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Abstract: We present a laser machining method based on the use of pulsed Bessel beams to
create, by single pass transverse writing, three-dimensional trench-like microstructures on a
synthetic monocrystalline diamond substrate. By tuning the laser pulse energy and the writing
speed, it is possible to control the features of the surface trenches obtained and to optimize the
resulting high aspect-ratio and low roughness microstructures. This work confirms the
potentialities of quasi-stationary beams in ultra-fast laser inscription technology. In particular
the presented results show the possibility to fabricate deep and precise microfluidic channels
on biocompatible diamond substrates, offering a great potential for biomedical sensing
applications.
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1. Introduction

Diamond substrates and films have been adapted for many uses because of the material's
exceptional properties such as the highest thermal conductivity, high mechanical hardness,
wide bandgap, very good optical properties as well as chemical resistance. Indeed diamond
has now rapidly been gaining interest for different applications, such as photonics [1]
including optical waveguiding [2,3], and quantum information technologies [4,5] thanks to
the properties of the nitrogen-vacancy center [6]. Moreover the advantages of diamond in the
field of biosensors are enormous, thanks to its chemical stability, its largest electrochemical
potential window, and its biocompatibility, which makes this material preferable with respect
to other biocompatible materials [7,8].

However because of its hardness, efficient fabrication methods for diamond are still
limited, especially for cases where sub-micron or micron size surface microstructures are
needed such as for biosensing or microfluidics applications. Channels in fluidic systems have
always been difficult to fabricate, especially in the case of diamond where mold techniques
[9-11] with the use of sacrificial layers are usually adopted. Focusing ion beam technology
[12,13], or alternatively reactive ion etching [14] have also been used for monolithic
microfluidic channels fabrication or surface modification on diamond, with lengthy processes
or inefficient etching rates.

In the last few years, the femtosecond (fs) laser technology has seen a considerable
growth in scientific and manufacturing communities for its precision and damage free
capability [15], enabling the micromachining of different materials for photonics applications
[16]. In the case of surface machining of diamond the use of the laser microfabrication
technology has been mainly limited to the investigation of the periodical sub-micron ripples
observed on the sample surface after laser irradiation [17-22], and to the generation of
channel-like structures with an average depth of less than half micron [23].

We propose a novel approach to surface deep microchannel fabrication, exploiting the use
of non-diffractive Bessel beams [24]. Indeed the standard laser micromachining techniques
making use of focused Gaussian beams, determine a high degree spatial energy confinement
with an aspect-ratio given by the focal volume, imposing a constraint on the speed and quality
of the microfabrication in some applications where larger dimensions of the machined
structures are required. For instance in microfluidics, extended channel depth allows for
increased throughput at the optimized flow velocity [25]. Nonconventional beam shapes are
more and more under investigation and are designed to meet the requirements of a given
material configuration or application that could not be feasible with Gaussian beams [26].
Recently high aspect-ratio microstructuring was demonstrated by focusing a femtosecond
pulse in Corning glass (BK7) with a conical lens, in different illumination regimes [27-30],
opening the way to high speed deep-drilling and cutting of glass samples [31]. All these
results are based on the fact that a Bessel beam is featured by a central core surrounded by
rings which constitute the beam energy reservoir for a non-diffracting propagation. In the
stationary nonlinear regime [32], a finite energy Bessel beam leaves in its wake a uniform
elongated plasma track, generated by the main Bessel lobe, that is the main support for the
nonlinear absorption of laser energy. In the present paper we shall use the Bessel beam in
transverse writing configuration in such a way to generate an ablation pattern on the diamond
substrate surface, featured by micron-sized high aspect-ratio trenches opportunely tailored as
a function of the beam parameters and writing speed.
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2. The experiment

The laser source used for this experiment is a regeneratively amplified mode-locked
Ti:Sapphire laser system delivering 800 nm, 200 fs laser pulses at 20 Hz repetition rate. The
Gaussian laser beam, spatially filtered and demagnified is reshaped into a Bessel beam (BB)
after being reflected on a spatial light modulator (SLM, Holoeye) imprinting on the beam the
phase mask of a conical lens (axicon). The pulse energy is adjusted by means of a half-wave
plate combined with a linear polarizer, and measured at the sample position before the
micromachining process. Note that the damage energy threshold of our SLM in the fs pulsed
regime is about 3 mJ (well above the energy values used in this microfabrication experiment).
By changing the axicon angle parameter (linked to the Bessel cone angle 6) we can adjust
the Bessel non-diffracting length (Bessel zone) z, = w,/tané@ and the Bessel core radius

