resulting in continuous and non-disruptive lines. The

quality of the raphitic structure is evaluated based on optical analysis.

The birefringent colours observed between crossed polarizers indi-

cate the level of retardation (see figure 6.12).

Graphitic waveguides laser-written in diamond, as presented in fig-
ure 6.11, can precisely guide light, which makes them suitable for applica-

tions in integrated photonics circuits in telecommunication.

6.4.1 Improved measurement

The experiment was repeated with a new design. Here, six rows of nine
wires of different lengths (from 10 pm to 50 pm) were laser written verti-
cally in the bulk of diamond. None of them went through the sample, and

they were shorter when compared to the previously analysed wires. These
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FIGURE 6.10: a) Transmissive microscopy image of laser-fabricated wires and

b) cross polar microscopic image of laser fabricated wires. c) Intensity pro-

files of crossed-polar microscopic images of laser-fabricated structures anal-
ysed with respect to wire lengths and laser pulse energy.
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FIGURE 6.11: Transmissive microscopy images of laser fabricated waveguides.

Transmission microscope image

590nm
180.000

590nm
1.000

ISingl @

Retardation Orientation

FIGURE 6.12: Retardance of laser-written graphitic waveguide.

structures were analysed by crossed-polar microscopy and polarimetry mi-

croscopy. The obtained results are presented in figure 6.13 and figure 6.14.

-_—_

FIGURE 6.13: Crossed-polar microscopic image and transmission-microscopy
image of laser written structures.

As presented in figure 6.13, the intensity of the birefringent patterns
reflects the fabrication environment applied during laser writing. Here, longer

wires generated with the higher pulse energy exhibit higher birefringence.

The polarimetric image was taken with objective lens of 0.5NA and

lower magnification (M=20x). Therefore, it was possible to collect the whole
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FIGURE 6.14: a) Polarimetric image of retardance of laser-fabricated structures
(0.5NA, M=20x) and b) averaged retardance peaks with respect to pulse en-
ergy and length of wires.

set of microstructures on one image. This attempt eliminated the need of
moving the stage in order to take picture of another microstructure, resulting
in no focus modification. Subsequently, the average retardance was analysed
and it is noticed that the behaviour of the averaged retardance peaks with
respect to pulse energies and microstructure lengths is more linear than in
the previous example, and corresponds to the results of crossed-polar mi-
croscopy. Additionally, the importance of focal position was evaluated. The
position of the best focus position was established optically, by estimating the
best focus point of the centre of the structure by eye, and afterwards it was
decided which stage position provided the best image. It was demonstrated
that the stage position impacts the shape of the analysed structures, which
leads to different retardance peak values. Figure 6.15 depicts how the po-
larimetric image changes with respect to change of stage position, i.e. focus

modification.

In general, it was found that the system is sensitive to any change of
the stage position. It was noticed that a movement of few pum results in huge
discrepancies between the final outcomes, based on analysis of retardance

peaks. Here, all the measurements were taken consistently with respect to
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FIGURE 6.15: Polarimetric images of retardance (M=20x) with the best focus
(a) and at defocus (b).
the visual optimisation discussed above. Therefore, it is crucial to further in-
vestigate the performance of the system, bearing in mind that stress analysis
consists of several steps including experimental measurement and data anal-
ysis, that may introduce an error. Finally, the stress of the microstructures

was calculated, based on the measured retardance (see figure 6.16).
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FIGURE 6.16: Stress values of the microfabricated structures according to their
lengths and fabrication parameters.
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It was observed that the laser-induced stress values are influenced
by the properties of the generated structures. Based on the analysis of retar-
dance peaks of these structures, the lowest stress was achieved for the long
wires (45 pm) and the lowest powers. However, for the wire 50 pm long there
is a slight increase of stress for the first three pulse energies compared to the
45 pm wire. Additionally, the values obtained at the highest pulse energy are
very similar for both 45 ym and 50 pm wires. However, there is further study
required for better understanding of laser-induced stress in single-crystal di-

amond.

