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Laser drilling is a processing technology applicable for creating holes in various materials. By 
combining an ultrashort pulsed laser with a helical drilling optics, it is possible to produce high-quality 
holes with sharp, burr-free edges in a large variety of borehole geometries. To master this highly 
flexible process which is determined by a multitude of variables, a mathematical description of the 
problem is advantageous. A simulation model is presented for calculating the final borehole geometry 
for a given set of laser, process, and material parameters. The model was validated by comparison to 
boreholes drilled into four different materials: stainless steel, copper, silicon, and aluminum oxide 
ceramic. By inserting literature values for the refractive index and the ablation threshold fluence, a 
good agreement between model and experiment can be achieved for holes of different shape and size. 
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1. Introduction 
Laser drilling is a manufacturing technology for produc-

ing holes, which is used in a wide range of industrial prod-
ucts. There are several process strategies, differing in 
productivity and hole quality [1]: The highest productivity is 
achieved with single-pulse drilling and long pulse durations 
(µs); however, here, material removal is dominated by melt 
ejection which leads to a reduced quality. Percussion drilling 
using short pulses (ns) offers an increased precision by the 
reduction of fluence and therefore less burr and melt depo-
sition, but also far more pulses are needed. A further reduc-
tion of the pulse duration to ultrashort laser pulses (ps, fs) 
eliminates melt and burr, as material removal is dominated 
by vaporization. The high geometric precision is taken ad-
vantage of by applying an adequate drilling strategy to mod-
ify the borehole form [2]. 

For helical drilling, one of those process strategies, com-
mercially available optics [1,3-7] are used which offer the 
possibility to move the laser beam in a rotary movement with 
three degrees of freedom: a rotation frequency, a helical ra-
dius, and an inclination toward or away from the axis of ro-
tation. Because of its advantages in hole quality and geomet-
ric freedom, helical drilling with ultrashort laser pulses of-
fers the potential to complement or replace mechanical or 
electro-erosive drilling steps by laser micro drilling. An ex-
emplary application for this technology is the processing of 
spray holes in injector nozzles [2,3]. 

In a previous work [7], we presented a model predicting 
the final borehole geometry produced by helical drilling with 
ultrashort laser pulses. As explained in Sec. 2, the expansion 
of the borehole is assumed to stop when the absorbed fluence 
falls below the ablation threshold fluence. Therefore, the 

cross-section of the borehole geometry in a steady end state 
is assumed to equal a line of constant absorbed fluence. 

As it is possible to drill into almost any available mate-
rial using ultrashort laser pulses, the model is validated for 
four different materials in this paper by comparing simulated 
and real boreholes. These materials include industrially rel-
evant metals (stainless steel and copper) and non-metals (sil-
icon and aluminum oxide ceramic (alumina)). 

As input parameters for the simulation, the focusing con-
ditions of the laser beam, set parameters of the helical drill-
ing process, and literature values for the material properties 
were used. 

2. Model for calculating the final borehole geometry 
In the laser drilling process, the borehole evolves and ex-

pands as long as the absorbed laser fluence is higher than the 
ablation threshold. The expansion stops in the points where 
the absorbed fluence falls below the threshold value. There-
fore, the isophote (surface of constant absorbed fluence) de-
fined by the ablation threshold fluence can be assumed to 
equal the steady end state of a borehole produced by an in-
finitesimally long laser drilling process where all beam, ma-
terial, and process parameters are constant over time. 

While in the actual drilling process an evolution of the 
borehole geometry takes place until the final hole shape is 
reached, in the static model, only the steady end state of the 
hole geometry is considered. Hence, it is assumed that there 
is no influence of the temporal borehole evolution on the fi-
nal shape (e.g. bifurcations, reported in Ref. [8]). 

