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ABSTRACT

In the processing of laser materials, the scanning area is limited by the extent to which the laser focus can be maintained within a plane.
In order to increase the processing area, one has to enlarge the size of the laser focal spot, and, therefore, reduce the peak intensity and
spatial resolution. In this paper, the authors report on a method that extends the processing area by controlling the wavefront of a laser
beam using adaptive optics. By adding Zernike modes to the laser beam wavefront, the axial (along the beam propagation direction) location
of the focal spot can be tuned within a range larger than the confocal length (two times the Rayleigh length), while the lateral spot size
(and, thus, peak intensity and resolution) is maintained throughout the tuning range. A wave propagation model that simulates the propaga-
tion of a wavefront-controlled beam is used to compare with the experimental results, which are also confirmed by Zemax calculation. Laser
trepanning of circular holes with consistent size on a wide polypropylene sheet is demonstrated. This work shows the potential of tailoring
the phase of a laser beam for improving the accuracy and throughput in large-area laser processing of materials.

Published under license by Laser Institute of America. https://doi.org/10.2351/7.0000220

INTRODUCTION

Ultrafast laser has been widely researched for high-precision
and high-robustness processing on materials such as metals,' ™
ceramics,”* glasses,” and polymers.'’”"> Many functional structures

Recently, adaptive optics has been widely developed to
dynamically correct the aberration in the wavefront. The wavefront
is a 2D map of the phase on a plane normal to the wave propaga-
tion direction. To the first order, wavefront aberration is due to the

and devices are, thus, fabricated due to their excellent processing difference of the optical path length (OPL) among different ray

traci ths. Similarly, by introduci PL change, th front
properties of little to no heat affected zone, clean processing quality, racmlg p s s S(;nf} ery ¥ mtrocucng }Cl) bc ange, the wavetron
d tability, and no requirement of postprocessing.'*~"" can aiso be modified for compensating the aberration.
§00d repeal ¥ 10 req postproc & Deformable mirrors (DMs) are one type of adaptive optics
Regardless of applications, there are two major types of setups

for 1 ne. The first £ s to utili 1 head ab devices that can be used to change the wavefront.”’*> A DM con-
or laser processing. 1he lirst type 1s to utilize a faser head above sists of many mirror segments that can be controlled independentl
the workpiece with the height fixed at the focal length of the con- Y & P Y

' ) ‘ to shift and/or tilt. As any wavefront can be decomposed into
verging lens in the laser head, and the workpiece can be mounted
on a translation stage to control focusing and scanning trajectory.
However, this configuration can be slow in scanning, which is
limited by the mechanical motion mechanism. The second type is
to utilize an f-theta lens and a galvo-scanner/polygon scanner to
deliver the laser beam to the workpiece with a flat focal plane.'**’
But this configuration often has a limited field of view determined
by the f-theta lens. To date, it has remained challenging to obtain
fast scanning speed with a large field of view.

Zernike modes” and low-order Zernike modes can be achieved by
setting each segment mirror at the right shift and tilt angle, any
wavefront can be obtained by the superposition of all segment
mirrors, thus compensating wavefront distortion.

Another type of adaptive optics is the liquid-crystal spatial
light modulator. It can modify the intensity, phase, or polarization
of a laser beam by applying a signal to liquid-crystal pixels to
change properties such as refractive index. It has been used in
material processing as well.”*™*’
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In this paper, the ability of an adaptive optics is demonstrated
for large-area scanning by maintaining the focal plane on a work-
piece. With a galvo-scanner placed at 1074 mm above a workpiece
and the adaptive optics to change the wavefront, this study shows
that a scanning width of 846 mm can be achieved. Over this width,
the beam radius is maintained to be 86.4 + 7.3 um. With the cons-
tant beam radius, a trepanning drilling method was applied on a
polypropylene sheet with a thickness of 250 um and the hole size
was maintained to be 242.2+9.0um. In addition, a wavefront
model is built to calculate the focal plane position which is verified
by the experimental data. Zemax modeling was also developed to
optimize the Zernike coefficient so that the laser beam can be
focused at a given image plane position.

EXPERIMENT

The experimental setup is schematically illustrated in Fig. 1.
A femtosecond laser (Pharos, Light Conversion) was applied to
emit a Gaussian beam with a central wavelength of 1027 + 5 nm,
1/¢> spot radius 2.1 mm, pulse duration 170 fs, repetition frequency
1 kHz, and average power 1 W into the system. A focusing system
consisting of three lenses, L; (LC1120-B, focal length f= — 100 mm,
Thorlabs), L, (LA1908-B, f=500mm, Thorlabs), and L;
(LA1464-B, f=1000 mm, Thorlabs), was used to initially focus the
laser beam to a reference position on the workpiece surface. The
negative lens L; was mounted on a linear stage (423 Series,
Newport) motorized by an actuator (CMA-25CCCL, Newport) to
allow fine tuning.

