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Abstract: Laser machining by ultra-short (sub-ps) pulses at high intensity offers high precision, high
throughput in terms of area or volume per unit time, and flexibility to adapt processing protocols to
different materials on the same workpiece. Here, we consider the challenge of optimization for high
throughput: how to use the maximum available laser power and larger focal spots for larger ablation
volumes by implementing a fast scan. This implies the use of high-intensity pulses approaching
~PW/cm? at the threshold where tunneling ionization starts to contribute to overall ionization.
A custom laser micromachining setup was developed and built to enable high speed, large-area
processing, and easy system reconfiguration for different tasks. The main components include the
laser, stages, scanners, control system, and software. Machining of metals such as Cu, Al, or stainless
steel and fused silica surfaces at high fluence and high exposure doses at high scan speeds up to
3 m/s were tested for the fluence scaling of ablation volume, which was found to be linear. The
largest material removal rate was 10 mm?/min for Cu and 20 mm3/min for Al at the maximum
power 80 W (25]/ cm? per pulse). Modified surfaces are color-classified for their appearance, which
is dependent on surface roughness and chemical modification. Such color-coding can be used as a
feedback parameter for industrial process control.

Keywords: laser machining; ultra-short laser pulses; 3D printing

1. Introduction

Tools have defined technical advancement throughout human history. They should
provide the required virtues for particular tasks and very often for material processing,
where they should have high resolution and high throughput of area or volume process-
ing. However, resolution and throughput are usually considered a trade-off [1], which is
known as Tennant’s law in the fields of optical and related lithographies [2] and ultrafast
laser processing [3]. It becomes an optimization task to simultaneously achieve a specific
resolution required for an application and to enhance throughput, usually through power
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scaling of the writing source (laser, electron beam, or ion beam). In optical lithography
for microelectronic applications, high throughput was achieved via large-area projection
systems [4-7], while resolution was gained by using shorter wavelengths [8-11]. How-
ever, these large-area processing tools are naturally losing flexibility to be adapted for
different processes and are increasingly expensive due to the requirement for highly uni-
form exposure conditions over larger areas. Also, the multi-step fabrication processes in
microelectronics create an additional challenge for overall throughput.

The recent decade of advances in 3D printing has stemmed from flexibility, on-demand
fabrication, and prototyping capabilities which are well aligned with the relatively small
footprint of tools/printers and low ownership and maintenance costs. One common
virtue of 3D printing approaches based on the use of light, fluidics, moulding, embossing,
etc., is the direct writing approach. While this sacrifices the productivity gains of large-
area projection tools, it benefits from the ability to deliver the required exposure dose of
energy /material for building a workpiece with tailored properties on the surface and inside
the volume. When the depth of energy deposition becomes important for volume-per-time
modification (rather than the saturation of thin-film "resist" exposure), laser machining is a
very appealing approach [12].

Laser 3D processing of materials by the direct write approach is one of the most rapidly
developing computer numerical control (CNC) machining methods, especially when ultra-
short-pulsed lasers are used [13]. This leads to precise laser machining applications such as
nano-scaled gratings [14,15] and nano-alloys [16]. A frontier science of high-energy research
requires large-area patterned photo-electrodes for electron emitters and accelerators, which
can be made using ablated ripple patterns [17] on Cu substrates [18]. Periodic patterns on Si
can be used for a tunable visible-near-IR light source produced by free-electron bunch/beam
and are compatable with CMOS technology [19]. Uniquely for sub-ps lasers, the pulse
energy can be delivered and deposited faster than the material response: it takes ~10 ps for
energy transfer from the absorbing electronic sub-system of solid /liquid /gaseous phases
to the atomic/molecular/ionic core sub-system. Subsequent hydrodynamic movement and
phase transitions occur on time scales from tens-of-ps to microseconds. With a burst mode,
where fs-pulses can be bunched into bursts with time separation corresponding to even
higher MHz-GHz frequencies while keeping low frequencies of <MHz between the bursts,
the fastest material removal rates ~3 mm?/min become accessible and are comparable
with mechanical CNC machining [20]. Similar arguments about using different energy
deposition modes for high throughput modification of refractive index n in transparent
materials predict that energy per volume is more effective than the power of exposure for
a large change of n [21]. High-power 25 W laser machining of diamond for cutting tool
applications was demonstrated using longer picosecond (355 nm/10 ps) pulses [22].

A particular aim of this study was to test the possibility of assembling the laser, stages,
scanners, and 3D CNC machining software into a functional unit and to demonstrate the
feasibility of laser ablation/patterning of large volumes/surfaces. Using the resulting
setup, we apply high-pulse intensity /fluence per pulse [W/cm? and J/cm?] with different
total exposure doses up to 0.3 k] /cm? (per focal diameter) for laser machining of strongly
reflective metals Al, Cu, and stainless steel based on a laser with 1030 nm wavelength and
200 fs pulses at a 0.1 MHz repetition rate when thermal accumulation is not dominant.
The ablated volume reached significant removal rates V, ~ 10* um? at high beam travel
speeds of ~1 m/s and scaled linearly with the fluence per pulse, i.e., V, « F) with y ~ 1.
The irradiance used for laser machining ~0.2 PW/cm? was approaching conditions where
tunneling ionization becomes important (above 1 PW/cm?; see Appendix A). As com-
pared with avalanche and multi-photon ionizations, which are dominant at 1-10 TW/cm?,
tunneling ionization is of interest for more deterministic material machining due to the
possibility of reaching higher precision, resolution, and polarization-controlled chemical
bond breaking. The presented purpose-focused fs-laser machining setup can be assembled
for a specific function and be acquired on a lower budget compared with commercial
multi-functional fs-laser machining stations.
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2. Experimental Section: Setup and Materials
2.1. Assembly of fs-Laser Machining Setup

