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Abstract: In this work, the incubation effect on the laser ablation threshold of quartz, after
multi-shot irradiation with femtosecond pulses at 1030-nm-wavelength with different repetition
rates, was investigated. A strong decrease of the multi-pulse ablation threshold with the number
of pulses N was found due to incubation. Moreover, the influence of the repetition rate was
negligible in the investigated frequency range which went from 0.06 to 200 kHz. A saturation of
the threshold fluence value was observed at number of pulses N > 100 which has been found to be
well fitted by an exponential incubation model. Using such model, we estimated the single-pulse
ablation threshold value and the incubation coefficient for quartz, which were found equal to
Fy1=6.23+0.23 J/em? and k = 0.058 + 0.004.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Quartz is the crystalline form of silicon dioxide, and it is one of the most abundant minerals found
on earth. Itis a hard (7 on Mohs scale), chemically stable and piezoelectric [ 1] material with a high
melting point (>1600 °C). From the electrical and optical point of view, quartz is a transparent
dielectric from the UV to the near IR region. Aside from traditional industrial fields, such as
glass making, jewellery and watchmaking, in the last two decades, quartz has been also employed
for sensing technology applications, for example as Quartz-Crystal-Microbalance (QCM) [2]
or Quartz-Tuning-Forks (QTFs) [3]. QCMs are predominantly used as electrochemical sensors
[4], while QTFs are mainly used in Quartz-Enhanced-Photoacoustic-Spectroscopy (QEPAS)
[5] or Light-Induced-Thermoelastic-Spectroscopy (LITES) [6,7]. Micromachining of quartz
can be realized through various techniques such as diamond cutting, lithography, wet and dry
etching, and ion beam etching. These techniques are well established and widely used but
have some drawbacks, like chemical contamination, limited processing resolution and long
processing times. A convenient and reliable alternative is represented by Ultra-Short-Pulsed-Laser
(USPL) processing. This method neither requires preliminary chemical treatment of samples nor
expensive lithographic masking. The laser machining speed is much faster than other mechanical
methods and tight focusing of the laser beam can lead to highly localized treatment of materials
with micrometric spatial resolution [8]. USPL has been applied efficiently to quartz for drilling
[8] and stealth dicing [9]. One of the emerging area of USPL processing is represented by the
micro- and nano-texturing aiming to change the mechanical [10], electrical [11] and optical
[12] properties of materials. Micro- and nano-texturing of any material requires preliminary
knowledge of the ablation threshold, defined as the minimum laser fluence to start the material
removal. For a great number of materials, from the most common metals such as tungsten, iron,
nickel [13] and steel [14] to synthetic ceramics [15], the ablation threshold is lowered when the
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surface is irradiated with multiple consecutive fs-pulses. This effect is referred to as incubation
and was firstly observed for ablation of metals using nanosecond laser pulses [16] and then it has
been implemented also for semiconductors [17] and dielectrics [18] in the femtosecond pulses
regime. As a result of incubation, the material optical absorption increases at each pulse, so that
for the subsequent pulse the excitation of free carriers is enhanced, and the ablation threshold
value is reduced. The physical mechanisms causing incubation are still not clear, especially for
metals. The most proposed hypothesis on the origin of incubation in metals is related to an
increase in surface roughness leading to the enhancement in the material optical absorption [19].

The dependence of multi-pulse ablation threshold F,(N) from the number of pulses N and
from the single-pulse threshold Fy, j, was originally described through a power law, introducing
an incubation coefficient S [16]. This model was modified by Di Niso et al. [20] with the
introduction of a constant fluence threshold Fi, .o which represents an asymptotic threshold
value when N tends to infinity. This model has been used most often for metals such as steel
[21], copper, iron [19] and zirconia alumina [22].The asymptotic threshold value Fy, o, has been
introduced also in a further incubation model proposed for dielectric materials by Rosenfeld et al.
[18]. This model has been used for dielectrics such as fused silica, sapphire, CaF; [18,23,24] but
also semiconductors as GaN [25].

The multi-pulse ablation threshold and incubation have been extensively studied for various
dielectric materials, like sapphire [24,26] and fused silica [27], but not so far for quartz.

In this paper we systematically estimated the multi-pulse ablation threshold of quartz with 200
femtosecond-pulses at different number of pulses N, ranging from 5 to 10000. The incubation
mechanism was investigated trying to assess which of the incubation models present in literature
was best suited to describe this phenomenon in case of quartz. Finally, the influence of repetition
rate, in the range from 0.06 kHz up to 200 kHz, on both the multi-pulse ablation threshold and
the incubation coefficient was studied.

