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A B S T R A C T   

High-quality, in-bulk conductive graphitic microelectrodes are fabricated perpendicular to the surface of a 500 
μm thick monocrystalline CVD diamond sample using pulsed Bessel beams. With a 12o cone angle beam, different 
pulse parameters are explored to optimize the graphitic wires which are written without sample translation. The 
quality of the electrodes and their electrical and structural properties have been analysed through current- 
voltage characterization and micro-Raman spectroscopy. We have found that higher pulse duration favours 
better conductivity while pulse energy has an optimum value for the same. This trend is confirmed by the 
presence and the different amounts of graphitic-like sp2 bonded carbon revealed by the micro-Raman spectra in 
different configurations. Using suitable writing parameters, we are able to create electrodes with the resistivity of 
0.04 Ω cm, which, to the best of our knowledge, is one of the lowest values ever reported in literature in the case 
of graphitic-like wires fabricated through laser micromachining.   

1. Introduction 

Diamond is an extraordinary crystal due to its remarkable properties 
such as hardness (Mohs index 10), scratch resistance, biocompatibility, 
chemical resistivity, high thermal conductivity and low thermal 
expansion coefficient [1,2]. The advancements in synthetic diamond 
manufacturing have brought down the cost of artificial diamonds such 
as the ones produced through chemical vapour deposition (CVD) or 
high-pressure high-temperature (HPHT) techniques thus resulting in 
mass production of the same. This has led to an increased utilization of 
them for various technological applications such as photonic and 
microfluidic platforms [3,4], radiation detection in particle physics [5], 
medical dosimetry [6] and high frequency electronics [7]. Recently, the 
presence of optically active defects such as the nitrogen-vacancy (NV) 
centres has made them a special attraction in quantum optics world due 
to their spin dependent fluorescence which can be used for optical spin 
readouts. In addition, NV centres find potential applications in 

magnetometers due to Zeeman effect [4]. 
A common factor in almost all diamond–based devices is the pres-

ence of conductive graphitic microelectrodes (GMEs) which are pri-
marily used for the application of electric fields or current transport/ 
collection in various chips and detectors. Both surface and in-bulk 
electrodes are used but recently a 3-D, in-bulk orientation is widely 
researched due to their better performance and efficiency added with 
easy integration with other microstructures in diamond [8–10]. The two 
most prominent methods to create such electrodes in diamond are deep 
ion beam lithography (DIBL) and laser writing (LW). DIBL works on the 
fact that structural properties of the diamond undergo significant 
modification upon MeV ion micro-beam irradiation even creating 
graphitic-like structures by overcoming a critical defects density 
(graphite being another allotrope of carbon) both in single-crystal [11] 
and polycrystalline diamond [12]. In addition, ultrafast laser irradiation 
is also widely used for processing diamond crystals. A conventional 
Gaussian beam with moderately intense pulses can be used for the 
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(A. Britel), pietro.apra@unito.it (P. Aprà), federico.picollo@unito.it (F. Picollo), ottavia.jedrkiewicz@ifn.cnr.it (O. Jedrkiewicz).  

Contents lists available at ScienceDirect 

Diamond & Related Materials 

journal homepage: www.elsevier.com/locate/diamond 

https://doi.org/10.1016/j.diamond.2023.110034 
Received 29 January 2023; Received in revised form 3 May 2023; Accepted 14 May 2023   

mailto:akuriakose@studenti.uninsubria.it
mailto:andrea.chiappini@ifn.cnr.it
mailto:bsotillo@ucm.es
mailto:a.britel@unito.it
mailto:pietro.apra@unito.it
mailto:federico.picollo@unito.it
mailto:ottavia.jedrkiewicz@ifn.cnr.it
www.sciencedirect.com/science/journal/09259635
https://www.elsevier.com/locate/diamond
https://doi.org/10.1016/j.diamond.2023.110034
https://doi.org/10.1016/j.diamond.2023.110034
https://doi.org/10.1016/j.diamond.2023.110034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.diamond.2023.110034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Diamond & Related Materials 136 (2023) 110034

2

optical break-down of the material thanks to the non-linear processes 
involved during the radiation-matter interaction, such as multiphoton 
absorption and avalanche ionization which are followed by the local 
transformation of diamond to graphitic-like carbon at the beam waist. 
As a result, a conducting graphitized region is formed in the insulator 
and a uniform translation of the laser focus throughout the crystal in-
duces the formation of a wire-like graphitized region with a length of our 
choice [13]. 