The multi-axis femtosecond laser CNC micro-machining system (Quoba Systems,
Figure 1a) includes a high-power femtosecond laser, high-speed galvanometer scanner,
5-axis sample-positioning stages, system control, and software. The laser: 80 W Carbide
(Light Conversion), wavelength of choice A = 1030, 515, 343 nm, pulse duration t, = 200 fs,
maximum pulse energy of 0.8 mJ, maximum repetition rate f = 2 MHz, and tunable GHz
and MHz burst with burst-in-burst (bi-burst) capability. In burst mode, the output consists
of pulse packets instead of single pulses, where each packet consists of a certain number
of equally separated pulses. The MHz-burst contains up to 10 pulses with a 15 ns period
and GHz-burst contains up to 10 pulses with a 440 ps period. Intra-burst amplitude slope
can also be adjusted. Switching and adjusting bi-burst mode is fully automated. The
Carbide laser comes with a fast energy control (FEC) capability, which allows changing
the energy of each laser pulse at the MHz repetition rate. Switching between linear and
circular polarization is also implemented across different wavelengths.

The telecentric fused-silica F-theta lens (Jenoptic, JENar, Jena, Germany) with F = 160 mm
focal length was used with a galvanometer scanner (Raylase, SUPERSCAN IV, Wefling, Ger-
many). The laser beam diameter D = 5 mm. This defines F-number F; = F/D = 32 and nu-
merical aperture NA = 1/(2F4) = 0.0156. Theoretical diameter at focus 2r = %2 F; = 42 ym.
The depth of focus, DoF, = %Fg = 2.69 mm for A = 1030 nm; the axial extent of the
pulse ct;, = 60 um. With the most conservative estimate of the laser beam quality factor
M? = 1.2 (measured value M? = 1.1), the beam diameter at focus becomes 50.5 um and
DoF = 3.87 mm. Specifications of the F-theta lens focusing for the input beam at the
conditions used give an estimate of 2r = 60 um for the entire scanning field of 50 x 50 mm?.
This was used for the calculation of fluence and intensity. Due to long DoF, multiple scans
Nsc =1 — 10 were used to ablate deeper structures without a change in focusing depth. A
change in scan direction was used between subsequent layers. Galvanometer scanners were
equipped with dual-coating mirrors to accommodate for 1030 and 515 nm wavelengths.

High-precision, direct drive stages (Standa, Vilnius, Lithuania) with non-contact
optical encoders ensure high positioning accuracy: 0.5 um bidirectional repeatability and
1 um absolute accuracy over the whole travel area of 400 x 400 mm. Maximum acceleration
and speed are 2 g and 2 m/s, respectively. Stages were used for translating samples beyond
the scanning field of the galvanometer scanner (50 x 50 mm in this case). The galvanometer
scanner was mounted on a 200 mm travel Z stage with a high 20 kg vertical load capacity
and similar positioning accuracy specifications as XY stages. System controllers (Polaris,
Medina, MN, USA) were used to synchronize all axes with the laser, providing an infinite
field of view (IFOV) capability, which splits motions task between stages and scanners,
optimizing scanning speed and accuracy and eliminating stitching errors.

The system is controlled using a very capable and flexible software package (Direct
Machining Control, DMC), which simplifies the laser machining design providing a user-
friendly interface and ability to import various format fabrication tasks and also generate
very complex machining paths without any G-code or other programming knowledge.
DMC also integrates machine vision capability and provides automated galvo scanner
field calibration.

The system is very modular and allows easy modifications to suit different fabrication
requirements. Two high-precision rotational axes are available for a full 5-axis fabrication
capability. Software and controllers are designed to control all 7 axes in real time and
can accommodate up to 32 axes in total. The system also allows simple integration of
high-N A objectives for high resolution (down to sub pm) fabrication and Bessel beam
setup integration for high-speed cutting of transparent materials. The presented modular
structure of a versatile fs-laser machining setup can benefit from the latest developments in
external pulse compressors (n> Photonics GmbH, Hamburg, Germany), which are suitable
for compression to 50 fs and 10 fs pulses in one or two stages, respectively, when high-peak-
power fs-lasers are used; those compressors were not used in this study.
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Figure 1. (a) Laser CNC machining assembly: laser, stages, and beam scanners for typical fs-laser setup.
(b) Laser machining of tooling steel and material cutting section where abrasive micro-sharp materials
are bound to the wheel shown at different resolutions (see text for parameter study). The correspondence
between the fabrication parameter space can be mapped onto color as a color-to-condition map (see
HEX color codes on the two selected matrix patches and their RGB values in (b); made with online
tool https:/ /html-color.codes/). These ablation matrices allow parameter dependencies to be explored:
power/fluence vs. pulse density, repetition rate vs. scan speed, etc., defining the exposure dose.

2.2. Ablation and Structural Characterization

Focusing and processing conditions were informed by the beam diameter on the
surface 2r = 60 um (nominal, without a telescope before F-theta lens) and twice as small
with a beam expander, depth of focus DoF ~ 2.7 mm (nominal), and scan speed for linear
beam travel vs. = 100 — 1 mm/s (along x-direction), which defines the number of pulses
per diameter from 60 to 6000 at f = 0.1 MHz (usual fabrication sequence was at a constant
density of pulses per length of scan). Hatching between neighboring lines was chosen
slightly smaller than the focal diameter and was Ay = 50 pm. The maximum fluence per
pulse was F, = 28.3 ]/cm? and consequently average intensity I, = 0.14 PW/cm?.

