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A B S T R A C T   

This paper presents an experimental investigation on the ultrashort pulsed laser ablation of 128◦ Y-cut Lithium 
Niobate (LiNbO3) using multi-shot fs-laser pulses at different pulse repetition frequencies (1, 10 and 100 kHz). 
The ablation threshold fluence was observed to rapidly decrease as the number N of incident laser pulses 
increased, regardless of the repetition frequency. This behavior, compatible with the incubation effect, was 
accurately modeled by a power law. The calculated single pulse ablation threshold Fth,1 = 1.98 ± 0.15 J/cm2 is 
consistent with values reported in existing literature. The incubation coefficient S* appears to be independent of 
the repetition frequencies. In contrast, the asymptotic ablation threshold Fth,∞ decreased as the repetition fre
quency was increased. The study delves deeper into the impact of laser operational variables, including pulse 
energy, repetition frequency, total pulse count, and scanning speed, on the surface roughness and milled depth of 
fs-laser micromilled zones on LiNbO3 substrates. A discernible trade-off between achieving control over the 
obtained depth and the surface finish of the process was identified, providing valuable insights for achieving 
precise control over fs-laser processing of LiNbO3 surfaces.   

1. Introduction 

Lithium Niobate (LiNbO3) is an artificial piezoelectric crystalline 
material with a wide range of applications due to its unique combination 
of physical properties. At room temperature, it is a ferroelectric crystal 
with a rhombohedral (trigonal) structure and belongs to the space group 
R3c, with a point group of 3 m [1]. Its chemical stability and Curie 
temperature of 1142 ◦C ensure that it remains intact even in demanding 
environments [2]. 

One of the standout features of LiNbO3 is its large electro-mechanical 
coupling coefficients, several times larger than those of quartz. This 
property makes it a material of interest for the fabrication of transducer 
devices. For instance, LiNbO3 tuning forks (LiNTFs) have already been 
largely employed as viscosity and density sensors for fluid properties 
measurements [3,4] and recently as piezoelectric transduces in Lithium 
Niobate-enhanced Photoacoustic Spectroscopy (LiNPAS) [5]. Further
more, LiNbO3 exhibits very low acoustic losses, which makes it an ideal 
candidate as the substrate of surface acoustic wave (SAW) devices. In 

microfluidics, LiNbO3 substrates have been employed in micro-mixers 
[6] and in particle sorting systems based on acoustophoresis [7]. 

Despite these remarkable properties, the processing of LiNbO3 pre
sents challenges due to its low toughness, high anisotropy, and chemical 
inactivity. Various manufacturing techniques, such as diamond micro- 
milling [8], high precision Computerized Numerical Control (CNC) 
machining [9], wet and dry etching, including focused ion beam (FIB) 
milling [10], have been explored for the micromachining of micro
features. However, these methods often have limited processing reso
lution or low material removal rate resulting in time-consuming and 
expensive processes that constraints optimization in prototyping [11]. 
Femtosecond laser micromachining (FLM) addresses these drawbacks by 
enabling direct microstructuring of substrates without the need for 
preliminary chemical treatment or photomasks. FLM operates in a non- 
contact and chemical-free way, eliminating the risks of introducing 
contaminants or altering material properties through chemical in
teractions. These characteristics aligns with the demands of modern 
microfluidic device fabrication, which emphasizes simplicity and 
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flexibility in design optimization [12,13]. Surface micromachining 
employing FLM has been reported for several materials, including 
polymers [14], composites [15], ceramics [16] and metals [17]. FLM 
has also found application for the fabrication of LiNbO3-based micro
fluidic devices [18,19], as well as microresonators for medical [21] and 
photonics [22] applications. 

Femtosecond (fs) lasers operate by emitting ultrashort pulses of light, 
enabling the deposition of energy in a timescale shorter than the typical 
lifetime of thermal relaxation processes in materials. This rapid and 
intense energy deposition leads to a highly localized and controlled 
laser-matter interaction mostly governed by nonlinear absorption phe
nomena, which permit to tailor processing of materials at extremely 
high precision. 

