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Abstract

Fabrication of a through hole in a polyimide film (PI) was demonstrated by holographic ultraviolet (UV) nanosecond laser
processing with a computer-generated hologram displayed on a phase-only spatial light modulator (SLM). The UV laser
was directly modulated into a Bessel beam by a diffractive axicon displayed on the SLM. The direct modulation contributed
to improved light-utilization efficiency of the UV laser and a simplified optical setup compared to the conventional method
based on a combination of an SLM and harmonic generation using a nonlinear optical crystal. The Bessel beam reduced the
number of pulse shots required for through-hole fabrication to 1/5 compared to the Gaussian beam near the ablation thresh-
old energy of the PI film. Furthermore, adaptive optics was implemented in holographic laser processing to compensate for
aberrations in the optical setup. The aberration was reduced to 1/5 compared with before the compensation. The proposed
method is suitable for improving the throughput and accuracy of drilling, cutting, and additive manufacturing using UV

lasers with industrial requirements.
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1 Introduction

Polyimide (PI) films have been widely used in flexible elec-
tronics as substrate materials due to their superior physical
properties [1], such as low dielectric constant, excellent ther-
mal stability, and high mechanical strength. Various methods
have been developed to process PI films, including chemi-
cal etching [2], plasma discharge [3], and laser irradiation
[4]. In particular, the laser irradiation method has valuable
advantages in terms of relatively low-cost equipment, envi-
ronmental friendliness due to the dry process, and mask-
less patterning. In laser processing of PI films, ultraviolet
(UV) lasers have been commonly used [4], because PI films
exhibit strong absorption in the UV wavelength region, and
UV lasers have specific advantages for processing, includ-
ing high spatial resolution due to the short wavelength and
a minimal heat-affected zone derived from the non-thermal
process involving the high-energy photons [5]. The demand
for miniaturization and high-speed operation of electronic
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devices has encouraged high-density processing of PI films.
As a result, the throughput of UV laser processing has
become important, because the throughput is directly related
to the device manufacturing cost. Throughput improvements
have been continuously sought using high-speed motorized
stages and galvanometer mirrors in combination with high-
repetition-rate pulsed lasers.

Another approach to increase the throughput by employ-
ing holographic laser processing using a computer-gener-
ated hologram (CGH) displayed on a spatial light modula-
tor (SLM) has also been developed [6—8]. Studies on beam
shaping [9, 10], multi-beam generation [11-13], and pulse
shaping [14—16] using an SLM in the UV wavelength region
have been reported and applied to a wide range of areas
including optical lithography [9], laser microsurgery of
cells [11], and laser processing of polymer materials [12,
13]. In these studies, a liquid crystal SLM (LC-SLM) was
often used [11-14] because of its high light-utilization effi-
ciency due to a phase-only modulation ability and a large
number of pixels; for instance, recently, LC-SLMs with
4kx2k pixels have become commercially available. Since
liquid crystal materials have issues with durability in the UV
wavelength range, especially ultrashort pulsed laser light, a
method based on converting near-infrared laser light into UV
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laser light using harmonic generation by a nonlinear opti-
cal crystal placed after the LC-SLM was proposed to avoid
optical damage to the LC-SLM due to the UV laser irradia-
tion [12—14]. On the other hand, micro-electro-mechanical
system (MEMS)-SLMs [15] with high reflectivity in the UV
range and fused-silica acousto-optical modulators (AOMs)
[16] with high transmittance were also used instead of LC-
SLMs. Recently, SLMs that are relatively tolerant to UV
laser light at wavelengths near 350 nm have become com-
mercially available [17].

