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Ultrashort pulse laser sources are useful tools for micro- and nano- 

processing large band gap dielectric materials. One of the biggest advantages of 

these pulses is the possibility to reach high intensity peaks that promote 

absorption even in materials transparent to the laser wavelength. In addition, 

if the pulse temporal distribution is modified, energy absorption enables the 

ablation of small diameter holes with large depths. In this work, we present 

preliminary results that implement three types of pulses as precursors for 

glass dicing: Bandwidth-limited (30 fs at 785 nm), positively, and 

negatively dispersed Temporal Airy Pulses (TAP). The material of choice 

was 170 μm thick soda-lime glass, inscribed at 1 kHz repetition rate in tight 

(50× objective) and loose (20× objective) focusing conditions for different 

laser energies and scanning speeds. After laser processing, the glass 

was diced by mechanical stress, with a home built four-point bending 

stage. We analyzed the quality of the scribed lines at the surface and in 

cross-section after breaking, as well as the necessary breaking force for all 

three types of laser pulses. We report that positive TAP produced a neat, 

flat-cut edge on the glass samples compared with the other implemented 

pulses. 
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Introduction 

Materials with high hardness and low brittleness have an increasingly wide 

range of applications in high-end technologies. Silicon and type III-V 

compound semi- conductors are essential to the microelectronics and 

optoelectronics industries. For many of these devices (e.g. power LEDs or 

semiconductor diodes), sapphire is used as a substrate in the epitaxial growth 

process.1,2 Soda-lime glass became the equivalent of commercial glass or 

flat glass due to its ease of manufacture, low cost, tough surface and 

recyclability,3–5 resulting in a notorious wide range of applications 

(windows, food containers, bottles, etc.). Precise cutting of the large wafers 

on which these components are grown is a process that determines 

production efficiency by reducing flawed pieces and subsequent chip 

quality. The earliest wafer separation techniques were two-step processes, 

consisting of surface scribing with diamond tips, followed by cutting. After 

this, diamond saw blade cutting techniques became an industry standard, used 

in automatic machines.6 In recent decades, there has been a massive 

tendency in the industry to reduce wafer thickness from hundreds of 

microns to 50–75 μm to increase the miniaturization and functionalization of 

the microchips.7 Slicing a thin wafer into microdevices by mechanical methods 

has many drawbacks, being a slow process with a low yield. In addition, a large 

kerf is produced (typically between 100 and 200 μm), and the surface 

quality after sawing is not acceptable for optoelectronic devices.2 Laser 

techniques for wafer separation are based on light–matter interaction, are 

non-contact and precise, and overcome many of the disadvantages of diamond 

saw cutting. Laser-cutting technology has been used in industry for decades to 

cut various materials such as metals,8 wood,9 stone,10 and plastic.11 Laser 

glass cutting is a tougher task as it can lead to breaking or shattering the glass 

piece. The leading technique is the use of Bessel beams,12,13 especially for 

thick glass-cutting applications. In industry, both long-pulse (nanosecond 

lasers) and ultrashort-pulse lasers, with pulse durations of hundreds of 

femtoseconds and below, are used. An advantage of the latter – having 

extremely high peak powers and relatively low energy – is that they can 

interact with the transparent dielectrics via non-linear effects, allowing 

material processing with minimal heat-affected zone. In previous studies,1,14 

we have shown that temporal modulation of femtosecond pulses allows 
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obtaining ablation structures in fused silica with diameters ranging 

hundreds of nm, an order of magnitude below the limit imposed by classical 

optics. These structures extend over several microns deep into the 

material, even in the single laser-pulse processing mode. The explanation 

for these structures was given by how Airy time-modulated pulses control 

multiphoton and avalanche ionization in dielectrics, allowing the creation 

of a high free electron density deep in the material15–17 as a first step 

of the ablation process. Different types of glass, or hardened glass, are 

widely used in the flat panel display industry and the desired shape and edge 

quality of these pieces can only be achieved by precise and clean- cutting 

techniques.18 In the present study, we examine how these time-modulated 

pulses can be used to write ablation lines on the surface of thin soda-

lime glass samples as a precursor in the dicing process. Additionally, due to 

its direct significance in precision glass cutting, we consider that this 

method could also be used successfully on sapphire or semiconductor 

wafers considering the similarities in the ablation process. Our experiments 

used laser glass dicing in a two-step process, structure modification 

using ultrashort laser pulses19 followed by mechanical stress.20 

 

