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Abstract- In this paper, we propose efficient laser drilling technology by optimization laser parameters, such as scanning 
speed, pulse repetition rate, overlapping rate, and repetition of process. We demonstrate how laser parameters obtain high 
ablation rate for laser hole drilling.  The efficiency of laser ablation of Si3N4 is investigated using the femtosecond laser. 
Initially, the laser beam characteristics, such as focused laser beam diameter and averaged power are measured. The 
maximum pulse energy can be helpful in obtaining greater ablation depth. The optimal pulse overlapping rate, which is 
related to the scanning speed and pulse repetition rate, is predicted to be approximately 97% in Si3N4 material. The high 
aspect ratio drilling is controlled with process times, for which the optimal value is predicted to be approximately 40 times. 
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I. INTRODUCTION 
 
In recent years, ultra-short pulsed lasers have been 
used for material processes, such as laser cutting, 
laser patterning, and laser drilling.1-4 This ultra-short 
pulsed laser can apply confined intensive laser energy 
to a certain target, thus minimizing thermal damage 
to surrounding media.5  Ceramics are superior to 
metals and polymers because of their  high thermal 
resistance, high hardness, low thermal conductivity, 
and chemical stability.6  However, ceramics having 
these advantages are also difficult to mechanically 
machine process because of their high brittleness. As 
an alternative method, the importance of laser micro 
machining has recently been highlighted. Laser micro 
machining is a non-contact method and is basically 
free from tool weariness.7-9 The study of laser 
ablation of ceramics was investigated using different 
wavelength lasers, and in all three ceramics, Al2O3, 
AlN, and Si3N4, the 1064 nm wavelength laser proved 
most efficient.10 The linear relationship between 
ablation diameter and laser fluence is derived in 
ceramics. In this paper, we also claim that the 
ceramic material removal rate is related to pulse 
overlapping rate.11 Here, we investigate the optimal 
laser fluence for higher depth drilling. The 
relationship between scanning speed and pulse 
repetition rate is derived for the high efficiency 
ablation rate. The drilling depth can also be 
controlled by number of laser process times. 

 
II. METHOD 
 
2.1. Experimental setup 
Fig. 1 shows the system configuration and 
experimental setup. The three-axis linear stage is built 
with and is controlled by the UMAC controller. The 
femtosecond laser beam with pulse width range of 
238 fs-15 ps is delivered through reflective mirrors. 
The laser power controller adjusts the power 

externally by polarization of the incident laser beam. 
The galvanometer scanner is attached by an f-theta 
lens with a 170-mm focal length and working field of 
50 mm×50 mm. The laser parameter is set at 238 fs 
and 1030 nm wavelength.  

 

 

 
Fig.1. Schematic and photo of the experimental setup. 
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2.2. Measurement of laser beam characteristics 
 
The laser beam power is measured with various pulse 
repetition rates.  Even though the laser manufacturer 
claims that the maximum laser power is 10 W, energy 
loss might occur in the laser power controller and 
optical elements. The maximum laser power is 
measured to be approximately 8.8 W at 50 kHz.  

 

 
Fig.2. Laser average power change with pulse repetition rate 

change. 
 

The incident laser beam size with a charged coupled 
device (CCD) type beam profiler is measured to be 
5.5 mm. Using Eq. (1), the focused laser beam 
diameter is calculated by 41 µm.  

 
     D =

π
× λ∙                                          (Eq.1) 

 
where, D is the focused laser beam diameter, λ is the 
wavelength which is 1030 nm, f is local length which 
is 170 mm, and d is the incident laser beam diameter.  

 

Fig.3. Collimated laser beam size measurement result. 

The laser fluence is calculated by dividing laser 
energy density by the unit area, as shown in Eq. (2),  

 
Fluence(J cm⁄ ) =

 ×
                    (Eq.2) 

 
where, P is the laser average power, Rep is the pulse 
repetition rate, and ω is the focused beam diameter.  

The laser fluence is shown in Fig. 4 with 
repetition rate and it shows the maximum value at 50 
kHz. After the pulse repetition rate exceeds 50 kHz, 
the laser fluence decreases because the laser pulse 
energy should be reduced to maintain constant laser 
average power under the condition of increasing 
pulse repetition rate.  

 

 
Fig.4. Laser fluence change with the pulse repetition rate 

change. 
 

III. RESULTS AND DISCUSSION 
 
For square shaped laser drilling, the two-axis 
galvanometer scanner makes pulse overlaps in each 
direction, as shown in Fig. 5. Polished Si3N4 
substrates of 500-µm thickness are prepared.  