Over the past three decades, the dynamics of fs-laser interactions 
with matter have been extensively studied and well documented [22]. It 
has been demonstrated that the quality and efficiency of FLM in trans
parent materials depend on both the material’s properties – including 
composition, crystalline structure, thermal conductivity, and optical 
characteristics – as well as the laser parameters such as pulse duration, 
pulse energy, and the focusing numerical aperture [23]. However, a 
complete and universal understanding of the involved physical phe
nomena remains elusive especially when dealing with wide bandgap 
transparent dielectrics. 

Chen et al. [24] have studied the surface-damage threshold of 
LiNbO3 after single- and multiple fs-laser pulse irradiation. Furthermore, 
a prediction model for the damage threshold has been proposed by Meng 
et al. [25]. Fissi et al. [26] investigated the impact of changing several 
laser operating parameters on the microstructuring of piezoelectric 
substrates, including LiNbO3, with a picosecond laser. However, the 
existing literature lacks precise and complete information on the influ
ence of laser parameters during multi-pulse fs-laser surface ablation of 
LiNbO3. To address this gap, in this paper, a systematic study of the 
response of 128◦ Y-cut LiNbO3 during FLM was carried out. 

Firstly, the laser surface ablation threshold of LiNbO3 was investi
gated. The paper further explores the influence of laser working pa
rameters, such as pulse energy, repetition frequency, total number of 
pulses, and scanning velocity, on both surface roughness and milled 
depth of fs-laser micromilled areas on LiNbO3 substrates. Morphological 
analysis of processed surfaces enabled the evaluation of surface rough
ness and edge quality under various operating conditions. 

2. Materials and methods 

2.1. Materials 

The substrates used in this work consist of double polished 128◦ Y- 
cut Lithium Niobate wafers (from Nano Quarz Wafer GmbH) with an 
area of 24.5 × 24.5 mm2 and a thickness of 500 μm. The polished sur
faces have a roughness (Ra) of less than 1 nm, while the edges are in their 
as-cut state. 

The 128◦ Y-cut in LiNbO3 is widely used for the fabrication of 
acoustophoresis-based microfluidic devices [6]. Specifically, this 
particular cut enables the propagation of Rayleigh waves at an increased 
velocity, increasing from 3488 m/s of the uncut crystal to 3979 m/s. This 
characteristic is essential for efficient particle sorting. Furthermore, the 
electromechanical coupling constant for this cut (K2 = 5.5%) is much 
higher than that for the Rayleigh waves generated in quartz (0.16%), 
zinc oxide (1.1%) or aluminum nitride crystal (0.4%) [6]. 

2.2. Experimental setup 

The set-up employed for the study of the laser ablation threshold and 
the influence of the laser working parameters on the laser milled depth 
and surface roughness is schematically shown in Fig. 1. 

The light source employed was a femtosecond solid state laser system 
PHAROS SP 1.5 from Light Conversion. This versatile laser system offers 
a wide range of tunable parameters including pulse duration τP ranging 
from 100 fs to 20 ps, repetition frequency fr from single shot up to 1 MHz, 
pulse energy EP up to 1.5 mJ, and average power up to 6 W. The nominal 
central wavelength is 1030 nm. At the output, the laser beam is almost 
diffraction-limited (M2 = 1.3) and linearly polarized. 

The pulse duration was fixed at 200 fs during the investigation. The 
pulse energy was finely tuned by a half-waveplate and a polarizer, that 
was oriented in order to select the P component of light polarization. 

The linearly polarized beam was focused and scanned onto the target 
surface through a PC-controlled galvo scanner (IntelliSCANN 14 from 
SCAN-LAB,) equipped with a ƒ-theta lens of 100 mm focal length. The 
LiNbO3 sample was fixed on a 3-axis manual linear translation stage 
(resolution 1 μm), to facilitate the positioning of the sample at the center 
of the working area of the scan head as well as at the focal plane of the 
ƒ-theta lens. 

The micromachined samples underwent a cleaning procedure, con
sisting of a 15-minute cycle in an isopropyl alcohol ultrasonic bath, to 
remove any residues left from the ablation process. 