Experimental setup 

Laser processing 

Material processing on the glass samples was performed using an 

amplified Ti:Sapphire based laser system (Femtolasers Femtopower-Pro), 

with pulse duration of 30 fs (FWHM) at 785 nm fundamental wavelength 

operating in 1 kHz regime on a microscope platform, as described in15. Before 

entering the microscope platform, the pulses were sent through an in-house 

designed high accuracy pulse shaper21,22 used both to compensate for the 

residual phase introduced by the optical elements in the beam path – 

ensuring Bandwidth-limited (BWL) pulses - and to temporally modulate the 

pulses using Third Order Dispersion (TOD) phases, as described in1,15 and 

shown schematically in Figure 1. A half-wave retarder and a linear polarizer 

placed in front of the liquid crystal modulator were used to adjust the energy 

of the pulses. During the processing of the sample surface, the time 

sequences of the applied pulses were controlled by a homemade trigger 

device for the Pockels cell of the amplifier. 

When processing dielectrics with ultrashort laser pulses presenting a 
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large spectral width, the dispersion introduced by optical elements plays an 

important role in both the threshold energies and the quality of the finished 

product.23 BWL pulses are also needed as a reference when different temporal 

shapes of the pulses are used, especially in the case of multi-photon 

absorption where the processing is highly sensitive to the intensity of the 

laser pulse and the BWL pulses have the highest possible peak intensity. 

The residual phase was compensated using a two-photon photodiode 

(Hamamatsu G1116) placed right in the interaction zone while trying to 

maximize the signal value through iterative scans of the Group Delay 

Dispersion (GDD) and Third-Order Dispersion parameters applied to the 

liquid crystal modulator. The GDD and TOD values for which the best two-

photon photodiode signal was obtained were superimposed on the phases 

used for temporal modulation of the ultrashort pulses after the pulses 

passed through all optical elements (after the objective, before the focus 

point). 

Two microscope objectives were used for this experiment, a Mitutoyo M 

Plan Apo SL 20×, 20 mm working distance, 0.42 Numerical Aperture, 

and a Zeiss LD Epiplan 50×, 7 mm working distance, 0.5 Numerical 

Aperture. The objectives were chosen to have irradiation conditions in which 

high-aspect ratio ablation structures can be obtained.15,24 In a proof of 

principle study for the described experiments, we chose to work on thin 

commercial soda-lime glass slides Thorlabs Precision Glass Cover Slips, Schott 

D 263® M Glass (24 mm × 50 mm) with a thickness of 170 ± 5 μm. 

 

The samples were placed under the microscope objective on a tilt table 

mounted on an XYZ translation stage controlled by stepper motors (PI 

miCos). The lines were written in the x-direction (parallel to the beam 

polarization direction under the objectives) using the native laser 

repetition frequency of 1 kHz, with different scanning speeds and different 

pulse energy. As the inscribed lines are long, across the width of the sample 

(24 mm) and the Rayleigh length of the lenses used is in the micrometer 

range, special care was taken during the measurements to align the 

samples so that they were as close as possible to the focal plane of the 

lenses throughout the processing line. Additional alignment was performed 

in a confocal system based on the reflection of a HeNe laser (not shown 

in the scheme) on the surface of the slides. It should be mentioned that no 
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closed-loop autofocus system was used, and the native deviations from flatness 

(<5 μm over 24 mm)25 can influence the positioning in the focal plane of the 

objective. During the inscription of the laser lines on the sample surface, the 

interaction zone was continuously monitored using a visualization camera 

connected to the microscope system allowing real-time inspection and 

monitoring of overall progress. 

 

 

 
 

Figure 1: Experimental setup scheme. 

 

Four lines, 8 mm apart, were inscribed on each slide under identical working 

conditions. The scribed lines were produced with different laser pulse 

energies at a constant writing speed, and with different writing speeds 

with a constant laser pulse energy. Three different laser pulse shapes were 

used once for each laser pulse energy and writing speed: Bandwidth-limited 

(BWL) pulses, positively dispersed Temporal Airy Pulses (TAP+) with a TOD 

of +600.000 fs³ (for which the most intense pulse in the sequence (see inset in 

Figure 1) propagates first and the less intense pulses follow it), and 

negatively dispersed Temporal Airy Pulses (TAP−) with a TOD of −600.000 

fs³ (when at the beginning of the phase-modulated pulse there are sub 
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pulses of low intensity, and the strongest pulse arrives last in the interaction 

zone). 