A Geiger counter (Radhound with an S5315 probe) sensitive to hard X-rays above an
energy level of 20 keV was used to monitor the emission of bremsstrahlung background.
The background noise from the lab environment was 25 £ 5 counts per min (cpm). Shielding
the direct view of the fabrication location on a workpiece with a sub-mm thick Al sheet was
enough to reduce the X-ray counts back down to background level. RDS-32 monitor was
used to determine radiation dose in uSv (~20 cm from fabrication site) and was always at
the background level for the highest power and pulse-to-pulse overlap (6000 pulses per
diameter of 60 pm).

Optical microscope (Nikon Optiphot-Pol., Tokyo, Japan) and profilometer (Bruker,
Billerica, MA, USA) were used to image laser-machined regions and to determine the depth,
which was evaluated with a precision of ~0.1 pm using high-numerical-aperture objective
NA = 0.4-0.9 lenses.

2.3. Material Properties

Light-matter interaction is defined by the permittivity, which is the square of the com-
plex refractive index €] + i€y = (n + ix)? = (n? — k?) + i2nx of material at the wavelength
of excitation (see Appendix B for another definition of the permittivity of metals). Herein, we
collect material parameters relevant to the analysis (Section 3). Energy values for good metals:
electron work function for Cu w, = 5.10 eV (100) orientation, 4.48 eV (110), 4.94 eV (111),
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and for Al 4.20; 4,06; 4.26 eV ({(100); (110); (111)). For stainless steels, w, = 4.08-4.19 eV [23].
The refractive index at 1030 nm: n + ix = 1.4033 + i9.8532 (Al: absorption coefficient
x = 1.2021 x 10° em™1), 0.33769 + i6.7731 (Cu: & = 8.2634 x 10° cm™ 1), n = 2.9421 + i3.9094
and & = 4.7696 x 10° cm~! for Fe (the main component of stainless steel).

The molar enthalpy of vaporization (and atomization) of Cu is 300 kJ /mol (338 k] /mol)
and similar values for Al 293 k] /mol (326 k] /mol). Solid density of Cu pc, = 8920 kg-m 3
(molar volume 7.11 cm® and molar mass Mc, = 63.546 g/mol) and that of Al py; =
2700 kg-m~3 (molar volume % = 10 cm® where molar mass M 4; = 26.98154 g/mol).

3. Framework for Analysis and Bench-Marking of Ablation Efficiency

Normalization of the ablation rate for the volume removal per pulse energy (for a
photon) and the number of pulses (per pulse), e.g., um?®/pJ /pulse, can be introduced to
compare the ablation efficiencies of different fabrication methods and conditions.

The material removal for a dielectric by fs-laser was matched to the mechanical CNC
machining rate in a burst mode for dental tissue ablation by ~800 fs laser pulses [20]
reaching V, = 5 x 107 um3/s (or ~3 mm?®/min) with Nj, = 25 pulses (in a burst) of
E, = 4 yJ/pulse energy at f;, = 1.7 GHz (in a burst), and separation between bursts was
fvp = 1 kHz. At those conditions, good final quality of the ablated cavity was achieved via
proper thermal management (no cracks were formed). The measure of ablation volume
per single pulse is estimated as a removal rate per pulse and normalized to its energy
as 1y = Vi / (fsNyEp) [um?®/uJ/pulse]. This estimate is still dependent on the in-a-burst
frequency f;;. The 17, was increasing for smaller E;, when f;, is large in a nonlinear way due
to thermal accumulation. For the burst removal of dental tissue, the efficiency per pulse
was 17, = 500 um3/ pJ/ pulse. This example shows the ablation efficiency of a material of
complex composition using single and burst modes of laser irradiation.

For industrial applications, the energy specific volume is introduced [24]: v, =

dv/dt _ dv _ _sd _ dAxAyfr 3 i -
Pl = dF = APy = NyPoa [m”/]], where Py [W] is the average laser power, f, [Hz] is

the laser repetition rate, Ax = Ay are the spot and line distances, respectively, s is the side
length of the ablated square, d is its measured depth, and Nj; is number of pulses (spot and
line) per area of the side length s. The parameter <, = % [um3/uJ] defines the specific
volume removal rate and has units of volume V per deposited energy E.

3.1. Energy Deposition Depth: Localization Mechanism

A common phenomenon of different ablation modes by ultra-short laser pulses with
and without bursts is shallow energy deposition. It is responsible for the most efficient
material removal rates in terms of volume per time and volume per photon. It is instructive
to analyze energy deposition at the ablation threshold for metals (1) and dielectric (d)
materials using the Gamaly model for the pulse fluence [25]:

Isn,

m 3 An 3
B = (e +we) 5, Ey = (e i)

2’ Cth 4

1)

where ¢, is the binding energy or enthalpy of vaporization, J; is the ionization potential,
w, is the electron work function (escape energy from a metal), [; = ¢/ (wk) = A/ (27k) is
the absorption depth (the skin depth) in the plasma with electron density 7, and refractive
index n* = n + ix with ¢ and w being the speed and cyclic frequency of light, respectively,
and A is the absorption coefficient (for good metals A ~ %). At high intensity, the pulse
can exceed the ionization threshold and the first ionization is completed (before the end
of the pulse), at which the number density of free electrons saturates at the level n, ~ n,,
where 1, is the number density of atoms in the target material.

