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Abstract In this paper, the influence of the pulse duration
on the ablation threshold and the incubation coefficient was
investigated for three different types of materials: metal
(copper), semiconductor (silicon) and biopolymer (gelatin).
Ablation threshold values and the incubation coefficients
have been measured for multiple Ti:sapphire laser pulses (3
to 1000 pulses) and for four different pulse durations (10,
30, 250 and 550 fs). The ablation threshold fluence was
determined by extrapolation of curves from squared crater
diameter versus fluence plots. For copper and silicon, the
experiments were conducted in vacuum and for gelatin in
air. For all materials, the ablation threshold fluence
increases with the pulse duration. For copper, the threshold
increases as 1°%° , for silicon as 7912 and for gelatin as 022,
By extrapolating the curves of the threshold fluence versus
number of pulses, the single-shot threshold fluence was
determined for each sample. For 30 fs pulses, the single-
shot threshold fluences were found to be 0.79, 0.35, and
0.99 J/cm? and the incubation coefficients were found to be
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0.75, 0.83 and 0.68 for copper, silicon and gelatin,
respectively.

1 Introduction

Ultrafast lasers have been of increasing interest in material
processing applications due to their capability of precise
micromachining of a large variety of materials: metals,
semiconductors, polymers, dielectrics, biological materials,
etc [1]. The processes that occur when a laser pulse irra-
diates a material can be divided into two domains: non-
thermal domain (for processes that take place up to few ps)
and thermal domain (for longer durations). The laser—
matter interaction processes that happen with laser pulses
of duration greater than characteristic electron-phonon
relaxation times (., ~ 10 ps) seems to have been fairly
understood [2—4]. However, when an ultrashort laser pulse
irradiates a material, the non-thermal processes that occur
depend on the class of the material irradiated as well as the
intensity of the irradiation. The precise processes and the
sequence of processes that take place are far from under-
stood [3, 5]. Laser ablation refers to as material removal
from the surface of a medium by irradiating with laser
pulses. Depending on the class of the material, different
processes take place preceding laser ablation. For example,
in metals which have abundant free elections, absorption
creates hot electrons in a cold lattice and after electron-
electron scattering, electron-phonon-scattering sets in, fol-
lowed by melting, boiling and ablation. To a certain extent,
these processes can be described by a two temperature
model. In case of dielectrics and wide-bandgap semicon-
ductors, absorption of radiation can be understood by
multi-photon excitation and impact ionization with subse-
quent avalanche ionization. These carriers then thermalize
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to a Fermi-Dirac distribution while transferring their
excess energy to phonons. These phonons then recombine
to a Bose—FEinstein distribution and thermal processes fol-
low. It is worth mentioning that upon irradiation with high
peak intensities, dielectrics can exhibit metal-like proper-
ties. Hence, understanding the exact processes that take
place upon femtosecond laser irradiation is a complex
process involving linear and several nonlinear processes
taking place simultaneously. Ablation threshold fluence,
usually defined as the minimum laser fluence necessary to
initiate the ablation process (material removal), is an
important parameter which can give insight into the
physical processes taking place in the material. Knowing
the values is also necessary to deposit a defined amount of
energy for precision material processing applications. The
single-shot ablation threshold for ultrashort laser pulse
ablation depends on the thermal and dynamical properties
of the material. In multi-pulse regime, it is well established
that the ablation threshold depends on the number of laser
