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Abstract
The development of femtosecond lasers has renovated micromachining technology, enabling the microdrilling of transparent 
materials at high speed. Although effective, this technique is still imperfect because irregular microscopic damage occurs 
during processing. Several factors in the formation of damage induced by a single laser pulse have been suggested; however, 
the entire mechanisms of damage formation in the process of drilling are not fully understood. Here we investigated the 
causes of microscopic damage both by experimentally carrying out laser drilling on chemically strengthened glass samples 
and by numerically analyzing the propagating stress wave and temperature distribution. We have revealed that the damage 
at the sidewall and bottom of a generated hole is mainly due to the stress wave, while the damage around the hole entrance 
is mainly due to relaxation of thermal stress. In particular, we have analyzed these processes quantitatively, demonstrating 
the time courses of the passage of the stress wave through the material and the temperature distribution generated by the 
excited electrons. Our analyses are useful in suggesting processing techniques, or suggesting glass materials suitable for 
laser drilling such as glass with high heat resistance, which may lead to an improvement in the quality of micromachining.

1  Introduction

The development of femtosecond laser technology has 
brought about changes in a variety of applications, includ-
ing the microdrilling of materials [1, 2]. Thereby, the use 
of the femtosecond laser has already become an essential 
technology in micromachining [3–6]. Nevertheless, the laser 
drilling of glass is still imperfect, mainly because precision 
processing is impaired by the irregular microscopic dam-
age that occurs during drilling [7]. This unwanted damage 
occurs as a by-product of the ablation of the material due to 
high-intensity laser pulses. The main factors contributing to 
the individual types of damage caused by a single laser shot 
have been studied extensively [8–16]; the shock originating 
from the photoexcited region generates microscopic cracks, 

while the high heat leads to modifications in the material. 
Meanwhile, the damage caused by repeated application of 
laser beams has been investigated mainly from the aspect of 
excited electrons [17, 18]. Conversely, the damaging effects 
of shock and high heat during drilling have not been fully 
researched. We investigated the dependence of damage on 
the stress field by conducting experiments, and estimated 
the contributions of shock and heat on the damage formation 
separately by performing numerical analyses on the propa-
gating stress wave and the temperature distribution.

2 � Experimental

The experiments of femtosecond laser drilling were con-
ducted both before and after chemically strengthening glass 
samples. The induced compressive stress on the surface layer 
of glass was 359 MPa. The depth of the compressive-stress 
layer was 62 μ m, and the deeper area has a tensile-stress 
field with the maximum stress of 39.2 MPa. A Yb:KGW 
laser system was used to generate femtosecond laser pulses 
with a central wavelength of 514 nm, pulse width of 228 fs, 
and repetition rate of 1 kHz. The pulse energy was 60 μ J and 
the spot diameter was 9.6 μ m. The experimental setup and 
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the stress distribution in the chemically strengthened glass 
sample are shown in Fig. 1.

3 � Results and discussion

3.1 � Damage generated inside glass

Figure 2 shows the images of holes drilled on glass samples 
with 75 and 130 laser pulses. Background subtraction was 
conducted after recording images with an optical micro-
scope. The dashed line shown in Fig. 2 represents the border 
between the regions of compressive and tensile stress.

Figure 2a shows that the damage around the sidewall 
and the bottom of the hole was inhibited in the compres-
sive-stress region. However, when the depth of the hole 
approached the tensile-stress region, the damage at the bot-
tom of the hole expanded as shown in Fig. 2b.

In addition to the damage around the sidewall and the 
bottom of the hole, damage was found at the entrance of the 
hole, as shown in Fig. 2c. However, Fig. 2a, b shows that 
the damage around the entrance was not inhibited in the 
compressive-stress region.

Figure 3 shows the results obtained with a various num-
ber of laser pulses. Figure 3a shows the dependence of the 
depth of a hole on the number of pulses. The dependence of 

Fig. 1   a Experimental setup. b 
Stress distribution in chemically 
strengthened glass