A deformable mirror (PTT111, Iris AO, 37 mirror segments,
3.5mm in aperture diameter) was inserted into the optical system
to adjust the wavefront to change the focal length. An x-y galvo-
scanner (hurrySCAN®20, SCANLAB) was used to deliver the beam
to the workpiece surface and do the scanning. The scanner was
placed at a height of 1074 mm above the working plane to cover a
distance of 846 mm on the workpiece surface within a 43° field of
view. The synchronization between laser on/off and scanning posi-
tion was controlled by the TTL signal from the scanner to the
external control connection of the laser. The synchronization of
the DM to the scanner was achieved through the wait set/release of
the DM. The operation was performed with a LABVIEW program.

Nine positions with equal spacing over the entire width of the
workpiece (F; and F, are the same positions as shown in Fig. 1) are
shown in Fig. 2, where the images of the spots without and with
using the DM are illustrated in row A and row B, respectively. The
spots were imaged with a CMOS camera (SME-B050-U, Mightex).

To maintain the focus at each position, a detection card was
placed at the nine positions on the workpiece. The laser power
delivered to the workpiece was set to the critical power (80 mW)
that could just generate plasma on the detection card when the
laser spot was in focus. By manually changing the DM setting,
focus was obtained and the spot was measured at each position.
The settings were recorded and could be controlled by computer-
ized automation for manufacturing applications.

A polypropylene sheet (Phaser® 740, Tektronix, Part No.
016-1654-00, 250 um in thickness) was used as the workpiece in
the trepanning experiment using DM-corrected laser spots. The
trepanning radius was 195um and the laser power on the
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FIG. 1. Schematic diagram of the experimental setup and the laser path. DM,
deformable mirror; M, optical mirror; L, lens. GS, galvo-scanner. The GS deliv-
ers the laser beam to do the scanning along the line F4F, on the workpiece
surface.

workpiece was 250 mW at the laser repetition frequency of 1 kHz.
The exposure time to machine each hole was about 4s. The SEM
images of the resulting holes are presented in row C of Fig. 2. The
taper angles of each hole on the left and right walls were measured
with a 2D profilometer, and the resulting depth profiles are
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FIG. 2. Images of laser focal spots and laser-trepanned holes at nine different
positions along F4F, (see Fig. 1). Rows A and B are the laser spots without
DM (no wavefront modulation) and with DM (wavefront modulation to correct
the defocus of row A), respectively. The spot radius (1/e?) is calculated to be
86.4 £ 7.3 um in row B. Row C shows the SEM images of the drilled holes by
using the corresponding laser spots in row B.
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FIG. 3. Depth profiles of the holes measured with a 2D profilometer. Each
profile is a compilation of the downhill scans for the profilometer probe traversing
from the left to right and right to left directions for the left and right sidewalls of
the holes, respectively. The numbers in the parentheses are the (x, y) coordi-
nates in the unit of micrometer. The hole depth profiles C1-C9 correspond to
the holes labeled 1-9 in row C of Fig. 2.

presented in Fig. 3. The diameters of the holes at the top surface of
the sample varied in the range of 422-544um. The machined
depth across the field of view was 216 +37 um. So, the average
ablated depth per pulse was 0.054 + 0.009 um.

Due to the geometry of the profilometer stylus, the scans in
the downhill and uphill directions were found to yield different
taper angles. The downhill scan was determined to be more accu-
rate by running the stylus over a standard sample containing a
perfect vertical wall, that is, a 0° taper angle. The downhill scans
across each hole were, therefore, utilized to construct the complete
profile of the hole depth, as displayed in Fig. 3. However, the geo-
metrical size of the stylus affected the resolution in measuring the
taper angle. Even in the downhill scanning direction, the stylus was
unable to produce the 0° taper angle of the standard sample, and
instead registered a taper angle of 15+ 1°. So, the measured taper
angles can be corrected by subtracting 15° from the measured data
to account for the effect of the stylus size. The taper angles of each
hole on the left and right sidewalls were measured, and both the
measured and the corrected angles are listed in Table 1.

RESULTS AND DISCUSSION
Processing parameters

At 250 mW and 1kHz with a spot radius 86.4 um, the peak
laser fluence is estimated to be 2.2J/cm’. With pulse duration

ARTICLE scitation.org/journal/jla

TABLE 1. Taper angles in the unit of degree for each hole on the left and right side-
walls. The hole identification numbers (ID) C1-C9 correspond to the holes labeled
1-9 in row C of Fig. 2.