For ablation of dielectrics and semiconductors, which are ionized during the fs-pulse,
a metal-like reflective plasma has A ~ 0.5; i.e., half of the light is absorbed by the strongly
excited material. The exact absorbed portion A =1 — R (where R is the reflection coeffi-
cient) can be precisely calculated from the refractive index n* for the excited material as
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A =4n/[(n+ 1) + «?]. The most direct improvement of efficient (shallow) light energy
deposition is achieved by the use of a shorter wavelength since [; o« A. Interestingly, the

ablation threshold of metals (Equation (1)) also scales with wavelength Ft(hm) o« A [25].

Equation (1) is based on the required energy budget to evaporate material €; and to
ionize it: w, for metals and J; for dielectrics. For metals, the electron work function enters
the energy budget required to free electrons from the metal. The absorbed energy required
for ablation is deposited into the skin depth I; of the excited material (dielectric or metal)
with electron density #, and the portion of light absorption is defined by A (A = 0.5 for the
50% absorbance). These ablation thresholds are confirmed by experiments for metals and
dielectrics [25].

3.2. Ablation Rate

Given that T = 0 for the energy balance R + T + A = 1, the theoretical limit of ablation
rate per pulse is reached when the absorbed energy (1 — R)E, is equal to the enthalpy of
vaporization €, (binding, cohesive, atomization energy) in the volume where it is deposited.
Since light absorption follows an exponentially decaying dependence via the Beer-Lambert
law, shallow deposition into skin depth I; = 1/« provides the most efficient material
ablation. Such ablation is taking place by evaporation only as follows from the chosen
energy balance. When ionization of material and plasma formation is taking place, the
ablation requires a higher energy budget (e, + J;) (Equation (1)).

The temperature of electrons in the skin depth is T, = (1 — R)F,/(Isc.ng) [25], where
F, is the fluence per pulse, ¢, ~ 3/2is the electron specific heat, which acquires the value of
3/2 of the ideal gas after full ionization of material, and g is the atomic number density of
the material. This energy pool delivered to electrons acts as an energy reservoir for ablation
after an ultra-short laser pulse, with T, reaching ~2 keV in metal and silicon drilling [26],
for example. The maximum material removed by a single pulse can be estimated from
energy conservation [25]:

Vinax = (1 — R)Ep/(nOEat/Na)/ (2)

where E; [J/mol] is the molar enthalpy of atomization and N4 the Avogadro constant.
While the practical ablation rates by vaporization in terms of removed volume V, [um?3/s]

will not be the fastest, they are the most efficient in terms of deposited light energy. Kinetic

factors are very important and are qualitatively discussed here for different ablation conditions.

3.3. Power Scaling of Direct Energy Deposition per Volume

Interestingly, the ablation efficiency of the burst ablation of dental tissue (dielec-
tric) scales as 7, « E,Z, [20], while there is a linear dependence for single-pulse abla-
tion and it extends over all tested pulse energy values for the case of direct absorption
1p & Ep [12]. This difference can be explained by the density of absorbed energy, which
scales as Wy [W/cm®] = 2AF, /Iy o :—;Fp [25,27], where n, « F, is the photo-excited
electron density (which is also proportional to the fluence per pulse Fy), n¢, = 6061;% w? is the
critical electron density where m, is the electron mass, e is the electron charge, w = 27c/A
is the cyclic frequency of light, g is the permittivity of vacuum, and I, is the axial extent
of energy deposition along the beam propagation direction (1o, = 9.48 x 10> cm~3 ata
343 nm wavelength [12] and 1.04 x 102! ¢cm 3 for 1035 nm, used in burst-ablation).

For the conditions where electron density n, < #,, the absorbed energy density
follows a nonlinear Wp,s(I) o n(I,)F,/ne dependence on pulse intensity (irradiance)
Ip, while it becomes linear when the plasma reaches the critical density n, = n.. For
two-photon absorption in silica, the cavitation ablation rate followed the third power
law ¢ = 3 [12]. Two-photon absorption corresponds to electron excitation 7, I%, and
hence the absorbed energy density in the volume, which is proportional to the ablated
volume, is Wpg o FS ; the pulse energy, fluence, and irradiance are all proportional to each
other: E, « F, o« Ip. In the case of burst-ablation of dental tissue, the ablation rate was
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proportional to Fg [20], which can be explained by the linear absorption with 7, o I,,. For
metals, where absorption of the laser pulse is not increasing the electron density, which is
close to 1y, a linear scaling with v = 1 is expected and was confirmed in this study.

4. Results

We aimed to use the maximum available laser power of P = 80 W with pulse energy
E, = 0.8 m] per pulse at the repetition rate f = 0.1-1 MHz to maximize the use of the
available light energy. The scan speed and focus were tuned for the required quality of the
processed surface (smooth or rough) and the depth of ablated structures (hence removed
volume V, ~ mm?/min). Typical ablation thresholds are defined by the material properties
(Equation (2)): for metals only 0.1 ]/ cm? is needed [25] with pulses of A ~ 1 pm and pulse
duration t, = 200 fs; 0.2 J/ cm? is needed for silicon [28],; and ~2 J/cm? for wide-bandgap
glass and crystals (fused silica and Al,O;) [25,29].

4.1. Cu and Al Ablation at High Scan Speed

Figure 2 shows typical samples of Cu which were ablated at an extensive range of
conditions: from full power of 80 W corresponding to pulse energy E, = 800 yuJ down
to 16 pJ. The repetition rate was set to f = 0.1 MHz and the linear travel speed of the
60 pum focal spot was vsc = 0.5,1,2,3 m/s, corresponding to pulse-to-pulse separations of
Ayy ~7,14,28,42 um; these are the measured separations determined from the ablation
patterns and are slightly larger than expected from the set conditions due to very fast
scan rates, which were the focus of this study. The same spacings were used in the x-
and y-directions for the most uniform material removal. Surface coloration is caused by
nano-micro-structure formation over the ablated regions, laser polishing at low fluence,
and surface oxidation into CuO, and CuO [30].