Fig. 2   Images of drilled holes 
taken by an optical microscope. 
Holes drilled by a 75 laser 
pulses and b 130 laser pulses. 
Images on the left and right 
in (a) and (b) show the holes 
drilled on glass before and 
after chemically strengthen-
ing, respectively. c Magnified 
view of the damage around the 
entrance of the hole drilled by 
75 laser pulses
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damage length on the depth of a hole at the bottom of the 
hole and at the entrance of the hole are plotted in Fig. 3b and 
c, respectively. The horizontal axes in Fig. 3b, c correspond 
to the vertical axis in Fig. 3a. Figure 3b shows that the dam-
age at the bottom of the hole in the strengthened glass is 
shorter than that of non-strengthened glass, until the hole 
depth reaches 60 μ m. However, this tendency is reversed 
when the depth of the hole is larger than 60 μ m. As the bor-
der between the regions of compressive and tensile stress 
in the strengthened glass is located at a depth of 62 μ m, 
the data in Fig. 3b indicates that the damage formed at the 
bottom of the hole was caused by tensile stress. In addition, 
Fig. 3c shows that the length of damage at the entrance of 
the hole did not differ when drilling on strengthened glass 
and non-strengthened glass. This result indicates that the 
damage at the entrance of the hole was formed without being 
affected by a stress field.

3.2 � Stress simulation

The damage around the sidewall and bottom of the hole was 
found to be affected by tensile stress, which may be present 
during the drilling of both strengthened and non-strength-
ened glasses. To investigate the mechanism behind the for-
mation of the tensile stress during the drilling, we analyzed 
the stress wave propagating inside non-strengthened glass 
using the finite element method. The governing equation is 
an elasticity equation. During the analysis, we modeled a 
hole drilled by 75 laser pulses to investigate the distribution 
of stress generated inside a hole. The radius and height of 
the axisymmetric model were 50 and 100 μ m, respectively, 
which were sufficiently large for this calculation. The motion 
in the horizontal direction at the outer edge of the model was 
constrained, and the motion in both the horizontal and verti-
cal directions at the bottom of the model was constrained. 
The stress propagating inside a material is considered to be 
produced by a thermoelastic wave [11]. This thermoelastic 
wave is produced by an adiabatic expansion. However, the 
ejection of material occurs approximately at the same time 
as the stress starts to propagate inside the material [11, 19, 
20]. Therefore, we assumed that the expansion involved a 
pressure load on the material and the ejection of the mate-
rial, and that the impulse applied to the material is equal to 
the momentum of the ejected material, based on the conser-
vation of momentum.

The volume removed by the 75th laser pulse was cal-
culated to be 30.3 μm3 by performing a simulation shown 
in references [18, 21]. We calculated the density of free 
electrons using the simulation and assumed that the energy 
density of atoms is equal to the product of the density of 
free electrons and band gap. In the calculation of the den-
sity of free electrons, we assumed that the number of free 
electrons per atom does not exceed the number of electrons 

Fig. 3   a Dependence of the depth of a hole on the number of pulses. 
Dependence of damage length on the depth of a hole b at the bottom 
of the hole, and c at the entrance of the hole
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in the outermost shell of the atom. The energy is con-
sumed as kinetic energy. Therefore, the average speed of 
the ejected material is expressed as v =

√

2E∕m , where E 
= 5.5  μ J is the kinetic energy of the ejected material and 
m = 7.6 × 10−11 g is its mass. The pressure exerted on the 
material is expressed as p = mv∕(A�t) , where A = 1.4  μ
m2 is the area at the bottom of a hole where the material is 
removed, and �t = 10 ps is the time interval over which we 
assumed that the ejected material keeps pushing the surface 
of the hole. Initially, no pressure was loaded. Then, a pres-
sure p = 675 GPa was loaded for 10 ps at the bottom of the 
hole. Figure 4a, b shows the illustration of model parameters 
and the mesh shape, respectively. The region where the pres-
sure was loaded is shown by a red curve in Fig. 4a.

Figure 5 shows the results of the analysis of the stress dis-
tribution. The direction and the length of the arrows shown 
in the figures express the direction and the magnitude of the 
principal stress. Initially, the compressive stress is generated 
around the bottom of the hole, as shown in Fig. 5a, b. The 
results show that the surface where the pressure was loaded is 
pushed out and stretched 0.1 ns after loading the pressure. The 
stretch of the surface area indicates that the distance between 
the atoms is expanded in a circumferential direction at the bot-
tom of the hole. However, at this moment, the atoms on the 
surface are compressed in the radial direction. Owing to the 
Poisson’s effect caused by the compression, the atoms in a 
circumferential direction are compressed despite the surface 
being stretched. After the passage of compressive stress wave 
through the surface, the compression in the atoms on the sur-
face is released. Therefore, a tensile stress is generated at the 