Recently, non-conventional beams such as Bessel beams (BB) have 
been used for in-bulk micromachining of various materials [14]. In 
contrast to conventional Gaussian beams, finite energy Bessel beams 
have the advantage of a long focal length, the so-called Bessel zone, 
orders of magnitude larger than the typical Rayleigh range for a given 
spot size, thanks to its quasi-non-diffracting nature [15]. This means, it 
is possible to fabricate high aspect-ratio microstructures in different 
dielectrics without the need for sample translation. At the same time, 
due to their self-reconstruction property and their elongated focal zone, 
finite energy Bessel beams are ideal not only for internal micro struc-
turing but also for high-impact technological applications such as high- 
speed cutting, welding or drilling of transparent materials [16–24]. 

There has been a lot of works related to laser writing of in-bulk GMEs 
in diamond, in particular related to the creation of electrodes parallel or 
orthogonal to the surface of the diamond. Fabrication of in-bulk elec-
trodes which are perpendicular to the sample surface is always a chal-
lenge due to the cracking effect of diamond resulting from the crystal 
orientation which can end up with electrodes having unnecessary pro-
trusions and collateral damage [25]. Moreover, the in-bulk micro-
machining using Gaussian beam needs aberration corrections, typically 
requiring adjustable lens systems, grating compressors [26], or a spatial 
light modulator (SLM) to avoid beam elongation and spreading at the 
focus [27]. Even though there has been a preliminary work of GME 
microfabrication using Bessel beams [28], a detailed study with 
different parameters and top-notch conductivity values is still absent. 
Here, in this work, we present the laser microfabrication of 3-D, in-bulk 
graphitic microelectrodes perpendicular to the sample surface by using 
Bessel beams without any sample translation, and we show that it is 
possible to fabricate, with suitable laser beam parameters and without 
the need of an SLM, GMEs presenting a compact and homogeneous 
central core despite the presence of lateral cracks that can be minimized. 
These are featured by good conductivity values, in line with or even 
higher than state-of- the-art values. Since the structural, geometrical and 
electrical properties of the graphitic-like carbon wires produced are 
strongly related to the laser processing parameters, a wide regime of 
pulse durations and energies are explored for the fabrication and char-
acterization of GMEs. 

2. Materials and methods 

2.1. Experimental set-ups 

The microfabrication studies were performed by means of a 20-Hz Ti: 
Sapphire amplified laser system (Amplitude) delivering 40-fs transform- 
limited pulses at 790 nm wavelength in the mJ pulse energy range. Since 
the laser compressor can be detuned to change the pulse duration, it is 
possible to work at both femtosecond and picosecond regimes. The 
experimental set-up at the micromachining table is shown in Fig. 1. The 
Bessel beam used in this research work is created by passing a spatially 
filtered Gaussian beam with a 5 mm beam through a fused silica axicon 
with 178o apex angle. A telescopic system formed by a 250 mm focal 
length lens (L1) and a 0.45 N.A. 20× microscope objective (fobj = 9 mm), 
leads to a final Bessel beam featured by 12o cone angle, a total central 
core size of about 3 μm and a total Bessel zone of 700 μm at the sample 
position. Note that the BB central core and, in the cases of highest energy 
pulses also few surrounding rings, are the only portions of the beam 
which will undergo nonlinear absorption and interact with the trans-
parent material. 

The transverse intensity beam profiling using a one lens imaging and 
a Charge-Coupled Device (CCD) camera (uEye) is carried out in air along 
the whole non-diffracting zone prior to micromachining [24]. The 
dichroic mirror placed between the lens and the objective deflects the 
beam and sends it orthogonally towards the sample placed on a micro-
meter precision 3D motorized stage (driven by SCA, system control 
application software, Altechna Rnd, Vilnius, Lithuania). A real-time 
observation of the sample surfaces during the micromachining process 
can be realized thanks to a backlighting Light Emitting Diode (LED) 
placed below the transparent sample and an imaging system using a lens 
(L) and another CCD (uEye). This allows a careful adjustment of the 
relative positioning of the BB focal length with respect to the sample 
thickness. In other words, by verifying that the top and bottom surface 
damage traces obtained in single shot are of similar shape and intensity, 
we can ensure for the case of in-bulk microfabrication that the central 
core peak intensity along the Bessel zone is symmetrically distributed 
across the sample, i.e., maximum intensity in the middle of the sample, 
and smaller intensity at the top and bottom. This prevents strong input 
interaction at the air/diamond interface where beam reshaping occurs 
because of the sudden change in the refractive index [29]. A detailed 
schematic of the whole experimental set up is given in [24]. 

The electrical characterization of the fabricated GMEs are performed 
through the current-voltage (IV) measurements. It involves a metallic 
deposition at one surface of the diamond covering only the particular 
electrode which is being tested and the opposite surface covered with 

Fig. 1. Micromachining set-up scheme showing the orthogonal injection of the Bessel beam to the sample. On the bottom left, transverse profile of the BB recorded 
by a CCD camera. 