2. Materials, experimental setup, and methods
2.1. Materials

The quartz samples, consisting of double polished z-cut quartz wafers with an area of 24.5 X 24.5
mm? and a thickness of 400 um. The samples were purchased from Nano Quartz Wafer GmbH.

2.2. Experimental setup

The set-up employed for the experiments is schematically shown in Fig. 1.

A Pharos SP 1.5 laser system from Light Conversion was employed. It emits an almost
diffraction limited beam (M? = 1.3, certified by the laser producer) with 200 fs pulses, characterized
by a central wavelength at 1030 nm, a maximum average power of 6 W and a maximum pulse
energy Ep of 1.5 mJ. The repetition rate f was tunable from single pulse to 1 MHz. The linearly
polarized laser beam passed through a half-wave plate and a polarizer to ensure a fine tuning
of the laser power. The linear polarizer transmitted the P component of polarization. The laser
beam was then sent to a PC-controlled galvo scanner mounting a 100 mm-F-theta lens. The
estimated beam waist w in air was 16 pum. The quartz samples were placed on the focal plane of
the F-theta lens. Four series of ablation craters were produced, arranged along squared matrices,
each series at a different value of repetition rate f. Every series consisted of several matrixes;
each matrix was produced at N (from N =5 to N = 10000) and within each matrix, each row of
craters was ablated with a fixed Ep value. The ablated craters diameters D were measured using
an optical microscope (Nikon Eclipse E600). Images of each crater were acquired, and their
diameter D was directly measured using the microscope acquisition software. In Fig. 2 the image
of a representative matrix realized at f=6 kHz and N = 100 is shown.
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Fig. 1. Sketch of the experimental setup.

Fig. 2. Dot matrix realized at f= 6 kHz and N = 100 pulses. The pulse energies for craters
within each row from top to bottom are: 25 uJ, 33 uJ, 41.7 pJ, 50 pJ and 58.3 uJ
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In Table 1 the working laser parameters (pulse energies, repetition rates and number of pulses)
are summarized.

Table 1. Laser working parameters
| £=0.06,6, 60 [kHz] £ =200 [KHz]

Pulse Energy Ep [uJ] 25-33.3-41.7-50-58.3 17.2-20-23.2-253
Number of Pulses N 5-10-20-50-100-500-1000-2000-5000-10000 10-20-50-100-500-1000-2000-5000-10000

2.3. Methods

The multi-pulse threshold fluence F,(N) was estimated for each N value (namely for each matrix),
using the procedure introduced by Liu et al. [28]. This approach assumes a Gaussian spatial
energy distribution for the laser beam. The threshold fluence for N consecutive laser pulses
F(N) is related to the crater squared diameter D? through the following equation:

D2=2w2m(—fﬁ—) (1)

where the peak laser fluence F is defined as:

2%

Fo = )

w?

and w is the laser beam FWHM. Using the previous two equations, the squared diameters D? can
be linearly fitted as a function of the logarithm of the pulse energies Ep in order to determine the
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Fig. 3. D? vs Ep semi-logarithmic plots at f = 0.06 kHz for N = 10 (red squares), N = 100
(blue squares) and N = 10000 (green squares) with the relative linear fits. Each experimental
point is the average value of the crater squared diameters D? realized at the same pulse
energy Ep. Figure 3 clearly shows that the diameter grows either by increasing the pulse
energy or the number of pulses.
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laser FWHM w and the multi-pulse threshold fluence F,(N). This procedure was repeated for
each selected value of N and repetition rate to estimate Fy,(N) and the beam waist w, found equal
to 16 +0.08 um. In Fig. 3, three representative semi-logarithmic plots at f=0.06 kHz are shown
together with the relative linear fits.

3. Results

In Fig. 4 the multi-pulse thresholds fluence at f = 0.06 kHz are shown as a function of N.

6 B 0.06 kHz measured fluence
Model (1)
—— Model (2)
5 —— Model (3)

10 100 1000 10000
N

Fig. 4. Multi-pulse threshold fluence (black squares) Fy,(N) as a function of the number of
laser pulses N, at f=0.06 kHz. The experimental data are fitted with three different models
(green, blue, and red curves).

The experimental data (black squares) show that F,(N) decreases rapidly for N < 100. Then
reach a plateau. This F,(N) trend can be ascribed to the incubation effect.

