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A B S T R A C T

The study investigates the effect of laser fluence and normalized pulse spacing at two different focal distances of 
70 mm and 100 mm on the green femtosecond ablation of Si₃N₄, focusing on removal threshold and the 
morphology of the ablated craters. As the fluence increases, the ablation depth reaches a plateau. A considerable 
difference in ablation depth was observed for both focal lengths in the fluence range of 20 to 40 J/cm² compared 
to values above 40 J/cm². Surface ablation tests with varying normalized pulse spacings were conducted based 
on the results of the single-point experiments, showing that higher material removal was achieved at greater 
pulse overlaps when using high laser fluence. However, at low laser fluence, the difference in material removal 
was less pronounced. Additionally, the surface quality at different laser fluences and pulse spacings was 
compared, indicating considerably improved quality at higher pulse spacings and lower laser fluences.

1. Introduction

Silicon nitride due to its exceptional characters finds extensive use 
across diverse industrial application [1]. The exceedingly high brittle
ness and hardness of Si3N4 pose challenges for conventional machining 
methods [2]. However, unconventional methods could be used for the 
machining of Si3N4 but still low material removal rate and limited 
quality are the disadvantages of these methods. An alternative process is 
laser ablation, where a deliberate and precise amount of energy is used 
to remove Si3N4 in very small increments [3,4]. The surface morphology 
and material removal characteristics of Si₃N₄ were highly dependent on 
the laser processing parameters [5]. For example, higher pulse energy 
enhanced removal depth but also generated debris and irregularities. 
Similarly, the larger scan spacings yielded well-defined grooves with 
reduced roughness, whereas tighter spacing increased roughness due to 
excessive spot overlap. The ablation depth increased with additional 
scanning passes [6]. Increasing the laser fluence initially accelerated the 
ablation depth; however, at higher fluences, an ablation saturation 
occurred due to the plasma absorption and shielding effects. The laser 
ablation caused Si₃N₄ decomposition, leading to the formation of silicon 
(Si) and silicon oxide (SiO₂). The longer laser wavelengths (532 nm, 

1064 nm) contributed to the formation of thicker molten layers. The 
resulting surface morphology transitions from a melted state to a porous 
structure, influenced by pulse number and wavelength [7]. During laser 
machining, Si₃N₄ undergone thermal decomposition, leading to the 
formation of a recast silicon layer on the processed surface, which was 
absent in untreated Si₃N₄ [8]. Lower laser power resulted in rough sur
faces with craters and pores, whereas higher power produced smoother, 
defect-free surfaces with fused grain structures. A higher pulse fre
quency refined the grain structure, forming smooth terraces, whereas 
lower frequencies preserved coarser textures. Increasing the number of 
laser pulses and scanning passes further enhanced the surface smooth
ness by forming thin amorphous films and eliminating the surface de
fects [9]. The surface roughness increases again due to the increasing 
amount and size of melt ejections [10]. However, a noticeable research 
gap exists when comparing different laser fluences, especially when 
involves the surface ablation with different focal lenses. In this study, the 
focus lies on experimentally investigating the green femtosecond laser 
ablation of Si3N4 with two different lenses. Initially, single-point ex
periments were performed with various pulse fluences. Subsequently, 
the same laser fluences, along with different pulse overlaps, represented 
by normalized pulse spacing, were selected for surface machining. By 

* Corresponding author.
E-mail addresses: gze@hs-furtwangen.de (E. Ghadiri Zahrani), amirmohammad.fakharzadehjahromi@hs-furtwangen.de (A. Fakharzadeh Jahromi), bahman. 

azarhoushang@tf-pr.uni-freiburg.de (B. Azarhoushang). 