A. Kuriakose et al.                                                                                                                                                                                                                              



Diamond & Related Materials 136 (2023) 110034

3

silver paste such that the electrode acts as a closed circuit. A detailed 
description of the whole process is discussed in Section 2.3. The mask for 
the deposition is fabricated milling aluminium film (15 μm of thickness) 
with a nanosecond-pulsed Nd:YAG laser emitting in the IR (1064 nm), 
VIS (532 nm) or UV (355 nm). The pulse duration is 4 ns and the 
maximum energy per pulse is 0.6 mJ, resulting in an instantaneous 
power of 100 kW. The minimum beam spot size used was 5 × 5 μm2 

[30]. The PC-controlled system can manage both the sample displace-
ment and the laser irradiation parameters (number of pulses, energy per 
pulse, wavelength) for each spot. Metal deposition for the fabrication of 
the electrodes was done using a thermal evaporator set-up consisting of 
a vacuum system which can lower the pressure to 10− 5 mbar regime, a 
current source to heat up a crucible allowing the metal melting and 
evaporation and a SQM 160™ multifilm thickness monitor (INFICON) to 
measure the thickness of the deposition in real-time. The current-voltage 
characterization is therefore conducted with a 2-probe configuration in 
a custom probe station. It is possible to manually control the positioning 
of tungsten-carbide microprobes with micrometric spatial accuracy of 
different points of interest in the sample under analysis. The probes are 
connected to a high-precision Keithley™ 6487 voltage source, commu-
nicating with a computer through a LabVIEW system, which, in turn, 
measures the I-V curves. A “Leica Essential M50” optical microscope 
with an achromatic objective with magnification 0.63×, focal length of 
148.2 mm and an eyepiece magnification of up to 100× interfaced with 
the I-V chamber allows for the accurate positioning of the microprobes 
on the sample. For annealing purposes, a ThermoConcept ROT 60/300/ 
12 tubular oven was employed. The maximum achievable temperature 
with this system is 1200 ◦C, with a power of 3 kW. The control system 
allows the programming of treatment ramps according to the desired 
process protocol. Samples are loaded inside the tube in an inert alumina 
crucible. Annealing processes can be performed in vacuum (10− 2 mbar) 
or with a continuous laminar flow of inert gas (Ar or N2 supplied by gas 
cylinders) established inside the tube. 

In order to highlight the effective transformation of diamond into 
graphitic-like carbon (featured by the presence of sp2 hybridized car-
bon) in the laser-written microstructures, micro-Raman spectra are 
recorded using a Labram Aramis John Yvon Horiba system with a DPSS 
laser source at 532 nm. It is also equipped with a confocal microscope, 
an 1800 line mm− 1 grating, and an air-cooled CCD camera. The Raman 
signal is collected in a backscattering configuration with a 100×
objective, achieving a spatial resolution of about 1 μm. 

2.2. Sample details 

In this work, a monocrystalline type IIa CVD diamond with [100] 
orientation produced by MB Optics is used for the graphitic microelec-
trode fabrication. The dimensions of the sample are 3 mm × 3 mm with a 
thickness of 500 μm. 

For the metal deposition as a part of current-voltage measurements, 
silver is used for the deposition of the superficial pads thus ensuring a 
good ohmic contact. 

2.3. Experimental methods 

The Bessel beam microfabrication of graphitic microelectrodes starts 
with the proper alignment of the sample such that it is perfectly flat 
together with the sample stage. This is crucial to make sure that the 
graphitic electrodes are perfectly perpendicular with respect to the top 
and bottom surfaces of the diamond sample. The micromachining is 
performed in a multiple pulse regime and the laser pulses are injected 
orthogonally to the sample surface (see Fig. 1); during the laser expo-
sure, the graphitic microstructures start growing from the bottom sur-
face (refer to Section 3.1 for the detailed description). The length of the 
generated wire depends on the number of pulses, controlled using an 
optical shutter [31]. It has been found that a minimum of 7000 Bessel 
pulses is enough to create an electrode of 500 μm length. Provided that 

the Bessel zone covers the entire diamond thickness, with a laser repe-
tition rate of 20 Hz, around 6 min are required for the fabrication of a 
single wire. Note that in the KHz regime, our technique would become 
one of the fastest in creating in-bulk microelectrodes of such length (as 
this would take just a few seconds for instance at 2 KHz repetition rate). 
All the GMEs reported in this work have been created utilizing 9000 
pulses in order to work above the threshold number of pulses. 

A schematic representation of the growth of a graphitic microelec-
trode is depicted in Fig. 2. It is worth mentioning that the conical nature 
of the BB and its lateral extent, featured by the surrounding rings car-
rying the conical energy reservoir, limit the minimum distance between 
two graphitic microstructures that can be fabricated without distortions 
but also the minimum distance from the diamond sample edge (in our 
case this was about 50 μm). After the fabrication of each electrode, the 
diamond sample is analysed under an optical microscope to make sure 
the in-bulk microstructure has reached the top surface with no breaks in 
between, so that the electrical characterization can be performed on the 
complete through-wires. 

