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Abstract

Femtosecond laser single-focus scanning has the problem of low efficiency when
manufacturing large-area structures. This paper proposes a multi-focus parallel
processing method based on the weighted Gerchberg-Saxton (GS) algorithm. A
multi-focus hologram was designed and loaded onto a spatial light modulator to
achieve uniform energy distribution. The effects of repetition frequency, pro-
cessing times and scanning speed on the morphology of microchannels were sys-
tematically studied, and the uniformity was all above 90%. Using the optimized
process parameters, a grating structure with a cross-sectional width of approxi-
mately 29.315 B m was fabricated inside the glass by the three-focal parallel
process. Compared with single-focus scanning, this method triples the efficiency
while maintaining high quality, providing a promising path for the manufacturing
of scalable photonic devices.
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1. Introduction

Femtosecond lasers have revolutionized micro-nano fabrication owing to their
unique combination of ultrashort pulse duration, extremely high peak power, and
minimized thermal damage [1, 2]. Through nonlinear absorption, they enable pre-
cise structural modification inside transparent materials without surface ablation [3,
4], which has opened new opportunities in micro-optics, integrated photonics, and
microfluidics [3, 5]. Over the past decade, femtosecond laser direct writing has been
extensively used for the fabrication of waveguides, diffractive optical elements, and
microfluidic channels [6]. However, the conventional single-focus scanning strategy
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remains inherently inefficient for large-area structures, often requiring prolonged
exposure that compromises uniformity and increases process variability [7].

To overcome the throughput bottleneck, holographic parallel processing based on
spatial light modulators (SLM) has emerged as a powerful approach [8]. By design-
ing computer-generated holograms (CGH), an incident beam can be flexibly shaped
into a multi-focus array, enabling simultaneous machining at multiple sites [9]. This
capability not only increases fabrication speed but also provides programmable
control over the spatial distribution of foci. In recent years, several studies have
validated the promise of this strategy. Wang et al. demonstrated the fabrication of
multilayer three-dimensional structures in glass using fractional Fourier transform
combined with SLMs [10]. Yao et al. introduced dynamic multifocus laser sculptur-
ing (DMLS), which allowed freeform three-dimensional structures in glass to be di-
rectly processed with high fidelity [11]. More recently, holographic multifocus
two-photon polymerization has been employed for 3D nanoprinting, producing over
400 uniform foci and achieving ultrahigh throughput of 1.49 x 102 voxels/s while
preserving nanoscale resolution [12]. These advances highlight the potential of hol-
ographic beam shaping for efficient, flexible, and high-resolution fabrication.
Nevertheless, several challenges remain unresolved. First, maintaining uniform en-
ergy distribution among multiple foci is difficult, often leading to variations in pro-
cessing quality across an array [13]. Second, most complex structures reported to
date still require auxiliary steps such as chemical etching or post-polishing, limiting
the directness and practicality of internal fabrication. Third, despite notable demon-
strations, systematic investigations into how processing parameters—such as repe-
tition frequency, scanning speed, and the number of passes—influence both mor-
phology and uniformity remain scarce. Meanwhile, fundamental studies on femto-
second laser-material interactions have revealed promising pathways: extended
filamentation inside glass enables long-range energy delivery [14], and
high-aspect-ratio nanochannels have been achieved using Bessel beams, reaching
diameters of ~2 um and depths exceeding 80 pm [15]. While these works broaden
the processing toolkit, they do not directly address the central issue of simultane-
ously achieving high throughput, high uniformity, and high precision for large-area
internal structuring.

In this work, we propose a femtosecond laser multi-focus parallel processing meth-
od based on a weighted Gerchberg-Saxton (GS) algorithm. The iterative weighting
ensures balanced energy distribution and high diffraction efficiency, enabling stable
multi-focus holograms on the SLM. We systematically study the effects of repetition
frequency, scanning speed, and processing times on microchannel morphology,
achieving over 90% uniformity among three channels. Under optimized conditions,
glass gratings with ~29.4 um line width are fabricated, showing good consistency.
Compared with single-focus scanning, our method improves efficiency by ~3x while
maintaining optical-grade quality and eliminating the need for post-processing.
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2. Material and method
2.1. Material

The material used is ultra-thin float glass, which features high light transmittance,
good heat resistance and strong chemical stability. It is widely applied in the con-
struction industry, electronic equipment, photovoltaic industry and medical indus-
try, etc. Its thickness is 1 mm and the area is 50x50mm2. The main components in-
clude Si02 (72%), Ca0 (13.5%), and Na20 + K20 (8.1%).