875504 o SR
wd /Jlem?
120/ 4.24

) - - 80/2.83

40/141

“mJ | Jlem?
0.80/28.29

10.64/22.64
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016/566
Gl oy

i

Energy increasmg

~ N
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Figure 2. Typical 1 x 1 cm? Cu coupon samples used to determine ablation rates. Samples were not
polished. High and low power ranges were used to explore the different surface roughness and material
removal rates of the ablated surfaces (see pulse energy E, and fluence F,, [J/cm?]). F-theta lens had
focal diameter on the sample 2r = 60 um, depth of focus DoF = 2.7 mm, field of scan 50 x 50 mm?,
and axial pulse extent of ct,, = 60 pm for pulse duration of ¢, = 200 fs. The melting temperature of Cu
is 1085 °C, evaporation/boiling point is 2595 °C. For samples Nos. 1 and 2, the focal spot was placed
6 mm deeper along the beam propagation direction from the top surface of the sample. Hatching passes
in X-/Y-directions are shown schematically; the total number of passes was always 10.

The depth, width, and volume ablated using single scans and scans repeated ten
times are shown in Figure 3b—d, respectively. The log-log presentation reveals the scaling
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dependencies. The depth evolved as « F8'5, which indicates a heat diffusion process. A
strong difference in depth for one and ten passes was observed. However, for the width,
both single- and multi-pass structures converged and showed v = 1 dependence. For the
ablated volume, a close-to-linear dependence was observed for both Al and Cu. Since the
critical density n, for 1030 nm is smaller than the electron density in those metals 7., the
linear scaling of ablated volume with fluence per pulse is expected. as shown above.
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Figure 3. (a) Ablated lines at different pulse energies (powers) at 1 and 10 repeated passes on Cu and
Al1l x 1 cm? coupons. Depth D (b) and width W (c) of the ablated line as a function of fluence per
pulse; 1030 nm/200 fs /0.1 MHz at scanning speed corresponding to in-line separation between pulses
Ax = 20 pm and 200 um (single-pulse regime Figure 4) and distance between lines 0.25 mm. Inset
shows the cross-section from an optical profilometer. (d) Ablated volume of cone V = 7D[W/2]?/3
at different fluence per pulse (in terms of average power from 2% to 100%). The slopes of power
dependencies D, W,V F;,Y correspond to linear v = 1 and diffusional v = 0.5.

(a)

(b)

Figure 4. SEM images of single-pulse ablation sites (see Figure 3a) at high (a) and low (b) pulse
energies on coupons of Cu (a) and Al (b), respectively. The focal spot size is ~60 pum.

The specific ablation rates at different pulse energies and numbers of scans were
dependent on the Cu and Al material properties, as summarized in Table 1. The ablation
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rate of copper increased from 1.81 to 2.43 um?3/yJ for single-pass ablation and is a bit lower
for 10 passes. The single-pass ablation efficiency of aluminum decreased with higher pulse
energy from 10.44 to 5.13 um? /], and from 6.33 to 3.57 um3/ yJ for 10 passes. The tendency
of 7, to reduce at large fluence for metals is common; here, 0.8 m] pulses corresponded
to an average fluence of 28.3 ]/ cm?, while for 16 uJ it was 5.7 J/cm?. The largest specific
ablation rates <y, are observed at ~1J/cm? in metals and are pulse-duration dependent.
The largest material removal rate was 10.4 mm?/min for Cu and 22.1 mm?/min for Al at
the maximum power 80 W (25 J/cm? per pulse). Figure 5 shows ablation rates at a wider
range of fluences.

Table 1. Specific volume removal rates 7, [um3 /] for A = 1030 nm, tp = 200 fs pulses.

Material Passes Pulse Energy (1J)  Ablation Rate (1012 m3/J = um3/pJ)
10 16 1.67
Cu 10 800 2.32
1 16 1.81
1 800 2.43
10 16 6.33
10 800 3.57
Al 1 16 10.44
1 800 5.13
@) ® 12 : T T
Cu; passes:
—=—10 —e—1
05 10 Al; passes:
=) ——10 —v—1
15 2
T 8l
-3.5 3
55 o
S 4l
-15 8
<
-9.5 2T
us 0 . . . . .

0 5 10 15 20 25

1150 pm 2300 pm

Fluence per pulse (J/cm?)

Figure 5. (a) The 3D image of ablation lines on Cu (Ax = 20 um; passes = 10). (b) Ablation rate in
um3/yJ on Cu and Al coupons with 1 and 10 repeated passes at different pulse energies.

It is noteworthy that for short pulses of ~50 fs in dielectrics, -y, increases for lower
fluences [24] due to the accumulation of optical defects during multi-pulse exposure causing
a stronger ablation. Also, better edge quality and lower roughness are observed for ~50 fs
pulses, which are conveniently produced with an external cavity compressor module
(MIKS1S, n? Photonics GmbH, Hamburg, Germany) [24].

When the scanning speed was large enough to separate single pulses, SEM images
revealed a nano-texture formation even for single pulses at low and high pulse fluence
(Figure 4). The surface of the Al and Cu coupons had a micro-texture which was enhanced
by ablation. This could contribute to lower reflectivity of the laser-treated regions and
favor stronger energy deposition in subsequent passes. This tendency can be inferred from
scaling v > 1 in Figure 3.

