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Abstract. Glass materials play an increasingly important role in advanced technologies due to their superior
physical properties. However, precise machining of glass remains a major challenge because of its brittleness
and sensitivity to thermal and mechanical stresses. We present an approach that combines spherical-
aberration-assisted filamentation with laser-induced deep etching to achieve ultra-high-precision micro-hole
machining in fused silica substrates. By deliberately introducing spherical aberration into an intense femto-
second laser beam, thin, uniformly elongated, and stable filaments are generated, which effectively suppress
unwanted plasma formation and thermal deformation typical of standard filamentation. Using this method, we
fabricated micro-holes with diameters as small as 10 um across various sizes, maintaining an almost zero
taper even in 1-mm-thick samples. The sidewalls exhibited nanoscale smoothness (R, = 38.1 nm, root mean
square (RMS) = 53.9 nm), and the hole area demonstrated excellent repeatability with only ~1.0% variation
across multiple trials. This simple optical configuration drastically reduces cost compared with existing ap-
proaches that rely on specialized components while moderately satisfying critical requirements for geometrical
versatility, minimal damage, precision, and repeatability. We represent a significant step forward in precision
glass machining and lay a foundation for future microstructured electronic, optical, and microfluidic devices.
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1 Introduction sensors.” Recent advances in glass substrate technologies have
further underscored the potential of glass as a platform for high-
bandwidth chiplet-based systems and heterogeneous integration
in artificial intelligence and high-performance computing pack-
ages.” In such semiconductor applications, through-glass vias
(TGVs) serve as key enablers of three-dimensional integrated

Recently, glass materials have garnered renewed attention as
essential components in various advanced technological fields,
including electronics, optics, and biotechnology.'” This resur-
gence is attributed to the unique physical properties of glass—

such as excellent electrical @qsulation, high optical transparency, circuits (3D ICs) and high-density packaging technologies.® In
chemical and thermal stability, and mechanical strength—that  gjplay technologies, glass substrates facilitate micro-apertures
facilitate the advancement and high integration of next-genera-  anq micro-lens arrays, optimizing resolution and luminance for
tion devices.® These characteristics position glass as a promising OLED and micro-LED displays.” In addition, in sensor technol-
alternative capable of overcoming limitations inherent to silicon- ogies, glass-based microstructures increase reactive surface area,
based materials in numerous applications, including semicon- thereby enhancing sensitivity and selectivity.?
ductor packaging, high-resolution displays, and highly sensitive Despite these advantages, practical utilization of glass mate-
rials has encountered fundamental technical limitations. Due
*Address all correspondence to Kwang-Geol Lee, kglee @ hanyang.ac.kr to its amorphous nature, glass exhibits brittleness and is highly
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susceptible to cracking or fracturing during mechanical process-
ing, making high-precision machining challenging.’ Micro-hole
machining for applications in optics, microfluidics, electronic
packaging, and especially for TGVs in 3D IC integration must
simultaneously satisfy precise control over hole geometry and
size," minimal damage to the surrounding glass,'' near-vertical
taper angles,® ultra-smooth sidewalls,'" and high repeatabil-
ity.'""* However, conventional processing techniques, including
laser ablation, dry etching, and wet etching, exhibit clear lim-
itations in achieving the resolution and process controllability
required for fabricating micro- and nanoscale structures,'>™"”
and these shortcomings have been systematically documented
in recent comprehensive reviews on HF-based glass microma-
chining.'® Consequently, such techniques have not yet matured
to the level required to simultaneously satisfy diverse demands
for precision, repeatability, minimized thermal impact, and
processing speed."’