2.2. Method

We established an optical path system, as shown in Figure 1. The spot diameter of
the laser beam emitted was 3 mm, which was expanded to 12 mm through the beam
expansion system. The effective window area of the spatial light modulator is 16x
12.8mm 2, which can be fully utilized. Under the conditions of an input laser center
wavelength of 1035 nm, a pulse width pw of 300 fs, and a maximum single-pulse
energy pe of 50 pJ, the maximum peak power density of the laser is approximately
0.3 GW/cm? The peak power density threshold that the spatial light modulator can
withstand is 5.4 GW/cm?. The maximum average power density of the laser is ap-
proximately 35.4 W/cm?, while the highest tested average power density of the spa-
tial light modulator is 32.7 W/cm? Therefore, the spatial light modulator cannot
meet the requirements of full-power processing. In addition, due to the relatively
low damage threshold of optical components in the optical path system, after com-
prehensive consideration, we set the laser power range from 0 to 4 W. The laser

power is measured by a laser power meter of the brand COHERENT and model
FieldMaxII-TOP.

Figure 1. Optical Path System.

In the experiment, we adopted the weighted Gerchberg-Saxton (GS) algorithm to
design the multi-focus array hologram. The algorithm flow chart is shown in Figure
2. Take the generation of a 1x3 focal array hologram as an example. The pixel size of
the spatial light modulator is 1272x1024 pixels. To integrate all the information and
enhance the computational efficiency of the holographic algorithm, we set the holo-
gram to 1280x1280 pixels and then cropped it to 1272x1024 pixels through a pro-
gram. Since the light modulated by the spatial light modulator generates zero-order
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light, we set the three focus positions at deviations from the center position, namely
(550,600), (600,600), and (650,600), with an X-axis interval of 50 pixels and a Y-axis
offset of 40 pixels. Set the number of iterations of the two algorithms to 50 times.

Figure 2. Flowchart of the GS algorithm.
3. Results and Discussion.

3.1. The Influence of Repetition Frequency on Parallel Processing

Laser repetition frequency, defined as the number of pulses per unit time, strongly
influences power, energy delivery, and processing quality. At constant pulse energy,
higher frequency increases average power but reduces energy per pulse. Thus, se-
lecting an appropriate repetition frequency is essential to improve energy utiliza-
tion, avoid over-ablation, and ensure processing quality. Here, we first examine its
effect on femtosecond laser processing.

In the experiment, we set the initial parameters of the laser as follows: the laser
power was set to 1.7W, the scanning speed was set to 0.1lmm /s, the processing
times were set to once, and the control single factor variable was the repetition fre-
quency. The experimental results are shown in Figure 3, and they were measured
and analyzed using a laser confocal microscope. Figures 3 (a) and (b) show the to-
pography of a single channel processed by three-focus machining at different repeti-
tion frequencies, where Figure 3 (a) is an enlarged view of Figure 3 (b). We se-
lected the repetition frequencies of 800 kHz, 400 kHz, 200 kHz, 100 kHz, 80 kHz, 50
kHz, 40 kHz, 20 kHz, 10 kHz and 8 kHz for research because the pulse frequency di-
vision coefficient of the laser is an integer ranging from 1 to 255. Figure 3 (c) shows
the contour maps of the measurement and analysis results at different repetition
frequencies. When the repetition frequency is 800 kHz, the depth of the microchan-
nel reaches the maximum value of 3.014 pm. When the average power output by the
laser remains unchanged, as the laser repetition frequency decreases, the size of the
single channel also shows a gradually decreasing trend. This is because the reduc-
tion in repetition frequency leads to a decrease in the number of laser pulses per
unit time, while the average power of the laser remains unchanged, resulting in a
decrease in the energy of a single laser pulse and a gradual weakening of energy
deposition when interacting with the material.
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To reduce randomness, we repeated the experiment three times and obtained con-
sistent results, confirming their reliability. The red-marked values may stem from
platform vibration. At low repetition frequencies, the ablation threshold of ul-
tra-thin float glass is high, leading to weak processing effects. Thus, increasing repe-

tition frequency effectively improves microstructure processing efficiency.
800 kHz

Figure 3. Schematic diagram of processing with different repetition frequencies.

3.2. The influence of processing times on parallel processing

In this study, we set the laser parameters as a laser power of 3.4 W, a pulse repeti-
tion frequency of 800 kHz, and a scanning speed of 0.1 mm/s. We set the output
power of the femtosecond laser to 0.32W to verify the modulation effect of beam
splitting, and then increased the power for processing.