In this paper, we demonstrated, for the first time, beam
shaping of UV nanosecond laser light by direct modulation
using an LC-SLM only (without a nonlinear optical crystal)
and applied it to laser processing of PI films. In an experi-
ment, a through hole was processed on a PI film using a
Bessel beam generated by a diffractive axicon displayed on
the LC-SLM. Furthermore, adaptive optics was also imple-
mented in holographic laser processing to compensate for
optical aberrations mainly derived from surface distortion
of the LC-SLM. In the UV wavelength range, the influ-
ence of the aberrations on the quality of the focused beam
is more sensitive than that in the visible wavelength range.
The direct modulation contributed to improving the light-
utilization efficiency of the UV laser light because the reflec-
tivity of the LC-SLM for the UV wavelength was more than
86%, which is larger than the typical conversion efficiency
(1 =~50%) of second harmonic generation using a f-barium
borate (BBO) nonlinear optical crystal in combination with
the LC-SLM. In addition, the proposed method simplified
the optical system and eliminated the need for fine alignment
associated with the phase matching of the nonlinear optical
crystal. Furthermore, vector beams in the UV wavelength
region can be directly generated by the LC-SLM, because a
polarization-dependent nonlinear optical crystal is not used.
Vector beams have recently attracted attention due to the
novel properties they offer, such as focusing into a spot size
beyond the diffraction limit owing to the longitudinal vec-
tor component of a radially polarized beam focused by a
high-numerical-aperture objective lens [18] and fabrication
of periodic nanostructures with femtosecond lasers [19].

In the Principle section, the design method of a dif-
fractive axicon for generating a Bessel beam and adaptive
optics based on Zernike polynomials are described. In the
Experimental setup section, the optical setup used for the
experiments is shown. In the Experimental results section,
the diameter of the through hole versus the number of pulse
shots was compared in processing using a Bessel beam and a
Gaussian beam in the UV region. The Bessel beam improved
the throughput of processing because its depth of focus was
larger compared with that of the Gaussian beam. Finally,
adaptive optics compensated for the deformation of the
focused UV laser beam derived from the aberrations in the
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optical setup and improved the accuracy of laser processing.
In the Conclusion section, we summarize our paper.
2 Principle

2.1 Design of diffractive axicon for generating
Bessel beam

The phase distribution ¢ and the complex amplitude u of the
CGH on the SLM are expressed by

b(r) = m0d<_§;a,27r>, (1
u(r) = a(r)expil¢(r)], )

respectively, where r = (x? + y?)!/2 is the position in a cylin-
drical coordinate system, mod is the remainder (modulo)
operator, k = 2x/4 is the wave number, f is the focal length
of the CGH, « is a constant and « is the amplitude distribu-
tion (Gaussian) of a beam illuminating the CGH. When «a
is set to 1 or 2, the diffractive axicon or lens is selectively
obtained, respectively. Figure 1a, b shows the phase distribu-
tion of the diffractive lens and axicon with f = 10000 and
2000 mm, respectively, and their axial and lateral intensity
distributions versus the distance on the optical (z) axis in
a simulation. The grayscale of the phase distribution rep-
resents the phase range from 0 to 2z. A lens with a focal
length of f; was placed behind the CGH to perform the
optical Fourier transform. The distance z is defined as the
distance from the Fourier plane (z = 0) of the CGH. The
inserted intensity profile was normalized by the maximum
value in the profile. Based on scalar diffraction theory to
propagate the complex amplitude [20, 21], the intensity dis-
tribution 7 of the CGH reconstruction on an arbitrary z plane
is expressed with a lens term ¢; as

1(p,2) = |flug (r, 2], 3)

up (r,2) = a(r)expil(r) + ¢y (r,2)], (4)
n'ZVZ

¢ (r,2) = T Q)

where p = (V2 + vyz)l/ 2 is the position in the Fourier plane,
and f denotes a Fourier transform. In the simulation, the
full width at half maximum (FWHM) of the axial intensity
profile of the diffractive axicon (Fig. 1b) was 3.5 times larger
than that of the diffractive lens (Fig. 1a). The rightmost fig-
ure shows the lateral intensity image of the reconstruction
at the z position indicated by a white dashed line in the axial
intensity distribution. The Bessel beam had a concentric
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Fig. 1 Phase distributions and axial and lateral intensity distributions versus the distance on the z-axis in the case of a diffractive lens with f =

10000 mm and the diffractive axicon with b f = 2000 and ¢ 1000 mm

sidelobe. Figure 1c shows the phase distribution of the dif-
fractive axicon with f = 1000 mm and its axial and lateral
intensity distributions. By adjusting f, the depth of focus of
the Bessel beam was arbitrarily controlled. In this experi-
ment, a diffractive lens with f = 10000 mm (Fig. 1a) and a
diffractive axicon with f = 2000 mm (Fig. 1b) were used.