For all points on the surface of constant absorbed fluence, 
it holds 

(1 − 𝑅𝑅) ⋅ cos 𝜃𝜃 ⋅ 𝐹𝐹0 = 𝐹𝐹�𝑡𝑡ℎ = const., (1) 
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where 𝑅𝑅 denotes the local reflectivity, 𝜃𝜃 the relative an-
gle between the incident ray and the local surface normal, 𝐹𝐹0 
the local laser fluence, and 𝐹𝐹�𝑡𝑡ℎ the constant ablation thresh-
old fluence (particularly referring here to the maximum 
value of the fluence that is penetrating the surface which 
does not lead to any ablation). 

Assuming an ideal Gaussian fluence distribution, the la-
ser-drilled borehole is rotationally symmetric, meaning that 
for the calculation, only the cross-section has to be consid-
ered, resulting in a two-dimensional problem. Therefore, the 
line of constant absorbed fluence is computed and compared 
to the cross-section of a borehole. 

In general, it holds (1 − 𝑅𝑅) = 𝐴𝐴 + 𝑇𝑇 with the absorptiv-
ity 𝐴𝐴 and transmissivity 𝑇𝑇. Due to the short optical penetra-
tion depth, 𝑇𝑇 ≈ 0  for metals. For dielectrics, however, the 
penetration depth is much larger, in some circumstances 
leading to 𝑇𝑇 > 0. As previously discussed, the simulation re-
sult for the final borehole geometry is a surface of constant 
absorbed fluence. Here, we define that the absorbed fluence 
includes all radiation penetrating this surface. In the follow-
ing validation experiments, materials with strong absorption, 
and thus 𝑇𝑇 ≈ 0, are used. Therefore all radiation is assumed 
to be absorbed at the surface. Further research is needed 
whether this holds true for the ceramic. 

The local reflectivity 𝑅𝑅 is described by the Fresnel equa-
tions, incorporating the complex refractive index of the ma-
terial 𝑛𝑛� = 𝑛𝑛 + 𝑖𝑖𝑖𝑖, where 𝑛𝑛 is the refractive index, and 𝑘𝑘 is 
the extinction coefficient with 𝑘𝑘 > 0 for absorbing materials. 

For the local laser fluence 𝐹𝐹0, a Gaussian fluence distri-
bution is assumed with the laser beam parameters pulse en-
ergy 𝑄𝑄, waist radius 𝑤𝑤0, Rayleigh length 𝑙𝑙𝑅𝑅, and defocusing 
length 𝑠𝑠. 

Additionally, the helical drilling parameters, particularly 
the helical radius 𝑟𝑟ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and the angle of inclination 𝛽𝛽, are 
included in the calculation of the spatial distribution of the 
incident fluence. As the model is reduced to two dimensions 
and its purpose is to calculate the final borehole geometry, 
the rotation frequency is irrelevant. 

In the following sections, this model is used to predict 
borehole geometries based on the experimentally used drill-
ing parameters. The simulation results are compared to real 
borehole cross-sections. 

3. Experimental procedure 
For the validation of the model, boreholes have been 

drilled into four different materials. A commercial helical 
drilling optics was used for the experiments (GL.Trepan in-
cluded in a GL.Compact machine, both by GFH GmbH, 
Germany). The setup incorporates the laser source TruMicro 
5070 Femto Edition (Trumpf GmbH + Co. KG, Germany).  

The general processing parameters used can be found in 
Table 1. The focal diameter of the Gaussian-shaped fluence 
distribution has been determined after the method described 
in [9]. Using the same set of drilling parameters for each ma-
terial, several holes have been produced respectively with 
different 𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and different (negative and positive) values 
for the angle of inclination 𝛽𝛽. By definition, for a negative 
angle of inclination, the diameter of the laser beam path in-
creases after passing the focal plane. For a large angle, this 
leads to a negatively conical borehole, i.e. the outlet in the 

direction of propagation of the laser beam has a larger diam-
eter than the inlet. 

The drilling program was designed to produce the final 
borehole geometry in order to meet the assumptions of the 
model by keeping all the parameters constant for several tens 
of seconds. 