size 7, =2.40401/2xsin€, w, being the transverse size of the input beam on the SLM

evaluated as full width at half maximum (FWHM) from the intensity transverse profile. The
resulting BB, demagnified by a suitable telescopic system constituted by a f = 300 mm lens
(L1) and a 0.45 N.A. 20X optical microscope objective (OM1), is injected orthogonally to the
surface of a polished synthetic monocrystalline diamond sample (type II, 5x 5x 0.5 mm’, MB
Optics), previously mounted and aligned on a computer controlled three-axes motorized
translation stage (Aerotech). A scheme of the microfabrication part of the set-up is illustrated
in Fig. 1. Before laser writing, the evolution of the intensity beam profile along z is monitored
by means of a temporary imaging system (not shown in Fig. 1) in order to quantitatively
characterize the length of the Bessel zone. In our case the micromachining is performed with
a Bessel beam featured in air by a 20° cone angle, a 0.7 pm central core (FWHM), and a total
non-diffracting zone length of about 150 um. Note that because of the Gaussian shape of the
input beam impinging on the SLM phase mask, the intensity profile of the resulting BB is not
flat along the propagation direction z, and therefore the relative shift along z between the
Bessel zone of the beam and the sample is important for the optimization of the ablation depth
of the surface. During the laser writing, a real time imaging onto a CCD camera of the (back-
illuminated) sample is realized by means of a telescopic system constituted by the microscope

objective OM1 and a 150 mm lens (L2).
M2
/ ——————————————————————— CCD

Bessel beam
from SLM 5
; M, La
Dichroic mirror
L ‘
Y 20x
J 3 ’
= Elongated focal zone
of the Bessel beam
—,
Led

Fig. 1. Scheme of the microfabrication part of the experimental set-up.
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3. Results and discussion

We present in Fig. 2 scanning electron microscopy (SEM) images of about 80 um long tracks
written on the diamond surface in different conditions. The top images Fig. 2(a), 2(b) and 2(c)
corresponding to trenches both obtained for 100 nm/s writing speed (the low value simply due
to the low repetition rate laser available), allow us to appreciate the effect of the pulse total
energy on the surface features of the resulting trenches. Note that the time employed to
machine tracks as those presented here is of course scalable and can be drastically reduced
provided we use a kHz laser, for which thermal effects during the laser fabrication are still
negligible, and each laser pulse acts on the material independently. The bottom images Fig.
2(d), 2(e) and 2(f) correspond to tracks obtained for 1 pum/s, 5 um/s and 10 pm/s respectively
(maintaining a fixed energy level). Clearly with a higher laser writing speed the number of
pulses spatially superimposed during translation decreases, and consequently lower net
fluence results in shallower depths of the central part of the written tracks. In the limit case of
single shot (or double shot as in Fig. 2(f)) the track loses its continuity, and separated ablation
areas appear. The aspect-ratio of these microstructures, which can be defined as AR = h/d
where 7 is the ablation depth and d is the trench width (at its half depth), reaches AR = 8 for
the cases of Fig. 2(a) and Fig. 2(b). It is worth noting that for a given fluence distributed in
the focal volume, the ablation process by means of the Bessel beam turns out to be much
more efficient with respect to the use of Gaussian beams, for which the Rayleigh range is at
least one order of magnitude lower than the Bessel non-diffracting zone. In other words, in
order to obtain channels with similar depth, a much smaller number of shots per position (and
thus less time) is needed when using Bessel beams.

Fig. 2. Tilted view SEM images of microtracks machined in single pass on the diamond
surface by means of a femtosecond pulsed Bessel beam with core size of about 0.7 pm
(FHWM) in air, for different transverse writing speeds and pulse energies. The scale bar for all
SEM images is 10 um. In (a), (b) and (c) the writing speed corresponded to having 280
spatially superimposed pulses. The energy per pulse was £ =3.5 wJ in (a), 7 uJ in (b) and 10 pJ
in (c). The tracks in (d), (¢) and (f) have been written with £ = 7 uJ and with machining speed
such to have respectively 28 (d), 9 (e) and 2 (f) spatially superimposed pulses during the
sample translation.

