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ABSTRACT 

The application of ultrashort pulsed lasers for silicon scribing enables precise control of the ablation depth and generally 
reduces thermal side effects compared to ns-pulses. However, the formation of periodic holes with a depth of several µm 
can be observed at the bottom of the scribed trenches. The goal of this study is to investigate the influence of the pulse 
energy and the scan speed on the depth and average pitch of these holes. For this purpose, a simple model was developed 
to calculate the number of scans to achieve a specific cutting depth for different pulse energies and scan speeds. Then, 
wafers with a thickness of 525 µm were scribed to a depth of 50 µm using a fs-laser with a pulse duration of 380 fs and a 
wavelength of 520 nm. The pulse energy was increased from the minimum pulse energy necessary to achieve a scribing 
depth of 50 µm,1.6 µJ, up to 8 µJ. In addition, the scan speed was varied between 20 mm/s and 2000 mm/s. Finally, the 
wafers were broken along the cut and the side walls were investigated with scanning electron microscopy. It was found 
that the average pitch of the holes decreases and the depth of the holes increases with the pulse energy, while the scan 
speed has no influence. These findings suggest that the roughness at the trench bottom can be minimized by reducing the 
pulse energy to the minimum value necessary to achieve the desired cutting depth. 
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1. INTRODUCTION  
The application of ultrashort pulsed lasers for silicon scribing enables precise control of the ablation depth and generally 
reduces thermal side effects compared to ns-pulses. However, the formation of periodic holes with a depth of several µm 
can be observed at the bottom of the scribed trenches [1–3]. An example of these periodic hole formations is shown in 
Figure 1. However, the nature and the conditions for these hole formations still have not been revealed completely. 
Neuenschwander et al. showed that the amount of holes in a trench can be reduced by increasing the pulse duration from 
fs to ps [3]. Crawford et al. showed that the depth of the holes decreases with the number of scans [1]. Nevertheless, 
there are only two parameters to tune: the pulse energy and the scan speed, in order to optimize the quality of laser cuts 
with a given depth. The goal of this study is thus to investigate the influence of these two parameters on the depth and 
distance of these holes for the first time to our knowledge. 

    
Figure 1. Left: A 50 µm deep trench was scribed in a silicon wafer using a fs-laser. The wafer was then broken along the 
scribe and observed from the side using scanning electron microscopy. Right: Example of the hole formation at the bottom 
of laser-scribed trenches in silicon using fs-pulses. 
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2. MATERIAL AND METHODS 
2.1 Laser processing system 

The laser processing machine (3D-Micromac, microSTRUCT vario) has an ultrafast laser source (Spectra Physics, 
Spirit) with a pulse duration of about 380 fs. In all experiments the laser is operated at a wavelength of 520 nm and at a 
pulse repetition rate of 200 kHz. The maximum power is 1.6 W, measured behind the focusing optics. Thus, the 
maximum pulse energy is E = 8 µJ. The laser beam is scanned across the sample by a galvanometer scanner (Scanlab). 
The focusing optic is an f-theta lens with a focal length of 100 mm. The focus radius was determined to be w0 = 6 µm 
using the method of Liu [4]. The laser beam was linear polarized in all experiments. 

2.2 Determination of the scribing depth. 

The used samples are monocrystalline Si wafers with a thickness of 525 µm. For the determination of the scribing depth, 
parallel lines were scribed with different pulse energies, scan speeds and numbers of scans. The polarization of the laser 
beam is oriented parallel to the scan direction in all experiments. The wafers were then broken perpendicular to the 
scribes. The broken side was observed under an optical microscopy to measure the depth d. An scanning electron 
microscopy image (SEM) with the same sample orientation is shown in Figure 2. 

2.3 Scribing depth as a function of the pulse energy and scan speed 

Several groups have investigated scribing, cutting and drilling of silicon. A general finding is that the ablated depth per 
pulse decreases with the depth of the hole [5] or trench [2,6]. This means that the depth is limited due to saturation. The 
maximum achievable depth for multiple line scans [2] and for percussion drilling [5] is limited in both cases only by the 
pulse energy. The fluence or spot size has no influence on the total depth [5]. 

The relation between the pulse energy E and the maximum scribing depth dmax can be explained by the model of 
Fornaroli et al. [7]. It is assumed that the fluence profile is rectangular and that the scribe profile is triangular. During 
scribing, the pulse with the energy E and the focus radius w0 is projected on the sidewall of the trench. The projected 
focus radius on the sidewall is wproj. The projected fluence Fproj is then related to the depth d by the Pythagorean theorem: 

 0 0
2 2

0

proj

proj

F w w
F w d w

= =
+

, (1) 

where F is the fluence on the plane surface (see Figure 2). This relation indicates that the projected fluence decreases 
with the trench depth d. It is assumed that the maximum depth d = dmax is reached, when the projected fluence reaches 
the ablation threshold fluence Fproj = Fth. 

 
Figure 2. Cross section of an fs-laser-scribed trench in silicon. The trench depth is d. The width is about the focus diameter 
2w0. During scribing, the energy of the pulses is projected on the sidewalls of the scribe with the length wproj. These three 
lengths form a right-angled triangle. 
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Equation (1) can be solved for dmax: 
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For scribes with a high aspect ratio, where dmax >> w0, it follows that maxd F E∝ ∝ . Hence, the maximum scribing depth 
increases approximately linearly with the pulse energy. The following linear equation is used to describe the maximum 
trench depth as a function of the pulse energy: 

 ( ) 1 2maxd E k E k= + , (3) 

where k1 is the slope and k2 is the offset. 