The morphological characterization of the laser machined samples 

Fig. 1. Schematic of the experimental setup. The laser source and the galvo scanner are controlled by an external PC. The sample holder is provided with an XYZ 
linear translation stage. 

F.A. Sfregola et al.                                                                                                                                                                                                                              



Optics and Laser Technology 177 (2024) 111067

3

was performed employing an optical microscope (Nikon Eclipse ME600) 
as well as an optical profilometer (Bruker ContourGT InMotion). This 
interferometry-based microscope offers non-contact, three-dimensional 
surface measurements of features within the height range from 0.1 nm to 
10 mm. The built-in analysis software also allows the measurement 
surface roughness and step heights. 

2.3. Surface ablation threshold study 

The laser surface ablation threshold study of LiNbO3 was carried out 
applying the Liu’s method [27]. This well-established method based on 
crater analyses relates the threshold fluence Fth(N) for N consecutive 
laser pulses to the crater squared diameter D2 through the following 
equation: 

D2 = 2w2ln
(

F0

Fth(N)

)

(1)  

where F0 is the peak laser fluence defined as: 

F0 =
2EP

πw2 (2)  

and w is the 1/e2 Gaussian beam radius. 
Combining Eq. (1) and Eq. (2), the squared diameters D2 can be 

linearly fitted as a function of the logarithm of the pulse energy EP. The 
laser Gaussian beam radius is given by the slope 2w2, and the multi- 
pulse threshold fluence Fth(N) can be calculated from the ordinate- 
intercept of the fitting line. 

In this study, three sets of ablation craters – composed by 11 matrices 
– were generated at a different repetition frequencies fr. In each matrix 
the number of pulses N is fixed, while each row is ablated with 
increasing pulse energy EP. The laser working parameters for each set, 
matrix and row are reported in Table 1. 

The morphological analysis of the ablated craters was performed 
using the optical microscope ’s acquisition software. 

It’s worth noticing that the crater shapes may deviate from perfect 
circles. This discrepancy could be attributed to several factors: the 
beam’s non-ideal Gaussian nature (M2 > 1), a non-perfect focusing of 
the beam on the sample surface, or a slight telecentricity error. To ac
count for this variability, both the minor and major axes of the elliptical 
crater profiles were measured. Then, the crater’s diameter was subse
quently determined as the average of these two measurements. 

The diameter D in Eq. (1) was determined for each pulse energy EP by 
averaging four diameter measurements to increase both the accuracy 
and the precision of the measurement. An uncertainty of 1 μm was 
considered to account for the maximum resolution of the image analysis 
software. 

2.4. Laser micromilling study 

The impact of the main laser process parameters on the depth and the 
surface roughness Sq [28] of the laser-micromilled areas has been 
investigated. Table 2 reports the examined parameters, including the 
peak fluence F0, the pulse repetition frequency fr, the scanning speed vs, 
and the spacing between consecutive scanning lines, i.e., the hatch 
distance h. For each set of parameters, a pocket of 150 × 150 μm2 was 
micromachined. 

The pulse repetition frequency fr and scanning speed vs determine 
the laser pulse overlap PO of consecutive laser pulses along the scanning 
direction according to the following equation [29]: 

PO(%) =

(

1 −
vs

2w • fr

)

× 100 (3)  

Precise control of laser pulse overlap is crucial to evenly distribute the 
laser energy over the machined surface, preventing excessive heating 
and material damage. A visual representation of the overlap of two 
consecutive laser pulses with a Gaussian profile can be found in Fig. 2. 

The study on the laser surface ablation threshold of LiNbO3 already 
provided insights into the material’s response to different repletion 
frequencies and the number of incident pulses N. Therefore, instead of 
laser pulse overlap, it is more convenient to rewrite Eq. (3) in terms of 
the number of pulses N1D

P irradiated on a dimensionless spot of the 
surface along a line scan per spot, calculated as [30]: 

N1D
P =

2w • fr

vs
(4)  

where w was evaluated following the Liu’s method. 
The scanning line overlap LO of two consecutive laser spots 

belonging to adjacent scanning lines can be calculated as [29]: 

LO(%) =

(

1 −
h

2w

)

× 100 (5)  

where h is the distance between consecutive scanning lines. 
It is insightful to rewrite Eq. (5) in terms of the number of pulses per 

spot N2D
P that accounts for both the laser pulse and scanning line overlap, 

so that [30]: 

Table 1 
Laser working parameters during the surface ablation threshold study.  

