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Influence of Laser Beam Polarization on Laser Micro-Machining of
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Ultrashort pulse lasers have been established as precise and universal tools for the micro-
machining of solid materials (cutting, texturing ...). For these applications the quality of the cutting
cross-section is important. The use of a Gaussian beam profile and linear polarization leads to
tapered cutting sidewalls. It is possible to change the polarization orientation in order to machine a
material for obtaining straight and vertical sidewalls. For this purpose a specific polarization
converter was used. The transformation of the polarization distribution from linear to radial and
azimuthal is done by a subwavelength, binary grating creating a  phase shift between the TE and
TM transmitted waves. In this paper we report on investigations on the influence of laser
polarization (radial, azimuthal, circular, linear) on the ablation characteristics of molybdenum and
PZT using an Yb doped crystal laser (500 fs) and compare these results with previously published

results.
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1. Introduction

It is now recognized that the ultrashort pulse laser
machining is very high quality. It minimizes the thermal
effects and provides a high cutting edge quality [1].
However, the laser beam's energy distribution is a gaussian.
It causes a conicity of cutting edge. A decisive factor for
the geometry of the cutting edge is the polarization [2]. The
absorption of the energy of the laser pulse is a function of
this parameter. The laser source emits a generally linearly
polarized beam. So, the edge conicity depend of the laser
polarization. For this study, we used a 0™ order grating
polarization converter made by the H. Curien Laboratory.
The state of the art setup in the form of a corrugation
etched directly into a high index substrate needs very small
periods (<A/4) and a very large height-to-width ratio (»5)
of the ridge, and shows significant losses due to reflection
(>10% for TE). In the present paper a grating etched into a
high index layer situated on top of a low index substrate is
used. The optimized modal behavior of such a setup allows
using more favorable grating parameters (larger period,
aspect ratio of about 2) and enables a close to 100%
transmission for both polarization components [3].
Hydrogenated amorphous silicon (a-Si:H, n=3.7) on a
fused silica substrate is used as the high index layer
material. For the grating fabrication, a Cr-mask made by e-
beam lithography is transferred by contact UV-lithography
into a resist layer, which is subsequently used to etch the
grating into the a-Si:H layer by reactive ion beam etching
[4]. Furthermore, there is a potential for mass fabrication
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by resorting to the batch planar micro- structuring
technologies of microelectronics.

Our paper is organized as follows: we first describe the
experimental setup, as well as the experimental protocol,
then we describe the result and we will finish by describing
potential application.

1.1 Experimental setup

Figure 1 illustrates the experimental setup. We use two
femtosecond lasers with a linear polarization. These are
Yb-doped crystal femtosecond lasers from Amplitude
Systemes. The first model is a S-Pulse HP. The pulse
duration is 500 fs. The maximum pulse energy is 100 pJ
the maximum repetition rate 10 kHz and the average power
1 W. The second laser is a S-Pulse HP2: pulse duration 500
fs, maximum pulse energy 2 mJ, maximum repetition rate
300 kHz and average power 8§ W. We use an energy
controller device based on a polarization filter and a beam
expander. For changing the beam polarization we use a
converter (radial and azimuthal polarization) and a quarter
wave plate (circular polarization). The beam is injected in a
2-axis galvo head. A lens focuses the beam onto the sample
(f=100 mm) and a set of XYZ motorized stages is used for
positioning the sample under the beam. The beam diameter
(1/€?) is measured in the focus plane by a commercial beam
analyzer (WinCam); the spot diameter is 40 um. An
aspiration device is used to collect gas and dust produced
during laser ablation.
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Fig. 1 Experimental Setup.

1.2 Experimental protocol

Four polarization states have been used for this work:
azimuthal, radial, circular, linear. For obtaining these
polarizations we used several techniques. For generating
the radial and azimuthal polarizations, we use a
polarization converter. A converter can provide both
polarizations: one orientation provides the azimuthal
polarization, the other, at 90 degrees, provided the radial
polarization. Figure 2 illustrates the operation of the
converter.
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Fig. 2 Orientation of the polarization converter
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For the circular polarization, we used a quarter-wave
plate with a linearly polarized input. For the linear
polarization we used any convenient element. The pulse
energy is measured with a power meter before the entrance
of the galvo head. The target samples are 100 pm-thick
molybdenum foils. The experimental protocol is based on a
single pass process using a Gaussian beam profile. For each
polarization state and each pulse energy level, we have
produced a pattern of parallel lines, where each line is
made using a different scan velocity, ranging from 0.1
mm/s to 25 mm/s. The length of each line is long enough
(10 mm) in order to have a stable and constant scan-speed
in the middle of the line, even at high speed. The width, the
depth and conicity of the groove are measured using a laser
scanning confocal microscope (figure 3). This microscope
has a resolution of 0.16 pum in the X, Y and <3 nm in Z.
The processing quality is investigated by means of an SEM.
We have only considered scan velocities that give no “over
thickness inside the groove and for which the groove is
deep enough for a significant depth-measurement. Since
the groove has a triangular shape, we can easily calculate
the volume of the groove and then calculate the etch rate.
Thus, each average power value in the graph is associated
to several etch rate values. Such a protocol enables us to
determine the more relevant scan velocity-window
(operating points) for each pulse energy value. Finally, we
have only keep the upper part of the curve and we will call
them the best operating points [5].