The ablation depth d as function of the scan speed v and the number of scans N can be described mathematically by an 
exponential function [6]: 

 ( )
63

max 1
v N
vd d E e

−⎛ ⎞
= −⎜ ⎟

⎝ ⎠
, (4) 

where v63 is the effective process speed v/N to reach 63 % of the maximum trench depth dmax. The number of scans N to 
scribe to a depth d is calculated by solving equation (4) for N: 

 
( )
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63 max

ln
d EvN

v d E d
⎛ ⎞

= ⎜ ⎟⎜ ⎟−⎝ ⎠
  (5) 

2.4 Investigation of the hole formation 

In order to investigate the influence of the pulse energy and the scan speed on the distance and height of the periodic 
holes at the trench bottom with a given depth d, the number of scans for each parameter set were calculated using 
equation (5). The wafer was then broken along the scribe and the sides were investigated under the scanning electron 
microscope, as shown in Figure 1. 
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3. RESULTS AND DISCUSSION 
3.1 Scribing depth as function of scan speed, number of scans and pulse energy 

The trench depth as function of the number of scans N for different pulse energies and scan speeds is shown in Figure 3. 
The straight curves show the least square fits of equation (4). The maximum depth is reached after 50-100 scans at a scan 
speed of 100 mm/s (Figure 3, left) and after 500-1000 scans at a scan speed of 1000 mm/s (Figure 3, right). The effective 
process speed v63 to reach 63 % of the maximum trench depth dmax was determined to be about 8 mm/s. 

      
Figure 3. Trench depth versus number of scans N at different pulse energies and scan speeds v. Left: v = 100 mm/s. Right 
v = 1000 mm/s. The straight curves show the least square fits of equation (4). 

The maximum scribing depth dmax from the least square fits of equation (4) in Figure 3 is plotted as a function of the 
pulse energy for different scan speeds in Figure 4. The trend of the data points suggests that the maximum scribing depth 
dmax increases approximately linearly with the pulse energy if dmax > 50 µm. The trench depth is here almost a factor of 
10 larger than the focus radius w0. This observation is in good agreement with the model described in section 2.3, 
suggesting that the depth of a trench with high aspect ratio is independent of the focus radius and increases linearly with 
pulse energy. Hence, equation (3) was fitted in the data range, where dmax > 50 µm. The constants of the fit function are 
k1 ≈ 10-15 µm/µJ and k2 ≈ 30 µm. The observation that dmax increases linearly with the pulse energy also supports the 
theory that the ablation stops when the projected fluence falls below the ablation threshold.  

 
Figure 4. Maximum trench depth versus pulse energy at different scan speeds. The straight lines are the least square fits of 
equation (3) in the data range, where dmax > 50 µm. 
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3.2 Hole formation at the trench bottom 

The number of scans to cut 50 µm deep trenches at different pulse energies and scan speeds was calculated using 
equation (5) with the parameters determined above. After scribing several trenches in a 525 µm thick wafer, the wafer 
was broken along the scribes and observed from the side using scanning electron microscopy, as sketched in Figure 1. 
Figure 5 shows the SEM images of the cross sections of the 50 µm deep trenches, scribed at different pulse energies and 
scan speeds. It can be seen that the average pitch of the holes decreases, while their depth increases with the pulse 
energy. In contrast, the scan speed has no significant influence. Melt formations can be observed at scan speeds below 
500 mm/s.  

 
Figure 5. SEM images of cross sections of 50 µm deep trenches in 525 µm thick silicon wafers, scribed at different pulse 
energies and scan speeds. N is the number of scans. 

The depth and distance of the holes on the trench bottom was measured and plotted as a function of the scan speed for 
different pulse energies in Figure 6. The depth of the holes (Figure 6, left) increases with the pulse energy from about 
10 µm at 1.6 µJ to about 30 µm at 8 µJ. The distance of holes (Figure 6, right) increases with the pulse energy from 
about 5 µm at 1.6 µJ to about 15 µm at 8 µJ. The scan speed has no significant influence on the height and distance of 
the holes. These findings suggest that the roughness at the trench bottom can be minimized by reducing the pulse energy 
to the minimum value necessary to achieve the desired cutting depth. 

    
Figure 6. Depth (left) and distance (right) of the holes on the trench bottom as a function of the scan speed for different pulse 
energies. The depth and distance of the holes increases with the pulse energy. The scan speed has no influence. 
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4. CONCLUSION 
In this study, the influence of the pulse energy and scan speed on the hole formation at the bottom of laser-scribed 
trenches with a constant depth of 50 µm was investigated. A simple model is presented to calculate the number of scans 
to achieve a specific cutting depth for different pulse energies and numbers of scans. The results suggest that the average 
pitch of the holes decreases and the depth of the holes increases with the pulse energy. The scan speed has no influence. 
These findings suggest that the roughness at the trench bottom can be minimized by reducing the pulse energy to the 
minimum value, which is required to achieve the desired cutting depth. A deeper understanding of the nature of these 
hole formations is necessary to further optimize the cutting quality. 
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