Contents lists available at ScienceDirect

Open Ceramics

journal homepage: www.sciencedirect.com/journal/open-ceramics

https://doi.org/10.1016/j.oceram.2026.100909
Received 8 October 2025; Received in revised form 8 January 2026; Accepted 14 January 2026  

Open Ceramics 25 (2026) 100909 

Available online 14 January 2026 
2666-5395/© 2026 The Authors. Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:gze@hs-furtwangen.de
mailto:amirmohammad.fakharzadehjahromi@hs-furtwangen.de
mailto:bahman.azarhoushang@tf-pr.uni-freiburg.de
mailto:bahman.azarhoushang@tf-pr.uni-freiburg.de
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2026.100909
https://doi.org/10.1016/j.oceram.2026.100909
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2026.100909&domain=pdf
http://creativecommons.org/licenses/by/4.0/


varying the pulse spacing, the resulting ablation depth and quality were 
investigated.

The study demonstrates that precise control of laser fluence during 
laser ablation allows for deliberate tailoring of surface morphology. This 
is especially important for applications like lab-on-chip sensors and 
sequencing membranes, where smooth, uniform surfaces are critical for 
reliable fluid flow, molecular transport, and consistent signal 
generation.

2. Materials and methods

A solid-medium laser (Carbide-Model by Light Conversion Co.), in
tegrated into +GF+ five Axis-laser machine (LP 400U) with the wave
length of 532 nm and M2< 1.2 was used for the experiments. The focus 
distance was maintained at the nominal focal lengths of the F-theta 
lenses, 70 mm and 100 mm, corresponding to nominal beam spot sizes 
(2w0) of 12 µm and 15 µm, respectively. Corresponding to the laser 
repetition frequency of 200 kHz, a scanning speed of 6000 mm/s was 
selected in order to spatially separate successive laser pulses. At this 
scanning speed, the distance between adjacent pulses was 30 µm, which 
was significantly larger than the effective laser spot size, thereby 
ensuring single-pulse interaction at each irradiated location. The laser 
was scanned along a straight line with a total length of 3 mm, allowing 
the scanning speed and pulse separation to remain constant throughout 
the process. To avoid edge effects and any acceleration/deceleration 
artifacts of the scanner, only the single pulse located at the central re
gion of the scanning line was selected for measuring the ablation depth 
and morphology. A confocal microscopy (3D-Laserscanning VK 3000 - 
Keyence) was used to measure the ablation depth. All the experiments 
were conducted three times and the average of the maximum values of 
the crater depths were considered as the ablation depths. The applied 
laser parameters are given in Table 1. For the surface ablation experi
ments, as Fig. 1 shows, the laser beam scans the defined surface area 
(500 µm × 500 µm) through a series of unidirectional parallel lines with 
different hatch distances (dl) and the pulse-to-pulse distance (dp). 
Considering the assumption that the beam spot size (w0) is nominally 
constant for each F-theta lens, the hatch distance values and scanning 
speeds were varied based on this criterion that the ratio between dp /w0 

and dp/w0 should be equal, ranged from 0.5 to 1.5. In these experiments, 
the scanning was carried out in a single repetition, continuing until the 
entire area had been scanned. For single pulse experiments, for each 
laser fluence, a straight line with a scanning speed of 5000 mm/s was 
performed to separate the pulses from each other and avoid pulse 
overlaps.

3. Results and discussion

Fig. 2 shows the results of single-pulse experiments using two 
different focusing lenses of (a) a Ftheta70, and (b) a Ftheta100. In both 
cases, different laser fluences were tested, starting with the minimum 
fluence that resulted in material ablation. The approximate ablation 
threshold fluence was found to be around 5.7 J/cm² for the Ftheta70 and 
approximately 4.5 J/cm² for the Ftheta100. This contradiction might 
originate from the fact that the applied average power for the Ftheta70 
was slightly higher (2 W) than that for the Ftheta100 (1.6 W). A clear 
difference in the size and morphology of the ablated areas was observed 

