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We developed two types of liquid-crystal spatial light modulators: an improved device by modi-
fying each layer of the device and a large active area for industrial infrared lasers to demonstrate in-
novative manufacturing and fabrication techniques in smart manufacturing. The reconstruction of
computer-generated holograms was demonstrated to prove the concept of the proposed device in the
IR region. The incident phase performance characteristics of the device under high-power laser irra-
diation were obtained using a 1030 nm ultrashort pulse laser.
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1. Introduction

The smart manufacturing concept based on the full use
of Internet of Things (IoT) technologies has the potential to
play an active role in the post-pandemic era, such as in
failure prediction, defective product detection, human re-
source development, and energy saving. Among the emerg-
ing IoT technologies, laser processing has garnered consid-
erable attention owing to its benefits of digital controllabil-
ity, along with advances in the fourth industrial revolution
[1,2]. Cyber-physical system (CPS) is also an analogical
concept to smart manufacturing because these concepts
share the same basic architecture, although a CPS has a
higher combination and coordination between physical and
computational elements, as detailed in the subsequent sec-
tion. Dynamic beam shaping is one of the featured technol-
ogies to offer opportunities in temporal and/or spatial in-
teraction between light and matters. There are several well-
known devices such as grating light valves [3], deformable
mirrors [4], and microelectromechanical systems (MEMS)
[5] that can be used in high power laser processing. Among
those techniques, active wavefront modulation technology
using liquid-crystal-on-silicon spatial light modulators
(LCOS-SLMs) is considered highly promising for next-
generation optical laser processing systems in the post-
pandemic era for its flexibility [6, 7]. However, the applica-
tion field is limited by the power handling capability of
LCOS-SLMs. In this paper, we introduce our recent devel-
opments in LCOS-SLMs, which can be classified into two
steps: improvement of commercialized LCOS-SLMs by
modifying each layer of the device and large active area
LCOS-SLMs designed from scratch to improve the heat
exhaust efficiency and suppress the peak power to reduce
laser-induced damage. The former improvement is de-
scribed in Section 3 whereas the latter in Section 4.

2. LCOS-SLMs for CPS laser processing systems

2.1 Basic concept of CPS with wavefront modulation
The CPS manufacturing system is a mechanism in

which the cyberspace side optimizes the machine, where
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the factory performs each production process for the design
drawings sent as data. It is described as part of the "super
smart society", which is a practice proposed in “The Sth
Science and Technology Basic Plan” by the Japanese gov-
ernment. The term super smart society refers to a human-
centered society that balances economic advancement with
the resolution of social problems using a system that inte-
grates cyberspace and physical space. In other words, it is
necessary to change from the current mass production to
small-lot multi-production to realize a society in which
necessary products and services can be obtained when re-
quired.

The versatility of laser processing, including applica-
tion in machine processes such as drilling, cutting, welding,
and additive manufacturing, makes it a highly attractive
choice for on-demand production of various products. This
can reduce the time, material, and labor costs. However,
laser machining involves multiple scales in time and space
of over ten digits from the start of irradiation to the end of
processing. This indicates that high levels of performance
are required for both cyber and physical systems to obtain
an optimal solution under such circumstances, compared to
other CPS systems. The difficulty in constructing cyber-
space for laser machining is due to its high-order nonlinear-
ity and non-equilibrium and irreversible processes. Cyber-
space will serve as a platform for generating optimized
receipts, and the big data stored as teacher data will be ana-
lyzed using artificial intelligence (AI) and theoretical and
numerical simulations. The analysis results provide feed-
back on the physical space in various forms. Several strate-
gies can be employed to build simulators by collecting a
wide range of processing results using various parameters.
These strategies mostly focus on applying big data to Al,
such as deep learning, for advanced prediction of optimized
parameter combinations. Collecting a wide range of pro-
cessing results as deep learning teacher data is the most
important task for realizing this cyberspace, highlighting
the importance of a physical data acquisition laser pro-
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cessing system for repeated experiments in terms of accu-
racy and throughput.