bottom of the hole 0.2 ns after loading the pressure, as shown 
in Fig. 5c, e. As this tensile stress is distributed in a circum-
ferential direction on the surface of the bottom of the hole, the 
stress can facilitate crack initiation perpendicular to the curve 
of the bottom surface. In particular, during this process, the 
maximum tensile stress in a circumferential direction on the 
surface of the bottom of the hole reaches 8 GPa. This value 
is larger than the theoretical tensile strength of glass, which is 
calculated to be 6.6 GPa [22]. Furthermore, it is known that 
the actual tensile strength of glass is far below the theoreti-
cal strength [22]. Therefore, the tensile stress is large enough 
to cause cracks. As shown in Fig. 5d, the tensile-stress wave 
begins propagating inside the material 1 ns after loading the 
pressure. Consequently, the short cracks initiated on the sur-
face can be elongated by following the propagating tensile 
stress, resulting in long cracks.

In the strengthened glass, the original compressive-stress 
field cancels the tensile stress caused by the shock. Contra-
rily, the original tensile-stress field enhances the effect of the 
tensile stress caused by the shock upon the generation of the 
cracks. In this manner, the differences in the damage lengths 
shown in Fig. 3b can be explained.

These results indicate that the microscopic damage 
observed at the bottom of the hole was caused by the stress 
wave generated by each laser pulse. The damage observed at 
the sidewall of the hole is considered to be the crack which 
is first generated at the bottom and then left inside the glass 
without being removed after the hole becomes deeper with 
continued application of multiple laser pulses.

3.3 � Temperature simulation

The damage at the entrance of the hole was formed without 
being affected by a stress field, as shown in Fig. 3c. This 
result indicates that the damage formed around the entrance 
was caused by a factor different from the tensile stress gener-
ated by the stress wave. As the factor of damage which is not 
caused by tensile stress, modification by heat can be consid-
ered [23–25]. To investigate the effect of heat on the damage 
formation, we calculated the temperature distribution while 
the processing of laser drilling was ongoing, based on the 
calculation of the distributions of the laser intensity and the 
free-electron density inside glass. The distribution of the 
intensity has been calculated using the beam propagation 
method [26]. The free-electron density � is calculated based 
on the rate equation:

where t is time, I is the intensity, k is the number of photons 
for multi-photon ionization, � is the coefficient of multi-
photon ionization, �c is the coefficient of cascade ioniza-
tion, �rec is the coefficient of recombination, and �diff is the 

(1)
��

�t
= �Ik + �cI� − �rec�

2 − �diff�

Fig. 4   a Illustration of model parameters. b Mesh shape
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coefficient of diffusion [18, 27, 28]. Because the energy of 
the free electrons is transferred to phonons, the increase in 
temperature �T  can be expressed as follows [29]:

where Eav is the average electron energy, n is the number of 
atoms in a unit volume, and kB is the Boltzmann constant 
[30]. Electrons and the lattice reach thermal equilibrium in 
less than 10 ps [31], and the heat capacity of electrons is 
much smaller than the heat capacity of the lattice. Therefore, 
it is appropriate to assume that the entire energy absorbed 
by electrons is given to the lattice, and is balanced by the 
increase in the lattice energy 3nkB�T .

The distributions of intensity, free-electron density, 
and temperature are obtained by repeating the calcu-
lations with each laser pulse. To estimate the shape of 

(2)�T =
Eav

3nkB ∫
∞

0

(�Ik + �cI�)dt

the drilled hole, we assumed that the volume where the 
free-electron density was higher than the critical value or 
where the temperature was higher than the boiling point 
was removed. The estimated shapes are compared with the 
experimental results in Fig. 6. The conditions used in the 
calculation and experiments were the same.

The shape of the hole drilled by 75 laser pulses and the 
temperature distribution generated by the 75th laser pulse 
are shown in Fig. 7a. This result shows that high temperature 
is localized around the entrance of the hole. We defined a 
d-axis along the high-temperature region, which makes an 
angle of 19.8◦ with the optical axis as shown in Fig. 7b. The 
origin of the d-axis was set 1 μ m away from the sidewall of 
the hole.

The localization of the high temperature along the d-axis 
was caused by the reinforcement of the electric field along 
the angle. The reinforcement of the electric field increases 
the density of the free electrons and results in the generation 

Fig. 5   Stress distribution at the 
bottom of a hole a 10 ps, b 0.1 
ns, c 0.2 ns, and d 1 ns after 
the 75th laser pulse is shot. The 
enlarged view of (c) is shown 
in (e)
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of heat. The angle of the d-axis is consistent with the angle 
of the damage observed after the experiment, which was 
16.6◦ . This consistency indicates that the localization of 
high temperature may affect the generation of damage. To 
investigate the effect of the temperature increase on the dam-
age generation, we evaluated the size of the region along 
the d-axis, where the residual strain is created. The time 
dependence of the temperature along the d-axis has been 
plotted in Fig. 7c.