pulses exciting the same spot. The threshold fluence nor-
mally decreases with laser shot number [6, 7]. This phe-
nomenon is referred to as material incubation, and the
origin of the incubation is still under debate. The reduction
in ablation threshold fluence follows a power law equation
which holds for all materials [6, 8] and can be ascribed to
higher energy coupling efficiency [9]. An increase in sur-
face roughness after multi-shot irradiation due to ripples
formation or accumulation of surface defects results in
reduction in the reflectance [10] and thus leads to enhance
the absorption and then a decrease in ablation threshold
[11]. It has also been suggested that the incubation beha-
viour for metals can be due to the accumulation of plastic
deformation resulting from laser-induced thermal stress
fields [8]. The ablation threshold is usually determined by
inspection of the exposed area with a microscope or by
detecting changes in the scattering pattern produced by a
probe laser or by detecting the ion emission using time-of-
flight spectrometers [12]. In the most frequently used
method to determine the ablation threshold, the squared
crater diameter is plotted as a function of the pulse fluence
(F). Linear extrapolation of the plot of the squared crater
diameter versus In (F) yields the ablation threshold. The
advantage of this technique is that the measurements can be
performed at fluences well above threshold for which the
detected fingerprint signals are clearly detectable by far-
field microscopy [7]. The actual physical mechanisms of
laser ablation depend on the type of materials and the
irradiation properties such as laser wavelength [10], pulse
duration [13-19] and repetition rate [14, 20]. Change in the
repetition rate affects the ablation threshold in two
respects. Increasing the repetition rate, on the one hand,
leads to particle shielding which reduces the absorption and
thus limits the laser ablation efficiency. On the other hand,
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it leads to heat accumulation that causes melting. The lat-
ter, especially in case of metals with a relatively low
thermal conductivity, prevents the high level of precision
which is achievable at lower repetition rates. Using shorter
pulses makes it possible to prevent heat accumulation
arising from irradiating with high-repetition-rate laser
pulses since for pulses of a few picoseconds or shorter, heat
diffusion is frozen within the interaction volume and the
shock-like energy deposition leads to ablation [18]. Nev-
ertheless, as soon as the pulse energy is increased melting
cannot be avoided in multi-pulses femtosecond laser
ablation processes [20]. It has been observed that the
damage threshold depends on the pulse duration. For long
pulses (eg. © > 10 ps), where damage on the surface of a
medium results from conventional heating and melting, the
damage threshold scales as %% with pulse duration [21,
22]. However, a deviation from this scaling has been
observed for shorter pulses where damage results from
plasma formation and ablation [17, 22]. Although the
ablation threshold in the short-pulse regime reduces with
decreasing the pulse duration, this dependency is weaker
than what is observed in the long-pulse regime. Till date,
many authors have investigated the dependence of ablation
threshold fluence on various laser parameters, but most
studies were limited to a particular pulse duration or
number of shots or material. A comprehensive study for
different type of materials under identical experimental
conditions was missing. In this paper, a systematic study
was carried out to investigate the influence of pulse dura-
tion on the ablation thresholds and the incubation coeffi-
cients for three different types of materials: metal (copper),
semiconductor (silicon) and biopolymer (gelatin) in
10-550 fs range. The results indicate that the threshold
fluence reduces with decreasing the pulse duration. The
dependence of the threshold fluence on the pulse duration
was determined as Fy, o< 7905 for copper, Fy, o< 7912 for
silicon and Fy, o 1°2* for gelatin.

