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In this paper the influence of the pulse duration in a range of 200 fs up to 10 ps on the cutting 
process of thin silicon is investigated. The experiments are carried out with a Light Conversion Pha-
ros with various pulse durations between 200 fs and 10 ps. The laser is operated at the second har-
monic wavelength of 515 nm and a repetition rate of 200 kHz. Although the ablation threshold, 
which is determined with the method of Liu [1], amounts 0,27 J/cm² for 0,2, 1 and 10 ps, one can 
find extremely different ablation behavior during the cutting experiments. It turns out that independ-
ent from pulse energy and pulse overlap, the shortest pulse duration at 200 fs leads to a deeper cut-
ting depth and furthermore to a higher cutting speed. This difference can be explained with higher 
pulse peak intensities and shorter interaction time between laser and material for the 200 fs pulse 
duration. Nevertheless the general ablation geometry is very similar for all tested pulse durations. 
We explain this with a simple geometric model. This model considers the projection from a Gaussi-
an beam profile in an existing cutting kerf. 
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1. Introduction and motivation 

Currently, electrical semiconductor components such as 
LEDs, solar cells or transistors are commonly produced in 
a batch process. This way, many identical components can 
be processed in parallel on one big wafer; subsequently, 
each chip has to be singulated. In contrast to state-of-the-art 
technologies like blade sawing and nanosecond-based laser 
processes, laser dicing with ultra-short pulsed lasers offers 
fundamental advantages [2]. Due to the short interaction 
time between laser and material, small kerf widths, margin-
al heat affected zones and minimal edge damaging are at-
tainable. While a reduction of the kerf width leads to a 
higher yield per wafer, minimal thermal and mechanical 
damage increases the breaking strength of each die [3]. 

Mechanical sawing with diamond blades has been used 
for a long time, but as the wafer material gets thinner and 
the chip size smaller, this classical process can be replaced 
by laser-based dicing processes. In particular, the mechani-
cal load and the relatively large kerf width are serious dis-
advantages of a mechanical dicing process. A reduction of 
the kerf width leads to a much higher yield of chips per 
wafer and, therefore, to increasing efficiency and conserv-
ing resources at the same time. Furthermore, diamond 
blades are not suitable to cut thin wafers in the range of 100 
μm or less, because they cannot resharpen themselves at 
the thin wafer edge. 

Several laser dicing technologies are currently available 
on the market: 

• Full cut with ns laser at UV-Wavelength [4] 
• Stealth dicing with ns at IR-Wavelength [5] 
• Full cut with a water-jet guided ns laser at IR-

Wavelength [6] 

Although these developed technologies overcome some 
of the problems connected with a mechanical sawing pro-
cess, each one can be optimized. For example, the kerf loss 
in a ns-laser cutting process is still in the range of 50 μm. 
Stealth dicing has shown great potential, but runs into prob-
lems if metallic layers on the wafer surface occur. In a wa-
ter-jet guided laser cutting process, it could be rather diffi-
cult not to damage the polymer tape, which typically ex-
tends below the wafer. 

According to the literature the regime of ultra-short 
pulses starts at pulse duration of less than a few picosec-
onds. But it is not completely known which pulse duration 
below this threshold delivers the best results in terms of 
quality and productivity. Thus in this paper the influence of 
the pulse duration in a range of 200 fs up to 10 ps on the 
cutting process of thin silicon is investigated. 

2. Experimental setup and approach 

The experiments are carried out with a Light Conver-
sion Pharos with various pulse durations between 200 fs 
and 10 ps. The laser is operated at the second harmonic 
wavelength of 514 nm and a repetition rate of 200 kHz. A 
raw beam diameter of 5 mm and a focussing optics with 
100 mm focussing length leads to a focal spot diameter of 
15 µm. The beam deflection is realized by a Scanlab Intel-
liScan 14DE galvo scanner. The polarization of the beam is 
linear with a contrast ratio of 1:300. The direction of the 
polarisation is set perpendicular to the cutting / scanning 
direction by means of a half-wave-plate. 
Figure 1 shows the spot diameter in the focal plane for 
three different pulse durations: 200 fs, 1 ps and 10 ps. The 
images are recorded with a 1,67 µm pixel size CMOS cam-
era from µeye. For all pulse durations the spot diameter 
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amounts 15 µm (1/e²) and the beam profile is without any 
deviations. So influences from different pulse durations on 
the beam profile can be excluded. 