6.5 Conclusions

Structural modifications in a diamond lattice lead to strain, resulting in bire-
fringence. In this study, direct laser writing was applied to introduce graphitic
microstructures of different lengths inside the single-crystal diamond bulk.
The laser induced birefringence was characterised by both crossed polar mi-
croscopy and Mueller Matrix polarimetry. This experiment indicates that the
highest retardance occurs for the longest wires fabricated at the highest pow-
ers. Moreover, for the pulse energy of 10 nJ, 16 nJ, 21 nJ and 28 nJ there is a
linear trend for the wires lengths from 15 pm to 35 pm. In case of 45 pm wire,
the retardance drops and raises up again for the 50 pm wire. Surprisingly,
there is a tendency that the stress values decrease with respect to the length
of the wires. Furthermore, it was also demonstrated that the choice of the
best focus position impacts the final retardance values. Here, the polarimet-
ric microscopy was used for imaging, meaning that scanning of 30 images
contributed to the final ratardance outcome. In this experiment a 0.5 NA lens
was used. The other limitation of this technique might be the fact that some
graphitic structures were out of the depth of field of the objective lens, lead-

ing to the distortion of the stress values.(It was assumed that the stress values
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will be constant for each pulse energy, regardless of the length of the wires.)
This investigation shows that high pulse energies lead to high stress values,
however, a previous study shows that the resistance of the wires drops sig-
nificantly. These results have direct implications for optimizing various di-
amond based devices. Further study and optimization of analytical tools is

suggested for a better understanding of strain-induced stress in diamond.
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Chapter 7

Devices in diamond

7.1 Introduction

The laser-written graphitic modifications of diamond structure formed a ba-
sis for further post-processing methodology with potential application in
electrical devices and radiation sensors. The direct laser-writing technique
enabled precise crystal modifications in both surface and subsurface of the
diamond, resulting in the presence of graphite-like material. Introduction
of graphite in optimized and controllable conditions implemented the elec-
trical properties within the diamond bulk. It was demonstrated that the
laser processing is repeatable and leads to low-resistance devices. Addition-
ally, the understanding of the formation mechanisms underlying graphiti-
sation provides significant technological advancements allowing production
of novel devices. In order to use the extreme properties of diamond, some
laser processing was applied to diamond samples. Two technology areas are
described in this chapter, namely graphitic modifications in diamond for ra-

diation sensing and power electronics.
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7.2 Radiation detectors

Radiation detectors are exposed to extreme conditions, for example like those
encountered in nuclear reactors or high-energy physics experiments. Cur-
rently, silica (silicon dioxide) is most common material applied for radiation
sensing devices [150]. However, diamond radiation sensors have gained in-
creasing attention in recent years due to their remarkable performance in
high-radiation environments[151]. Diamond not only surrpasses the charac-
teristics of silica and other semiconducting materials (see Chapter 2) but also
offers several advantages that make it an ideal choice for advanced radiation
sensor applications. For example, diamond can withstand high levels of ra-
diation without degradation in performance. Additionally, diamond has a
wide bandgap (5.5 eV) compared to silica, which results in lower noise lev-
els and better signal-to-noise ratios. Therefore, diamond sensors can operate
effectively at room temperature, without the need for complex cooling sys-
tems, making them more efficient and cost-effective for long-term use. The
wide band gap also provides diamond with a high threshold for ionizing
radiation, enabling precise detection of high-energy particles with minimal
interference. Moreover, diamond ensures efficient heat dissipation, which is

crucial in harsh environments, as diamond reduced the risk of overheating.

As a result, intrinsic diamond resistance to radiation damage guaran-
tees longer operational lifespan with consistent accuracy. The basic mecha-

nism of a diamond sensor working principle is presented in figure 7.1.

7.2.1 Pixellated diamond radiation sensors

When radiation interacts with diamond, it generates free charge that can be
collected to measure the presence of the radiation. Laser-written graphitic

electrodes offer a new architecture to collect charge. Radiation detectors
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FIGURE 7.1: Schematic of diamond radiation sensor, where L is the width of
the diamond sample, e stands for electron, h is the hole and z is the penetration
depth of the ionizing radiation.
are important for high radiation environments (like CERN and LHC as de-
scribed in this chapter) but also have relevance for nuclear reactors and other
more practical implementations. This section demonstrates a 3d-pixel de-
tector made for the RD42 collaboration at CERN and tested at CERN. Fig-

ure 7.2 presents the schematic diagram of a laser-machined radiation sensor

for CERN.

A planar design for radiation detectors is standard. However, this
can sometimes require very thin diamond layers which affects the robust-
ness of the device. The 3D design has electrodes in the bulk which can be
much closer spaced, reducing the drift distance needed for the charge before
collection. It has been shown that the 3D detectors are more resilient to radi-
ation damage than the planar counterpart [152]. The schematic diagram of a

planar adiation sensor mechanism is depicted in figure 7.2.