We selected processing times of 1, 2, 3,4, 5, 6, 7, 8, 9, and 10 respectively to study
the characteristics of microchannels. Figure 4 (a) shows the morphology of micro-
channels with different scan counts. The experimental results show that when the
processing times are once, the width and depth of the microchannels are the lowest,
which are 5.032 pm and 0.558 um respectively. As the number of processing times
increases, the width and depth of microchannels will gradually increase (Figures 4
(b) and (c)) . When the processing times are more than 9 times, the width of the
microchannel will reach a level similar to the size of the laser focused spot. At this
time, the width will not increase significantly but tend to be flat, gradually reaching
the maximum value, which can be as high as 6.112 pm. Meanwhile, as the number of
processing times increases, the laser energy will constantly interact with the mate-
rial around the focus, thereby leading to an increase in the depth of the microchan-

nel.
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Figure 4. Microchannel morphology and width and depth curves for different machining
times (a) Morphology of three-focused microchannels with different number of machining; (b)
Plot of microchannel width vs. number of machining; (c) Plot of microchannel depth vs.
number of Machining.

To assess the uniformity of the three foci generated by the weighted GS algorithm,
three microchannels were measured, each with three datasets averaged. Multiple
cross-sectional measurements verified that the algorithm ensures high processing
uniformity. However, as shown in Figure 5. The microchannels are distributed par-
allel on their surfaces, with uniform spacing between adjacent channels. However,
there are obvious ablation marks in the black areas on their surfaces. By observing
Figure 5, it can be found that there is a distinct etching line at the center of each mi-
crochannel. The black edge part is not a microchannel structure but a mixture of ab-
lation residue and molten material. These black parts are usually caused by the fact
that during the laser processing, when the high-energy laser beam irradiates the
material surface, it triggers the thermal decomposition and vaporization of the sub-

stance, generating gas and solid residues that deposit after cooling.
™ 2 o Ly

Figure 5. Observation diagram of the experimental method.

In the experiment, we randomly selected the experimental data when the processing
times were 1, 4, and 8 times respectively for characterization and analysis. Mark
each group of microchannels as A, B and C. For each group of microchannels, we
conducted three data collections, that is, we selected three groups of data from A, B
and C respectively for measurement. The method of taking the average of multiple
measurements aims to enhance the reliability and accuracy of the data. Taking the
processing times of 4 as an example, within the allowable error range, the experi-
mental data are shown in Table 1.

Table 1. Microchannel Width Data Sheet.

DOI:10.63313/AERpc.9051

86 Advances in Engineering Research : Possibilities and Challenges



Yaofei Ma. Shufeng Sun. Jin Wang. Fengyun Zhang. Xuecheng Gao. Tao Wei. Zhihao Qu and Pingping Wang

1 2 3
A 5.466um 5.295um 5.419um
B 5.854um 5.187um 5.611pm
C 5.522um 5.228um 5.703um
Average value 5.614pum 5.210pm 5.578um

In the table, the average width of the microchannel was obtained by averaging three
sets of data (5.466 um, 5.854 pm, 5.522 um), and the calculation result was 5.614
pum. The homogeneity of microchannels is evaluated by taking the ratio of the mini-
mum to the maximum value in the average. Based on the data (5.614 pm, 5.210 pm,
5.578 um), the calculated homogeneity was 92.8%. Based on the same calculation
process, the other two sets of data were analyzed, and the results in Table 2 were

obtained.

Table 2. Data table of microchannel widths for different processing times.

1 2 3 Uniformity
Once 5.312um 5.398um 5.998um 93.2%
Twice 5.614um 5.210um 5.578um 92.8%
Three times 6.061um 6.481pum 6.059um 93.5%
Average value 5.662um 5.696um 5.878um 96.3%

It can be seen from the experimental data in Table 2 that the increase in the number
of processing times leads to an increase in the average width of the microchannel.
As the number of processing times increases, the interaction between laser energy
and the material intensifies, and the etching degree of the material gradually deep-
ens, thereby leading to an increase in the average width of microchannels. However,
the uniformity of the widths of the three microchannels shows a stable trend, with a
uniformity of over 90%, and is not significantly affected by the number of pro-

cessing times.

3.3. The influence of processing speed on parallel processing

To verify the influence of speed on the microchannel, the experimental parameter
was set to the average laser power of 3.4W, the laser pulse repetition frequency is
800 kHz, at 0.0lmm /s, 0.03mm /s, 0.05mm /s, 0.07mm/s, 0.09mm /s, 0.1mm /s,
0.12mm /s, 0.15mm /s, 0.18mm /s. Experiments were conducted at fourteen pro-
cessing speeds of 0.2mm /s, 0.22mm/s, 0.25mm /s, 0.28mm /s, and 0.3mm /s. Due
to the small size of the materials used and the limitations of the clamping device and
the moving platform, it is not advisable to adopt a larger processing speed during
the processing. The result is shown in Figure 6. When the processing speed is 0.01
mm/s, the width and depth values of the microchannel are the highest, being 5.498
pum, and 0.582 um, respectively. Compared with the number of processing times, the
processing speed has a relatively small influence on the microchannel. As the pro-
cessing speed increases, the total energy of the laser energy acting on the surface of
the microchannel per unit time will decrease. The width and depth of microchannels
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show a decreasing trend. This is because the laser energy is distributed in a nar-
rower area. Even if the laser energy density remains constant, an increase in pro-
cessing speed will reduce the time the laser acts per unit length, thereby reducing
the depth to which the material is removed. The depth may tend to stabilize but in-
crease slightly. Because the increase in processing speed reduces the time that the
laser acts on the material surface, but at the same time, it will cause the laser fo-
cused spot to spread somewhat, which may result in a slight increase in depth. And