In this context, several laser-based techniques for glass
processing have been developed. In particular, laser-induced
deep etching (LIDE), which combines localized internal modi-
fication of glass by a high-intensity laser beam with subsequent
chemical etching, has gained significant attention due to its high
precision."” More recently, LIDE has been used to fabricate
complex three-dimensional glass microstructures, including mi-
crowell arrays for live single-cell imaging, confirming its suit-
ability for bioanalytical microdevices.”” However, conventional
LIDE methods utilizing focused Gaussian beams necessitate
spot-by-spot scanning, resulting in significant processing times
even for relatively simple structures, thus limiting efficiency.”
To overcome these limitations, high-speed glass hole-drilling
methods employing Bessel beams®* and laser filamentation
have been developed.***® Although these approaches greatly
reduce processing time for simple hole structures, Bessel beam
methods require specialized optical components, such as spatial
light modulators,””*® axicon lens-based Bessel beams,” or
diffractive optical elements (DOEs),” leading to reduced stabil-
ity and limited control.”’ Furthermore, existing filamentation
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techniques suffer from nonuniform energy distributions and
thermal deformation caused by plasma formation, impeding
precise shape control.*

Therefore, innovative technological approaches capable of
concurrently ensuring precision, speed, and controllability in
glass processing are required. In this study, we propose a high-
precision machining method that intentionally introduces
spherical aberration to control laser filamentation, subsequently
integrating it with the LIDE process. By utilizing spherical
aberration, we can effectively modulate the phase distribution
of the laser beam to form thin, uniform, and stable filaments
extending over the millimeter scale before the focal region.
This significantly mitigates issues related to irregular plasma
formation and thermal deformation observed in conventional
filamentation techniques, thereby enabling unprecedented
precision in micro-hole machining. Such a filament with a
micrometer-scale width can be extended over several milli-
meters, resembling a slender light blade, similar to a miniatur-
ized Jedi sword in Star Wars. Hereafter, we refer to this as the
“pre-filament.”

Both theoretically and experimentally, we investigate how
the presence or absence of spherical aberration affects filament
length and morphology and demonstrate enhanced machining
performance when these filaments are applied to the LIDE pro-
cess. Ultimately, this research aims to establish high-precision,
high-efficiency glass machining technology, thereby contribut-
ing to the advancement of microstructure-based electronic and
optical devices.

2 Results

2.1 Performance of Our Protocol

Figure 1 illustrates our two-step process. In the first step
[Fig. 1(a)], a 1030-nm femtosecond laser was focused through
a lens with designed spherical aberration. A fused silica sub-
strate (1 mm thick) was positioned in the pre-filament zone,
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Fig. 1 High-precision micro-hole fabrication in fused silica using aberration-assisted laser-
induced deep etching (LIDE). (a) Laser irradiation. A femtosecond laser (1030 nm) is focused into
a fused silica substrate. By intentionally utilizing the spherical aberration of a lens system, a thin
and stable laser filament is generated within the glass. The substrate is then raster-scanned using
a 2D stage to inscribe a pre-defined pattern, creating a localized internal modification. (b) Selective
etching. The laser-irradiated substrate is immersed in an 8 mol/L potassium hydroxide (KOH)
solution. The laser-modified region exhibits a significantly higher etch rate, leading to its selective
removal and the formation of through-holes as the inner glass rod is separated. (c) Fabrication
result. A cross-sectional scanning electron microscope (SEM) image captures the clean separa-
tion of the glass rods during the etching process. This demonstrates the formation of through-holes
with highly vertical sidewalls and minimal damage, highlighting the precision of the technique.
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and circular patterns corresponding to the target hole diameters
were inscribed by raster-scanning the substrate in the x—y plane.
In the second step, the laser-irradiated glass was immersed in a
wet etching solution to selectively remove the laser-modified
regions, thereby releasing the filament traces as through-holes.
As shown in Fig. 1(c), when the glass is etched along the fil-
ament traces, it separates into a plate with through-holes and
glass rods freed from those holes. During the cleaning process,
these rods are flushed out and removed.