2 Experiment

Three materials (copper, silicon and gelatin) were irradi-
ated by a commercially available Ti:sapphire laser
(Femtopower Compact PRO, Spectra-Physics Vienna)
generating pulses centred at A ~ 800 nm (the spectral full
width at half maximum >40 nm) with maximum energy
E =1 ml/pulse of T = 30 fs duration at repetition rate of
v = 1 kHz. The copper sample used in these experiments
is a mechanically polished 1-mm-thick foil (metal basis,
99.99 % purity, Alfa Aesar GmbH). The silicon sample
used is a <100>-N-type, single-side polished-silicon
wafer containing no dopants (Sigma-Aldrich). Gelatin
films of 20 um thickness used in the experiments were
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prepared by dissolving 2.0 g of gelatin in 20 ml of dis-
tilled water, which was then heated up to 60 °C. The
resulting viscous solution was shuffled for 35 min at this
temperature to fully dissolve the gelatin. A thin layer of
this solution was then applied on microscopic slides. The
pulses were focused by a one-inch 90° off-axis parabolic
mirror of focal length 150 mm on the target placed inside
a small vacuum chamber which is mounted on a XYZ
stage. The samples were irradiated at normal incidence
and in stationary mode with different pulse energies, and
number of pulses, for four different pulse durations (10,
30, 250 and 550 fs). Defined number of pulses (spaced
1 ms apart) are extracted by controlling the internal
Pockels cell of the amplifier. The energy was varied by a
half-wave plate and a polarizer unit placed before the
compressor in the amplifier. Before each exposure, the
pulse energy (E) was measured after the off-axis mirror,
and before the entrance window of the vacuum chamber,
by a pyroelectric detector (J-25MB-LE & J-10MB-LE,
Coherent Inc.) and an energy meter (LabMax-TOP,
Coherent Inc.). Standard deviation of pulse-to-pulse
energy stability was determined to be 1.3 %. Post-ex-
periment, the reflection losses at the input window of the
chamber was measured and accounted for in the results
presented here. The pulse duration was varied by chang-
ing the dispersive path length of the compressor in the
amplifier. The 10 fs duration pulses (the spectral full
width at tenth of maximum >300 nm) used in the
experiments are generated by a hollow-core-fibre and
compressor unit (Kaleidoscope, Spectra-Physics Vienna).
The pulse duration was measured by a homemade back-
ground-free autocorrelator and commercially available
autocorrelator (Femtometer, Spectra-Physics Vienna).
Copper and silicon samples were irradiated in vacuum
(10_3 mbar), and gelatin was irradiated in air as gelatin
film was getting detached from the substrate when placed
in the vacuum chamber. We preferred to conduct the
experiments in vacuum to prevent the nonlinear effects,
which could be significant for shorter pulse durations.

3 Results and discussions

When a laser beam is incident on a material surface, the
ablation of the material occurs only when the incident laser
pulse energy exceeds a minimum value called the ablation
threshold. Ablation threshold values depend on several
laser and material properties. For a laser beam having a
Gaussian spatial distribution, for a given number of pulses
(N), and pulse energy (E,), the ablation crater diameter (D)
formed on the material can be related to the ablation
threshold, Fy,(N) [23] by

D* = 2wl (%(N)) (1)

where wy is the 1/¢* gaussian beam radius and F is the peak
fluence given by,

_25 @

F =
™wy

As can be seen from Eq. (1), the squared ablation crater
diameter goes linearly with the peak laser fluence (F),
which is related to pulse energy E, by Eq. (2). This makes
it possible to determine the beam radius (wg) from a plot of
the squared crater diameters (Dz) versus the logarithm of
the laser pulse energy (E,). Figure 1 shows the craters
formed on copper, silicon and gelatin when irradiated with
femtosecond laser pulses. Once the spot size is known, the
pulse energy values can be converted to the fluence using
Eq. (2) and then the threshold fluence for each N (Fy,(N))
of the material can be determined from the same plot by
extrapolating the curve to the zero crater diameter. Fig-
ure 2 shows the squared crater diameter versus fluence for
silicon when irradiated with 3, 10, 30, 100, 300 and 1000
pulses of 250 fs duration. For each shot-number, the
squared crater diameter shows a linear behaviour versus the
logarithm of the laser fluence from which the ablation
fluence threshold can be determined. Data for other pulse
durations of 10, 30 and 550 fs and for all three samples (i.e.
12 plots) were plotted (not shown here), and Figs. 3, 4 and
5 summarize the results for copper, silicon and gelatin,
respectively. It can be seen from Fig. 3 that the ablation
threshold decreases with increasing number of pulses. This
reduction in threshold can be explained in terms of the
incubation model [6]. The relation between single-shot
threshold fluence Fy,(1) and N-shot threshold fluence
Fw(N) has been proposed as given by