Figure 4 shows typical single-pulse ablation sites on Al and Cu characterized by SEM.
The surface of the coupons used in this work had micron-scale structures due to mechanical
cutting. Those structures affected the light distribution and consequently the ablation.
They are reminiscent of typical ablation ripples, which have a period (0.8-1)A for absorbing
samples under multi-pulse exposure. However, here they were produced by single-pulse
exposure at high or low pulse energy. Interestingly, the affected region was larger than the
directly exposed region (I /e*-level) for the highest pulse energy. Since the threshold
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of laser ablation fluence is only ~0.1 J/cm?, low-intensity regions of the laser beam can
already be delivering the required ablation fluence. The threshold of ablation is dependent
on the energy distribution of the surface atoms, and it was shown to require time to be
established; i.e., the high-energy side of the Maxwellian velocity distribution has to be
established before evaporation from the surface can take place [31]. Ablation in a vacuum
showed an approximately twice-higher ablation threshold [31] and is linked to slower
thermalization when there is no ambient air. It would be useful to measure the ablation
threshold at low pressure ~1073 bar (~10? Pa) for the conditions used in this study, which
was performed in ambient air.

4.2. Silica Ablation and Defect Accumulation

The same high average power ablation as used for metals was applied to scan lines
on fused silica (Figure 6). Analysis of ablation width vs. pulse fluence was carried out
using the Liu method [32]. The single-pulse (N = 1) ablation threshold for silica is
Fy,(1) = 2] /cm?. For a linear scan with Ax = 20 um translation steps between laser pulses,
a smaller threshold was observed Fy,(N = 3) ~ 0.8 J/cm?. This can be explained by the
accumulation of defects, which causes increasingly stronger absorption for subsequent
pulses. Phenomenologically, it is defined by the accumulation exponent y,: Fy,(N) =
F,(1)N7~1, where v, = 1 corresponds to absence of accumulation. Accumulation was
present in the case of N = 3 for silica. The slope of the w? « F, dependence (Figure 6)
changed approximately when the width of the ablated groove became larger than the focal
diameter. In this case, the absorbed energy spreads by heat diffusion and is high enough to
facilitate material removal by the ablation mechanisms of explosive boiling, evaporation,
or ionization. The threshold for ablation at these conditions was ~9 J/ cm?, which is
considerably larger than the single-pulse threshold of 2 J/cm? typical for glasses [33]. The
optical energy deposition and absorption scale is ¢> = 7.39 for intensity according to the
Beer-Lambert law, which is usually applied to the depth profile of energy deposition in
ablation studies [34].

20
P

i
£ 154
1 -
) (pm)13 40 44 485 62 81
Z {focus
~ 10—60um
3 :200pm
N 4 ’
= ] LRy
T 5] oma 32 0.48

0- o~

1 10
Fluence per pulse (J/cm?)

Figure 6. The width vs. pulse fluence w? Ey, [32] for 1030 nm /200 fs/0.1 MHz irradiation of
silica glass at scanning speed corresponding to an in-line separation between pulses of Ax = 20 um.
The focal spot size is ~60 um. Insets show optical transmission and cross-polarized images of the
ablated trenches.

4.3. X-ray Emission

X-ray emission was monitored and observed during laser fabrication with different
pulse overlaps. In all cases, the same 100 kHz repetition rate, 200 fs pulse duration, and
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0.8 m] energy were used, with spot size 60 um and fluence 28 J/cm?. The X-ray emission
was already six times above the background at 150 cpm (counts per minute) when the gap
between pulses is at 1 um (60 pulse overlap per focal spot along the scan). The emission
reached the highest level of ~1.5 x 10° cpm when the gap between pulses was reduced to
0.1 um, i.e., an overlap of 600 pulses per focal spot. However, the emission drops down
to ~1850 cpm when the gap between pulses becomes even smaller at 0.01 pm (overlap of
6 x 103 pulses per focal spot). This drop is related to a larger volume removed from the
focal volume by ablation and the reduced amount of material affected, hence generating
less bremsstrahlung radiation.

5. Discussion

It has been shown that a broad color gamut can be produced by fs-laser ablation of
stainless steel using burst and bi-burst modes, resulting in intricate nanoscale patterns
and structures [35]. Here, the color of the ablated matrices, which are typically used for
optimization of two independent parameters of surface processing while keeping others
constant, can be digitized into HEX codes (or RGB values), as shown in Figure 1b for two
segments. Parametric information represented by color has the advantage of being both
human- and machine-readable for purposes of automated process control. However, in
an RGB color system, the color information is acquired in a device-dependent manner.
Using cameras operating in RGB color space requires color calibration for the particular
illumination conditions to obtain good color acquisition fidelity. Likewise, the reproduction
of color on a display also has to be calibrated. Calibrated imaging systems can be very
powerful and efficient in encoding various parameters, even more so in the trichromatic
XYZ color space [36], which is device-independent and captures colors within the full
vision gamut [37]. XYZ color space is much more accurate and can be also re-calculated
(with loss) to RGB, sRGB, L*a*b* (lossless), and other high-fidelity color systems.