The current-voltage measurements require the presence of a 
conductive layer on both the top and bottom sides of the electrode. For 
this purpose, one side of the graphitic structure is deposited with a silver 
pad of 250 × 250 μm2 area and the other is covered with silver paste. 
The shape of the metal pad is determined such that it is completely 
insulated from the other electrodes to avoid short circuits. Once the 
shape with appropriate dimensions is designed, the same structure is 
created in an aluminium foil by ablation using the Nd:YAG laser. The 
diamond sample is then aligned with the mask such that the metal will 
be deposited only on the surface of the target electrode and the rest of 
the diamond will be protected by the aluminium foil. The diamond is 
aligned in such a way that the metallic deposition happens on the bot-
tom side since the top surface has got ablation marks because of the 
input air-diamond interface (where the ablation threshold is lower); 
filling up those (5 μm deep) craters would require a thicker metallic 
layer, which would drastically increase the time of deposition. Finally, a 
kapton polyimide tape is used to secure the diamond on the mask. 

Once the alignment is done, the masked sample is mounted on the 
evaporator holder and the silver is deposited on the diamond. All the 
depositions have a thickness of 400 nm. After making sure the deposi-
tion position is accurate using an optical microscope, the metal depos-
ited diamond is mounted on sample holder with silver paste. Once it is 
dried, the sample is set up in the IVT chamber for the current-voltage 
measurements. The two probes of the chamber are aligned on the 
sample such that one probe touches the deposited silver pad and the 
other one touches the silver paste. This completes the circuit and by 

Fig. 2. Schematic representation of growth of a GME under Bessel beam 
irradiation. 
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setting up the parameters for the electrical measurements, the IV char-
acteristics can then be collected. Fig. 3 represents the sample ready for 
the IV tests. 

The electrical characterization of the GMEs has also been repeated 
after an annealing process, which is performed at 10− 2 mbar pressure 
and 900 ◦C temperature for 1 h. All the measured resistivity values 
turned out to be generally lower after the annealing; for this reason in 
this work we shall present only the results obtained after the annealing 
of the diamond sample. A detailed study of the effect of annealing with a 
comparison of the electrical characteristics of the laser fabricated 
graphitic wires before and after the thermal treatment will be the object 
of future work. 

3. Results and discussions 

3.1. General graphitic microelectrode morphology 

The phenomenon of graphitic wire formation occurs due to the pri-
mary optical breakdown of the diamond at a threshold fluence, which is 
followed by the formation of one or several discrete graphitized globules 
near the laser focus and this process continues as a propagation of a 
continuous graphitization wave from one of the globules towards the 
laser until the length of our choice [13]. Since graphite-like phases are 
good absorbers of radiation, the diamond layer adjacent to the first 
graphitic globule gets heated up, and this initiates a phase transition. In 
the case of a Gaussian beam, the focus is shifted and scanned throughout 
the bulk while the Bessel beam makes use of its long non-diffracting zone 
with multiple shots creating an electrode with the desired length. A 
lateral view of some GMEs written in a 500 μm thick diamond sample 
using a 12◦ cone angle pulsed Bessel beam with different pulse durations 
and energies, are shown for illustration in Fig. 4. Note that when using 
10 ps pulses the graphitic wire formation occurs only for pulse energies 
above 5 μJ. 

It is observed that when a high-power laser pulse passes through a 
transparent dielectric material, the threshold for optical damage of the 
exit surface is less than the threshold for damage of the entrance surface 
[29]. When a light pulse enters the material at a normal incidence, as 
shown in Fig. 2, there is a reflection at the air-dielectrics boundary (top). 
If the refractive index of the material is way greater than that of air (as in 
the case of diamond), the reflected light wave suffers a phase shift of 
180o with respect to the incident light wave. This phase shift leads to 
destructive interference of the light resulting in a reduced electric field 
intensity. Meanwhile, the exit side (bottom) experiences the opposite. 
When this transmitted light pulse exits the sample, there is again a 

reflected wave at the diamond-air interface, but this time the phase shift 
is zero since the wave is travelling from a high refractive index medium 
to a low refractive index medium and therefore, there is a constructive 
interference at the exit side. This leads to an increased field intensity, 
thus reducing the damage threshold of the transparent material at the 
bottom surface. 