For determining the exact values of the helical diameter 
𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and the angle of inclination 𝛽𝛽, the following simple 
method was applied: For each parameter set of 𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and 
𝛽𝛽, markings of the beam path have been produced in several 
defocusing planes on a flat sample. By rotating the laser 
beam with the helical drilling optics in a circular motion and 
shifting the focal plane from below to above the sample sur-
face in discrete steps, rings of different diameter and line 
width can be marked with low pulse energy and short laser-
on-times.  

As long as the beam spot does not overlap in one rotation, 
there is a clearly distinguishable inner and outer boundary of 
the rings. From their diameters, the mean diameter of each 
ring can be calculated, equaling the diameter of the circular 
movement of the laser beam’s central axis. The angle of in-
clination 𝛽𝛽 and 𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 can be computed from the pitch and 
intercept of a linearly regressed line of the course of the 
mean diameters with respect to the defocusing planes. The 
results of this investigation of 𝛽𝛽 and 𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 can be found in 
Table 1. 

The materials machined in the validation experiments 
are stainless steel (EN steel number 1.4301) and copper as 
metals, as well as undoped silicon and bulk aluminum oxide 
ceramic (Al2O3, alumina) as non-metals. Flat samples have 
been used with a thickness of 1 mm (metals) and 0.65 mm 
(non-metals). 

After drilling, all samples have been ground and pol-
ished to the central cross-sectional plane of the boreholes 
and recorded with a scanning electron microscope (SEM). 

4. Experimental and simulation results 

4.1 Analysis of geometry 
In Fig. 1, SEM images of cross-sections of the boreholes 

produced in different materials using different drilling pa-
rameters are displayed. The laser entrance is on the top side,  

Table 1 Processing parameters 

Parameter  Value  

Wavelength 1030 nm 
Pulse duration 0.9 ps 
Repetition rate 100 kHz 
Focal length 100 mm 
Focal diameter 22 µm 
Defocusing length 0 µm 
Pulse energy 180 µJ 
Helical diameter 230 µm, 208 µm, 212 µm 
Angle of inclination -3.1°; -0.6°; +2.4° 
Rotation frequency 27,988 min-1 
Polarization state circular 
Processing gas Nitrogen (N2, 2 bar) 
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Fig. 1 SEM images of boreholes drilled into different materials with the respective simulated contour (white/black lines at right 
borehole edges), row 1: stainless steel, row 2: copper, row 3: undoped silicon, row 4: aluminum oxide ceramic, column a: 
negative angle of inclination 𝛽𝛽 = −3.1°, column b: negative angle of inclination 𝛽𝛽 =  −0.6°, column c: positive angle of 
inclination 𝛽𝛽 =  +2.4°. All other process parameters are given in Table 1. For the simulation, literature values for the material 
properties were used, see Table 2. 
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the laser exit on the bottom side. At first, an analysis of the 
borehole geometries is presented. 

For each material, three different boreholes are shown: 
drilled with a negative (first column, marked a), positive 
(third column, marked c) and slightly negative (middle col-
umn, marked b) angle of inclination. The exact values can 
be found in Table 1. 

In each row, boreholes drilled into the same material are 
displayed: in stainless steel (first row, marked 1), copper 
(second row, marked 2), undoped silicon (third row, marked 
3) and alumina (fourth row, marked 4). 

For all materials, the same drilling parameters were used, 
allowing a comparison of the boreholes. 

Boreholes in stainless steel, copper, and silicon are quite 
similar in shape and size. Since the silicon samples have a 
smaller thickness, the boreholes are similar to the upper parts 
of the respective holes drilled into the metals. The drilling 
parameters result in negatively conical (a), cylindrical (b) 
and positively conical (c) forms. The entrance diameters for 
the different angles of inclination are almost equal in size 
(approx. 270 µm), whereas the exit diameters are varying 
strongly, leading to the different hole shapes (340 µm to 120 
µm for the metals and 320 µm to 170 µm for silicon). 