Charged particles or ionising radiation that passes through diamond
layer generate electron-hole pairs and lose energy due to scattering. An in-
ternal electric field set up by the electrodes causes charge migration, and the
charge can then be collected to show theresence of radiation. Pixellation of
the detector shows the location of the radiation. Analysis of the charge col-

lected can give information on particle species and energy.
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FIGURE 7.2: Schematic diagram of a planar diamond radiation detector (a) and
a 3D design with internal wires (b.

Three-dimensional diamond detectors are made by inscribing verti-
cal electrode columns in the bulk of the material. In this work, the elec-
trodes are made by focusing a femto-second laser inside the crystal to cre-
ate graphitic paths. The processing of the columns has been optimised with
dynamic-adaptive optics, using a Spatial Light Modulator (SLM). Control
of the processing with an SLM has led to new design features in 3D dia-
mond detectors, such as implementing horizontal electrodes inside the bulk
and use of graphitisation in place of conventional surface metal. The thesis
demonstrates the applications in the advancements of 3D diamond detector
design for specific applications and outlines the motivations for the future
viability of full scale 3D diamond devices. Prototype 3D diamond detectors
have been designed to meet the specifications for the upgrade of the ATLAS

diamond beam conditions that monitor the high luminosity LHC.

All existing 3D detectors tested at CERN comprise purely columnar
arrays for the laser-written graphitic electrodes. Additional control over the
graphitisation process from high NA focusing and aberration correction al-
lows the option to have both horizontal and vertical graphitic paths inside
the diamond substrate [108]. This opens up other possibilities to refine de-

tector designs for the ATLAS experiment (specifically BCM, Beam Condition
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Monitor), which has the purpose of monitoring the beam conditions and lu-

minosity very close to the ATLAS interaction point, inside the Inner Detector.

It is expected that by including horizontal wire paths, particularly be-
tween bias electrodes, the geometry approaches that of a coaxial wire. This
should reduce the volume of the low field regions in the bulk of the diamond
as the homogeneity is interrupted in the z direction. A horizontal path con-
necting electrodes of the same type (bias or sense) are named onwards as a

‘cage’.

The internal connections can be on either the bias or sense electrodes.
Alternating the cage connections between the two types adds redundancy
to both structures and adds more partitioning to reduce low field regions
in the detector volume. It is important not to add too many internal con-
nections though, as it raises the device capacitance which is bad for signal
retrieval [152]. Structures were fabricated with both cubic and hexagonal 3D
cell shapes. The prototypes structures were tested using beams of high en-

ergy particles.

Figure 7.3 presents a design of a three-dimensional pixellated radi-
ation sensor that includes graphitic columns within its structure. Graphitic
columns were linked with internal horizontal connections, which is referred
to as the cage. After laser fabrication of the graphitic structures with respect
to the design, the modifications were examined optically in a transmission

microscope.

Transmission microscope images were taken at different depths within
the diamond layer to check the quality of the laser processing. It has been
shown that was possible to laser generate complex three-dimensional graphitic
structures to match the design specification from CERN. Figure 7.4 shows

the device after metallisation, with layers of titanium, platinum and gold
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patterned on the diamond to enable connection to graphitic connectors for

charge extraction.

Focused at 100 um |
depth

Focused on top
surface

Focused at 350 um
depth

FIGURE 7.3: Schematic design of a 3D diamond radiation sensor with micro-
scopic images focused at different depths within the device, to show horizontal
cage structures.

FIGURE 7.4: 3D detector with vertical and horizontal graphitic wires inside
the bulk for the RD42 collaboration at CERN, after surface metallisation.

Figure 7.5 presents an image of a diamond radiation-sensing device.
The devices have been tested on the SPS CERN test beam with 120 GeV pi-

ons and with 4.5 MeV protons at the Ruder Boskovic Insititute in Zagreb.

Preliminary data are promising but analysis is ongoing [152].
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FIGURE 7.5: Picture of prototype diamond 3D radiation-detector device with
internal cage bonded in to the CERN CALYPSO electronics, for testing on the
CERN test beam.

7.3 Power electronics

As discussed in Chapter 2, diamond has many nice attributes for power elec-
tronics, particularly a very large breakdown voltage, very low leakage of
charge and good thermal extraction. However, it can be difficult to make
devices for power electronics from diamond due to difficulty in doping, as
diamond already has a very stable and tight lattice. Laser written structures
inside diamond can enable new device architectures, particularly for vertical
devices, which can be attractive when dealing with high voltage (in an elec-

trical grid, for example). This chapter demonstrates a novel Schottky diode
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device involving laser-written conducting columns within a lightly boron-
doped diamond, which has a high blocking ratio. This work was done in
collaboration with the research team of Professor Richard Jackman at Uni-

versity College London, and in particular Rebecca Watkins.