Accurate feedback analysis results from cyberspace
need to be effectively implemented in the physical space.
Arbitrary control of the time, frequency, and spatial do-
mains is indispensable. Laser and light-source technologies
have advanced significantly in the last decade, meeting
most of the laser processing demands in the time and fre-
quency domains. Wavefront control is expected to be a key
technology in optical systems for maximizing the digital
handling of laser-processing optics in the space domain.
Most laser processing technologies focus on light with an
objective lens, and the intensity distribution at the focal
spot is directly related to the complex pupil function of the
lens [8]. The complex pupil function can be written in polar
coordinates using two real functions, namely the phase
distribution changes introduced by the optics and the am-
plitude distribution, indicating that wavefront modulation
exhibits a very high potential to act as a pupil function
mask. The simultaneous realization of multibeam genera-
tion and aberration correction [9] can also improve the per-
formance and quality of the system. Data acquisition using
laser processing systems can be parallelized for high
throughput by setting phase-only SLMs inside the data-
acquisition laser processing system.

2.2 Overview of LCOS-SLMs

The advancement of phase-only SLMs enables real-
time optical processing with a significantly high light utili-
zation efficiency. For instance, adaptive optics, which is a
typical example of a wavefront control application, can
improve the stability of a laser source and the thermal aber-
rations induced in an optical system. Liquid crystal (LC)-
based SLMs have been widely used, particularly for high
spatial resolution and high stability applications. LCOS-
SLMs, which are electrically addressed reflective-type
SLMs with an LC, are suitable for wavefront control in
industrial and medical applications because it is relatively
easy to realize low-cost, small size, ease of handling, ro-
bustness against vibrations, and low-voltage driving devic-
es.

Figure 1 shows the configuration of the LCOS-SLM
device. The device consists of a glass substrate, a transpar-
ent electrode, two alignment layers, a parallel-aligned ne-
matic LC layer, a multilayered dielectric mirror, and a sili-
con backplane on which an active-matrix circuit connected
to pixelated metal electrodes was fabricated. A 3-mm thick
optically flat glass plate was selected as the glass substrate
to maintain flatness even after fabrication. A multilayered
dielectric mirror was used to enhance reflectivity. Parallel
alignment of the LC enabled pure phase modulation. The
driver included a digital video interface (DVI) receiver
such that users could use the device as an extra display on a
computer. The input 8-bit digital signals from the DVI were
converted to analog signals using 12-bit digital-to-analog
converters in the driver after compensating for LC nonline-
arity.

A multilayered dielectric mirror between the LC layer
and the silicon backplane achieved high light utilization
efficiency, which was defined as the ratio of the Oth order
diffraction light intensity to the input light intensity. In ad-
dition, we adopted advanced CMOS technology to reduce
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the diffraction loss caused by the pixel structure. Conse-
quently, a very high light utilization efficiency of over 90%
was achieved, which is effective for laser processing appli-
cations and significantly weak optical signal detection.
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Fig. 1 Structure of the LCOS-SLM device.

3. Newly designed LCOS-SLMs for high-power laser
resistance
3.1 Requirements of high-power laser resistance
LCOS-SLMs

The properties of LCOS-SLMs change in several steps
under high-power laser irradiation conditions, such as
wavefront distortion with temperature changes, phase
modulation malfunction mainly due to nonlinear optical
effects, and direct laser-induced damage to constituent ma-
terials [10]. These phenomena occur in the order of the
laser pulse intensity. The first two phenomena are reversi-
ble, indicating that by turning the irradiating laser off, the
changes in distortion and phase modulation return to their
original states. In the first step, our task was to achieve a
threshold of reversible changes closer to the laser-induced
damage threshold (LIDT). The irreversible changes are
assumed to be limited by the physical properties of the con-
stituent materials of LCOS-SLMs.

3.2 Optimization of dielectric mirror designing and
LIDT testing with ultrashort pulse laser

A multilayered dielectric mirror between the LC layer
and the silicon backplane (Fig. 1) enabled the achievement
of a high light utilization efficiency. In a general multilayer
design, two materials with different refractive indices are
stacked alternately. A material with a high refractive index
Nhigh was deposited onto the substrate with a thin layer and
thicker layers with a lower refractive index njow. This con-
figuration resulted in a significantly high reflectance; how-
ever, a strong electric field intensity peak also occurred at
the material boundaries inside the mirror. The threshold of
the dielectric breakdown of npign materials is typically low-
er than that of ni materials [11]. If the intensity peaks
shift slightly inside npigh materials, the dielectric mirror will
be significantly damaged. To avoid such a concentration of
the electric field intensity inside the high-refractive-index
layers, we adopted an optimized aperiodic structure for
several layers near the mirror surface. The thickness of the
layers was modified to shift the peak position of the elec-
tric-field intensity inside the low-refractive-index material
layers. This design concept reduced damage and ensured
the high reflectivity of conventional designs. Figure 2
shows the electric field simulation of the newly designed
dielectric mirror with shifted electric field intensity peaks
compared with the conventional mirror design. The intensi-
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ty peaks were successfully shifted inside the ni material,
corresponding to the odd number on the horizontal axis of
Fig. 2, to avoid laser damage.
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Fig. 2 Simulation of electric field intensity inside designed
multilayered dielectric mirrors.