2.2 Aberration compensation using Zernike
polynomials

In an optical system using an objective lens (OL), the adap-
tive optics corresponds to compensating for the distortion of
the wavefront on the pupil plane. The aberration w is approx-
imated based on Zernike polynomials [22] and is given by

[~

w(r, 0) = Z ¢,Z.(r,0), (6)

i=1

where r and 0 are the radius and argument in polar coordi-
nates, respectively, i indicates Zernike modes, and ¢ and Z
are Zernike coefficients and Zernike polynomials, respec-
tively. Figure 2a, b shows the mathematical expression for
each Zernike mode and its phase distribution, where n and m
are radial order and azimuthal frequency, respectively. In this
experiment, ¢ is measured by a Shack—Hartmann wavefront
sensor [23] placed at the pupil plane of the OL. A computer
calculates the phase distribution w* (conjugate phase of w)
based on the obtained ¢ and displays w* on the SLM to com-
pensate for the aberrations.
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Fig.2 a Mathematical expression for each Zernike mode and b its phase distribution

3 Experimental setup

Figure 3 shows the experimental setup. A nanosecond laser
pulse emitted from a Q-switched Nd:YAG laser with third-
harmonic generation (COHERENT, AVIA 355-7HP) had
a wavelength of 355 nm, a pulse duration of 35 ns, and a
repetition frequency up to 300 kHz (set to 10 kHz in the
experiment), and was radiated onto a liquid-crystal-on-sili-
con SLM (LCoS-SLM; Santec, SLM-150) through a neutral
density (ND) filter to control the pulse energy, a polarizer
(POL) to obtain the p-polarization, and 3X beam expand-
ing optics (BE). The phase distributions of the designed
diffractive lens (Fig. la) and diffractive axion (Fig. 1b)
were displayed on the SLM to generate Gaussian and Bes-
sel beams. The pulse was diffracted by the CGH displayed
on the LCoS-SLM and was introduced to laser processing
optics composed of the OL (Chuo seiki, OB-10, x10, NA

Fig.3 Experimental setup. POL
polarizer, BE beam expander,
M mirror, L lens, DM dichroic
mirror, OL objective lens, WFS
wavefront sensor, 1S image
sensor

Nanosecond laser
(A=355nm)

ND fiter POL BE M M L2
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= 0.25, f = 15.5 mm) using 4f imaging optics (L1 with f
= 800 mm and L2 with f = 400 mm). The reflectance of
the SLM for the UV wavelength was more than 86% in the
specification. The wavefront at the pupil plane of the OL was
measured by a Shack—Hartmann wavefront sensor (WFS;
Thorlabs, WFS150C) when no CGH was displayed on the
LCoS-SLM. The phase conjugation of the wavefront was
calculated by a computer and was displayed on the SLM to
compensate for the aberration. A halogen lamp, a dichroic
mirror (DM), and a complementary metal-oxide-semicon-
ductor (CMOS) image sensor (IS) were used to observe the
processed structure. A polyimide film with a thickness of 12
um was mounted on a three-axis linear micro-stage as a sam-
ple. The processed structure was analyzed in detail using a
scanning electron microscope (SEM) (Hitachi, S-4500) and
a laser confocal microscope (LCM) (Olympus, OLS4000).

M |:| IS
M q SLM

L1 —1L3

DM

[ ]wrs
oL

————= Sample
—ac Halogen lamp
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4 Experimental results

4.1 Processing properties of Pl film processed by UV
Bessel beam

The processing properties of the PI film processed by UV
laser light were investigated. Figure 4 shows the diameter of
the structure processed on the surface of the PI film versus
the pulse energy of the UV laser. In processing, the number
of pulse shots was set to a single shot and the focusing posi-
tion was set to 6 ym inside the PI film. The gray and black
lines indicate the result obtained using the diffractive lens
(Gaussian beam) and axicon (Bessel beam), respectively.
The inset of the graph shows a microscope image obtained
by the LCM. The diameter was defined as the maximum
distance between the zero-crossing positions in the depth
profile of the structure obtained by the LCM, as shown in
the inset. At the pulse energy near the ablation threshold, the
side lobe of the Bessel beam did not contribute to process-
ing. On the other hand, at the pulse energy above 200 nJ, the
influence of the sidelobe was observed. As a result, the abla-
tion threshold of the PI film when using the Gaussian beam
was about half that of the Bessel beam. The diameter of the
structure processed with the Bessel beam was 0.47 times
smaller than that with the Gaussian beam at the pulse energy
of 61 nJ. The increase in ablation threshold and the reduc-
tion in diameter are attributed to the decrease in fluence due

(9}

Gaussian beam

A

Bessel beam

B

g G’i

Diameter of structure (um)

0 : , : '
0 50 100 150 200 250
Pulse energy (n))

Fig.4 Diameter of the structure processed on the surface of the PI
film versus the pulse energy of the UV laser. The gray and black lines
indicate the results obtained using the Gaussian beam and Bessel
beam, respectively

to the extended depth of focus obtained with the use of the
Bessel beam.