 
Fig.5. Schematic of laser scanning scenario 

 
The applied laser beam pulse width is 238 fs, and the 
average power is 8.8 W with 1030-nm wavelength. 
The scanning speed of the galvanometer is 100 mm/s, 
and the duration of entire process time is 0.1 s. For 
sufficient amount of ablation material, scanning is 
repeated five times. Fig. 6 shows the 3D microscopic 
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image of ablated Si3N4 substrates with various pulse 
repetition rates. As the pulse repetition rate increases, 
ablation depth also increases since the applied 
number of pulses accumulates. The depth profile 
becomes steeper in higher pulse repetition rate 
conditions. 

 

 

 
Fig.6. 3D microscopic image of ablated Si3N4 plate with various 

pulse repetition rates: (a) 5 kHz (Top), (b) 30 kHz (Middle), 
and (c) 50 kHz (Bottom). 

 
Fig. 7 shows the relationship between ablation depth 
and pulse repetition rate. It shows a similar behavior 
to the fluence vs. pulse repetition rate graph. For 
higher ablation rate, maximum fluence should be 

applied. Maximum drilling depth is approximately 
225 µm, which is not sufficient for through-hole 
drilling.  

 
Fig.7. Relationship between ablation depth and pulse repetition 

rate. 
 
Fig. 8 shows ablated Si3N4 substrate surface with 
various pulse repetition rates at 100 mm/s scanning 
speed. Only one process time is applied. It involves 
clear pulse overlapping under a higher pulse 
repetition rate condition. Over-burning is observed 
near the line boundary in 100 kHz and 400 kHz 
conditions.  

 

 
Fig.8. Ablated Si3N4 surface with various pulse repetition rates 
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Pulse overlapping is shown in Fig. 9. It represents the 
relationship between scanning speed and pulse 
repetition rate. From Eq. 3, pulses are seen to overlap 
more when scanning speed is slower and pulse 
repetition rate is higher.  

             O = 1−                            (Eq.3) 
where, Od is pulse overlapping rate, s is the scanning 
speed, d is the focused beam diameter, and f is the 
pulse repetition rate.  

 

 
Fig.9. Schematics of the pulse overlapping rate 

 
We measured ablation depth under five 

different scanning speeds of 50, 70, 100, 130, and 
150 mm/s. In each case, we determined the optimal 
pulse repetition rate for sufficient ablation rate 
without over-burning when the overlapping rate was 
approximately 97% at scanning speeds of 50 mm/s, 
70 mm/s, and 150 mm/s. The result is shown in Fig. 
10. The pulse repetition rates to meet 97% 
overlapping rate are predicted to be 72 kHz and 93 
kHz at 100 mm/s and 130 mm/s scanning speed, 
respectively. The linear relationship between the 
scanning speed and pulse repetition rate is well 
derived.  

 

 
Fig.10. Relationship between scanning speed and pulse 

repetition rate. 
 

Fig. 11 shows ablation depth vs. the pulse repetition 
rates with 100 mm/s and 130 mm/s scanning speed.  
Ablation depth shows linear increment as increase in 

repetition rate. When the scanning speed decreases, 
the applied numbers of pulses in unit time increase. 
The ablation rate then increases and the slope 
becomes steeper. The ablation depth at 72 kHz under 
100 mm/s scanning speed and at 93 kHz under 130 
kHz can be predicted in linear fitting curve.  

 
Fig.11. Ablation depth measurement result with various pulse 
repetition rates at scanning speeds of 100 mm/s and 130 mm/s. 
 
The ablation depths in optimal overlapping conditions, 
wherein the overlapping rate is approximately 97%, 
are summarized in Table 1. Both pulse repetition 
rates and ablation depths in 100 mm/s and 130 mm/s 
are predicted by the fitting graph. The ablation depth 
shows similar value ranges, and prediction is 
satisfactory. We point out that pulse overlapping is 
different in different materials. For soft materials, 
such as polyimide, the overlapping rate is 70~80%. 
However, for hard materials, such as ceramic, more 
overlapping rate should be applied.    

 
Table 1: Ablation depth measurement and prediction in 

optimal repetition rate at certain scanning speed 

 
 
For deeper hole drilling, a repetitive process is 
conducted. As shown in Fig. 12, the hole tapering 
angle represents size difference between the hole’s  
entry and exit sides. The tapering angle rapidly 
increases with process times until 40 times but it 
shows a steady behavior on exceeding 40 times. For 
efficient laser hole drilling, the process time should 
be limited to under 40 times.  
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Fig.12. Hole tapering angle increment as process time changes. 
 
CONCLUSIONS 
 
The 238-fs laser was applied for the Si3N4 material 
square hole drilling. The maximum fluence at 50 kHz 
repetition rate was determined for the greater hole 
depth. The scanning speed and pulse repetition rate 
were compromised. In slow scanning speed, the 
applied pulses were more overlapped and the amount 
of ablation increased. The optimal overlapping rate 
was predicted to be 97% and the ablation depths in 
that condition were shown as similar values. For 
greater ablation depth, processes were repeated.  
When the processes were exceeded 40 times, the 
increment of hole tapering angle was limited.  
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