Fu(N) = Fq(1)N5™! (3)

where S is called the incubation coefficient characteristic to
the accumulation behaviour. S = 1 implies no incubation
effect. A more elaborate model of incubation effect is
given in [7]. It is clear that Eq. 3 can be valid only up to a
certain number of pulses as the threshold fluence cannot
reduce indefinitely. On the other hand, for lower N (1-10
pulses), the initial condition of the sample and the peak-to-
peak pulse energy variation of the laser are critical for
determining accurate values. For this reason, only the data
points from N = 10 to 300 are used for fitting in the results
presented here. The below subsections Sects. 3.1, 3.2 and
3.3 report the experimental conditions and results in detail
for copper, silicon and gelatin, respectively. In Sect. 3.4,
the dependence of the threshold fluence and the incubation
coefficient on the pulse duration is reported.
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Fig. 1 a Optical microscope
image of spot irradiated on
copper sample with 300 pulses
of 270 pJ energy and 550 fs
duration. b SEM image of
silicon sample irradiated with
100 pulses of 160 pJ and 30 fs.
C Gelatin sample irradiated
with 100 pulses of 100 pJ and
10 fs. d Confocal image of spot
on copper sample after
irradiating with 300 pulses of
180 wJ energy and 550 fs
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Fig. 2 Squared crater diameters versus the laser fluence for different
number of applied laser pulses on a silicon sample when irradiated

with 250 fs laser pulses
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Fig. 3 Threshold fluence versus the number of applied pulses on a
copper sample for four different pulse durations in vacuum. The solid
line represents a least square fit using Eq. 3, from which S = 0.75,
0.76, 0.77, 0.77 were extracted for pulse durations 10, 30, 250 and
550 fs, respectively
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Fig. 4 Threshold fluence versus the number of applied pulses on a
silicon sample for four different pulse durations in vacuum. The solid
line represents a least square fit using Eq. 3, from which § = 0.82,
0.83, 0.84 and 0.84 were extracted for pulse durations 10, 30, 250 and
550 fs, respectively
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Fig. 5 Threshold fluence versus the number of applied pulses on a
gelatin film for four different pulse durations in air. The solid line
represents a least square fit using Eq. 3, from which § = 0.68, 0.69,
0.72 and 0.74 were extracted for pulse durations 10, 30, 250 and
550 fs, respectively

3.1 Copper

A copper sample was polished using a commercially avail-
able polishing machine (Allied High Tech Products Inc.)
using sand paper up to 4000 grit and finally with 0.02-pum
silica suspension. Mirror-like copper sample was then irra-
diated in vacuum with 3, 10, 25, 50, 100, 175, 300 and 1000
pulses with varying energy and for different pulse durations
(10, 30, 250 and 550 fs). The irradiated spots were analysed
with optical and confocal microscopes (Fig. 1a, d). Since the

spots were not perfectly circular, the crater area (solid yellow
line in Fig. 1a) was determined for each spot using ImagelJ
software and the squared crater diameter was determined by
assuming it to be circular (equating it to area of a circle).
Confocal images (Fig. 1d) were used to identify the ablation
crater accurately. The squared crater diameter was plotted
against the applied pulse energy for each N and corre-
sponding wy value was determined from the slope of the
linear fit curves. For best fits (R2 value ~99.7 %), the value
of wy gradually increased from 63 to 72 pm as N increased
from 3 to 1000. We observed this for all pulse durations and
also for other metals (steel). However, for silicon it was not
significant. This makes us to conclude that there could be
other mechanisms responsible for higher crater diameters at
higher F and N in metals. The energy values were then
converted to fluence values, and the ablation threshold flu-
ence was determined for each N by extrapolation. Table 1
shows the threshold values for different NV and for all 4 pulse
durations. The errors associated with the threshold fluence
(about 10 %, not shown in the plots) arise from the error in
determination of the spot size from the slope. Figure 3 shows
the threshold fluence versus N for copper for different pulse
durations. By fitting Eq. 3 to the data points, the single-shot
threshold fluence F,(1) was extracted as 0.77, 0.79, 0.86 and
0.95 J/cm? and the incubation coefficient S as 0.75, 0.76,
0.77 and 0.77 for pulse durations 10, 30, 250 and 550 fs,
respectively. The obtained ablation threshold values are
slightly higher than that reported in [8] and lower than that
reported in [9]. In both cases, the experiments were con-
ducted in air, whereas we conducted our experiment in
vacuum environment. To verify the reliability of the
threshold values obtained in this experiment, the experiment
was repeated for N = 100 at same focal position with an
other sample polished on an other day and we observed an
offset of about 15 % for all pulse durations, but the depen-
dence on pulse duration showed similar behaviour. The
variation of single-shot threshold fluence with pulse duration
is discussed in Sect. 3.4.