 

 

Mechanical stress dicing 

After laser writing on the surfaces, the quality of the ablated line was verified 

using a Differential Interference Contrast (DIC) reflection microscope to 

highlight the relief of the sample by increasing the image contrast. In this 

microscopy technique, the polarized light used to illuminate the specimen is 

split into two beams by a system of prisms mounted in the objective. When 

these two rays are reflected on different portions of the specimen, they 

will have different optical paths, and when the two rays recombine, 

interference figures will emphasize the corners and details. The samples 

were examined from top-view imaging, to measure the width of the scribed 

lines and to check the collateral ablation damage (see Figure 3A, for the 20× 

objective, and Figure 7A, for the 50× objective). The slides were then broken 

using an in-house built four-point bending device (design parameters are 

shown in Figure 2), and the breaking force was measured. The 

measurement of the breaking force was done manually by moving the 

micrometer screw on a Sauter dynamometer (50 N max force, 0.02 N 

resolution, 0.5 % accuracy) coupled to the upper rods. The dynamometer 

recorded the maximum force value (which occurs when the sample is 

broken) and this was used for further analysis. The samples were placed on 

the stress measuring device with the laser-scribed lines down, as indicated in 

the literature.26 The parallel orientation of the written lines relative to the rods 

was maintained using a guide tool mounted along the long axis of the slides. A 

translation stage and a USB camera were used to position the scribed line 

exactly between the contact points of the two upper rods. Looking at the 

surface, from a top-view, defects that appeared along the break line, like 

chipping of the glass, were recorded, as represented in Figure 3B, for the 

20× objective and in Figure 7B, for the 50× objective. Additionally, 

looking from a side-view at the breaking walls of the glass sample, the 

quality of the laser cut groove and the neatness of the cross-section can 

be analyzed and compared for the three pulse shapes. 
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Figure 2: Scheme of in-house built four-point bending device. 

 

After breaking, the quality of the edges was again analyzed by DIC 

microscopy. 

 

 
 

Figure 3: DIC microscopy images of the sample surface with laser ablation 

line performed with the 20× objective. (A) before breaking (magnified 

100×), (B) after breaking (magnified 50×). Parameters: 1 µJ pulse energy, 

0.5 mm/s scanning speed. 
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Results and discussion 

Soda-lime glass has a very low optical absorption coefficient at 785 nm, 

which is why light at this wavelength can propagate far into the material. 

However, high absorption is present when focused ultrashort laser 

pulses with intensities exceeding the threshold for multiphoton ionization 

are used. In the literature, a band gap value of 3.9 eV27 is presented for soda-

lime glass, which implies the simultaneous absorption of three photons28 to 

generate quasi-free electrons in the conduction band as the first step in 

the laser-induced optical breakdown process. Even if impurities in the 

glass result in a smaller effective band gap value than that of pure fused 

silica, which requires six photons for multiphoton absorption,1 Temporal 

Airy Pulses can still create high aspect ratio structures. To demonstrate the 

usability of TAP as a precursor in precision glass cutting, medium and 

tight focus conditions were investigated. In the following we present the 

results obtained using the two objectives (20× and 50×), both in terms of the 

quality of the ablation line (characterized by the width of the laser-written 

kerf and the smoothness of the breaking walls) and the force required to 

break the slides using these lines as a precursor. 

 

Results obtained using the 20× medium power objective 

High-resolution images of the laser-scribed line were taken from a top-view 

using a DIC microscope before (Figure 3A) and after (Figure 3B) dicing 

the samples. The images were analyzed using the software GIMP – GNU 

Image Manipulation Program (v.2.10.34) to align images and select areas of 

interest and Fiji: ImageJ (v.1.54f) to determine the ablated line width (with 

and without laser-induced collateral damage) of the written lines. In Figure 

3A, the black dotted lines guide the eye to observe on the sample surface the 

area that includes the defects produced in the laser ablation process, and the 

yellow dotted lines represent the deep ablation area (kerf). The width of 

the kerf was measured as an average value in three representative areas 

(beginning, middle and end of the laser-written line) on the surface of the 

samples. For each temporal shape of the pulses, the minimum energy value 

represented is the one where the glass slides could still break, and not 

shatter. 