In Bessel beam microfabrication, where the elongated focal length of 
the beam crosses the whole sample thickness, the Fresnel reflections at 
each air/diamond interface seem to determine the direction of propa-
gation of the graphitization wave. In this case because of the natural 
circular symmetry of the beam, the conical waves impinging at the exit 
interface and contributing to the core formation exactly on that plane 
will be back reflected and will overlap with the input conical waves. This 
will lead to a higher intensity of the beam in proximity of that interface 
similarly to the case of a focused Gaussian beam. In addition, here, the 
fact that the Bessel beam is featured by a focal length (Bessel zone) far 
larger than the sample thickness, implies that there will be conical waves 
contributing to the Bessel core reconstruction after the bottom surface, 
that will also be back reflected. These waves will be reflected back to-
wards the axis of the BB and thus will overlap with the conical waves 
responsible for the internal BB core formation, also leading to 
constructive interference (with lower intensity as we move towards the 
top surface). This could lead to a graphitic-like phase formation starting 
at the bottom and continuing in the direction of the laser until it reaches 
the top. 

At high energies, the thickness of the electrode increases along with 
the cracking effect. While in the ps regime the graphitic microstructures 
are quite irregular in cross-section and exhibit cracks which become 
more and more evident as the pulse energy increases, the electrodes 
obtained in the fs regime are more regular in section and show traces of 
cracks only at high energy, namely above 8 μJ (see Fig. 4). More 
importantly, for very high intensities of the Bessel beam central core, the 
electrodes do not reach the top surface due to the nature of the Bessel 
beam. Indeed, the high damage at the top surface of the sample, with 
consequent graphitic-like phase formation at the air/diamond interface, 
blocks a portion of the Bessel beam which cannot penetrate just below 
the surface. Nevertheless, thanks to the conical energy reservoir [32] the 
beam gets again recreated after a small distance (few/tens μm length) 
from the top. This results in an in-bulk electrode length shorter than the 
sample thickness. Finally, we observed in our study, similarly to what 
shown in [31], that at low pulse durations such as 200 fs, a slightly 
larger number of pulses is required with respect to the normal threshold 
number for the graphitic wire to reach the top surface. 

3.2. Role of pulse duration in GME fabrication 

Since the aim of this work was to obtain the most uniform graphitic 
wires and the best conductivity values for the fabricated electrodes, we 
explored in the following the separate role of the pulse duration and of 
the pulse energy on the graphitic microstructures obtained by Bessel 
beam laser writing. 

3.2.1. Morphology 
We have observed that the morphology and thickness of the graphitic 

microstructures obtained at a given pulse energy remain almost 
invariant, irrespective of different pulse duration values. As an illus-
tration, the evolution of GMEs fabricated with different pulse durations 
and for a 6 μJ pulse energy is presented in Fig. 5. 

It can be observed that even though the size of the central core of the 
electrode remains the same (~ 2.5 μm), the effect of cracking is more 
visible as the pulse duration is increased. In other words the lateral 
cracking giving rise to the feather-like structures becomes dominant 
with respect to the formation of a central homogeneous core of the 
microchannel in the ps regime, so that the compact and continuous 
nature of the central portion of the electrode is lost. The cracking effect 
at high pulse durations can be explained in terms of the stress change Fig. 3. Schematic set-up for the electrical characterization of the in-bulk GMEs.  

A. Kuriakose et al.                                                                                                                                                                                                                              



Diamond & Related Materials 136 (2023) 110034

5

and time taken for the graphitization process [33]. Diamond graphiti-
zation is a process that takes a few picoseconds [34]. When a part of the 
diamond lattice is converted to a graphitic-like phase under laser irra-
diation, its density becomes lower, resulting in a volume increase at that 
point and thus an internal strain formation [35]. If the laser pulse 
duration is shorter than a few picoseconds such as 200 fs in this case, 
when the pulse ends, a graphitic globule of minimal dimension (close to 
the laser spot size depending on the pulse energy) is formed without 
collateral damage in the near vicinity due to the “after-pulse” heating. 

As the pulse duration is increased (i.e. 15 ps), even after the formation of 
the initial graphitic-like globule, a large amount of energy is still 
deposited (and thermal effects become dominant because of avalanche 
ionization) leading to the creation of highly strained areas where 
macroscopic cracks occur, since the local strain overcome the tensile 
strength of the diamond. This effect is even more pronounced at nano-
second pulse durations [33]. 

The directionality of the crack formation can be described based on 
the different cleavage energy/damage thresholds at different crystal 
orientations of the diamond lattice. As it is evident, the sharp pro-
trusions emerging from the main graphitic lobe are at an angle with 
respect to the {001} surface. This angle is close to 54.5o which is exactly 
the angle between the {001} and {111} planes' orientations (Fig. 5). 
Interestingly, the {111} plane is the one with the lowest cleavage energy 
and strength in a diamond lattice [36]. This explains the repetitive and 
unidirectional growth of sharp microstructures as branches of the main 
graphitic lobe. 