For the ablation matrices, the choice of the color acquisition instrument (camera
vs. colorimeter) is dictated by the required precision of color identification. The color
change that results from varying the ablation parameters can also be used for aesthetic
and functional purposes. In the case of materials where coatings may not be desirable
(like stainless steel or copper), a typical silkscreen layer used for marking the product can
be replaced by ablation marks with colors of choice induced by chosen laser parameters.
Conventional mechanical or laser engraving is very limited in that respect and usually
requires additional setup in the production process. With femtosecond laser machining,
the simplification of the processing setup may provide an advantage in production costs.
Moreover, using materials that exhibit color change induced either electrically [38] or
via mechanical stress [39] can open up a wide range of applications for laser-machined
sensors/devices working on purely mechanical principles, such as low-energy consumption
strain indicators, cutting tools with the level of wear indicated by color change, and many
other applications. In addition to the above, recent developments in Al technology, coupled
with increasing throughput, allow for five-axis laser machining to be introduced to the
market with much more user-friendly software packages with learning curves much less
steep than in conventional cutting [40,41]. With the non-contact approach to processing
materials with lasers, thin-walled and fragile components can be manufactured with great
precision at relatively low cost, which benefits many fields of applications, most notably
single-use biomedical components, surgical tools, and healthcare equipment.

Colorimetric quantification of laser-processed areas on metals may have other applica-
tions for laser-processed regions inside the volume of transparent materials (Figure A2). In
this case, laser-damaged regions show stress-induced birefringence for circularly polarized
light. This polychromatic polarization microscope (PPM) imaging is promising for color
analysis under white light illumination.

The black appearance of some ablated surfaces has another potential application in the
IR spectral range. Such surfaces have high emissivity € — 1 according to the Kirchhoff law
€ = a = 1 — R [42], where R is the reflectance, and such emissivity improvement has been
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demonstrated on aluminum [43], sapphire [44], and metal-on-insulator metasurfaces [45].
Metals are usually reflective but not emissive. The formation of black metal surfaces (see
Al surfaces in the insets of Figure Alb,c) and their characterization in the IR-THz spectral
range may support their use for radiative cooling in the 7-14 um spectral window of
atmospheric transmission.

6. Conclusions and Outlook

Normalization to the number of pulses and pulse energy (number of photons) is a
useful tool for comparing very different ablation modes with high-frequency bursts, as
well as single pulses and with different pulse-overlapping modes during laser machining.
The accumulation exponent of the ablation threshold is a useful parameter to assess the
contribution of accumulation. The ablated volume of Al and Cu was found to scale linearly
with pulse fluence at high-intensity conditions and the specific volume ablation rates of
2.43 um?3/yJ (Cu) and 5.13 um?3/uJ (Al) were achieved for a single pass at the full power of
80 W. As typical for metals closer to the threshold of ablation fluence < 1]/cm?, the low
melting point Al showed a higher ~10.4 um? /] removal rate at 80 W. This shows that
there is always an optimization challenge for the most efficient use of photons for material
removal. Lower roughness and sharper edges of ablated patterns are also obtained near
threshold. The largest material removal rate was 10 mm3/min for Cu and 20 mm?3/min for
Al at the maximum power 80 W (25 J/cm? per pulse).

The ablation thresholds are defined by fundamental material parameters such as
binding energy, electron ionization potential and work function, and the skin depth electron
density (original for metals and photo-excited for dielectrics), and they are dependent on
the ambient pressure. The permittivity ¢ = 71 of the material defines the energy deposition
via the skin depth Is o x. This shows the importance of the energy per unit volume
(J/em?) in analyzing ablation and material removal for the defined fluence per pulse J/cm?.
The absolute limit of material removal per pulse energy is based on energy conservation
(Equation (2)).

Ablation of lower-melting-temperature metals such as Al showed micro-structures
with feature sizes comparable with the dimensions of the focal spot. Black surfaces were
formed on the usually reflective Al in the visible spectral range. Feature sizes of tens of
micrometers make such surfaces anti-reflective and, hence, emissive at the longer IR-to-
THz spectral range and will be investigated in a follow-up study. Laser-machined surfaces
have a distinct color appearance at the visible spectral range. Color indexing can be used
for in situ monitoring of laser-machined workpieces and may provide feedback for fully
automated laser processing.
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Appendix A. Tunneling Ionization
The atomic intensity I, = socEE /2 = 3.51 x 1016 W/cm? corresponds to the electrical
field strength E; = —%— = 5.1 x 10° V/m at the electron orbit of the Bohr radius ap =

4repay
m’fez = 0.53 A in the hydrogen atom [46-48]. At laser intensity I; > I,, tunneling ionization

dominates. This condition is defined by the Keldysh parameter yx = wrv2Ej,, /I <1,
where wy is the cyclic frequency of laser and E;,, is the ionization potential. When the
external electrical field of strength E,, is applied to an atom, the potential is given by
Vix) = —ZTEZ — eEexx along the x direction. From the condition d‘;gcx) = 0, the position
of barrier is xyux = Ze/E.x, where Z is the atomic number (nuclear charge number).

By setting V(xpax) = Eion, the critical (threshold) field strength for barrier suppression

2
ionization (tunneling) is obtained E. = fz"“e”s. The corresponding laser intensity defines

4
the appearance intensity for the ion in charge Z state, i.e., I,y = cE?/(87) = 12;7]51% =
4
4 % 10° {E—VJ Z=2W/em?. For the H* ion with Ejy, = 13.61 eV, I, = 1.4 x 104 W/cm?,

for Xet with 12.13 eV: 8.6 x 1013 W/cm?, for C* with 11.2 eV: 6.4 x 103 W/cm? [49,50].
Hence, for the hydrogen, which is used to define the atomic intensity I,, the appearance
intensity I;pp of H* is only 0.4% of I,. Interestingly, the ionization threshold intensity
was always higher for the circularly polarized light as compared with linearly polarized
irradiation [49]. This is consistent with molecular alignment using two-pulse ionization [51].