At the laser entrance side, a rounded corner from the top 
surface until approx. 40 µm depth is visible. In contrast, at 
the laser exit side, there is a sharp edge to the bottom surface. 
The edge rounding at the laser entrance leads to the effect 
that the smallest diameter of the negatively conical bore-
holes is located a few tens of micrometers below the surface. 

Comparing the materials discussed so far to the ceramic, 
huge differences in geometry are visible. No negatively con-
ical or cylindrical hole could be produced, but all parameters 
were leading to positively conical shapes. The entrance di-
ameters are a little bit smaller (approx. 260 µm), but the exits 
show very different characteristics: from a diameter of 170 
µm (Fig. 1, 4a) there is a reduction to 120 µm (Fig. 1, 4b) 
and an increase again to 140 µm (Fig. 1, 4c). 

Most noticeable in Fig. 1, 4c is the constriction (smallest 
diameter 95 µm) in the lower part of the hole and the subse-
quent opening.  

 
 

4.2 Simulation results 
For each borehole in Fig. 1, the corresponding simulated 

cross-sectional geometry is shown as a white/black line at 
the right edge of the hole. The borehole contour is assumed 
to be symmetrical and the central borehole axis is marked as 
a dashed line. 

As described in Sec. 2, the two material parameters 
needed are the complex refractive index 𝑛𝑛 + 𝑖𝑖𝑖𝑖 and the ab-
sorbed fluence at the ablation threshold 𝐹𝐹�𝑡𝑡ℎ. Both parameters 
can be found in Table 2 for each material with values taken 
from literature sources. 

It is most common to find values for the incident fluence 
at the ablation threshold 𝐹𝐹𝑡𝑡ℎ,𝑖𝑖𝑖𝑖𝑖𝑖  in literature. However, as 
can be seen from Eq. (1), the value of the absorbed fluence 
at the threshold 𝐹𝐹�𝑡𝑡ℎ is required for the simulation. According 
to 𝐹𝐹�𝑡𝑡ℎ = �1 − 𝑅𝑅(0°)� ⋅ 𝐹𝐹𝑡𝑡ℎ,𝑖𝑖𝑖𝑖𝑖𝑖  , 𝐹𝐹�𝑡𝑡ℎ  can be computed from 
𝐹𝐹𝑡𝑡ℎ,𝑖𝑖𝑖𝑖𝑖𝑖 with the help of the reflectivity for normal incidence, 
calculated from the Fresnel equations for circular polariza-
tion, as shown in Table 2. 

Noticeable are the huge material-dependent variations in 
the reflectivity 𝑅𝑅 as well as in both incident and absorbed 
fluence at the ablation threshold with the absorbed fluence 
values spanning two orders of magnitude from copper to alu-
mina. 

Using these literature values for the material properties 
in the simulation, proves an overall good agreement between 
model and experiment. Especially values for the ablation 
threshold are subject to a variety of influences, including in-
cubation behavior [14], wavelength [14] and pulse duration 
dependency [16]. Smaller differences between model and 
experiment, particularly at the exits of the steel samples and 
for silicon, might arise from this uncertainty in the ablation 
threshold or deviations of the beam profile from a Gaussian 
fluence distribution, especially far away from the focal plane. 

For both metals and silicon, the simulated contours 
closely resemble the measured ones including all character-
istics described in Sec. 4.1. So, the findings are supported by 
simulation. 

From the simulation of the ceramic, an interesting effect 
becomes visible. The line of constant absorbed fluence 
which is assumed to equal the cross-sectional borehole ge-
ometry, ends halfway through the borehole, although the 

Table 2 Material parameters for the simulation at λ=1030 nm and τ=0.9 ps: complex 
refractive index 𝑛𝑛� = 𝑛𝑛 + 𝑖𝑖𝑖𝑖, incident fluence at ablation threshold 𝐹𝐹𝑡𝑡ℎ,𝑖𝑖𝑖𝑖𝑖𝑖, 
reflectivity at normal incidence R(0°), absorbed fluence at ablation threshold 
𝐹𝐹�𝑡𝑡ℎ 