Measured taper” Corrected taper”

Hole ID Left wall Right wall Left wall Right wall
C1 33 16 18 1

C2 22 17 7 2

C3 21 16 6 1

C4 17 16 2 1

C5 17 17 2 2

Cé 17 20 2 5

C7 15 21 0 6

C8 17 26 2 11

C9 16 31 1 16

“Taper angles as measured before correction for the stylus size.
PTaper angles after correction for the stylus size.

170 fs, the estimated peak intensity is 1.3 x 10"> W/cm®. As the
machine depth of the PP sheet is around 216 um, and the linear
absorption coefficient for PP at 1030 nm is about 50 cm™ L the
intensity remains almost constant in the film. Therefore, the holes
drilled in the PP film are due to nonlinear absorption. Given that
PP has a bandgap of 7eV,” it is estimated that six photons are
needed to initiate electronic excitation.

Wavefront control

The spot sizes are significantly affected by tuning the wave-
front, as seen from Fig. 2. Without using the DM, the beam can
remain focused only within its confocal range (estimated to be
45 mm), which can lead to a drilling range of 424 mm, as seen
from A3 to A7 in row A of Fig. 2. Beyond this range, the spot is
out of focus as the optical path length to the edge is different from
the length to the center. By using the DM to control the wavefront at
each position, the spot sizes are almost constant over the entire
width of the workpiece (row B in Fig. 2). These constant laser
parameters will enable consistent processing of materials in practice.

The amount of change of the wavefront by using the DM can
be explained in Fig. 4. Initially, the DM takes the shape of a flat
surface as the reference plane. When the Zernike modes are set to
change the phase, the surface becomes nonplanar. As the entire
optical system in our case is axisymmetric, only the defocus mode
(modal 4) of the Zernike series is considered. It is found that the
next axisymmetric Zernike mode, which is the third order spherical
mode (modal 11), has negligible contribution to make to the
observed beam profile, so it is not used in this study. The polyno-
mial expression of Zernike modal 4 Z, in the cylindrical coordinate
system is

Zi=V3(2p" - 1). (1

Here, p is the radial distance normalized to the aperture.
The curved surface profile AOD of the DM is a paraboloid
expressed by the Zernike modal 4 scaled by a coefficient A4. In the
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. — Real DM surface (parabola)
«- - - Approximated DM surface (sphere)

Reference plane

FIG. 4. Schematic diagram showing the curvature change of the deformable
mirror as a function of the sag distance s (OB) which is determined by the
modal 4 Zernike coefficient. In calculation, the DM curvature AOD (solid blue
line) is approximated by a spherical curvature AOD (dashed black line). The
radius of the curvature of the sphere is R,, centered at Point C. The height of
the edge point to the optical axis (OC) is h.

calculation, the paraboloid curvature is approximated by the curva-
ture of a spherical surface passing the points A, O, and D.
Assuming that the center of the sphere is at C, the radius of the
curvature of the sphere will be R,, (length of AC). The entrance
diameter of the DM is 3.5 mm (h = 1.75 mm in Fig. 4). For the sag
distance s (OB), it is equivalent to the length difference between
p=0andp=1,

AyZy = \V3A4(20° — 1) = s = 2V/3A, . 2)

Then, the radius R,, can be calculated in the right triangle
ABC as

h2+SZNh2_ hz
2s 25 43A,

Ry =Ry—+h =R, = (©)

Here, the square of the sag distance is ignored as it is very
small compared with the square of h.

The incident wavefront radius of curvature at the entrance of
the DM has been calculated to be R;=19m. Assuming that the
angle between the laser propagation direction and the normal of
the DM is small, the resultant wavefront radius R, of curvature
after the DM can be calculated™ as

1 j—

=
R, R,

2 @
Ry,

As a result, the curvature of the resultant wavefront can be
controlled by setting the modal 4 coefficient A4. Thus, the image
plane position can be adjusted by setting A,.

In order to verify the calculation, three positive lenses with
different focal lengths placed at 170 mm after the DM were applied

to measure the position of the image plane by Egs. (5)-(7)" as

ARTICLE scitation.org/journal/jla

follows:

fz-f
=+ (@)

R=ze (%), ©

Z=f+ (5)

20 =" "> (7)

where z is the distance from the object, 2 is the distance from the
image, z, is the Rayleigh range, f is the focal length of each lens
used successively, R is the radius of the wavefront curvature, w is
the 1/e” spot size, and 4 is the wavelength. When the position of
interest is far beyond the laser waist position (z>> zo), the radius of
the wavefront curvature can be approximated to be the distance to
the waist position (R % z).

The calculation and the measurement results of the image
plane positions are shown in Fig. 5.

For a short focal length (f=150 mm), the image plane posi-
tion is approximately linear with the modal 4 coefficient, which is
well supported by experiment.