Repetition frequency fr 
[kHz] 

1 – 10 – 100 

Number of pulses N [-] 5 – 10 – 20 – 50 – 100 – 200 – 500 – 1000 – 2000 – 5000 
– 10,000 

Pulse energy EP [μJ] 10 – 15 – 20 – 25  

Table 2 
Laser working parameters during the micromilling study.  

Repetition frequency fr 
[kHz] 

1 – 10 – 100 

Peak fluence F0 [J/cm2] 0.66 – 0.99 – 1.32 – 1.66 – 1.99 – 2.32 – 2.65 – 2.98 – 
3.31 – 3.64 

Scanning speed vs [mm/s] 160 – 64 – 32 – 16 – 6 – 3 – 2 
Hatch distance h [μm] 3.2 – 6.4 – 9.6 – 12.8 – 16 – 19.2 – 22.4 – 25.6 – 28.8 
Scanning line overlap LO 

[%] 
10 – 20 – 30 – 40 – 50 – 60 – 70 – 80 – 90  

Fig. 2. Laser pulse overlap area PO (red stripes) of two consecutive laser pulses 
along the scanning direction. Scanning line overlap area LO (blue stripes) of 
two adjacent scanning lines in the laser micromilling process. The pulse energy 
distribution is assumed to be Gaussian. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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N2D
P = N1D

P
2w
h

=
(2w)2

• fr

vs • h
(6) 

Finally, the cross-hatch scanning strategy displayed in Fig. 3 was 
adopted due to its enhanced machining quality and reduced roughness 
compared to circular patterns and parallel lines [31]. This approach 
ensures an even distribution of energy across successive passes of the 
laser beam in a grid pattern. 

3. Results and discussion 

3.1. Surface ablation threshold fluence and incubation 

The multi-pulse threshold fluence Fth(N) was calculated for each 
number of pulses N and repetition frequency fr following the Liu’s 
method described in Section 2.3. As representative, Fig. 4 shows the 
semi-logarithmic plots obtained for N = 5, 10, 20, 50, and 10000 at fr =

10 kHz. The fitting of experimental data with Eq. (1) returns the esti
mation of the Gaussian laser beam radius on the surface w =

17.0 ± 0.9 μm. This value is compatible with the calculated beam waist 
in air, which was 16 μm. 

The plot clearly shows that the diameter D of the craters increases 
with both the pulse energy EP and the number of pulses N, however a 
saturation point is reached beyond N = 50. The observed behavior is 
well consistent with the theory of damage and/or deformation accu
mulation mechanisms in multi-shots irradiation [32]. 

Fig. 5 shows the multi-shots threshold fluence Fth(N) as a function of 
the number N of applied laser shots at (a) fr = 1 kHz, (b) 10 kHz, and (c) 
100 kHz. The experimental data was analyzed employing three incuba
tion models which describe the relationship between the multi-pulse 
ablation threshold Fth(N) and the single-pulse threshold Fth,1. 

The experimental results reveal a similar trend across all three 
repetition frequencies. Initially, as the number N of laser pulses in
creases, there is a rapid decrease of the multi-pulse ablation threshold 
fluence. This decrease is most significant for N < 100, where the 
threshold fluence is almost halved. For N > 100, the multi-pulse abla
tion threshold fluence Fth tends to a plateau level. In other words, the 
cumulative effects reach a saturation point: a further increase in the 
number of laser shots does not significantly reduce the threshold flu
ence. This behavior is well known in literature as incubation [33] and, 
refers to the progressive reduction in the ablation threshold with suc
cessive pulses, a behavior not observed in the single-pulse regime [32]. 