 
Figure 1 Spot diameter, measured with 1,67 µm pixel CMOS camera at 

three different pulse durations 

In order to investigate the cutting geometry within the ex-
periments, 500 µm thick boron doped silicon wafers are 
firstly grooved with certain experimental parameters and 
afterwards cleaved perpendicularly. By this the cutting 
width and depth can be measured quite easily and further-
more possible material damage next to the cutting kerf 
could be observed. After the cleaving the specimens are 
polished to increase the measurement accuracy.  
The left side of figure 2 shows this approach. The silicon is 
monocrystalline with an orientation of 100. 

 
Figure 2 Experimental approach and setup. 500 µm wafer are grooved 

with different parameters and afterwards cleaved perpendicularly. Used 
laser source is a Light Conversion Pharos and scanner a Scanlab 

 IntelliScan 14de 

During the experiments the following parameters are  
varied and the influence on the cutting geometry is ana-
lyzed: 

• Pulse duration: 0,2 / 1 / 10 ps 
• Pulse energy: 7,5 / 10 / 12,5 µJ 
• Peak fluence: 8,5 / 11,3 / 14,2 J/cm² 
• Scanning speed: 0,5 / 1 / 1,5 / 2 m/s 
• Pulse spacing: 2,5 / 5 / 7,5 / 10 µm 
• Passes: 100 / 500 / 750 / 1000 

3. Experimental results 

Firstly the ablation threshold for pulse durations of 10 ps, 1 
ps and 200 fs is determined with the method of Liu [1]. 
During the method the diameter of the ablated geometry is 
measured, squared and plotted against the peak fluence in 
logarithmic scale. Figure 3 shows a Liu-diagram and on the 
right side exemplary pictures of the ablation at the different 
pulse durations at 1 J/cm². Although it turns out that the 
ablation threshold fluence is almost independent from the 
pulse duration between 10 ps and 200 fs, the ablation ge-
ometry looks different. At 10 ps the surface is quite rough 
and shows possibly a solidified melting layer. With de-
creased pulse durations of 1 ps / 200 fs the surface seems to 
be smoother and the ablation is characterized by a sharp 
ring. 
We explain the difference behavior with the relation be-
tween pulse duration and thermal interaction time of elec-

trons and lattice. According to the two-temperature-model, 
the photon energy is absorbed by the electrons and after-
wards, depending on certain material parameters, trans-
ferred to the actual material. This interaction time is in the 
range of 1 ps for silicon [8]. So we expect lower thermal 
impact for 1 ps and 200 fs laser pulses, since the energy 
transfer starts after the pulse is already gone. 

 
Figure 3 Diagram with linear regression of square of ablated diameter and 
peak fluence according to Liu [1]; Exemplary pictures of ablated geome-
try at 10 ps, 1 ps and 200 fs at a fluence of 1 J/cm², recorded with a laser 

scanning microscope 

Different pulse energies are investigated as to the cutting 
depth attainable. At a pulse repetition frequency of 200 
kHz, the scanning speed is set to values of 0,5 m/s and 2 
m/s. Figure 4 shows ablation results for different pulse en-
ergies - 7.5, 10 and 12.5 µJ - for up to 1000 repeats. In 
general it is shown that the cutting depth is strongly de-
pending on the pulse energy 
At a pulse energy of 7,5 µJ and 0,5 m/s scanning speed, the 
cutting depth amounts to 80 μm after 500 repetitions and 
does not rise significantly during the following 500 repeti-
tions. For an increased pulse energy level of 12,5 µJ, the 
cutting depth after 1000 repetitions is about 125 μm but 
again the development of the cutting depth shows a satura-
tion behavior. The groove width also strongly depends on 
the pulse energy. For a low pulse energy, the width 
amounts less than 30 μm. At medium and high fluences the 
groove dimensions increase to 35 - 40 μm. The correlation 
between cutting width and pulse energy can be explained 
with the increasing effective diameter with growing pulse 
energy. 