3.2.2. Current-voltage curves characteristics 
We conducted a detailed study of the electrical properties of in-bulk 

wires perpendicular to the diamond sample written with different beam 
parameters. The resistance/resistivity of seventeen graphitic micro-
electrodes fabricated by varying the pulse energy between 3 and 8.5 μJ, 
with different pulse durations (200 fs, 1 ps, 10 ps and 15 ps) was 
measured with a current–voltage measurement set-up as detailed in 
Fig. 3. For all the tests mentioned in this work, we used a voltage range 
of − 450 to 450 V, a compliance current of 25 mA, a step value of 5 V and 
a measurement time of 300 ms. The I-V tests for each electrode were 
conducted multiple times resulting in an error standard deviation of 5 %. 
In Fig. 6, we represent the I-V curves of various electrodes fabricated 
with a pulse energy of 6 μJ and with different pulse durations, namely 
200 fs, 10 ps, and 15 ps respectively. 

Fig. 4. Optical microscope images of the diamond sample (lateral view) showing the different GME structures obtainable with different beam parameters. The scale 
bar is the same for all images. 

Fig. 5. Optical microscope images of a central portion of the diamond sample 
(lateral view) showing the variation of structural morphology of different GMEs 
with respect to pulse durations. The pulse energy used was 6.5 μJ. The 
magnification (featured by the scale bar clearly highlighted in white) is the 
same for all images. 
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The GMEs fabricated in different pulse duration regimes are char-
acterized by different electrical behaviour. In particular, Fig. 6(a) shows 
the presence of a potential barrier of 15 V, only after which the electrode 
shows an ohmic behaviour. Note that the observation of a potential 
barrier has been already mentioned in previous work [37]. Even with a 
potential barrier, the electrode is featured by a resistivity value of 0.2 Ω 
cm which is top-notch with similar works such as [8,38,39]. The 

resistivity values were calculated using the equation ρ = RA/L, where ρ 
is the resistivity, R is the resistance calculated from the graph, A is the 
cross-sectional area of the electrode (considering a diameter of about 
2.5 μm) and L is the total length of the electrode (500 μm). The graphitic 
electrodes fabricated using lasers may not have continuous graphitic/ 
conductive channels. Instead, there is a higher chance to have micro-
scopic gaps between each graphitic globule and thus, to have a 

Fig. 6. Evolution of IV characteristics of three microelectrodes fabricated in diamond by Bessel beam machining with 200 fs pulses (a), 10 ps pulses (b) and with 15 
ps pulses (c). In the first case we observe the presence of a 15 V potential barrier (see inset). Horizontal sections of the IV curves are due to the reaching of the 
current compliance. 
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continuous path for the charge flow, these gaps should be overcome. The 
voltage required to break down the gap is called the potential barrier/ 
breakdown voltage. This theory has been confirmed by the findings of 
[40] where the presence of sp2 carbon (associated with the conductive 
nature of the wire) was just 16 % by volume. Note that in [37,40] fs laser 
microfabrication was used, as in the case above described, thus sub-
stantiating the same behaviour as ours. 

For graphitic microwires fabricated with higher pulse durations such 
as 10 ps and 15 ps, the behaviour of the corresponding IV curves is 
different. As shown in Fig. 6(b) and (c), the potential barrier is zero thus 
confirming a perfect ohmic behaviour of the electrodes. In addition, the 
resistivity of electrodes fabricated at 10 ps and 15 ps is reduced by more 
than 80 % and 60 % with respect to the electrode fabricated with 200 fs 
pulses, leading to an outstanding resistivity value of 0.04 and 0.07 Ω cm 
respectively. We attribute the slightly higher resistivity for the 15 ps case 
compared to the 10 ps case, to the fact that the electrode fabricated with 
the longer pulse duration is featured by a more discontinuous graphitic 
microstructure compared to that fabricated with 10 ps (see Fig. 5). As 
shown in Section 3.2.3, the lower resistivity values obtained for the ps 
regime are associated with a higher concentration of graphitic-like/sp2 

phase compared to the fs regime (see Fig. 7). 

3.2.3. Micro-Raman analysis 
In order to understand the crystalline structure of the laser-written 

graphitic electrodes created at different pulse durations, micro-Raman 
spectroscopy was performed by focusing the laser beam used for the 
measurement at the top of the wires (a few micrometer below the sample 
surface in order to maximize the signal). In Fig. 7 we present the spectra 
recorded in the central part of two wire cross-sections, corresponding to 
two different GMEs fabricated with 200 fs and 10 ps pulses respectively. 