This phenomenon has been widely observed across various mate
rials, ranging from metals, such as steel [34], copper and iron [35], to 
semiconductors [36], as well as dielectrics [37], such as quartz [33]. For 
all these materials, the observed trend indicates that the material’s op
tical absorption increases progressively pulse after pulse, leading to 

enhanced excitation of free carriers with different physical mechanisms 
depending on the kind of material [38]. The progressive accumulation of 
excitation energy ultimately contributes to a reduction of the threshold 
for material removal [39]. 

The exact mechanisms underlying the incubation effect are not yet 
fully understood and remain a subject of ongoing research. For di
electrics, the emergence of the incubation effect is closely linked to the 
formation of self-trapped excitons (STEs), electron-hole pairs that 
become bound due to Coulomb attraction [40]. STEs can induce local
ized lattice rearrangements and accumulation of defects that contribute 
to an increase of the material’s optical absorption. As a result, energy of 
subsequent laser pulses is absorbed more efficiently, ultimately leading 
to the reduction of the ablation threshold [41]. 

Model (1) was proposed for the first time by Jee et al. [32] and is 
based on the following power law: 

Fth(N) = Fth,1NS− 1 (7)  

where S is an empirical parameter known as incubation coefficient 
which quantifies the strength of the incubation in the target material and 
is bound between 0 and 1. If S = 1, incubation is absent and the ablation 
threshold is not dependent from N. For S < 1, incubation takes place: the 
closer S is to zero, the faster the ablation threshold decreases. According 
to Model (1), the multi-pulse threshold fluence Fth(N) should approach 
zero as far as the number of laser pulses becomes significantly high. 
Therefore, as it can be noticed in Fig. 5 (red dotted curve), Model (1) 
cannot accurately fit the experimental data point in the saturation 

Fig. 3. Schematic of the cross-hatch scanning strategy: (a) The scanning lines of subsequent layers are perpendicular to each other, with a constant hatch spacing for 
each layer; (b) Each layer is obtained by rotating the previous layer counterclockwise by 90◦ . 

Fig. 4. Squared diameter D2 of the ablated craters versus the pulse energy EP 

semi-logarithmic plots for number of pulses N = 5, 10, 20, 50 and 10000 at the 
repetition frequency fr = 10kHz. The experimental data are fitted with Eq. (1). 
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region for all three repetition frequencies investigated. The R-Squared 
values obtained by the fitting of the data with Model (1) are reported in 
Table 3, along with other computed parameters such as the single pulse 
threshold fluence and the incubation coefficient. 

The saturation regime can be described by introducing a constant 
asymptotic fluence threshold Fth,∞. As the number of laser pulses tends 
towards infinity, the multi-pulse ablation threshold converges toward 
this finite value instead of reaching zero. 

Model (2), proposed by Rosenfeld et al. [42], is based on these 
considerations and follows an exponential law: 

Fth(N) = Fth,∞ +
[
Fth,1 − Fth,∞

]
e− k(N− 1) (8)  

where the factor k serves a role like the incubation coefficient S of Model 
(1), but it is not constrained in the range 0 − 1. Instead, k can take on any 
value depending on the extent of the incubation effect in the material. 
The larger k is, the fewer laser shots N are necessary to reach saturation. 

Model (2) has been proven to accurately describe the incubation 
effect in dielectrics such as fused silica [43] and quartz [33]. The green 
dashed curve in Fig. 5 represents the best fit of the experimental data 

acquired in the present work on LiNbO3 employing Eq. (8). As it can be 
noticed, Model (2) better fits the data points especially in the saturation 
region resulting in higher R-squared values for N > 100 compared to 
Model (1) (see Table 4). Nevertheless, significant discrepancies can still 
be seen between the model and the experimental data in the region 10 <

N < 100 for all the repetition frequencies investigated. 
Model (3), introduced by Di Niso et al. [34], is a recently proposed 

incubation model that takes into account both the power law formula
tion from Model (1) and the saturation of the threshold fluence for 
increasing number of pulses: 

Fth(N) = Fth,∞ +
[
Fth,1 − Fth,∞

]
NS* − 1 (9)  

where S* is a modified incubation coefficient. 
This model accurately describes the entire trend of the multi-pulse 

threshold Fth from fewer number of pulses (N < 100) up to the satura
tion region, as shown in Fig. 5 (blue solid curve). Table 5 reports the 
results of the fitting of the experimental data with Model (3). The very 
high R-squared values indicate the superior accuracy of Model (3) to 
describe the incubation effect for LiNbO3 in comparison to the other 