Multilayer dielectric mirrors were deposited through
ion-beam-assisted deposition. Accelerated ions were irradi-
ated toward the evaporated deposition target material to
collide and deposit kinetic energy from the ions. The evap-
orated materials reached the substrate with high energy, and
the density of each layer was increased to form a high-
density film compared to the conventional vacuum deposi-
tion method. We measured the reflectance spectrum of a
dielectric mirror designed for 1064 nm YAG lasers, demon-
strating a reflectivity of over 99.9%. The reflectivity com-
pared to the conventional design was identical, as shown in
Fig. 3; an additional 0.05% improvement from 97.86 +
0.02% to 97.91 £ 0.02% in average was observed in the
1000-1100 nm range.
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Fig. 3 Reflection properties of the new dielectric mirror.

The LIDT is defined in ISO 21254 as the ‘“highest
quantity of laser radiation incident on an optical component
for which the extrapolated probability of damage is zero”
[12]. We used a one-on-one method to evaluate the damage.
A diode-pumped femtosecond industrial laser (Monaco
1035-80-60, Coherent Inc.) with a pulse duration of 262 fs
(FWHM), central wavelength of 1030 nm, and repetition
rate of 1 MHz was used to irradiate the samples. The sam-
ple mirror under the object lens was irradiated with a high-
power laser, which gradually changed the fluence, and the
damaged area was observed. Consequently, the LIDT of the
newly designed mirror was improved from 4.0 J/em? to 7.3
J/em? compared to the conventional mirror design.
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3.3 Prototype device

We redesigned each LCOS-SLM layer, as illustrated in
Fig. 1, to reduce phase modulation malfunction. The mate-
rial and deposition conditions of the transparent electrode
were considered to have higher transparency in the near-
infrared wavelength range. A multilayer was specified for a
high-laser-power-resistance LCOS-SLM by shifting the
peak wavelength and optimizing the outer layer thickness
for a higher reflectance and LIDT, as explained in the pre-
vious section. A CMOS backplane was also designed to
reduce nonlinear absorption by inserting light shielding
layer below the electrodes.

Fig. 4 Prototype LCOS-SLM with high laser power capability.

3.4 Experimental setup for phase measurement under
high-power laser irradiation

To confirm the improvement of the LCOS-SLM to the
phase-modulation malfunction, we measured the voltage-
dependent birefringence of the device using a polarization
interferometer [10, 13] while irradiating it with a high-
power laser. Nematic LCs consisting of rod-like molecules
were aligned in parallel in a horizontal orientation inside
the devicee. When polarized monochromatic light
propagated through a homogeneously aligned LC layer
with a linear polarization axis at 45°, a phase difference
occurred between the extraordinary and ordinary rays of
the outgoing light. If the LC layer was placed between the
polarizer and the analyzer set in a crossed Nicol
configuration, the transmitted intensity was modulated
according to phase changes.

Figure 5 shows the setup of the polarization
interferometer. A continuous-wave 1064 nm-wavelength
laser beam (Forte, Laser Quantum) was expanded to ¢ 10
mm in diameter after spatial filtering. The beam size of the
femtosecond laser (1/e?) was @ 3 mm at the surface of the
LCOS-SLM. A high-pass filter was placed in the polariza-
tion interferometer to prevent light scattering from the
pump laser. A water-cooling heat sink was attached to the
device to minimize the effects of temperature changes, and
the device temperature was monitored using a thermal
camera. The drift of temperature was suppressed below
+2.0 °C throughout this experiment.
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Fig. 5 Polarization interferometer for measuring the voltage-
dependent birefringence of the device.