In both cases, the presence of the D-band (around 1351 cm− 1) and G- 
band (around 1585 cm− 1) together with the diamond peak (1332.2 
cm− 1) suggests that the Bessel beam micromachining leads to a material 
conversion from sp3 to sp2 type bonding, thus transforming the diamond 
into a mixture of sp2 carbon phases. In the case of fs laser fabrication, the 
intensity of the diamond peak remains high while the latter is almost 
suppressed in the ps regime. The opposite happens for the G and D 
bands, both common for sp2 carbon systems (G-band arises from vibra-
tions in-plane of the sp2 carbons, whereas D-band is related to ring 

breathing modes activated by defects or disorder). The G and D bands 
are dominant for electrodes created in the ps regime compared to those 
created in the fs regime. The ratio of the diamond peak and the G-band 
can also give a measure of the sp2 carbon content inside the electrodes. 
This is, diamond peak is clearly visible in the fs regime, whereas it is 
almost covered by the sp2 carbon signal in the ps regime. A higher 
content of sp2-bonded carbon is thus revealed for the electrode fabri-
cated with longer laser pulses, namely here 10 ps, in accordance with the 
results of our electrical measurements having highlighted in that case a 
greater electrode conductivity with respect to the fs case (given similar 
wires diameters), and as also reported in the literature [27]. 

However, a complete disappearance of the diamond phase may be 
discarded: although graphitic-like phases are more absorptive phases 
than diamond, a small diamond peak is still visible in the 10 ps Raman 
spectra. This observation agrees with the TEM results reported by Salter 
et al. [39]. Inside the wires, we have a mixture of damaged diamond and 
clusters of sp2 carbon embedded within sp3 phases. Finally, if we 
compare the shape and width of the D and G bands that appear in Fig. 7, 
both signals are similar. This is because the carbon phase formed has 
similar structural characteristics. Therefore, the increase in the con-
ductivity is related to the increase of diamond transformation into 
graphitic-like clusters in the ps regime. Similar behaviour has been 
observed for example in carbon black materials, where an increase in the 
contact between the carbon particles produces an increase in the con-
ductivity [41]. 

We could thus speculate that for the electrode fabricated with 10 ps 
laser pulse duration, larger size of the graphitic-like globules are formed 
during the radiation matter-interaction and possibly absence of micro-
gaps between them may contribute to a smooth flow of charge and thus 
to the absence of the potential barrier as shown in Fig. 6(b). A detailed 
study of the variation of the potential barrier with respect to different 
laser writing parameters will be the object of a future work. 

As we have pointed out before, the material that we have inside the 
wires is a mixture of damaged diamond and sp2 bonded clusters. This is 
seen in the Raman signal by an increase of the G and D bands, along with 
an increase in the recorded background (due to the damaged material). 
If we remove the background and plot the value of the signal recorded at 
1585 cm− 1 (G-band), at 1360 cm− 1 (D-band), we can see that these 
bands are confined inside the formed wires. 

We observe that the highest intensity region for the modified mate-
rial (highest D and G bands signal) has an extension of a few microns, 
which is in the same order of magnitude as the diameter of the Bessel 
written electrode. Given the good results of conductivity, it seems that 
the presence of lateral cracking in some wires do not have a negative 
impact on the electrical properties. This suggests that mainly the central 
core of the wire (the yellow-red region in the maps of Fig. 8), featured by 
the highest concentration of sp2 graphitic-like phase, contributes to the 
charge flow and thus to the current. 

3.3. Role of energy in GME fabrication 

The dimensions of the laser written electrodes in diamond depend on 
the pulse energy. More precisely, it has been shown that the use of 
higher energy pulses leads to the fabrication of bigger electrodes [8]. 
Here, on one hand, we present some results from Bessel beam micro-
machining with a laser pulse duration of 10 ps and different pulse energy 
values. On the other hand, we compare the morphology of the graphitic 
wires obtained at fixed peak power by varying the energy and pulse 
duration values. 

3.3.1. Morphology 
In the case of Bessel-written GMEs, we have observed that a mod-

erate increase in energy does not make a huge difference in the diameter 
of the electrode. Instead, a change in the crack length is observable (see 
Fig. 9). A noticeable variation in the electrode dimension occurs only at 
high energies. In Fig. 10 we analyse the effect of pulse energy on the 

Fig. 7. Micro-Raman spectra recorded at the top of two electrodes fabricated 
respectively with 200 fs and with 10 ps pulses. The signal is normalized to the 
G-band. 
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graphitic wire morphology by keeping the peak power fixed, namely 
250 kW. 

Since the electrode diameter does not depend on the pulse duration 
(see Section 3.2.1), we may assume that pulse energy is the key 
parameter determining the electrode transverse size. At high energies, 
both the crack length and the dimensions of the main core of the 
microstructure increases. 

3.3.2. Current-voltage curve characteristics 
We have noticed that the I-V characteristics of the graphitic micro-

electrodes depend on the pulse energy used to write them. Higher energy 
leads to electrodes with huge dimensions and thus, less resistivity. 
Working at different energy values, we observed that the conductivity 
increases to a certain optimum value, and then it decreases. An example 
of such a trend for a 10 ps pulse duration fabrication regime is illustrated 
in Table 1, where we have reported the cases of four electrodes obtained 

Fig. 8. (a) Optical microscope image of the top trace of a single GME fabricated with 10 ps pulses. (b) and (c) Contour plot of the same GME –indicating the evolution 
of G-band and D-band signals with respect to the scan position. 