Three different models were used to fit the experimental data in Fig. 4. Model (1) (green curve
in Fig. 4) was proposed for the first time by Jee et al. [16] and predicts that:

Fu(N) = Fy N5 3)

This model relates the multi-pulse threshold fluence F,(N) to the single pulse threshold
fluence F, 1 by means of a power law which introduces the incubation coefficient S, which is an
empirical parameter that depends on the strength of the incubation in the target material and is
bound between O and 1 (0 < S < 1). If §=1, incubation is absent, and the ablation threshold is
not dependent from N. For S < 1 incubation takes place, and the closer S is to zero, the faster the
ablation threshold decreases. Model (2) (blue curve in Fig. 4) was introduced by Di Niso et al.
[21] to take into account the experimental observation that, differently from what predicted by
Model (1), the threshold fluence saturated to an asymptotic value different from zero in case of
irradiation with a relatively high number of pulses (typically N > 100). For this reason, an offset
value Fy, o, representing the saturating threshold fluence for very large number of pulses N, was
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introduced and the following expression for the incubation model was proposed:

Fu(N) = Fipoo + [F1 — Fth,oo]NS_l @
Model (3) (red curve in Fig. 4) follows the exponential law proposed by Rosenfeld et al. [29]:
F(N) = Finoo + [Fint = Finoole ™ V™ &)

Similarly, to the model of Di Niso et al., also here a saturation of incubation is considered for
very high numbers of N through the offset Fy, .. The factor k represents the incubation coefficient,
which is, as the coefficient S, of empiric nature and depends on the strength of incubation in the
target material. Differently from $ that can assume only values comprised in the range between 0
and 1, k can assume any value depending on the strength of the incubation effect in the material.

Table 2 summarizes the results of the fits shown in Fig. 4, of the experimental data with the
three different incubation models proposed in literature. The fitted parameters are Fi, o for
Model (2) and (3), Fy, 1 for all three models, S for Model (1) and Model (2), k for Model (3).
Finally, the value of R? coefficient is also reported to compare how well the different models fit
the experimental data.

Table 2. Results of the experimental fits in Fig. 4

Model (1)  Model (2) Model (3)
Fu, oo [Vem?] | - 1.56+0.16  1.67+0.05
Fug [Jem?] | 640129 1487454 647+0.33
S[-] 0.79+0.05 022+0.15 -
k[-] - - 0.054 +0.004
R? 0.626 0.918 0.987

A comparison among R-squared values showed that Model (3) provides the best fit to the
experimental data. Thus, Model (3) has been chosen to fit the data also at others repetition rates.
A more detailed discussion will be provided in the next section.

In Fig. 5 the experimental multi-pulse fluence Fy,(N) trends are shown as function of N at all
the investigated repetition rates f, fitted with the exponential law given by Model (3).

The parameters extracted from the experimental fits are reported in Table 3.

Table 3. Results of the Model 3 fits performed at the
four different repetition rates (Fig. 5)

fIKHz] | Fin oo em?]  Fyy (Vem?]  k[-]

0.06 1.67 +£0.05 6.47 +0.05 0.054 + 0.004
6 1.68 +£0.06 6.02+0.30 0.051 +0.009
60 1.73 £0.05 6.42+0.32 0.058 +0.007

200 1.71 £0.08 6.23+1.13 0.063+0.013
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Fig. 5. Model 3 fits of Fy,(N) versus the number of laser pulses N: (a) f=0.06 kHz (black
squares), (b) f=6 kHz (red hexagons), (c) f =60 kHz (blue dots), (d) f=200 kHz (green
triangles).

4. Discussion
4.1. Incubation models

In dielectric and semiconductor materials the incubation effect is caused by the accumulation
of laser induced defects sites [18]. When a laser pulse has a fluence below the single-pulse
threshold, the free carriers excited by the pulse will relax, generating defects sites, as color centers
or Frenkel pairs [18]. Sites can generate additional energy levels within the band-gap region of
the material. These new levels represent additional excitation routes for the carriers from the
valence band, promoting additional absorption channels for subsequent laser pulses at fluence
below the single-shot threshold. The defect density will increase pulse-by-pulse until it reaches
saturation [30]. Correspondingly, the multi-pulse fluence threshold will decrease with N until it
reaches the saturation value F, . This process is often referred to as metallization, because it
causes the filling of the dielectric band gap with energy states, resulting in a metal-like electronic
band structure. Similarly, in quartz the accumulation of band-gap defects during irradiation with
multiple pulses might explain the incubation effect. In their work on fused silica, Duan et al.
[31] proposed that the number of color centers increases exponentially with the number of pulses
N as described by the following equation:

D(I) = & D01 - e~k (6)

ky +
where Dp(0) is the intrinsic defect density of the material, k, and k. are conversion rates of
intrinsic defects into color centers and / is the total laser pulse radiation flux, which is directly
proportional to N. The one minus negative exponential of / factor clearly indicates that the defect
density saturates with the number of pulses N. This saturation effect is the same observed in the
reduction of multi-pulse ablation threshold with the number of pulses N. However, the question
remains which one of the models found in literature and presented in section 3, is the best suited
to describe the incubation effect observed on quartz. The results in Table 2 indicate that Model
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(1) predicts F,,1 =6.40+1.29 J/em? and S =0.79 +0.05 in good agreement with values found
for other dielectrics [32,33,26], but fails to take into account the saturation effect for N > 100 as
demonstrated by the low R? value of 0.626. Model (2) correctly predicts the saturation effect,
returning Fy .o = 1.56 +0.16 J/cm? and, indeed, the fitting of the experimental data returns an
of R =0. 918, higher than Model (1). However, Model (2) largely overestimates the fluence
threshold with single pulse Fi, 1 = 14.87 +4.54 J/em?, as well as it underestimates the incubation
coefficient § =0.22 + 0.15. Additionally, the values of both parameters are quite different from the
values that can be found in literature on other dielectric materials [24]. Fitting data with Model
(3) results in the largest R> value of 0.987, which means that this model predicts more properly
the incubation effect on quartz, returning a fluence threshold saturation value Fi oo = 1.67 £0.05,
a single-shot threshold F,; = 6.47 +0.33 and an incubation coefficient k = 0.054 +0.004. The
value found for Fi,; is comparable to those already found for quartz in other works [34,35]. No
studies on the incubation effect in quart have been found in literature, but the £ value estimated in
this work is comparable to those found for other transparent dielectrics, such as sapphire [24].
This result suggests that Model (3) is the best one suitable to describe the experimental data in
Fig. 4 and the incubation effect in transparent dielectric; this conclusion cannot be extended to
opaque dielectrics since no works were found investigating incubation in such materials

4.2. Influence of repetition rate

The results in Table 3 clearly show that there is no influence of the repetition rate on the
multi-pulse ablation threshold in the frequency range investigated in this work. Fy, ; does not
depend on frequency, so an average value can be calculated, and it results Fi, | 4y = 6.23 £ 0.23
J/em?2. This value is comparable with the Fy,; (5 J/em?) found for quartz ablation by Xu et
al. [35]. Same discussion can be argued for F o, and k, within the corresponding uncertainty
intervals; therefore, also these two quantities do not depend on the repetition rate. This result can
be explained by considering the lifetime 7 of the defects induced by the laser irradiation, which
has been estimated to be around 50 ms by Costache et al. [30]. In their work the authors analyzed
ion desorption kinectis and defect dynamics from BaF; and CaF; crystal after femtosecond laser
excitation. They used a Ti:Sapphire CPA laser system emitting 120 fs pulses of 800 nm. They
measured the laser-induced defect relaxation time in CaF, and BaF, crystals through flourescence
detection using a ICCD camera. Laser induced fluorescence was detected at laser intensities near
the single pulse damge threshold for the two crystals, ~30TW/cm? for CaF, and ~20TW/cm?
for BaF,. The longest pulse-to-pulse temporal separation experienced in this work is 17 ms,
corresponding to a repetition rate of f = 0.06 kHz. For higher frequencies, this time delay is even
shorter. Therefore, at the repetition rates investigated in this work, the defects quickly accumulate
this can explain why no influence of the repetition rate was observed in the measurements. The
average values for Fi o and k can be also calculated and found to be Fip, oo =1.70 £ 0.06 J/em?
and £ =0.058 £ 0.006. No reference in literature were found on these quantities for quartz, but
they are comparable with those measured for sapphire [24,36].

5. Conclusion

We performed a systematic investigation of multi-pulse ablation threshold fluence Fi,(N) on
quartz using different number of pulses N, from 5 up to 10000. An incubation effect with a
decrease of Fy,(N) with N was observed. For N> 100, F,(N) rapidly saturated reaching an
asymptotic value indicated as Fy, . The exponential model previously reported by Rosenfeld et
al. [18] was found to be the best suited to describe such incubation effect for quartz. The measured
value for the single pulse ablation threshold Fy, ; agrees with those already found for quartz,
and the estimated values of Fy, o and the incubation coefficient k are comparable with those
found for other transparent dielectric materials, such as sapphire, in similar irradiation conditions.
The accumulation of laser-induced defects during multi-pulse irradiation was recognized as
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responsible for the observed incubation effect. This would also explain why no dependence of the
ablation threshold and incubation coefficient on the repetition rate was found in the investigated
range, for f from 0.06 kHz to 200 kHz. In this frequency range, the laser-induced defects lifetime
is expected to be much longer than the inter-pulse delay, thus defects accumulate exponentially
in all the investigated conditions. This study provides the operating conditions and parameters
useful for laser processing of quartz with ultrashort pulses at high repetition rates for applications
such as the enhancement of quartz optical absorption in near- and mid-infrared range and the
investigation about Laser-Induced-Periodic-Surface-Structures (LIPSS) on quartz surface
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