3.2 Silicon

A silicon sample was irradiated in vacuum with 3, 10, 30,
50, 70, 100, 300, 500, 700 and 1000 pulses with varying
energy and for different pulse durations (10, 30, 250 and
550 fs). The irradiated spots were analysed with SEM, and
the ablation threshold fluence values were determined for
each N by the procedure explained in Sect. 3.1. Table 2
shows the ablation threshold values for different N and for
all 4 pulse durations. The errors associated with the
threshold fluence (not shown in the plots) arising from
error in spot size measurements is about 6 %. Figure 4
shows the threshold fluence versus N for different pulse
durations. By fitting Eq. 3 to the data points, the single-shot
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Table 1 Ablation threshold values of copper for different N in vacuum as determined by the diameter regression technique for 10, 30, 250 and

550 fs

Pulse duration (fs) Fi (3) Fy (10) Fu (25) Fu (50) Fy, (100) Fo (175) Fi, (300) Fi, (1000)
10 0.619 0.446 0.334 0.269 0.258 0.204 0.203 0.174

30 0.664 0.457 0.356 0.299 0.261 0.222 0.199 0.184

250 0.752 0.513 0.417 0.348 0.296 0.264 0.245 0.211

550 0.781 0.557 0.457 0.409 0.331 0.286 0.251 0.243

The errors (about 10 %, not shown) arise from the error in determination of the spot size from the slope

Table 2 Ablation threshold values of silicon for different NV in vacuum as determined by the diameter regression technique for 10, 30, 250 and

550 fs

Pulse duration (fs) Fn (3) Fy (10) Fun (30) Fy, (50) Fy (100) Fy, (300) Fy (500) Fy, (1000)

10 0.279 0.203 0.158 0.139 0.129 0.114 0.097 0.092

30 0.334 0.228 0.187 0.172 0.155 0.131 0.120 0.109

250 0.427 0.290 0.234 0.212 0.198 0.168 0.157 0.140

550 0.552 0.365 0.283 0.262 0.236 0.207 0.190 0.173

The errors (about 6 %, not shown) arise from the error in determination of the spot size from the slope

Table 3 Ablation threshold -

values of 20-um gelatin film Pulse duration (fs) Fy (10) Fn (25) Fy (50) Fy, (100) Fy (175) Fy (300)

sample for different N'in airas 0.390 0.326 0.225 0.193 0.153 0.136

determined by the diameter

regression technique for 10, 30, 30 0.490 0.363 0.280 0.220 0.205 0.184

250 and 550 fs 250 0.853 0.663 0.530 0.444 0.375 0.358
550 1.125 0.755 0.610 0.564 0.585 0.476

The errors (about 7 %, not shown) arise from the error in determination of the spot size from the slope

threshold fluence Fy, (1) was extracted as 0.297, 0.329,
0.405 and 0.518 J/cm? and the incubation coefficient S as
0.82, 0.83, 0.84 and 0.84 for pulse durations 10, 30, 250
and 550 fs, respectively. Bonse et al. have reported the
dependence of threshold fluence on pulse duration of sili-
con for N = 100 pulses [13] and incubation coefficient as
0.84 with 130 fs pulses. Our results (see Tables 2, 3, 4)
match very closely with their results. However, Bonse et al.
conducted their experiments in air environment and we did
in vacuum.