 
Figure 4 Cutting depth and width depending on pulse energy and scanning 

speed at a pulse duration of 10 ps. Solid symbols indicate the cutting 
depth and open symbols the cutting width 

A similar behavior can be obtained also for a higher scan-
ning speed of 2 m/s. Due to the larger pulse distance, less 
pulses are distributed on the same area and therefore the 
thermal impact in the cutting kerf is smaller. The final cut-
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ting depth for 12,5 µJ amounts 117 µm and for 7,5 µJ 80 
µm. The cutting width is also a little bit smaller, but not 
significant. 
Figure 5 shows exactly the same kind of experiments as 
before, with the exception that the pulse duration is de-
creased by a factor of 50 to 200 fs, which means at the 
same level of pulse energy a 50 times higher pulse peak 
power. For both scanning speeds the development of the 
cutting depth is similar to the 10 ps experiments. This 
means that the ablation mechanism is the same. After hav-
ing a closer look, it turns out that the final cutting depth is 
always deeper for 200 fs and also the effective cutting 
speed (scanning speed / # passes) is higher. At 2 m/s and 
12,5 µJ pulse energy the cutting depth amounts 130 µm. 
Compared to 10 ps this means an increasement of 15 µm or 
13%. 
Moreover the cutting depth is significantly smaller and not 
so strongly depending on the pulse energy. Obviously the 
optical power is transmitted effectively deep into the abla-
tion groove, instead of being absorbed on the work piece 
surface. Even for 12,5 µJ pulse energy the cutting kerf is 
not larger than 25 µm at 2 m/s. For 10 ps and this kind of 
parameter combination a width of almost 40 µm is meas-
ured. 

 
Figure 5 Cutting depth and width depending on pulse energy and scanning 

speed at a pulse duration of 200 fs. Solid symbols indicate the cutting 
depth and open symbols the cutting width 

Figure 6 shows a cutting edge of full cut silicon chip with a 
thickness of 120 µm. The material is the same as before, 
but the thickness is reduced to obtain a complete cut in-
stead of only grooves. The effective cutting speed amounts 
12 mm/s, resulting from a scanning speed of 25 m/s and ca. 
2000 passes. The high scanning speed of 25 m/s was real-
ized by a polygon scanner head. One can see a thin film of 
sticking ablation particles in the cutting kerf and also at the 
edge. This shows that the surrounding material is only af-
fected very near to the surface. 

 
Figure 6 Cutting edge from a laser-cut 120 µm thick silicon wafer after 

2000 consecutive passes 
During the experiments we also made the experience that a 
certain amount of the debris can be washed away in an ad-
ditional cleaning step in an ultrasonic bath filled with etha-

nol. The wavelike lines parallel to the cutting edge indicate 
the cutting progress over the passes. With increasing depth 
in the cutting kerf the surface quality gets smoother and 
less ablation particles are to be found. 
In addition figure 7 shows the exit cutting edge. Therefore 
the specimen was flipped 180°. The picture reveals a very 
homogenous surface structure with a measured roughness 
of around 1 µm. The cutting edge is very straight and sharp. 
No cracks could be identified, which are usually very criti-
cal in terms of the maximal breaking strength of the chip. 
Even a very thin and sensitive gold layer on the backside is 
not damaged during the ablation cutting process. This 
shows how gentle and precisely the singulation process 
takes place.  

 
Figure 7 Exit cutting edge from a laser-cut 120 µm thick silicon wafer 

after 2000 consecutive passes 

4. Discussion 

The cutting kerf geometry strongly depends on the flu-
ence level or pulse energy. A higher fluence leads to deeper 
grooves, but also to an increased width. The progress of the 
depth is characterized by a saturation level, which is deter-
mined by the particular fluence. This behavior is affected 
by a multi-pass ablation strategy using a Gaussian beam 
profile together with the material properties of silicon or 
semiconductors in general. In a multi-pass ablation strate-
gy, the beam is guided over the workpiece several times. In 
every repetition a certain amount of material is removed 
out of the cutting groove, Figure 8. During the first repeti-
tion the Gaussian beam hits a flat surface perpendicularly. 
Thus, the complete fluence or intensity of the beam is 
available for the ablation process. The geometry corre-
sponds to the intensity profile of the beam, and the biggest 
amount of material is ablated at the center position because 
of the highest fluence or intensity. 