4.2 Through-hole fabrication using UV Bessel beam

Through-hole fabrication was performed using the Gaussian
and Bessel beams. The minimum pulse energy required to
fabricate the through hole was the same (40 nJ) for both the
Gaussian and Bessel beams. On the other hand, the number
of pulse shots required to process the through hole was dif-
ferent for the two beams: 5000 and 1000 pulses, respectively,
when the pulse energy was set to 40 nJ. Figure 5a, b shows
the LCM image of the structure processed on the front and
rear surface of the PI film in the through-hole fabrication
using the Gaussian and Bessel beams, respectively, when
the number of pulse shots was varied. The pulse energy was
fixed to 159 nJ. In Fig. 5b, the dashed circle means the area
of the structure processed by the main lobe of the Bessel
beam. Figure 5c shows the diameter of the through hole
on the front and rear surface using the Gaussian and Bes-
sel beam versus the number of pulse shots. The gray and
black lines indicate the results obtained using the Gaussian
and Bessel beams, respectively. In both cases, there was no
difference in the change in diameter of the structure pro-
cessed on the front surface with an increasing number of
pulse shots. On the other hand, the diameter of the struc-
ture processed on the rear surface with the Bessel beam was
larger than that with the Gaussian beam. The diameter ratio
between the structures on the front and the rear surfaces
was 0.47 and 0.85 in the case of the Gaussian and Bessel
beams, respectively, when the number of pulse shots was
10 thousand. As a result, the Bessel beam performed the
through-hole fabrication more efficiently.

4.3 Aberration compensation using adaptive optics

In the processing of the PI film, the structure was distorted
rather than ideally circular in the high pulse energy region.
This distortion is due to optical aberrations caused by
the misalignment of the optical setup and the non-flatness of
the SLM. In this experiment, aberration compensation was
applied to UV laser processing to improve the accuracy. Fig-
ure 6a shows the Zernike coefficient of the wavefront at the
pupil plane of the OL, obtained by the wavefront sensor. The
gray and black bars indicate the Zernike coefficient before
and after the compensation, respectively. In the compensa-
tion, the piston, tilt and defocus components correspond-
ing to Zernike mode numbers 1, 2, 3, and 4 were ignored,
because they do not affect the distortion of the focused beam.
The minimum value of the coefficient was 1 nm, which cor-
responds to the sensitivity level of the wavefront sensor. As
a result, the main aberration was astigmatism, corresponding
to Zernike mode numbers 5 and 6, which originated from
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ber of pulse shots was varied. ¢ Diameter of the structure versus the number of pulse shots
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Fig. 6 a Zernike coefficient (a) 0.02
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the non-flatness of the LC-SLM. In the case without and
with the compensation, the root mean square (RMS) of the
Zernike coefficient was 7.5 and 1.6 nm, respectively. The
compensation reduced the aberration to about 1/5. Figure 6b,
¢ shows the wavefront obtained using the Zernike coefficient
and the intensity distribution of the focused beam in the case
without and with the compensation in the computer simula-
tion, respectively. Both intensity profiles were normalized
by the peak intensity in the case with the compensation. The
peak intensity with the compensation was 2.1 times larger
than that without the compensation.

4.4 UV laser processing with adaptive optics
The effect of wavefront compensation was verified through
UV laser processing of the PI film. Figure 7a, b shows the

LCM image of the processed structure versus the pulse
energy without and with the aberration compensation,
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Fig.7 LCM image of processed structure versus pulse energy a with-
out and b with the aberration compensation. SEM image of the struc-
ture ¢ without and d with the compensation when the pulse energy
was 138 nJ
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respectively. In the case without the compensation, the dif-
fractive lens (Fig. 1a) was used. In the case with the com-
pensation, the diffractive lens superimposed on the phase
conjugation of the wavefront (Fig. 6b) was used. The number
of pulse shots was set to a single shot, and the focusing posi-
tion was set to the surface of the PI film. Figure 7c, d shows
the SEM image of the structure when the pulse energy was
set to 138 nJ in the cases without and with the compensa-
tion, respectively.