between the two lenses. With Ftheta70 (Fig. 2a), the ablated areas appear 
more aggressively ablated, even at lower fluence levels. This is attrib
uted to the smaller focal spot size, which leads to a higher laser fluence 
at the focal plane and thus greater energy concentration and more 
effective alation. The craters exhibit diameters ranging from approxi
mately 4.5 µm to over 11 µm, along with increased surface roughness, 
signs of melting, and material redeposition in higher fluences. As fluence 
increases, the craters become more irregular, and evidence of explosive 
melt ejection and thermal effects becomes more pronounced. In 
contrast, the ablation results with Ftheta100 (Fig. 2b) show more 
confined ablation melting under comparable fluence conditions. Due to 
the larger spot size, the pulse energy is distributed over a wider area, 
resulting in much melting at the crater’s center (SEM-image Fig. 2c). The 
observed variation in surface morphology from the center toward the 
outer diameter of the single-pulse topography is primarily attributed to 
the gaussian spatial distribution of laser energy and the resulting ther
mal gradients. At the pulse center, the higher energy density leads to 
stronger ablation, producing a distinct ablation depth. Moving toward 
the periphery, the gradual decrease in fluence results in reduced abla
tion and more melting, altered material flow, and faster resolidification, 
which manifest as a change in surface morphology [11]. These com
bined effects explain the observed morphological transition. The craters 
exhibit diameters between approximately 2.5 µm and 8.5 µm, with 
smoother edges, reduced roughness, and more regular shapes. The 
ablation appears more controlled, and thermal effects are less pro
nounced across the lower fluence values. As an example, at a fluence of 
14.2 J/cm² with Ftheta70, the resulting ablation crater reaches an esti
mated diameter of 10.5–11 µm. In contrast, at 9.1 J/cm² with Ftheta100, 
the crater is smaller, measuring approximately 7.5–8.5 µm. Fig. 2d 
represents the ablation depth for Ftheta70 and Ftheta100, respectively. In 
both cases, the ablation depth increases nonlinearly with increasing 
fluence and then begins to plateau. The maximum ablation depth for 
Ftheta70 reaches approximately 0.6 µm at the highest fluence (45 J/cm²), 
whereas Ftheta100 reaches a slightly lower maximum depth of about 0.5 
µm at a similar fluence range. Interestingly, despite the higher peak 
fluence achievable with Ftheta70, the Ftheta100 exhibits greater absolute 
ablation depth throughout the fluence range between 9.1 to 45.3 J/cm2. 
In terms of trend, Ftheta70 shows a more gradual increase in ablation 
depth with fluence, while Ftheta100 displays a steeper rise in the lower 
fluence region (from ~9.1 to 20 J/cm²), suggesting a more efficient 
energy coupling at modest fluences. This is consistent with the earlier 
observation that Ftheta100 has a lower ablation threshold (4.5 J/cm²) 
compared to Ftheta70 (5.7 J/cm²). To investigate the effect of these flu
ences under practical machining conditions, different fluence levels 
representing different ablation trends. The selection also includes the 
fluences, where higher fluence no longer increases ablation depth 
significantly. The selected fluence values are 28.3 J/cm², 49.5 J/cm², 
70.8 J/cm², and 71.1 J/cm² for the Ftheta70 and 9.1 J/cm², 11.3 J/cm², 
27.2 J/cm², and 45.3 J/cm² for Ftheta100.

Fig. 2e reveals the relationship between ablation depth and the 
normalized pulse spacing dp/w0, under varying laser fluences for the 
Ftheta70. As the dp/w0 increases, the ablation depth consistently de
creases. This behavior is attributed to the reduced overlap between laser 

Table 1 
Laser parameters.

Parameters Values

Peak Fluence, FP 5.7 to 70.8 J/cm2

Pulse duration, tp 250 fs
Beam dia., w0 12 μm (Ftheta70), 15 µm (Ftheta100)
Scanning speed, vLB 600, 1200, 1600 mm/s
Frequency, fn 200 kHz

Fig. 1. Definition of pulse spacing.
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pulses when the dp increases, which in turn reduces the cumulative 
energy deposited per unit area. Additionally, the higher fluence levels 
result in greater ablation depths across all the dp/w0 values. For 
example, at dp/w0 = 0.25, a fluence of 70.8 J/cm² achieves a maximum 
ablation depth of approximately 6.5 µm, while 49.5 J/cm² yields around 
4.2 µm, 28.3 J/cm² about 2.3 µm, and 7.1 J/cm² only 0.5 µm, slightly 
above the ablation threshold. Furthermore, with increasing dp /w0, the 
reduction in ablation depth became more pronounced at higher flu
ences. This reflects the stronger influence of thermal accumulation when 
pulses are closely spaced. At low fluence levels such as 7.1 J/cm² com
bined with large pulse spacing (dp/w0 > 1), the ablation depth 
approached the minimum value, indicating that the applied fluence was 
near the material's ablation threshold. This behavior resembled that of 
single-pulse irradiation, where no pulse overlap occurs.