Mater ia l  n  k  𝐹𝐹𝑡𝑡ℎ,𝑖𝑖𝑖𝑖𝑖𝑖  /  J ⋅cm- 2  (1 -R(0°) ) 𝐹𝐹�𝑡𝑡ℎ /  J ⋅cm- 2  

Stainless steel 
1.4301 

2.59  
[10] 

4.87  
[10] 

7⋅10-2 

[14] 
0.283 2.2⋅10-2 

Copper 0.34  
[11] 

6.77  
[11] 

3.3⋅10-1 

[14] 
0.029 9.6⋅10-3 

Undoped  
silicon 

3.57  
[12] 

2.4⋅10-4  
[12] 

2.5⋅10-1 

[14] 
0.684 1.7⋅10-1 

Aluminum  
oxide ceramic 

1.74 1)  
[13] 

0.02 1)  
[13] 

1.1⋅100  2) 

[15] 
0.927 1.02⋅100 

1) Arithmetic mean of both values for parallel and perpendicular polarization 
2) Value was actually determined for λ=775 nm and τ=0.18 ps 
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sample thickness amounts to only 65% of the metallic sam-
ples. This means that from this point on, the absorbed flu-
ence at the hole surface falls below the ablation threshold 
fluence everywhere. 

A possible explanation for the discrepancy of modelled 
and measured borehole geometries might be a change of the 
material parameters with increasing hole depth as a reaction 
to the laser treatment. As constant material properties are as-
sumed in the model, this behavior cannot be simulated. 

Another possibility comes from the assumptions of the 
borehole model [7]: Only direct absorption of the laser beam 
is considered, reflected rays are neglected. 

Apparently, however, reflected radiation is reabsorbed at 
the hole walls, especially in the bottom half. The combina-
tion of reabsorbed reflected radiation and the low directly 
absorbed fluence must exceed the ablation threshold to ab-
late material further than predicted by the model. 

The deeper and narrower a borehole gets, the higher is 
the amount of reabsorbed reflected radiation in comparison 
to directly absorbed light. For the ceramic this gets signifi-
cant, as the directly absorbed radiation is not sufficient to 
exceed the ablation threshold in the lower part of the hole. 
Presumably, the reflected radiation is mostly accountable for 
the hole geometry in the bottom half, including the charac-
teristic of the constriction in Fig. 1, 4c.  

In fact, in the top half, the slope of the borehole contour 
is changing according to the angle of inclination (comparing 
Fig. 1, 4a-4c) which is well reproduced by the simulated ge-
ometry. This means that there is a negligible amount of re-
absorbed reflected radiation in the top half of the boreholes. 
Furthermore, there seems to be a “knee” at half depth of the 
holes in Fig. 1, 4a,b, possibly marking the change between 
the two regimes described. 

For the other materials a similar behavior might be ob-
servable for deeper boreholes, as the maximum point of the 
calculated line of constant absorbed fluence is below the bot-
tom surfaces of the samples used. 

5. Conclusion 
For helical drilling using ultrashort laser pulses, a model 

for the final borehole geometry was presented. This model 
is based on calculating a line of constant absorbed fluence 
defined by the ablation threshold fluence. For validating the 
model for different materials, boreholes have been drilled 
into stainless steel, copper, undoped silicon, and aluminum 
oxide ceramic with drilling parameters resulting in holes of 
different shape and size. While the geometries of both metals 
and silicon were similar, they differed characteristically for 
the ceramic, although the same drilling parameters had been 
applied. 

For the simulation, several parameters have been deter-
mined experimentally, including the exact angle of inclina-
tion and helical diameter. Material properties have been 

taken from literature sources. The simulated borehole geom-
etries are in good agreement with all experimental results. 
For the ceramic, however, the simulated contour stops half-
way through the hole. Different reasons have been proposed 
for this behavior. Still, the top half is in good agreement with 
the model. For a simulation of the complete geometry, fur-
ther research is needed. 
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