Fig. 5. Multi-pulse threshold fluence Fth(N) as a function of the number of laser pulses N, at repetition frequency fr of: (a) 1 kHz, (b) 10 kHz and (c) 100 kHz. The 
experimental data are fitted with Model (1) (red dotted line), Model (2) (green dashed line) and Model (3) (blue solid line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Results of the Model (1) fits performed at the 3 repetition frequencies.  

f r[kHz] Fth,1[J/cm2] S[-] R2 

1 1.05 ± 0.05 0.91 ± 0.01  0.864 
10 0.98 ± 0.09 0.93 ± 0.01  0.710 
100 1.81 ± 0.05 0.73 ± 0.01  0.988  

Table 4 
Results of the Model (2) fits performed at the 3 repetition frequencies.  

f r[kHz] Fth,∞[J/cm2] Fth,1[J/cm2] k[-] R2 

1 0.61 ± 0.03 1.10 ± 0.13 0.06 ± 0.03  0.839 
10 0.54 ± 0.02 1.09 ± 0.08 0.02 ± 0.03  0.870 
100 0.45 ± 0.04 1.27 ± 0.05 0.03 ± 0.03  0.990  
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existing models, at least in the range of laser parameters investigated in 
the present work. 

The fitting results indicate also that the single-shot threshold Fth,1 

appears to be independent of the repetition frequency. This observation 
allows the calculation of an average value, resulting in Fth,1 =

1.98 ± 0.15 J/cm2. This value is compatible with the single-shot abla
tion threshold (2.82 J/cm2) found by Chen et al. [24] using 80 fs-pulses 
at fr = 1 kHz. The influence of the repetition frequency on the modified 
incubation coefficient S* can be also considered negligible, as the fitted 
values are compatible within their respective errors. 

The asymptotic threshold Fth,∞ at fr = 1 kHz and 10 kHz 
(0.54 ± 0.03 J/cm2 and 0.52 ± 0.01 J/cm2, respectively) is compatible 
with the value 0.52 ± 0.06 J/cm2 found by Chen et al. [24] employing 
80 fs-pulses, while it drops to 0.34 ± 0.03 J/cm2 at fr = 100 kHz. These 
results give some insight on the dependence of the ablation threshold of 
LiNbO3 with the repetition frequency in the multi-shot regime, however 
a full characterization of Fth,∞ as a function of fr is beyond the purpose of 
this paper. 

Based on the findings obtained from the laser surface ablation 
threshold study, further insights can be gleaned regarding the depen
dence of the crater’s morphology on the pulse energy EP, the repetition 
frequency fr and the number of incident pulses N. As show in Fig. 6 (a-b) 
for N = 500 and Ep = 20 μJ, the crater quality is reliable both at 1 kHz 
and 10 kHz. Similar results are observed for all other combinations of 
energy and number of pulses. Conversely, increasing the repetition 
frequency to 100 kHz, for a large number of pulses the crater reveals the 
presence of chips due to excessive thermal stress on the surface [44], as 
shown in Fig. 6(c). 

Given that the 10-kHz repetition frequency improved process effi
ciency compared to the fr = 1 kHz case without compromising the 
quality of the crater’s edges, we chose to keep the repetition frequency 
fixed at 10 kHz thereafter. 

3.2. Influence of the laser parameters on the micromicromilled areas 

The influence of the incident laser fluence on the milled depth was 
investigated at fixed scanning line overlap LO = 50% and pulses per spot 
N2D

P = 100 as starting parameters. The peak laser fluence F0 was 
calculated based on the pulse energy EP using Eq. (2), while the scanning 
velocity vs was determined using Eq. (4), setting 50 pulses per spot. 

Fig. 7 shows that in the range of laser parameters investigated in the 
present work the milled depth increases linearly with the incident laser 
peak fluence F0. A linear regression analysis of the data (blue solid line) 
yields a depth-to-fluence ratio of 21.7 ± 0.8 μm/( J/cm2). 