The values are plotted as a function of ablation pulse energy in Figure 4, 
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where each point represents the average values obtained for four scan 

lines produced under the same conditions on each glass slide and the error 

bars as standard deviation. It can be seen that lines written with TAP+ and 

TAP− are generally narrower and show fewer defects than lines written with 

BWL pulses. From the error bars shown in the plots of Figure 4, TAP+ also 

presents better reproducibility than the other pulse shapes, with a smaller 

standard deviation. They also produce a better edge quality after breaking the 

slides, as shown in Figure 3B, as it is straighter across the line with less 

splintering across the breaking wall. 

Optical images of the breaking wall surface following dicing for the 

three temporal shapes (1 μJ pulse energy, 0.5 mm/s scanning speed) 

investigated as well as for the native side of the slide, separated with 

industrial methods, are shown in Figure 5. The depth of the laser ablation 

groove is indicated with yellow dashed lines. 

 
 

Figure 4: Measurement of laser-induced damage modifications using the 

20× objective. Parameters: 0.1–30 μJ pulse energy, 0.5 mm/s scanning speed. 

(A) Averaged full line width, (B) Averaged kerf width, both as a function of 

pulse energy. 

 

 

Figure 5: Surface roughness of cross-section samples after breaking; laser 

ablation line using the 20× objective. Parameters: 1 µJ pulse energy, 0.5 

mm/s scanning speed. 
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The image shows that the kerf produced by TAP+ penetrates deeper 

inside the material, as it was also observed in the case of high-aspect-ratio 

structures produced in the single-shot regime.15 The quality of the post-

break cross-section with these deeper grooves as a precursor is visibly better 

than when using BWL pulses and TAP−, where post-break defect lines and 

long cracks appear that propagate up to almost a third of the thickness of 

the glass slide. 

To emphasize the high quality of our laser-based approach, Figure 5 

(right) displays a cross-section of an industrial cut, which consist in using a 

diamond tip to scratch its surface and then breaking mechanically. It can 

be observed that the damage from the mechanical dicing process affected 

half of the section, with deep and uneven edge quality. Flatness and the 

absence of defects on the breakdown walls are an extremely important 

parameter in the quality of optoelectronic devices (e.g. LEDs and laser 

diodes) that are built on dielectric wafers as a substrate.28 

The breaking force of the glass slides on the ablation lines created by the 

three types of pulses is shown in Figure 6 for different scanning speeds, at a 

constant pulse energy of 30 μJ (A) and different pulse energies at a constant 

speed of 0.5 mm/s (B). At slow speeds, the laser pulses are more effective per 

position, inducing more damage, and resulting in a lower breaking force. The 

relative difference between pulse shapes is maintained across the speed 

interval. Since BWL pulses have a higher peak power than Airy pulses,15 it is 

expected that at low energies or high travel speeds, they require the least 

force to break. However, for higher energies, the differences between 

BWL pulses and TAP+ become smaller because the latter is more effective in 

transferring laser energy to the dielectric sample, as TAP+ are not as affected as 

BWL pulses by the self-shielding effect and can create a free electron 

density above the ablation threshold over a greater depth within the 

material. The positively and negatively dispersed Temporal Airy Pulses 

create free electrons inside dielectric materials by addressing in a 

different way the two basic carriers’ generation mechanisms, 

multiphoton and avalanche ionization. It has been numerically simulated1 

and experimentally measured16,17 that TAP+ produce a higher and longer 

distribution of the electronic density than the TAP− ones and this 

explains the difference between the breaking forces observed for the 

two cases. 
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Figure 6: Breaking force using the 20× objective, (A) as a function of 

scanning speed (Parameters: 0.25–5 mm/s, 30 μJ constant pulse energy), and 

(B) as a function of pulse energy (Parameters: 1–30 μJ pulse energy, 0.5 

mm/s constant scanning speed). 