7.3.1 Graphitic wire-boron-doped diamond Schottky diodes

Figure 7.6 shows the process flow for the fabrication of the Schottky diode
device. The sample was 480 yum thick lightly boron-doped HPHT substrate
(boron concentration ~ 10'* cm™3). Laser-written columnar wires were fab-
ricated using optimised conditions from Chapter 4, namely translation speed
of 10 um/s, pulse energy of 250 nJ and pulse repetition rate of 1 kHz. Instead
of the wires completely crossing the diamond layer, each column stopped
short of the top surface, leaving a gap of unmodified diamond. A variety of
gaps were studied in the range 2 pm to 10 pm. Also some control devices
were made where the laser written wires completely crossed the diamond
(i.e. a gap of 0 pm). Each device to be tested consisted of an 8 x 8 array of
identical laser-written columns with 12 um spacing, to increase the effective
graphite conduction paths for each device. This process is shown in Fig-

ure 7.6(a).

After laser processing, layers of titanium and gold were deposited on
the back (seed) side of the diamond to form an ohmic contact to the laser-
written columns (Figure 7.6(b)). Next aluminium was patterned on to the
top surface of the diamond above each array of laser-written columns (Fig-
ure 7.6(c)). Aluminium is known to give a Schottky diode connection to
boron-doped diamond. The diamond is shown in a transmission microscope
image in Figure 7.7 after laser processing. Many laser-written devices con-
sisting of 8 x 8 arrays of columns with different spacing from the top surface

are visible. The diamond is next shown in Figure 7.8 in reflection microscopy
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showing the sample after metallisation, with patterned aluminium Schottky

contacts visible.
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FIGURE 7.6: Process flow for the fabrication of the full Schottky diode device
with internal nano-carbon network wires (NCNWs) [153]. Image courtesy of
Rebecca Watkins.

FIGURE 7.7: The boron-doped diamond sample after laser processing, where
arrays of laser-written graphitic columns are visible.
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FIGURE 7.8: The boron-doped diamond sample after full process and ready-
for-testing. patterned aluminium Schottky contacts visible above each laser-
written array of columns.

Figure 7.9 shows current-voltage characteristics for the control device
where the laser-written column array completely crosses the diamond sam-
ple, with no gap between laser-written wires and the diamond top surface.
It can be seen that the current-voltage relationship is largely linear showing
ohmic conduction. This shows that the conduction characteristics are defined
by the laser-written structures, and are analogous with structures presented
in Chapter 4. This important result indicates that the light boron doping of
the diamond does not significantly affect the laser process for breaking down

the lattice during graphitisation or affect the conduction in the wires. It is
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also seen that the aluminium top surface metal contact gives ohmic conduc-
tion and not Schottky conduction. Finally, we see that the effective resistance

is low at 3.4 k() because of the large numbers of columns within an array:.
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FIGURE 7.9: Current-voltage characteristics of control device where laser-
written columns completely cross the diamond sample [153]. Figure courtesy
of Rebecca Watkins.

Figure 7.10 shows the current-voltage characteristics of the device
with 2 pm, gap between the laser-written wires and the top surface of the
diamond [153]. It is seen that this device acts well like a diode, with a strong
block to the current at positive voltage whilst conducting at negative volt-
age. Figure 7.10 also shows the current-voltage characteristics for a conven-
tional device architecture, where there are no laser-written columns and sim-
ply boron-doped diamond layer between the ohmic and Schottky electrodes.
The laser-written device shows higher current at negative voltage, with some
structures in the curve indicating different conduction mechanisms. Surpris-
ingly, the laser-written device also shows lower current than the conventional

device at positive voltage. Work is ongoing to explore the reasons for this.



7.4. Conclusions 159

The inset plots the rectification ratio, which is the ratio of current at posi-
tive and negative voltage as function of voltage, showing high values at high

voltage, as desired.
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FIGURE 7.10: Current-voltage characteristic for device with array of laser-

written wires that stop 2 pm short from top surface of the diamond (red curve:

with NCNWs (nanocarbon network wires)). Also shown is the current-voltage

characteristic for conventional device architecture with no laser-written wires

(blue curve: without NCNWSs). Inset shows rectification ratio for laser-written
device [153]. Figure courtesy of Rebecca Watkins.