In the surface ablation process, material removal at a laser fluence 
close to the ablation threshold, for example 7.1 J/cm², results in distinct 
behavior. In this regime, the material removal rate remains nearly in
dependent of pulse overlap, as described by the dp/w0 ratio. The energy 

delivered by each pulse is just sufficient to initiate ablation, but not high 
enough to induce significant thermal accumulation. As a result, the 
overall ablation rate becomes largely insensitive to variations in spatial 
pulse overlap. Following the analysis of the results for the Ftheta100, a 
similar reduction in ablation depth is observed across all laser fluences 
and dp/w0 ratios, despite only marginal changes, when compared to the 
results of the Ftheta70.

Fig. 2g & h present the relationship between surface roughness (Sa) 
and the normalized pulse spacing dp/w0 for various laser fluences. 
Across all fluence levels, the Sa increases with decreasing the dp/w0, 
indicating a strong dependence on pulse overlap. As pulse overlap in
creases (i.e., dp/w0 decreases), more energy is deposited per area, 
leading to more aggressive removal and increased surface irregularities. 
Compared to the Ftheta100, the Ftheta70 exhibits higher overall Sa values, 
with surface roughness reaching approximately 1.3 µm at the highest 
fluence (70.8 J/cm²). For the same range of dp/w0, the Ftheta100 
consistently produces smoother surfaces due to lower peak intensity and 
less aggressive ablation.

Fig. 2. Experimental results: (a–b) single-pulse tests with Ftheta70 and 100, (c) SEM image of a single-pulse topography, (d) single-pulse ablation depths, (e–f) surface 
ablation depths for Ftheta70 and 100, (g–h) surface roughness for Ftheta70 and 100, (i–j) surface confocal images for Ftheta70 and 100.
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Corresponding to Sa values, Fig. 2i presents confocal images of Si₃N₄ 
surfaces ablated with the Ftheta70 at different laser fluences. A clear 
trend in surface morphology was observed as the fluence decreased. At 
the highest fluence (70.8 J/cm²), the surface exhibited pronounced 
roughness and irregular features, indicative of aggressive material 
removal. At 49.5 J/cm², the surface meanwhile showed irregularities, 
though with relatively more uniform features compared to the highest 
fluence. In contrast, the surfaces machined at 28.3 and especially at 7.1 
J/cm² display smoother topographies, resulting in much improved sur
face quality.

The same trend was observed for the Ftheta70 mm so that as the laser 
fluence decreased, the surface quality improved. Although the differ
ence between the lowest laser fluences (7.1 and 9.1 J/cm² in Fig. 2i and 
j) is relatively small, the use of different lens focal distances, which 
correspond to different spot sizes, leads to noticeable variations in sur
face quality. The surface ablated with 7.1 J/cm² exhibits a smoother and 
more uniform topography compared to the surface treated with 9.1 J/ 
cm². Overall, for the lower fluences, the Ftheta70 produces superior 
surface quality. Therefore, the recommendation of low laser fluences is 
justified by their ability to achieve an optimal balance between efficient 
material removal and surface quality, resulting in a smooth and uniform 
surface topography.

4. Conclusion

The study investigated single-point and surface ablation of Si3N4 in 
different laser fluences and normalized pulse spacing using two different 
focusing lenses. In the single-point process, as the number of pulses in
creases, the ablation depth increases up to a saturation level, with the 
most pronounced variation observed within the fluence range of 20 to 
40 J/cm². Additionally, the surface ablation experiments conducted at 
varying normalized pulse spacings revealed that reduced pulse overlap 
enhances material removal. Moreover, a comparative assessment of 
surface quality under different fluence and spacing conditions indicates 
significant improvement in surface morphology at lower fluences and 
higher pulse spacings.
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