The pulse energy can be adjusted in such a way to exploit only the central lobe of the BB
in the radiation-matter interaction for the ablation process (i.e. BB peak intensity greater than
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the ablation threshold of the material). Since the peak intensity of the central lobe of the BB is
much higher than that of the lateral rings, one can work in a regime where only the BB core is
nonlinearly absorbed by the material, with an efficient energy transfer in depth along the
propagation into the sample lattice. In the present work, for the energy values used and
because of the spatial superposition of the pulses, the lateral rings of the BB affect in any case
the side of the written tracks. In particular the traces left by these rings can be clearly seen
around most of the V-shaped 3D microstructures of Fig. 2 (in particular in Fig. 2(b)). In
general these tracks are featured by a deeper central trench “digged” by the BB central core
during the nonlinear absorption process. Note that for the large trench shown in Fig. 2(c) (in
this case 10 um wide), a strong nonlinear absorption of the whole beam has occurred,
resulting in an extended and heavy ablation of the material where the imprinting of the Bessel
beam intensity profile is no longer observed. It also turns out that for a given beam intensity
at the material surface, the angle of the V-shape of the microstructures is directly related to
the Bessel beam cone angle. This is in analogy with previous observations related to the effect
of the numerical aperture micromachining experiments performed in glass or steel with
Bessel beams [33,34]. On the other hand, in the cases presented in this work where the Bessel
beam geometry is fixed, while the depth of the trenches is determined by the writing speed,
their transverse width depends on the pulse energy. Finally note that considering the equal
distribution of the total pulse energy through the rings of the beam, we calculated the fluences
associated with the BB core and used here for the surface ablation to be of the order of a few
J/em? (from 2 to 6 J/cm?) thus above the diamond damage threshold [35].

The results presented in Fig. 2 have shown the possibility to tailor the cross-section of the
trenches that can be generated (with arbitrary length) at the diamond surface, and potentially
useful for ad hoc microfluidics applications, biosensing or analytical tasks, depending for
instance on the size of the cells and biomolecules to be detected.

We focus now our attention on the surface pattern ablation of Fig. 2(a). A top view
magnified SEM image of a portion of that trench is reported in Fig. 3, showing the presence
of a central track surrounded by nanopatterned walls.

Fig. 3. Top view SEM images of a portion of the trench reported in Fig. 2(a).

A wet etching has been carried out to clean the samples and remove the possible graphitic
contamination derived by the laser micromachining process. The chemical wet etching was
performed with a solution of H,SO, (96%vol): HNO;(69%vol): H;O (with volume ratio
8:4:1) at 70° for 8 h, which as it will be shown later, attacks an eventual graphitic layer but
not the diamond substrate [22]. The apparent smoothness and regularity of the high aspect-
ratio, 12 um-depth, ablated structure of Fig. 2(a) is confirmed by the SEM image taken after
the etching and shown in Fig. 4(a). Indeed the image reveals the presence of an homogeneous
microchannel of about 1.5 um width, at the very center in depth of the 3D V-shaped trench
also featured by nanogrooves at the bottom and on its walls. While in Fig. 4(a) the Bessel
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beam polarization was parallel to the sample translation direction, in Fig. 4(b) we present the
SEM image of a trench generated with the same laser parameters and writing speed as in Fig.
4(a), but with the sample translation direction orthogonal to the beam polarization. In this
case a high aspect-ratio trench similar than before can be fabricated, and its nanogroove fine
structure lies now parallel to the microchannel direction.

2.56 pm

00KV 10 6800x SE 64 3n
g

Fig. 4. Top view SEM images of the microchannels formed inside the machined trenches in the
conditions of Fig. 2(a), for two different transverse writing directions; respectively parallel (a)
and orthogonal (b) to the laser beam polarization. In ¢) and d) AFM tapping-amplitude images
of the labelled (dashed) regions in the SEM images.

The periodic nanostructures observed within the whole ablated region with a periodicity
of the order of A/2n (where n is the material refractive index, and A the laser wavelength),
are in accordance with previous works and are attributed to the interaction between the laser
pulse and a laser-induced plasma [19,21]. Note that as expected the nanogrooves lie
orthogonally to the laser polarization.

To evaluate the surface roughness of the trench, topography images have been acquired by
an atomic force microscope (AFM) in tapping mode with a Veeco Innova instrument, and
super-sharp silicon probes (typical radius of curvature 2 nm) have been used for high-
resolution imaging of the nanogrooves. AFM images relative to the labelled (dashed) regions
of the SEM images of Fig. 4(a) and 4(b) are presented in Fig. 4(c) and 4(d) respectively. The
observation of our sample through AFM diagnostics has highlighted an average depth of the
nanogrooves lying in the range of 130-150 nm, the estimation having been made by taking 9
linescans in different positions on the AFM topographic images analyzed without any
smoothing.