A strong dependence of the surface roughness Sq on the incident laser 
fluence can also be noticed from Fig. 7. LiNbO3-based microfluidic de
vices [18,19] and microresonators [20,21] typically require micro
structures with dimensions in the order of hundreds of μm and surface 
roughness below 1μm. Based on this consideration, a trade-off between 
the surface roughness and the control over the milled depth was ach
ieved at a peak fluence of 1.66 J/cm2, which was kept fixed for the rest of 
the investigation. 

Subsequently, the influence of the scanning line overlap LO, deter
mined by the hatch spacing h as described by Eq. (5), was investigated. 
The values of h examined ranged from 3.2 to 28.8 μm, corresponding to 
scanning line overlaps from 90% to 10%, employing a single cross-hatch 
scanning strategy, as illustrated in Fig. 3(a). For each h value, the 
scanning velocity vs was calculated using Eq. (5), while keeping fixed the 
number of pulses per spot N2D

P at 100. It is worth noticing that the 
scanning line overlap LO does not impact the milled depth, which re
mains constant at 27.8 ± 0.8 μm, but significantly affects the surface 
roughness, as shown in Fig. 8. 

Table 5 
Results of the Model (3) fits performed at the 3 repetition frequencies.  

f r[kHz] Fth,∞[J/cm2] Fth,1[J/cm2] S*[-] R2 

1 0.54 ± 0.03 1.72 ± 0.26 0.47 ± 0.11  0.950 
10 0.52 ± 0.01 2.11 ± 0.16 0.48 ± 0.04  0.997 
100 0.34 ± 0.03 2.11 ± 0.05 0.54 ± 0.03  0.999  

Fig. 6. DIC optical micrographs of three representative craters ablated with N = 500 and Ep = 20 μJ at: (a) 1 kHz, (b) 10 kHz and (c) 100 kHz.  

Fig. 7. Milled depth (blue diamonds) and surface roughness Sq (red squares) 
versus the incident laser peak fluence with 50 pulses per spot at repetition 
frequency fr = 10 kHz. The blue solid line represents the best-fit linear 
regression model. The ablation was performed with a single scanning loop at 
fixed scanning line overlap LO = 50% and pulses per spot N2D

P = 100. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 9 provides a comparison of the surface morphology between 
three representative cases of LO = 10%, 50% and 90%. The micrographs 
indicate that the microstructure’s periodicity across the micromilled 
areas is given by the hatch spacing h, denoting the significance of this 
parameter in influencing surface quality [45]. A surface roughness of 
0.5 ± 0.1 μm was achieved with a scanning line overlap of 90%, corre
sponding to h = 3.2 μm. Based on this result, LO was kept fixed at 90% 
for the rest of the investigation. 

The impact of the scan speed vs on both milled depth and surface 
quality was also examined while keeping fixed the other parameters. 
However, for a more comprehensive analysis, the results are reported as 
a function of the number of pulses per spot N2D

P . This parameter is related 
to the scanning speed according to Eq. (6). Fig. 10 displays the results 
obtained for N2D

P ranging from 20 to 1500, corresponding to scan speeds 
ranging from 160 mm/s to 2 mm/s. 

Fig. 10 shows how the milled depth rapidly increases with the 
number of incident pulses until a plateau is reached for N2D

P > 300. This 
behavior could be better understood by examining the pulse ablation 

efficiency (green circles), i.e. the milled depth per incident pulse, which 
peaks around N2D

P = 50 before rapidly decreasing. The observed satu
ration plateau could be ascribed to the heat accumulation which leads to 
material melting and redeposition [46] and prevents further material 
removing. This hypothesis is supported by the sharp rise in surface 
roughness for N2D

P > 100, corresponding to vs < 32 mm/s. Consequently, 
the scanning speed was set at 160 mm/s, corresponding to N2D

P = 20, in 
order to achieve the lowest surface roughness of 0.4 ± 0.1μm. This speed 
was maintained fixed throughout the remainder of the investigation. 