Fig. 9. Optical microscope images of a central portion of the diamond sample (lateral view) showing the different morphologies of GMEs obtained with different 
pulse energies (as indicated at the top of the images) and a pulse duration of 10 ps. The magnification (featured by the scale bar clearly highlighted in white) is the 
same for all images. 

Fig. 10. Optical microscope images of a central portion of the diamond sample 
(lateral view) showing the different morphologies of GMEs obtained with 
different pulse energies and pulse durations (as indicated at the top of the 
images) in order to keep a fixed pump peak power (2.5 × 105 W). The scale bar 
is the same for all images. 
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with different Bessel beam pulse energies. The GME with the least re-
sistivity value (0.04 Ω cm) is the one associated with the IV and 
microRaman results presented respectively in Fig. 6b and Fig. 7b. We 
believe that higher pulse energies might reduce the overall homogeneity 
and thus the quality of the electrode, therefore increasing its resistivity. 

In general, by using the best laser parameters, we are able to fabri-
cate electrodes with low resistivity values; in particular, for the elec-
trode having resistivity of ≃ 0.04 Ω cm, this corresponds to an 
outstanding conductivity of 2500 S m− 1, which is, to the best of our 
knowledge, one of the best values compared to the literature, where 
resistivities of 0.1 Ω cm [42], 0.8 Ω cm [6], 0.06 and 0.9 Ω cm [38], 0.02 
Ω cm [9], 1.6 Ω cm [43] and 3.9 Ω cm [8] at fs/ps fabrication regimes 
have been reported. 

4. Conclusions 

To summarize, in this work, we have shown that graphitic micro-
electrodes (GMEs) can be fabricated in a monocrystalline CVD diamond 
sample using pulsed Bessel beams featured by a 3 μm diameter core and 
a non-diffracting zone of 700 μm (along beam direction) at 20 Hz 
repetition rate. The in-bulk fabrication of such electrodes perpendicular 
to the sample surface is possible in multiple shots with no sample 
translation along the beam propagation direction. Optimization of GMEs 
has been done using different laser writing parameters. In contrast to 
previous works reported in the literature, the optimization has been 
done without the use of techniques for aberration corrections (such as 
the use of a spatial light modulator) thanks to the already elongated 
focus of the Bessel beam and the longitudinal writing configuration. The 
morphological, electrical, and structural features of the electrodes have 
been analysed by optical microscopy, current-voltage tests and micro- 
Raman measurements, respectively. The results presented in this work 
refer to the micro-machined sample analysed after a thermal annealing. 

Pulse duration plays a huge role in the conductivity of such in-bulk 
electrodes also for Bessel beam machining. We have confirmed that a 
higher pulse duration favours better conductivity. The micro-Raman 
spectra with highly intense diamond peak for electrodes fabricated in 
the fs regime compared to those fabricated in the ps regime confirm the 
same by denoting the better transformation of diamond into graphite at 
latter regime. We have shown that even though the transverse di-
mensions of the electrodes are not really affected by the pulse duration, 
for a given pulse energy, the length of the cracks increases slightly with 
increasing pulse duration. The dimensions of the electrode generally 
depend on the pulse energy. Even though there is no evident dimen-
sional variation at low energy regimes, the morphological change is 
highly pronounced at high energies where the cracking effect is also 
highly dominant. For what concerns the conductivity of the GMEs, we 
found that it initially increases as the pulse energy increases, and this 
trend continues only until the optimum value of 0.04 Ω cm for 6 μJ is 
reached, after which the conductivity starts to decrease again. 

Through the Bessel beam writing, it is possible to create graphitic 
microelectrodes with resistance as low as 41 kΩ opposed to the 
measured resistance of diamond which is close to 11 GΩ. We have 
measured for the best quality electrode a resistivity of 0.04 Ω cm, which, 
to the best of our knowledge, is one of the lowest values compared to the 

literature results and the lowest using Bessel beams. In addition, it is 
worth mentioning that it is the lowest value achieved for an in-bulk 
graphitic micro-electrode written perpendicular to the surface of the 
sample using laser micromachining. The relevance of this work lies in 
the optimization of the electrodes in terms of morphology (uniformity of 
the wires) and conductivity values, as GMEs are important for their 
integration with other microstructures such as optical waveguides, 
microfluidic channels, and optically active colour centres. This will be 
beneficial not only for the fabrication of photonic and microfluidic chips 
where graphitic electrodes can be incorporated for electric field gener-
ation and sensing, but also for a faster fabrication of electrode arrays for 
applications such as highly energetic radiation detectors in nuclear 
physics and medical dosimetry. 
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