Figure 8a shows the diameter of the processed structure
versus the pulse energy. In the graph, gray and black lines
indicate the result without and with the aberration compen-
sation, respectively. The inset shows the SEM image of the
processed structure at each pulse energy. In the case with the
compensation, the threshold energy required to process the
structure was 0.61 times smaller than that in the case with-
out the compensation. Furthermore, the minimum diameter
of the structure was 797 nm, which was smaller than the
diffraction limited-beam size of 1.7 ym. The reduction in
ablation threshold and the reduction in the structure diameter
were due to the improvement of the quality of the focused
beam by the aberration compensation.

Figure 8b shows the roundness of the processed structure
versus the pulse energy. The roundness was evaluated based
on the minimum circumscribed circle (MCC) method, as

(@ _5
£ Without compensation
=
i
B —_—
S 34 : .
.;‘ws \’ With compensation
G 21
g
£ 11
©
0 50 100 150 200 250
Pulse energy (n))
(b) 2.5

Without compensation

bl —

With compensation

Structure

1.0

0 50 100 150 200 250
Pulse energy (n})

Fig.8 a Diameter and b roundness of processed structure versus the
pulse energy without and with the aberration compensation

shown on the right side of the figure. The MCC method is
the radial difference between the smallest circumscribed cir-
cle R, surrounding the object and the smallest concentric
inscribed circle R, ;. In this experiment, the roundness was
defined as the ratio between R,,,, and R, .; that is, a ratio of
1 means an ideal circular shape. As a result, there was

no difference in the roundness of the structure near the
ablation threshold (less than 40 nJ) between the two cases.
The reason for this is due to a threshold effect [24] in which
only the central part of the beam contributes to the abla-
tion by choosing the peak laser intensity slightly above the
ablation threshold. On the other hand, there was a large
difference in roundness between the two cases in the high
pulse energy region because the distortion of the intensity
distribution around the peak intensity contributed to the for-
mation of the structure. In the case with the compensation,
the roundness was slightly larger than 1. The reason for this
may be due to a small deviation between the transverse and
longitudinal Gaussian profiles of the focused beam, which
originated from the characteristics of the laser source.

Figure 9a, b shows LCM images of the structures pro-
cessed by multi-spot beams without and with the aberration
compensation, respectively. In the case with the compensa-
tion, a CGH that generated 4 parallel beams superimposed
on the phase conjugation of the wavefront (Fig. 6b) was
used. The number of pulse shots and the pulse energy were
set to a single shot and 280 nJ, respectively, in both cases.
The adaptive optics improved the accuracy of holographic
UV laser processing.

5 Conclusion

The through-hole fabrication of the PI film was demon-
strated by holographic UV nanosecond laser processing with
the CGH displayed on the phase-only LC-SLM. The UV
laser was directly modulated into a Bessel beam by the LC-
SLM. The direct modulation contributed to improving the
light-utilization efficiency of the UV laser and simplifying

(@) ) (b)

\ \ B

R 2 o

5pum

5pum

Fig.9 LCM image of the structure processed by the multi-spot beams
a without and b with the aberration compensation
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the optical setup. In the through-hole fabrication, the Bes-
sel beam reduced the number of pulse shots required to
process the through hole and increased the diameter of the
structure on the rear surface of the PI film compared to the
Gaussian beam. Furthermore, adaptive optics was imple-
mented in holographic laser processing to compensate for
the aberrations in the optical setup. The main aberration
measured by the wavefront sensor was astigmatism, which
originated from the non-flatness of the LC-SLM. The aber-
ration compensation reduced the RMS of the Zernike coef-
ficient to about 1/5 compared with before the compensa-
tion. Finally, the effect of the aberration compensation was
verified through UV laser processing of the PI film. The
aberration compensation improved the quality of the focused
beam and contributed to a lower ablation threshold, smaller
structure diameter, and improved roundness of the structure.
The proposed method is useful for improving the throughput
and accuracy of drilling, cutting, and additive manufacturing
using UV lasers. In addition, these applications will further
accelerate the development of SLMs that are tolerant to UV
wavelengths.
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