As the focal length gets longer, the deviation between calcula-
tion and experiment gets increased. This is perhaps due to the fact
that a longer focal length results in a larger confocal range which
adversely affects the judgment of the image plane position. Another
reason could be the approximation of the DM curvature by a
spherical curvature. The approximation of the small angle by using
Eq. (4) could also result in some error. But generally, both calcula-
tion and experiment show similar trends.

1000 , ‘ , : -
g 900 - o f=1000 mm
é 300 | ° f=1500 mm
fe) ° f=150 mm
S 700t
2 600
Q
& 500t
2 400f
<
o 300
% 200 ¢ 7 S S
100 + sl
_g o
0

0 01 02 03 04 05 06
Modal 4 coefficient (um)

FIG. 5. The image plane position (referred to the location of the lens) as a func-
tion of the modal 4 coefficient with three different positive lenses. The solid lines
represent the calculation results. The circles represent the experimental
measurements.
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Zemax modeling

Setting the modal 4 coefficient A, to change the image plane
position is the “forward method” of modeling the optical system.
The “backward method” is to set the image plane position and
determine A, to get focus on the image plane. The latter is benefi-
cial because the working distance of a setup can be set or known

in advance.

For our optical setup of multiple optic elements, Zemax was
applied to do the modeling. The configuration shown in Fig. 1 was
imported into Zemax. The DM was simulated by a surface with a
surface type called “Zernike Standard Phase.” Initially, Zemax was
used in the forward modeling. The wavefront directly modified by
the DM was simulated by Zemax and compared with the real

segment mirror placement, as shown in Fig. 6.

Wavefront profile

1.0 —
0 [ 0
-2
1.0 e
-1.0 0 -1.0

Normalized position

(a)

Normalized position

Segment mirror displacement

1.75 mm
2 um
0 mm 0
-2 um

-1.75 mm

-1.75 mm 1.75 mm

0 mm

(b)

FIG. 6. (a) Wavefront profile (converted to displacement) induced by the
Zernike modal 4 with the coefficient 0.6 um from Zemax simulation. (b)
Displacement of each segment mirror of the deformable mirror by setting the
same modal 4 coefficient obtained from the user interface of the software.
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Figure 6(a) shows the wavefront profile with the modal 4 coef-
ficient equal to 0.6 um with normalized position on the reference
plane, simulated by Zemax. Figure 6(b) shows the displacement of
the real segment mirrors at the same modal 4 coefficient, obtained
from the user interface of the DM software. Both show similar
characteristics, indicating that the forward simulation is accurate.
The selection of A;=0.6um is to consider the displacement limit
of the segment mirror on the edge (2 um).

Then, the backward simulation was applied in Zemax. The
back focal distance (image plane position) referred to the vertex of
the last lens was gradually changed from 1300 to 1200 mm at a step
size of 5 mm. The back focal distance to the edge of the workpiece
is around 1300 mm. The back focal distance to the center position
is around 1220 mm. At each position, the modal 4 coefficient was
set to be a variable that needs to be optimized. The merit function
was to make the spot size smallest at the corresponding image
plane position. After optimization, the modal 4 coefficient was cal-
culated and returned. In this way, a series of modal 4 coefficients as
a function of the focal shift (the amount of the change in the back
focal distance referred to the reference position) was obtained,
which can be compared with the experimental results as explained
in the Experimental section. Notice that the focal shift is symmetric
around the center position to each side. Both the modeling and the
experimental result are compared in Fig. 7.

It can be seen from Fig. 7 that Zemax predicts a linear trend
between the focal shift and the modal 4 coefficient. As our three-lens
system has an effective focal length of 272 mm, the linear trend
matches the single-lens result, as shown in Fig. 5. The performance
of the setup is closer to the behavior of a short focal length, which is
within our expectation. Better matches are observed at longer focal
shift positions than shorter ones. Generally, both the experiment and
the Zemax modeling match each other.

120 T T T . : : .
o Experiment yd
L : 7
100" — Zemax modeling S
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FIG. 7. Modal 4 coefficient as a function of the total focal shift of the optic
system. The solid line represents the calculation results from Zemax. The circles
represent the experimental data.
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CONCLUSION

This paper illustrates a new method for increasing the range
of laser scanning using adaptive optics. The wavefront of the
laser beam is controlled using a DM to adjust the focal position,
which yields a consistent spot size across the scanning field. Both
forward and backward Zemax modeling were used to support the
experimental results and analysis. A method of modulating the
curvature of the DM mirror is presented to achieve the same
focal spot size on the workpiece surface along the laser scanning
direction. This technique can be adopted for other processing
modalities such as cutting, drilling, marking, and thin film depo-
sition, by inserting an adaptive optical device into the existing
beamline.
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