Appendix B. Permittivity of Conductive Materials

The other popular definition of the permittivity of conductive materials (semiconductors
and metals) is defined as ¢’ = ¢} — i% [52], where ¢ is the conductivity and w = 27tv =
27te/ A is cyclic frequency of light (primed version of the same parameters as used in the main
text is defined for distinction, e.g., the real part of permittivity is here €}). Then, the complex
refractive index n’ = n’(1 — ix’). With this definition, one can find useful expression to link

optical and electrical (free electron) responses from ¢’ = 1’ g ¢y = n"?(1+«’)? for the real part
and n?x’ = 2% = ¢ (from the imaginary part of the refractive index). This section above
shows the importance of the expressions used for the complex refractive indices: (1 + ix) vs.
n'(1 — ix’); the former is used in our analysis (not-primed). In the primed notations, (7, k")
for A = 600 nm: Cu 0.62(1 — i4.15) and Al 1.44(1 — i3.63).

The permittivity (epsilon) is linked to the (n’, ) via [52]:

1 1
n’zzz[ 8’12—1—(2(7/1/)24-8’1]; n’zx’zzz{ 8’12—1-(2(7/1/)2—5’1]. (A1)

For good conductors, when ¢ can be assumed frequency-independent and equal to
the dc conductivity, the Hagen—Rubens relation can be used R ~ 1 — 2/2¢epw /0.

Appendix C. Ablated Textures on Metals

Figure A1 shows characteristic examples of laser-ablated Cu and Al at high fluence.
While the surface of Cu (melting T;,, = 1085 °C) had a typically uneven surface at the bot-
tom of the laser-ablated square box area (Figure Ala), there were no significant structural
differences between regions ablated at different pulse energies and pulse overlap. In con-
trast, other patterns were observed on the surface of Al (melting T,, = 660 °C) dependent
on the pulse energy and overlap (Figure Alb,c). At lower pulse energies E, ~ 0.1 m]J (c),
the ablated surface had a pattern of hillocks with a footprint area of tens of micrometers in
cross-section. A clear light diffraction/interference pattern is recognizable on the ablated
3D surfaces. This indicates that surface formation by ablation rather than hydrodynamic
flows induced by surface tension governed the surface pattern. When E, > 0.5 m], a typical
pit structure formed (b) with a density of holes dependent on the pulse overlap (b). The
surface was not dominated by molten flows even at higher irradiance. This is unique to
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short-pulse laser ablation. The feature size of conical holes (b) is close to the full width
at half maximum (FWHM) measure of the focal spot size. It is instructive to estimate
the photon pressure exerted by a pulse of irradiance I, = 0.1 PW/cm? or 10'® W/m?:
Py = Iy/c = % x 10!° Pa = 3.3 GPa, where ¢ ~ 3 x 10® m/s is the speed of light. This
pressure is applied when the fs-laser pulse energy is deposited (absorbed), while reflection
doubles the momentum transfer and hence pressure due to the reversal of photon direction.
When pulse overlap was large, 75-95% of focal diameter between the adjacent pulses at a
~0.1 MHz repetition rate, and when heat accumulation is not prominent, the formation of
deep conical pits is partly due to high-pressure application to softened /molten Al (Cu with
higher melting temperature was not exhibiting this surface morphology). Such pits were
more abundant in the regions of laser over-exposure at the turning points of the laser scan
(change of direction). The ablation pressure has to be calculated considering laser ablation
plasma conditions (temperature); however, the momentum conservation argument used
for the above estimation is predicting high pressure 1-5 GPa application onto the surface of
ablated metals. This is promising for the laser peening applications [53]. The texture of ab-
lated surfaces is qualitatively analyzed here without deep studies in chemical modifications
and residual stress which can be assessed from X-ray photo-electron spectroscopy (XPS)
and X-ray diffraction (XRD), which are planned for the next stage of the study.

a
=
2
T

— 100 um = 2pm

Figure A1l. SEM images of characteristic examples of Cu (a) and Al for high (b) and low (c) powers
ablated by 1030 nm /200 fs/0.1 MHz irradiation at different scanning speeds corresponding to
different in-line separation between pulses Ax and different pulse energies E,. The focal spot size is
~60 um. Photo-insets show optical images of Cu and Al coupons. Polarization on the sample is close
to circular (reflections on galvano-mirrors are making it slightly elliptical).
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Appendix D. Polarisation Analysis

Visualization of stress inside laser-processed regions inside dielectric materials (glasses
and crystals) is usually visualized using a crossed-Nikol setup with an analyzer-polarizer
for linear polarization. By using a circularly polarized setup based on optical activity,
there is the indifference of orientation for visualization of stress-induced birefringence
(Figure A2); in the case of linear polarizers, orientation of stress should be at 45° with
respect to the slow /fast axis of the polarizers for highest contrast. Marking traces inscribed
with ns-laser pulses have strong stress-induced birefringence around them.

(a) (b) (c)

ns-laser engraving inside slide glass |
Transmission |
’

o
200 pm

(not crossed) Pol.@90°

Figure A2. (a) Polychromatic polarization microscope (PPM) based on Nikon Optiphot with circular
polarizer-analyzer units for transmission geometry. Polarizers are based on the optical activity
(a birefringence for the circularly polarized light). (b) Optical images of a slide-glass with ns-
laser-engraved (Hippo, Spectra Physics) pattern [54] (courtesy Dr. M. Li). (¢) Closeup view of the
~200-um-diameter circular structure using PPM. (d) PPM images at different settings of the analyzer
orientation; § = 0° corresponds to the cross-Nikol condition.
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