 

 

Results obtained using the 50× high power objective 

It is expected that when processing glass with high power microscope 

objectives, due to the better resolving power, the quality of the structures created 

on the surface will increase and thus, the grooves will have less thickness and 

fewer defects. Also, this type of objective favored the processing regime 

where high aspect ratio ablation structures were observed in single laser-

pulse mode.15 

DIC microscopy images of ablation grooves before and after glass slide 

breakage are presented in Figure 7. Compared to the medium power lens 

shown above, it can be observed (Figure 8) that the lines are thinner and 

with fewer defects before writing and smoother after breaking. Again, the 

ability of TAP+ to produce thinner and smoother ablation lines than BWL 

pulses over the entire range of energies investigated is highlighted. 
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Figure 7: DIC microscopy images of the sample surface with laser ablation 

line performed with the 50× objective. (A) before breaking, (magnified 

100×), (B) after breaking, (magnified 50×). Parameters: 0.5 µJ pulse 

energy, 0.5 mm/s scanning speed. 

 

Images showing the break wall are represented in Figure 9 for the three 
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pulse shapes and the original mechanically cut edge of the glass slide. For BWL 

pulses, the ablation kerf remains limited to shallow depths below the sample 

surface, while for TAP+, the grooves propagate deep inside the sample, over 

distances greater than 10 μm. We consider this aspect an important 

advantage in the breaking process to obtain smooth walls without 

fragmentation defects, as it can be seen in Figure 9. 

 

 

 
 

Figure 8: Measurement of laser-induced damage modifications using the 

50× objective. Parameters: 0.1–15 μJ pulse energy, 0.5 mm/s scanning speed. 

(A) Averaged full line width, (B) Averaged kerf width, both as a function of 

pulse energy. 

 

 

Figure 9: Surface roughness of cross-section samples; laser ablation line 

using 50× objective (0.5 µJ pulse energy, 0.5 mm/s scanning speed). 
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Figure 10: Breaking force using the 50× objective, (A) as a function of 

scanning speed (Parameters: 0.25–5 mm/s, 15 μJ constant pulse energy), and 

(B) as a function of pulse energy (Parameters: 1–15 μJ pulse energy, 0.5 

mm/s constant scanning speed). 

 

The effects of the high aspect ratio channels are noticeable in the breaking 

force graph as a function of speed (Figure 10A), individual laser damage spots 

(produced at the 1 kHz repetition rate of the laser) do not overlap at high 

speeds, allowing the creation of deeper channels, which is reflected in a 

lower required breaking force, while for BWL pulses the breaking force keeps 

increasing. All diced pieces had a good visible quality except for 5 mm/s 

speed for BWL pulses. 

The breaking forces as a function of energy (Figure 10B) follow the 

theoretical expectations,15 where BWL pulses requires a lower amount of 

force due to its high peak power, followed by TAP+ with deep high 

aspect ratio channels and TAP− requiring the highest force among those 

three. 

With the decrease in energy, TAP+ stands out for achieving good visible 

quality diced pieces even at a pulse energy of 0.25 μJ. In contrast, BWL 

pulses and TAP− produced uneven diced pieces beginning at a pulse energy 

of 0.5 μJ. Even though the differences in breaking forces between the three 

forms of pulses are not very large, the quality of the fracture wall obtained 

with TAP+ is far superior to BWL pulses and traditional cutting methods. 

Since minor defects in the fracture walls can serve as crack and break points 

due to stress over time, we believe that this technique can improve the 

cutting quality of dielectric substrates and provides a valuable tool for 

researchers in materials science, microfabrication and related fields. 

 

Conclusions 

We have shown that temporally shaped femtosecond laser pulses in the 

form of Airy pulses, can be used to write grooves on the glass surface 

continuously with high lateral resolution and few collateral morphology 

defects. The ablation lines can be used as precursors in the mechanical 

cutting of soda-lime glass, with visibly better results than those obtained 

for femtosecond BWL pulses. We found that positive TAP produced a 

better overall cut quality. This effect is more pronounced when using tight-
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focusing conditions (50× objective) at high scanning speeds or low 

energies. 

The advantage of TAP compared to Bessel beams or “Stealth” cutting, 

technologies used industrially in laser cutting, occurs at very low energies, 

when the TAP+ effect is increased, deeper channels are obtained, and wall 

quality images show this for thin glass samples. The proposed approach can 

potentially be used for neat and precise dicing of thin dielectric and 

semiconductor samples, where mechanical methods cannot produce 

acceptable results. It is predictable that for materials thinner than 170 μm 

with higher energy band gap, the positive effect towards dicing introduced 

by TAP will be more significant. 
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