The diamond surface can be relatively easily and reliably functionalized with organic
molecules, DNA or enzymes and it is suitable for the attachment of circulating tumor cells
(CTC) [36,37]. The possibility to write in a controlled way nanometer-sized substructures
inside the trenches of a microfluidic chip can be therefore an added value especially for
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biosensing applications, in all cases where the cells to be isolated, based on their
biomechanical properties, present a different adhesion to particular nanorough surfaces, or
nanogrooves orientation. Finally note that the microchannel roughness (at the subwavelength-
scale) may also imply that the generated microchannels might behave as optical slot
waveguides, now an emerging field towards the realization of highly sensitive biochemical
optical integrated sensors [38].

The diamond substrate was also characterized by micro-Raman spectroscopy in order to
show the formation of graphitic-like phase on the tracks after the laser irradiation [39]. Micro-
Raman spectra were recorded by means of a Labram Aramis John Yvon Horiba system with a
DPSS laser source at 532 nm and equipped with a confocal microscope and an air-cooled
CCD. A 100X objective was used to focus the laser on the sample as well as to collect the
Raman signal, with a spatial resolution of about 1 um. We can achieve a wavenumber
accuracy of about 1 cm™ with a 1800 line/mm grating. We report in Fig. 5 the results relative
to a trench written in conditions similar to those of Fig. 2(c), that is, in conditions of strong
laser irradiation (due to low writing speed and high energy). The spectra measured after the
laser irradiation (Fig. 5(b) and 5(c)) on this track featured two peaks: the G-peak centered at
1598 cm™" and the D-peak around 1351 em™. These peaks appear in the Raman spectra of
various nanocrystalline and amorphous carbons, with position, width and relative intensity
depending on the carbon phase [37]. In our case, from their position, relative intensity
(I(D)/I(G) =1.1) and FHMW of the G-peak (around 70 cm™") we conclude that nanocrystalline
graphite is formed. This behavior follows the trend observed in [2], where lower repetition
rates of the femtosecond laser induce the formation of more nanocrystalline graphite clusters.
The appearance of second-order Raman peaks (at 2700 cm™' (2D peak) and 2900 cm™ (D + G
peak)) is also indicative of ordering of the graphitic-like phase [40]. It is important to note
that the diamond crystal peak at 1331 cm™ is not visible in these spectra, because absorption
of the graphitic layer does not allow to detect the diamond below.

a) b) Point 1: Wall of the track C) Point 2: Center of the track
oy . 1.0 D-peak 1.0 .
= Diamond G-peak = Diamond G-peak
£ 0.8{peak & 0.8qpeak
z Before etching|| 2 Before etching
g 0.6 After etching E 0.64 —— After etching
N = =
. : o 3 04
£ 02 £ 02
£ =
S ]
= 00 “ 00
"S00 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Raman shift (cm™) Raman shift (cm )

Fig. 5. a) Optical transmission microscope image of a deep trench written by Bessel beam fs
laser machining ; b) and c¢) normalized Raman spectra measured before (blue) and after (red)
etching, on a point respectively at the wall and at the bottom center of the machined trench.

The Raman measurements were repeated after the chemical wet etching described before.
The graphitic-like layer turns out to be almost completely removed after the chemical etching,
as shown in Fig. 5, according to the appearance of the crystal diamond peak coming from the
diamond surface of the channel. The detection of weak D and G components on the wall of
the trench (Fig. 5(b)) may be attributed to the different wettability of the wall due to its higher
roughness, and thus to a less efficient etching process. On the other hand at the bottom of the
machined channel, where in addition the etching solution may be driven by the V-shape of the
trench, only the diamond peak is detected.

Note that microchannels covered with a graphitic layer may also constitute an advantage
in those biosensing application cases where the main purpose of the conducting phase is to
supply electrical conductivity needed for the conduction of electrical biosignals [41].
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4. Conclusions

To conclude we have shown the possibility to create high aspect-ratio microstructures on
monocrystalline diamond by laser transverse writing using femtosecond quasi-stationary
micron-sized Bessel beams. These beams thanks to their conical energy reservoir can
propagate in depth in the material along distances much higher than the typical Rayleigh
range of focused Gaussian beams of equivalent dimensions, allowing thus to obtain ablated
trenches with features that depend on the beam parameters and writing speed. This work
opens the way to the fabrication of ad hoc smooth and deep microfluidic channels on
biocompatible diamond substrates, thus offering a great potential for biomedical sensing
applications.
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