7.4 Conclusions

A lot of results in this thesis have been done on the optimisation of the laser-
writing process for fabrication of conductive graphite structures in diamond.
It is important that these developments are transferred across to demonstra-
tion of improved devices used in applications. In that way, the benefit of
the laser-writing optimisation can be realised. In this chapter,two collabora-
tive projects demonstrate devices enabled by the laser writing. New device
architectures have been made possible for 3D pixellated radiation detectors,

by having horizontal graphite connectors in a cage structure. Preliminary
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results are promising and these designs are being further developed with
colleagues in the collaboration at CERN. In addition, a new device struc-
ture for a vertical Schottky diode in diamond is demonstrated in collabora-
tion with University College London, using laser-written wires in arrays that
stop a short distance from the top surface of the diamond. This is also one
of the first experiments looking at performance of laser-written conductors
inside diamond material doped with boron. The Schottky diode device is
seen to perform well and with better characteristics than the conventional
device architecture without laser-written wires. This device design shows
much promise for applications in power electronics at high voltage, which is

the subject of further research.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis focused on the development and optimization of laser process-
ing techniques to produce novel diamond devices, in particular graphitic
electrodes in diamond for radiation detectors and electrical devices. It was
demonstrated that development of all-carbon device architecture allowed
straightforward optimisation of laser-processing parameters for conductive
structures. One of the key benefits of this approach is the ability to assess
electrical characteristics immediately after laser processing, without any ad-
ditional substrate treatment. This allows for the rapid adjustment of laser
parameters to achieve the desired conductive properties. A critical finding in
this work was the surprisingly narrow range of laser pulse repetition rates,
from 200 Hz to 2 kHz, that resulted in the formation of ohmic conductive
wires. Moreover, when the repetition rate was increased beyond this range,
and even though much higher laser energy was delivered, the resulting struc-

tures displayed no conductivity.

Further analysis revealed that conductivity is not solely dictated by

the laser pulse-repetition rate. Instead, the speed of the laser-writing process
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plays an equally important role. It was demonstrated that the key parame-
ter influencing the formation of conductive graphitic pathways is the laser
dose, which was defined as the number of laser pulses per distance. Careful
selection of the appropriate combination of repetition rate and process speed

resulted in highly conductive structures with reliable ohmic properties.

In this study, various techniques were employed to assess the quality
of the laser-written wires, including optical imaging, SEM and Raman spec-
troscopy. However, none of these methods provided sufficient information
to fully evaluate the electrical properties of the wires. While they offered in-
sights into surface morphology and composition, they were unable to reveal

the internal structural features critical to conductivity.

It was shown that TEM, on the other hand, proved to be a highly
effective method in assessing the internal structure of the laser-processed
columns. TEM imaging revealed a clear conductive path through laser-modi-
tied lattice for columns written at low repetition rate. These structures dis-
played sp?-carbon regions continuous enough for electrical conduction. On
the contrary, columns that were laser written at higher repetition rates showed
small pockets of sp?-carbon, but the lack of connectivity between these re-

gions resulted in absence of conduction in these structures.

In general, this study demonstrates that fabrication with appropriate
laser parameters can generate reliable ohmic conductors that could pave the
way for advanced all-carbon devices. The insights gained from this research,
in particular, the role of laser dose and complexity of internal structures,
could support future development of electronics based on laser-processed

diamond materials.

Moreover, advanced concepts in laser writing were explored, partic-

ularly the overwriting techniques. This approach facilitated the creation of
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a hybrid structure that merged the characteristics of both low pulse repe-
tition rate (PRR) and high PRR regimes. While previous studies have ob-
served the formation of symmetric barrier potentials, the presence of asym-
metric barrier and diode-like behaviour is highly novel. This represents the
first demonstration of an all-carbon diode-like device within diamond, which
could serve as a critical step towards the realization of vertical all-carbon de-
vices intended for power-electronics applications. The observed asymmetry
in the barrier may correlate with the inhomogeneous structural breakdown
of the diamond within the low PRR precursor track. TEM analyses suggest a
potential reordering of the sp? layers at the diamond interface resulting from

the overwriting process, indicating an area for further investigation.