R (um)

Figure 6. Microchannel morphology and width and depth curves at different machining
speeds (a) Microchannel machining topography at different machining speeds; (b)
Microchannel width vs. machining speed; (c) Microchannel depth vs. machining speed.

We randomly selected the experimental data with processing speeds of 0.03mm/s,
0.lmm/s and 0.25mm/s to evaluate the uniformity of the microchannel width.
Within the rotational speed range of 0.01lmm/s to 0.3mm/s, the uniformity curve
fluctuates relatively little. This indicates that as the processing speed increases, the
interaction between the laser and the material weakens, resulting in a decrease in
the etching degree of the microchannels. Although the processing speed has in-
creased and the trend of microchannel width variation has become more stable, the
uniformity still remains above 90%. This indicates that the weighted GS algorithm

has better stability and uniformity at different processing speeds.

3.4. Multi-focus parallel processing: Processing grating structures in-
side glass

Through previous experiments, we have established the experimental foundation
for multi-focus parallel processing, including focus stability and laser parameter
Settings. In this chapter, we set the laser power to 3.4 W, the pulse repetition fre-
quency to 800 kHz, the pulse width to 300 fs, and the scanning speed to 0.1 mm/s.
First, perform an ultrasonic water bath cleaning on the glass to remove impurities
adhering to its surface. Then fix the glass onto the three-axis precision moving plat-
form. Use the COMS1 camera to image and observe the approximate position of the
focus on the glass surface, and precisely locate the focus by setting it to move a cer-

tain distance. Move the Z-axis upward by 0.4mm to focus the focal point on the inte-
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rior of the glass. Next, through the program setting, the laser moves from the 9mm
position on the X-axis to the 45mm position at a speed of 0.1mm /s, then moves
0.15mm upward along the Y-axis at a speed of 0.03mm /s, and then returns the laser
from the 45mm position to the 9mm position. And move it upward again along the
Y-axis by 0.15mm. The above steps constitute one processing procedure, and this
process is repeated. Figure 7 (a) shows a schematic diagram of the processing of a
three-focus parallel grating, and Figure 7 (b) shows a physical image of the laser
focused into the interior of the glass for processing.

Light Spot Image

Figure 7. Parallel processing of gratings by three-focused femtosecond laser (a) Schematic
diagram of three-focused parallel processing of internal glass gratings; (b) Physical diagram
of three-focused parallel processing of internal glass gratings.

In the experiment, we set the internal triple focal interval to 60 pixels, and the actual
interval was approximately 30 pum. Firstly, explore the relationship between the
pixel spacing of the hologram design focus and the actual processing focus spacing
to achieve precise control over the focus distribution. After measurement and anal-
ysis, it was found that the ratio of the designed pixel pitch of the hologram to the
actual processing focal pitch was approximately 2:1. Then, we fabricated a 30x
35mm grating inside the glass in a single processing by using the three-focal parallel
processing method. As shown in Figure 8, the processing inside the glass hardly
changes the transparency of the glass, and the grating successfully displays the col-
ored stripe pattern under the light.
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Figure 8. Gratings for parallel processing with three focus femtosecond lasers (a) Schematic
diagram of grating transmittance; (b) Effect of grating.

4. Conclusion

In this study, a spatial light modulator was used to modulate femtosecond laser into
a multifocus, and a grating was fabricated inside the glass through parallel pro-
cessing. The experiment first explored the influence of repetition frequency, pro-
cessing times and processing speed on parallel processing. The method of etching
microchannels was adopted for the experiment, and the optimal process parameters
were obtained: processing speed 0.1 mm/s, processing times 1, laser pulse repeti-
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tion frequency 800 kHz, and average power 3.4 W. The uniformity of the multi-focus

parallel processing beam was characterized based on the microchannel width and

the roughness of the processing channel lines. The results showed that the uni-

formity was always above 90%, verifying the feasibility of the weighted GS algo-

rithm modulation for generating multi-focus parallel processing.
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