The fit in Fig. 11(a) shows that the milled depth is proportional to the 
number of scanning loops L#. This correlation underscores the precision 
achievable in controlling micromilled depth using the selected laser 
parameters, with each scanning loop resulting in a consistent step size of 
6.0 ± 0.1 μm. Furthermore, the morphological analysis confirmed that 
the surface finish remained nearly unchanged with the varying number 
of loops, maintaining a surface roughness Sq of 0.6 ± 0.1 μm. Fig. 11(b) 
reports the transverse section of four representative channels micro
milled with increasing number of scanning loops L#, from 2 to 24. 

The transverse section of the milled areas reveals a wall tapering, a 
distinctive feature resulting from the Gaussian intensity distribution of 
the focused laser beam used for the milling process. The tapering results 

Fig. 8. Surface roughness Sq (red squares) and milled depth (blue diamonds) 
versus the scanning line overlap LO. Data points are connected by straight lines 
for better visualization. The micromilling was performed with a single cross- 
hatch scanning loop at fixed repetition frequency fr (10 kHz), peak fluence F0 

(1.66 J/cm2), and number of pulses per spot N2D
P (100). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 9. Optical profilometer micrographs of the surface morphologies obtained at scanning line overlaps LO of: (a) 10%, (b) 50% and (c) 90%. The micromilling was 
performed with a single cross-hatch scanning loop at fixed repetition frequency fr (10 kHz), peak fluence F0 (1.66 J/cm2), and number of pulses per spot N2D

P (100). 

Fig. 10. Milled depth (blue diamond), milled depth per pulse (green circles) 
and surface roughness Sq (red squares) versus the number of pulses per spot 
N2D

P . Data points are connected by straight lines for better visualization. The 
micromilling was performed with a single scanning loop at fixed repetition 
frequency fr = 10 kHz, peak fluence F0 = 1.66 J/cm2 and scanning line overlap 
LO = 90%. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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in an approximate 20◦ inclination of the walls, which prevents from 
obtaining a perfectly rectangular section. 

4. Conclusions 

In this work, a systematic investigation about the laser ablation of 
128◦ Y-cut LiNbO3 employing multi-pulse fs-laser ablation was 
presented. 

The multi-pulse surface ablation threshold fluence Fth(N) was 
measured at increasing number of pulses N, while also examining the 
impact of different repetition frequency fr. It was observed that the 
multi-shot threshold fluence decreases as the number of incident laser 
pulses increases, regardless of the repetition frequency. This trend aligns 
with the cumulative effects associated with the incubation model and 
was best described by a power model. 

The measured value for the single pulse ablation threshold Fth,1 was 
consistent with values reported in existing literature for LiNbO3. The 
incubation coefficient S* was nearly constant across all the repetition 
frequencies. Conversely, the asymptotic ablation threshold Fth,∞ 

remained constant at low repetition frequencies (i.e., 1-10 kHz) but 
decreased in the 100 kHz regime. In the latter range, the incubation 
mechanisms are enhanced, leading to a further reduction in the ablation 
threshold. 

A systematic investigation was conducted to analyze the impact of 
various key parameters, including pulse peak fluence F0 and the total 
number of pulses per spot N2D

P , on the fs-laser micromilling process of 
LiNbO3. The study revealed a direct correlation between the milled 
depth and the surface roughness of the processed areas with F0. At 
constant pulse peak fluence, it was observed that the milled depth per 
incident pulse reached its maximum around N2D

P = 50 before rapidly 
decreasing for N2D

P > 300 due to material melting and redeposition 

resulting from increased heat accumulation. Maintaining a constant 
number of N2D

P allowed to adjust the surface roughness by varying either 
the hatch spacing h or the scanning velocity vs without affecting the 
milled depth. This approach allowed to achieve precise control over the 
milled depth while maintaining a surface roughness below 1 μm, a 
crucial requirement for the microfabrication of MEMS devices and 
microfluidic systems. 

The findings outlined in this study offer valuable insights into the fs- 
laser processing of 128◦ Y-cut LiNbO3 but could be extended to other 
hard and brittle transparent materials known known to be difficult to 
machine. 
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