Additionally, the study examined the potential of holographic laser
writing for device fabrication. For any complex devices that might be made
using this technology, it is likely that the entire device will need to be pat-
terned by the laser. Any process that can speed that up is very important.
It was demonstrated that a computer-generated hologram displayed onto a
spatial light modulator (SLM) can be used to generate multiple laser foci,
each one of which can simultaneously machine a column in a single pass
of the substrate. It is shown that the choice of the laser pulse energy and
spot spacing is very important in the technique being effective. Although the
electrical performance of the columns produced by this method was slightly
inferior to those fabricated sequentially, even when accounting for amplitude
aberrations, resistance values were still within 50% of those achieved through
sequential writing. Notably, this reduction in processing time by an order of

magnitude holds substantial promise for scaling up device fabrication.

In this research, the stress-induced birefringence around laser-written
columns in diamond was investigated using advanced imaging techniques.

Two quantitative methods were employed to measure stress, i.e. Metripol
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imaging and Mueller Matrix (MM) imaging. These techniques were com-
plemented by simple imaging using crossed polarisers. A new sample was
developed to examine stress-induced birefringence with different processing
parameters and different column lengths. It was presented that it is impor-
tant to consider column length and the depth of field of the microscope to
accurately assess the stress induced in the crystal. These findings are par-
ticularly relevant for development of future photonic devices that rely on
birefringence, such as optical waveguides or for analysis of laser written con-

ductive columns.

The chapter on devices demonstrates how fundamental developments
in laser-writing techniques and the optimization of fabrication parameters,
discussed in earlier chapters, have been applied to create functional devices.
Two examples of functional device that were made based on the work in this
thesis, in collaboration with others, demonstrate the practical applications of

this research.

The first example involves radiation detectors developed as part of
the RD42 collaboration at CERN. Advances in the fabrication have enabled
new device architectures using a cage for greater reliability through increased
connectivity. The results from these devices are promising, indicating the
potential for laser-written structures in high-performance applications such

as radiation detection.

Secondly, laser-written graphitic structures were used for a Schottky

diode device where columns did not fully bridge the diamond wafer. This
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requires careful fabrication control, particularly in lightly boron-doped dia-
mond substrates. The device performed better than a control sample with-
out laser-written columns, suggesting that the combination of laser process-
ing and doping levels could be a valuable area for future exploration. Un-
derstanding the electrical properties of laser-written columns in substrates
with different dopant levels offers a promising direction for optimizing de-

vice performance.

8.2 Future Works

Whilst there have been many interesting findings and intriguing results aris-
ing from this work, it also raises several new questions and can prompt fur-

ther study.

First, more work would be valuable to explore how pulse repetition
rate influences laser-written structures from different focusing geometries. It
is known that higher NA focusing is better for breakdown of the diamond
lattice, as high NA oil lenses are typically needed for fabrication of hori-
zontal conductors, like the cage structure in the CERN devices. It should
be explored how columns written with different NA (and aberration correc-
tion) behave at different pulse-repetition rates. Likewise, more work can be
given to see whether the process window, in terms of pulse-repetition rate,
is equally small for vertical and horizontal wires in the diamond substrate.
Also, recently there have been good demonstrations of laser-written conduc-
tive vias using Bessel beams which stretch across the diamond wafer and can
create columns without sample movement [134]. It would be very interesting
to see if these structures are similarly affected by different pulse-repetition

rates.
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The overwritten wires that combine processing at different pulse-
repetition rates to give an asymmetric barrier potential provide much ex-
citment for future all-carbon electronics. However, the results are still very
early and more work is needed. It is important to explore different repeti-
tion rates and pulse energies to find optimum conditions to create the diode-
like behaviour. It is also needed to better understand where the diode-like
behaviour arises. Possibly more TEM analysis or theoretical considerations
could give some insight into this. It would be nice to extend work to deter-
mine whether it is a surface phenomena that drives the asymmetric barrier

potential or whether it is stronger at the surface.

Quantitative birefringent measurements were shown for analysing
the stress distribution around wires. It would be good to extend this more
towards analysis of photonic structures (i.e. to design and test new photonic
structures in diamond, based upon stress induced birefringence). There is
much scientific and practical interest in looking at the interaction of stress
distribution from nearby written structures. For example, if structures are
written which are too large, stress can accumulate and lead to a macroscale
cracking of the crystal. Valuable work would be to find whether there are

ways to arrange features to manage stress and avoid cracking.

Engineering is about developing solutions that are useful for soci-
ety. Thus all of the work here is towards manufacturing diamond devices
and giving developments in range of applications that can benefit society.
It would also be interesting to look at a range of diamond substrates with
different doping, for example phosphorus-doped diamond. There are many
ways this technology can give better devices and that is important work that

must be done.
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