3.3 Gelatin

A gelatin film was irradiated with 10, 25, 50, 100, 175 and
300 pulses like as described in the previous sections and the
ablation threshold fluence is determined. Table 3 shows the
ablation threshold values for different N and for all 4 pulse
durations. The errors associated with the threshold fluence
(about 7 %, not shown in the plots) arise from the error in
determination of the spot size from the slope. Figure 5 shows
the plot of threshold fluence versus number of applied pulses
for different pulse durations. As can be clearly seen from
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Fig. 5, the threshold fluence values are lower for shorter
pulse durations for all N. The solid lines shows the fit curve
using Eq. 3. From the fitting, the incubation coefficient S was
determined as 0.68, 0.69, 0.72 and 0.74 for 10, 30, 250 and
550 fs, respectively, and by extrapolation of the fitted curve,
single-shot threshold fluences were determined as 0.83, 0.99,
1.59 and 1.91 J/cm? for 10, 30, 250 and 550 fs, respectively.
We observed that the threshold fluence depends on the
concentration of the gelatin. In this experiment, we dissolved
2.0 g of gelatin in 20 ml of millipore water. When samples
are prepared with 1.6 g of gelatin dissolved in 20 ml of
water, we measured lower thresholds values, but the
dependence on pulse duration was the same.

3.4 Pulse width dependence

Table 3 summarizes the results of the derived single-shot
threshold fluences of copper, silicon and gelatin for 10, 30,
250 and 550 fs. The derived single-shot threshold fluence
values are then plotted as a function of the pulse duration for
all three materials and are shown in Fig. 6. It can be seen that
the threshold fluence goes as 7 for copper and as ' for
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Table 4 Derived single-shot

2
ablation threshold fluence and Sample  Fip (1) (Jem) S © dep
incubation coefficients for 10 (fs) 30 (fs) 250 (fs) 550 (fs) 10 (fs) 30 (fs) 250 (fs) 550 (fs)
copper, silicon and 20-um-thick
gelatin film sample for different ~ Copper  0.77 0.79 0.86 0.95 0.75 0.76 0.77 0.77 700
pulse durations Silicon 0297  0.329 0.405 0.518 0.82 0.83 0.84 0.84 012
Gelatin ~ 0.836 0.995 1.599 1.912 0.67 0.68 0.72 0.74 7022
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Fig. 6 Derived single-shot threshold fluence versus pulse width for
copper, silicon and gelatin film samples

silicon and as t*? for gelatin film. This general trend is
consistent with multi-photon absorption as one of the
underlying energy deposition mechanisms in these materi-
als, with their power increasing from copper (linear intra-
band or two-photon interband absorption in near IR) to
silicon (two-photon interband absorption in near IR) [24, 25]
and 3-5 photons near-IR-photon absorption in gelatin. Since
multi-photon absorption coefficient increases with increas-
ing intensity, for the fixed laser fluence the threshold fluence
decreases with the pulse width. As aresult, the materials with
higher powers of multi-photon absorption—transparent
gelatin, to less extent, silicon—demonstrate the rising
threshold fluence dependence on pulsewidth. In the case of
copper, its negligible slope indicates that one-photon intra-
band IR absorption as the predominating absorption mech-
anism. Nevertheless though the dependence is small, a
noticeable dependence on pulse duration was observed in our
systematic multi-shot irradiation experiment.

4 Conclusions

In this contribution, the dependence of ablation threshold as
well as incubation coefficient on pulse duration in the range of
10-550 fs has been systematically investigated for three dif-
ferent types of materials: metal (copper), semiconductor

(silicon) and biopolymer (gelatin). Ablation threshold fluence
values for multiple pulse irradiation ranging from 3 to 1000
has been reported. The ablation threshold for all investigated
samples showed a decrease with pulse duration. For copper,
the threshold scales as t°, for silicon as t*-'? and for gelatin
as %2, The incubation coefficient of gelatin showed a clear
reduction at shorter pulse durations indicating higher incu-
bation effect at shorter pulse durations. For copper and silicon,
the incubation coefficient is nearly constant.
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