The total amount of phase modulation was determined
as an indicator of phase modulation malfunction. We set
this value as a 5% decrease from the initial total amount of
phase modulation in the specific voltage range to achieve a
3n radian at 1030 nm. The 5% decrease corresponds to
A/30 wavefront distortion expression, i.e. strehl ratio over
0.95, which is a requirement for the LCOS-SLM to be ap-
plied to a precise CPS laser processing system in future.
The intensity of the incident laser was increased stepwise,
and the total phase modulation was measured using a polar-
ization interferometer. Figure 6 shows the results, incident
laser power on the horizontal axis, and the normalized total
phase modulation on the vertical axis. Each data was taken
after 10 minutes exposure with changed laser power which
is sufficient time to ensure the stability both in temperature
and device operation. We increased the maximum average
power of the laser (60 W) and confirmed that a slight deg-
radation occurred in the total amount of phase modulation,
which was still below the threshold in our new device. Af-
ter the irradiation with 60 W to the conventional device, we
also measured the dynamic changes in total phase modula-
tion immediately after shutting the laser off to confirm the
effect of temperature. However, total amount of phase
modulation quickly returns to initial value, which indicates
that the thermal effect is not dominant in this laser power
range. We believe nonlinear absorption inside the CMOS
backplane mainly causes such malfunction.
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3.5 Joint Application Lab at Fraunhofer ILT

A joint application lab was set up at Fraunhofer ILT
with Hamamatsu Photonics [14]. They built an industry-
ready prototype laser processing system to develop manu-
facturing processes. This included a scanner-based process
head, in which a high-power LCOS-SLM was integrated.
The head was integrated into a 3-axis machine with a 150
W ultrashort pulse laser. The Fraunhofer ILT team investi-
gated surface and volume ablations using different beam
profiles and focus diameters. The heat distribution in the
workpiece becomes increasingly important when large av-
erage laser powers are applied, and the ultrashort pulse
laser processes are scaled in speed and efficiency. Thus, the
energy distribution and heat input within the parallelized
beam distribution can be optimized. In the joint application
lab, Fraunhofer ILT helps customers develop manufactur-
ing processes. In addition, it uses the knowledge and tech-
nology developed in new research projects.

4. Development of large active area LCOS-SLMs
4.1 Basic concept of large active area LCOS-SLMs

The development of an LCOS-SLM with a large active
area to reduce the peak power of incident light and for effi-
cient cooling is another approach to achieve high-power
laser capability, particularly for continuous wave (CW)
laser applications. The task in this section was to create a
silicon backplane and glass substrate with a 30.7 mm
square.

Table 1 summarizes a comparison of the device specifi-
cations of the current LCOS-SLM device (X15213 series,
Hamamatsu Photonics K.K.) and 30.7 mm of its active area.
The fill factor was set at 96% to obtain the same value as
that of the current device. The pixel size was four times
larger than that of the current device, which was due to the
suppression of the flyback region between the pixels with
different supplied voltages. This flyback region is known to
reduce first-order diffraction efficiency. Optical flatness of
large area LCOS-SLM was manufactured to be below 1.0 lambda
in root mean square at 1064 nm to be identical to conventional
devices.

Tab. 1 Main specification of large area LCOS-SLM for infrared
lasers.

Parameter SLM of Sec. 3 Large area SLM
Wavelength (nm) 1050 (£50) 1050 (£50)
Number of pixels 1272 x 1024 1008 x 1024
Effective size (mm) 159 %128 30.24 x 30.7
Pixel pitch (um) 12.5 30.0
Aperture ratio (%) 96.8 96.7

4.2 Silicon backplane fabrication using the CMOS
stitching technique

The stitching technique is a method of repeatedly ex-
posing semiconductor circuits to a silicon substrate and was
first demonstrated in CCD imagers [15]. The repetitive
structure of the CMOS backplane was split into smaller
blocks that could be exposed by steppers with smaller ex-
posure areas than that of the backplane. This allows the
fabrication of large-circuit patterns that cannot be entirely
exposed simultaneously. The optimized design of such a
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piece, a backplane of an arbitrary size, can be built from
the same blocks to reduce the number of masks required.
By applying stitching techniques, we instigated when we
were developing and manufacturing large-area opto-
semiconductors, we built the new SLM with an effective
area of 30.24 mm x 30.7 mm, approximately 4 times larger
than our previous device.