-15 T N T T T
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Fig. 3 Groove processed with pulse energy of 23,5 pJ, 10 kHz
rep rate and 1 mm/sec scan speed. Width (d), depth_(h) and
conicity (o) measured using a laser scanning confocal
microscope. 3D view (top)
and profile measurement (bottom)

2. Results

In laser cutting, light absorption is the most important
physical parameter. So, the absorption depends of the angle
between the side wall and beam direction and the
orientation of the polarization relative to the plane of
incidence [6-7]. In this perspective, it becomes clear that
the polarization of the laser beam used plays a major role.
In laser cutting of metals it has been found that the most
effective is the radial polarization and the main reason was
identified [8]. The energy deposition on the edge must be
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maximum, therefore the polarization must be perpendicular
to the side wall, which is the case for the radial polarization.
A radially polarized beam is always p-polarized relative to
the cutting front and the side wall, while an azimuthally
polarized beam is s-polarized and will be more suitable for
drilling [9]. The circular polarization is a mixture of both p
and s linear polarizations, it turns as function the time. On
Figure 4, we have plotted the conicity as a function the
depth for each groove produced with the previous
experimental protocol. The angle is calculated at a
precision of ranging 0.5 to 1%. We have chosen only the
best operating points. That is to say for the same depth
obtained with different experimental parameters (P, f, V),
we chose the smallest angle. It appears clearly that a radial
polarization causes a lower conicity than other
polarizations. For a constant depth (23 pum), we obtain
13.3° about the conicity. This is due to the distribution of
the absorption of laser energy in the material. With radial
polarization (p-polarization) we increase the light
absorption on the side wall of groove. So, it improves the
ablation in this area.
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Fig. 4 Conicity as a function of the average power

We have applied this process at a PZT sample to cut all
over the material. We have chosen this material for this
application like piezoelectric in aeronautic and because it’s
more thick than molybdenum (thickness is 210 um). We
used a multi-pass process at f =40 kHz, E = 47,5 pJ. The
table 1 summarizes the results for different kind of
polarization.

We obtain the best result for linear p with 3° about the
tapered. It's because in this case the polarization is oriented

Table 2 Conicity as function the polarization
Polarization Conicity (Deg)
Radial 3.9 £0.04
Azimuthal 4.7 £ 0.047
Circular 4.4 +0.045
Linear p 3+0.03
Linear s 5.8 £0.058

in one direction and is perpendicular at the side wall of
groove. The energy is absorbed on this area. In
micromachining, we want to cut a complex pattern and we
want to keep the same conicity whatever the scan direction.
With a linear polarization the conicity ranged from 3°
(linear p) to 5.8° (linear s) as function the scan direction.
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Commonly, we used circular polarization to homogenize
the polarization effect, the conicity is 4.4°. With radial
polarization, we obtained the best compromise: a
symmetric profile whatever the scan direction and a good
conicity (3.9°).

The polarization of the beam also influences the etch rate
and efficiency of ablation. Changing the orientation of the
polarization can also change the ablation distribution. With
radial polarization the ablation occurs on the cutting front
and cutting edge. With azimuthal polarization it occurs in
depth. From the information provided by the profile of the
grooves (Figure 3) we can calculate the ablation rate. It is
given by the following formula :

S xV

= (D

Etch rate =

S (mm?) is the surface of the line section and V (mm.s™)
the scan velocity. The efficiency [mm’.min'.W™'] is
obtained by dividing the previous expression by the
average power. The results are summarized in Table 2.
With a circular polarization the result is in accordance with
literature [10-13]. We observe that by changing the
orientation of the polarization we are improving the
efficiency of ablation. We obtain a best result with the
radial polarization followed by the azimuthal polarization,
respectively 0.19 and 0.16 mm’.min™ . W™,

For the reason expressed before distribution of energy on
the cutting front improve the efficiency of ablation.

Table 1 Maximum efficiency in power at 10 kHz for different
polarization
Material Polarization Efficiency (mm3,min'1.W'1)
Radial 0.19
Mo Azimuthal 0.16
Circular 0.10

3. Application

The use of radial or azimuthal polarization in the
literature has so far been mainly envisaged in
micromachining applications (cutting and drilling). In this
paper we present another type of application associated
with surface texturing. The surface texturing can change
the optical property of a surface. It is possible, by laser, to
create periodic nanostructure called “ripples” [14]. The
effect of diffracting structures is used to color the metal
surface [15-17]. Ripples are elongated nanostructures
always perpendicular to the laser polarization. The work
presented in the literature refers to ripples generated by a
linearly polarized beam. Here we present nanostructured
surfaces written by radially, azimuthally and linearly
polarized beams on molybdenum. We engrave several lines
with no overlap between each. We used a single pass
process: V =50 mm/s; E = 10 pJ; F = 100 kHz. We did this
process for each polarization.

In Figure 5, SEM images show the structured area. We
find that the ripple orientation vary across the laser spot.
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For the radial polarization, the ripple pattern is an arc at the
center of the line and is straight at the edges. For the
azimuthal polarization ripples are straight at the center of
the line and curved from the center to the edges. For the
linear polarization, ripples are parallel to the horizontal
direction. We observe those patterns because ripples are
perpendicular to the polarization. Figure 6 shows the
macroscopic effect. We notice the diffractive effect due to
the ripples. We have a brighter effect with radial and
azimuthal polarization. It’s because there several ripples
orientation in a same line compare to linear polarization.

& (a) Radial (b) Azimuthal

¢ (c) Linear i

Fig. 5 SEM image of structured surface with several
polarizations a) radial, b) azimuthal, c) linear

Fig. 6 Macroscopic effect of ripples on molybdenum surface

4. Conclusion

The objective of this work was to demonstrate the
ability of our polarization converter to improve laser
machining on Molybdenum. A comparative study between
radial, azimuthal, circular and linear polarizations was
conducted. We have shown that the radial polarization is
more efficient to engrave and cut material. We can
decrease the conicity and improve the ablation efficiency.
Future studies will be done to improve deep drilling using
azimuthal polarization. We conclude by a potential
application to surface texturing. We can create ripples with
different orientation in same line and increase the brighter
effect on the surface.
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