 
Figure 8 Development of the cutting kerf depending on the projected 

fluency 
After the first repetition, the irradiated area is no longer 
planar, and the incoming laser beam is projected to the 
walls of the cutting kerf. Therefore, the effective beam di-
ameter increases, and the fluence or intensity decreases. 
Figure 9 shows the calculation of an ablation geometry and 
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the dependency of the projected intensity from the angle of 
incidence. These calculations and diagrams are taken from 
[9].  
The differential equation for the ablation depth reads: 
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𝑤𝑤𝑤ℎ 𝜃(𝑥) = 1 𝑖𝑖 𝑥 ≥ 0 
 𝜃(𝑥) = 0 𝑖𝑖 𝑥 < 0 

The critical angle can be determined with the following 
equation: 

𝜑𝑐𝑐 = arccos (
𝐹𝑡ℎ
𝐹(𝑟)) 

With the previously determined value of the ablation 
threshold, it is now possible to calculate a critical angle for 
certain pulse energies. 𝐴𝑆𝑆𝑆𝑆,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is in this context the 
area which is at least necessary to overcome the ablation 
threshold in terms of the fluence. 𝐴𝑆𝑆𝑆𝑆 is the actual beam 
cross-sectional area, determined by the beam diameter of 
15 µm. 

𝐹𝑡ℎ = 0.27
𝐽

𝑐𝑚2 =  
2 ∙ 𝐸𝑃

𝐴𝑆𝑆𝑆𝑆,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

𝑤𝑤𝑤ℎ 𝐸𝑃 = 7.5 µ𝐽 
 𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝑆𝑆𝑆𝑆,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 5.5 ∙ 10−5𝑐𝑐2 

𝑤𝑤𝑤ℎ 𝐴𝑆𝑆𝑆𝑆 = 2.424 ∙ 10−5𝑐𝑐2 
𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝜑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑎𝑎𝑎𝑎𝑎𝑎 𝐴𝑆𝑆𝑜𝑜

𝐴𝑆𝑆𝑆𝑆,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 = 63,85°. 

The equation shows that the critical angle is directly related 
to the pulse energy. For example, the critical angle for 10 
µJ increases to 70,1° and for 12.5 µJ to 74,6 °. These criti-
cal angles determine the attainable cutting depth in relation 
to the cutting width. 

 
Figure 9: Explanation of the cutting kerf geometry and the progress of the 

groove depth due to the Gaussian beam profile 

Obviously the laser pulse duration also plays an important 
role, since a significant difference in the cutting geometry 
can be measured at different pulse durations. Shorter pulse 
durations lead to deeper and narrower grooves. So the abla-
tion seems to be more selective. From our point of view the 
50x times shorter pulse duration leads to a shift of the en-
ergy transfer between photons and electrons to a time slot 
completely after the actual pulse. In contrast to a pulse du-
ration of a few picoseconds, no interaction between laser 
radiation and vapour or melt takes place. The material is 
also heated up faster and thus less material melts, but is 
directly vaporized. 

5. Summary 

Dicing of silicon wafers with an ultra-short pulsed laser 
system has been investigated as to which cutting depths 
and kerf widths can be reached. The experiments were car-
ried out using a frequency doubled Light Conversion Pha-
ros Laser with a wavelength of 514 nm and variable pulse 
duration between 200 fs and 15 ps. A spot size of 15 μm is 
attained by using a 100 mm f-Theta lens. 

According to the experiments, the amount of the groove 
depth strongly depends on the laser fluence. The depth of 
the kerf develops logarithmically with a saturation level 
after a certain depth or number of passes. Afterwards the 
depth no longer increases. Different pulse overlaps only 
influence the progress of the cutting depth, but not the final 
amount. 

This correlation is the result of a multi-pass ablation 
strategy with ultra-short pulsed laser radiation, in which a 
critical angle of incidence limits the attainable cutting ge-
ometry and depth. The critical angle is determined by abla-
tion threshold of the material together with the incoming 
laser fluence. The largest amount of material is always re-
moved in the center of the cutting kerf because of the peak 
intensity. Around the center a smaller intensity leads first to 
angled wall, second to insufficient laser fluence and finally 
to an ablation stop if the ablation threshold is not reached 
anymore. 

The experiments also show a significant influence of 
the pulse duration on the cutting geometry, although the 
ablation thresholds are the same for 200 fs, 1 ps and 10 ps. 
A threshold of 0,27 J/cm² was measured with single spot 
ablation experiments on the surface of the silicon wafer. 
During the cutting experiments it turns out that the shortest 
pulse duration leads to much deeper and narrower grooves 
compared to a pulse duration of 10 ps. This behavior is 
independent from pulse energy and pulse overlap. We ex-
plain it with the 50x higher pulse peak intensity and there-
fore less heat conduction in the surrounding material and a 
very selective ablation process. 
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