The stress relaxation following the application of strain 
caused by the thermal expansion under high temperature is 
analyzed by a viscoelastic model [23, 32]. Using the simplest 
viscoelastic model (Maxwell element), the percentage of 
relaxation can be expressed as P = 100%[1 − exp(−Kt∕�)] , 
where K = 45.7 GPa is the bulk modulus and � is the tem-
perature-dependent viscosity [23]. Although the viscosity 
of glass changes drastically with changes in temperature, 
the change in the bulk modulus is much smaller. Therefore, 
the temperature and the time needed to achieve a certain 
percentage of relaxation can be calculated by assuming 

the viscosity being a function of temperature and the bulk 
modulus as a constant. Figure 7d shows the time needed for 
the stress to be 99.5% relaxed under different temperatures. 
This indicates that the stress can be relaxed in a short time 
under high-temperature conditions.

When the material is rapidly cooled down after the 
relaxation, the strain is confined inside the material. The 
region where the strain remains is observed as the modifi-
cation [23]. To investigate the confinement of strain inside 
the material, we calculated the time dependence of the per-
centage of relaxation along the d-axis. Figure 8a shows the 
time dependence of the length of the region where the stress 
is over 99.5% relaxed along the d-axis. This indicates that 
the material between the origin of the d-axis and the posi-
tion 6.4 μ m away from the origin along the d-axis has expe-
rienced relaxation after the beam was incident. The time 
dependence of the temperature at the position of 6.4 μ m 
on the d-axis has been compared with the relaxation curve, 
which indicates the time dependence of the temperature 
needed for 99.5% stress relaxation, as shown in Fig. 8b. 

Fig. 6   Procedure for estimating the shape of the hole and temperature. The estimated shapes are compared with the experimental results
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The temperature at this position is lower than the relaxation 
curve before 0.5 ns. This indicates that the exposure time for 
high temperature is not sufficient for the stress to be fully 
relaxed before 0.5 ns. After 0.5 ns, the temperature at the 
position reaches the temperature required for 99.5% stress 
relaxation, indicating that the stress is fully relaxed. How-
ever, after 4 ns, the temperature decreases rapidly by thermal 
conduction, following which the temperature again becomes 

lower than the relaxation curve. This result indicates that the 
strain generated during the relaxation process is confined to 
the material 4 ns after the beam fires and forms the modifica-
tion. The calculated length of the modification (6.4 μ m) is 
consistent with the length of the damage observed after the 
experiment (7.3 μm). This result indicates that the damage 
observed at the entrance of the hole is a modification gen-
erated by the stress relaxation due to the exposure to high 

Fig. 7   a Temperature distribu-
tion around a hole generated 
by 75 laser pulses. b Illustra-
tion of the magnified view 
of the entrance of the hole 
and definition of the d-axis. c 
Temperature distribution along 
the d-axis. d Time needed for 
99.5% stress relaxation under 
different temperatures

Fig. 8   a Time dependence of 
the length of the region where 
the percentage of stress relaxa-
tion is over 99.5% along the 
d-axis. b Time dependence of 
the temperature at 6.4 μ m on the 
d-axis compared with the time 
dependence of the temperature 
needed for 99.5% stress relaxa-
tion
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temperature followed by a rapid cooling process owing to 
thermal conduction.

4 � Conclusion

In conclusion, we presented mechanisms of the formation 
of damage in femtosecond laser microdrilling, revealing that 
the damage at the sidewall and bottom of a generated hole is 
mainly due to the stress wave, while the damage around the 
hole entrance is mainly due to relaxation of thermal stress. 
In particular, we quantitatively showed the time courses of 
the passage of the stress wave and the temperature distribu-
tion generated by the excited electrons. This research would 
be useful in developing a strategy to inhibit the damage and 
improve the quality of micromachining. To reduce irregular 
microscopic cracks at the sidewall and bottom of a hole, we 
would develop a processing technique in which the tensile 
stress is canceled. To reduce modification at the entrance of 
the hole, we would optimize the laser parameters to avoid the 
localization of temperature increase or develop glass materi-
als with high heat resistance.
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