4.3 Prototyping of large active area LCOS-SLMs

Figure 7 shows two prototype devices: the redesigned
LCOS-SLM described in Section 3 and one of the world’s
largest currently available liquid-crystal SLM, which effec-
tively reduces the incident energy per unit area on the SLM
[16]. These new SLMs also employ a large ceramic sub-
strate with excellent heat resistance and thermal conduc-
tivity to improve heat dissipation efficiency. Our prototype
device required a higher supply current owing to the size of
the electrodes compared with conventional devices, and
two flexible printed circuit cables were connected to the
upper and lower connectors. An LCOS-SLM controller was
also developed to meet this requirement. There was a minor
temperature increase of this device up to 2 °C while operat-
ing, although this is also identical to conventional devices.

Typically, large-area silicon substrates are prone to
warping and flatness deterioration during the
manufacturing process, which distort the irradiation beam
patterns and shapes. However, using our unique
optosemiconductor ~ manufacturing  technology, we
developed a technique that maintains substrate flatness
while increasing the SLM effective area. This provides a
beam shape that can be controlled with a high degree of
accuracy.

Fig. 7 Prototype LCOS-SLM described in Sec. 3 (left)
and 30 mm square area device (right).

In general, the amount of phase modulation by the LC
relative to the input voltage is nonlinear, and it uses a look-
up table that linearly relates the phase modulation amount
to a signal. The 12-bit signal was sent to an LCOS-SLM
controller from a PC and subsequently converted to the
input voltage by the controller. The phase modulation
profile obtained after this correction is shown in Fig. 8. The
linearity error was less than 0.03w radians, which is
identical to comercialized devices.
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Fig. 8 Calibrated phase modulation.

We also demonstrated the performance of hologram
reconstruction with a ¢ 25mm top-hatted 1064 nm CW
laser by displaying a multi-spot hologram to the large-
active-area LCOS-SLM. The generated beam pattern is
monitored using a CMOS camera, as shown in Fig. 9.
Because we did not implement correction of the wavefront
distortion caused by the optical system and LCOS-SLM,
each focal spot deviated from the perfect airy disk, which
we will refine in the future. The remained power in 0%
order was 2.9% with this hologram, which was slightly
higher compare to comertialized devices.

Fig. 9 Demonstration of holographic multi-spot
generation with a large active area LCOS-SLM.

4.4 Experimental results under high-power fs laser
irradiation

Using the polarization interferometer shown in Fig.5, we
obtained the total phase modulation of a large-area LCOS-
SLM. The beam size of femtosecond laser was ¢ 3 mm at
the surface. Figure 10 shows the results, incident laser
power on the horizontal axis, and the normalized total
phase modulation on the vertical axis. We increased the
power up to the maximum average value of the laser (60
W) and confirmed that a slight degradation in the total
phase modulation amount occurred, which was still below
the threshold, indicating that the laser power capability per
area is identical to the improvements described in Section 3.
The effective area is four times larger, and this large-area
device has the potential to handle ultrashort-pulse lasers of
250 watts or higher.
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modulation (large active area LCOS-SLM).
5. Summary and conclusion
In summary, we reported two improved LCOS-SLM
devices for handling high-power lasers in the infrared
region. The experimental results indicated a high-pulse
laser power capability for industrial applications. Our main
objective was to demonstrate the concept of laser
processing, including additive manufacturing with a CPS,
as part of smart manufacturing. This research will help
accelerate the use of LC SLMs for high-throughput, high-
precision laser processing of resistant materials, such as
lightweight and high-strength carbon fiber-reinforced
plastics and low-k materials. We are making further
progress in improving the light-resistance properties and
installing a CPS-type laser processing system. Additionally,
the combination of subtractive laser processing and
additive manufacturing is one of the main targets for
boosting laser-handling technologies in this field.

Large active area prototype LCOS-SLM (30.7 mm)
also has the potential for higher heat dissipation from the
larger back plate cooling configuration. It successfully
suppressed the temperature increase that occurred during
irradiation with a CW laser, making this LCOS-SLM ideal
for high-power industrial CW laser systems. Using this
new SLM in an industrial CW laser system for
simultaneous multipoint processing will improve the laser
thermal processing efficiency in laser welding, laser cutting
tasks, and three-dimensional metal printing. Moreover,
accurately controlling and optimizing the beam shape
according to the material and shape of the object can
provide a higher precision in laser thermal processing.
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