Figure 2(a) shows the profiles of fabricated circular holes
with a wide range of diameters from a minimum of 10 up to
200 um, demonstrating the capability to produce holes of vari-
ous shapes and sizes. The smallest hole diameter of 10 um re-
flects the resolution limit for scanning-based patterning. This
lower bound, optimized within the trials conducted in this study,
can be further improved by adjusting parameters such as the
laser wavelength and pulse width, the numerical aperture (NA)
of the lens, the longitudinal spherical aberration (LSA), and the
type and concentration of the etching solution.”® Importantly, no
cracks or fractures were observed around any hole, confirming
that the machining process caused no collateral damage. This
indicates that the structural integrity of the surrounding glass
was preserved, ensuring the reliability and durability of any sub-
sequent device. In the cross-sectional SEM images [Fig. 2(a)],
the hole diameter remained uniform throughout the entire depth,
and any taper was too small to be resolved within the SEM’s
resolution. Based on the pixel size (1.5 ym/pixel) and the ob-
served hole depth, this corresponds to an angular detection limit
of 20.08 deg, which confirms that the taper angle lies below the
ideal criterion of 0.1 deg. To assess repeatability, we patterned
54 um holes in four 5 x 8 arrays (160 holes in total, not shown)
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under identical conditions, and all of which were formed reli-
ably as shown in Fig. 2(b). The standard deviation of the hole
area was 21.9 yum? (~1.0%), demonstrating excellent process
stability. Furthermore, to verify taper-angle repeatability, we
measured 10 holes and found their sidewalls to be almost per-
fectly vertical, below the SEM’s resolution limit, demonstrating
highly consistent results [Fig. 2(c)].

The sidewall surface roughness was quantitatively measured
over a 30 um x 30 ym area using an atomic force microscope
(AFM) (Fig. 3). The initial glass surface before processing had
a roughness of R, = 9.07 nm and root mean square (RMS) =
11.9 nm, which is a value similar to that of commercial slide
glass. By contrast, the sidewall formed through the etching pro-
cess was measured to have a roughness of R, = 38.1 nm and
RMS = 53.9 nm (Table 1). Although these values fall short of
the few-nanometer requirement for ultra-precision optics and
photonics, they nonetheless demonstrate surface quality suffi-
cient for practical applications such as glass interposers in semi-
conductor packaging and microfluidic devices.

2.2 Effect of Optical Aberrations on Filamentation
Characteristics

Laser filamentation is a nonlinear optical phenomenon that
occurs when a laser beam with peak power above the critical
power propagates through a medium.” Filamentation arises
from the interplay of several nonlinear effects primarily self-
focusing due to the Kerr effect, defocusing caused by the high-
intensity generated plasma, and multiphoton absorption.** When
these competing effects reach a dynamic balance, the beam
undergoes repeated cycles of self-focusing and defocusing,
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Fig. 2 Geometrical precision and repeatability of micro-holes fabricated by aberration-assisted
LIDE. (a) Top-view and cross-sectional SEM images of fabricated micro-holes with final diameters
of 10, 24, 54, 104, and 203 ym. These were created from scanning diameters of 0, 16, 46, 96, and
196 um, respectively; the ~8-10 um increase in diameter results from the wet etching step. The
top-views confirm crack-free processing, whereas the cross-sections demonstrate highly uniform
profiles with near-zero taper angles. (b) Repeatability assessment using a 5 x 8 array of 54 yum
diameter holes. Analysis of 160 holes fabricated under identical conditions revealed a hole area
variation of only 1.00% (standard deviation), confirming excellent process stability. (c) Taper angle
consistency test. The cross-sectional profiles of multiple holes show nearly perfectly vertical side-
walls, with a taper angle below the SEM'’s resolution limit (effectively <0.1 deg), demonstrating

high uniformity across the array.
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Fig. 3 AFM analysis comparing the surface topography of pristine and processed glass. AFM
images (30 um x 30 um) of a pristine, unprocessed fused silica surface (a), and of an etched side-
wall of a fabricated micro-hole (b), showing that the surface remains exceptionally smooth even
after processing. (c) Corresponding surface height profiles measured along the dashed lines in
panels (a) and (b). The profile of the etched sidewall (red line) shows slightly increased roughness
compared with the pristine surface (black line) but maintains nanoscale smoothness.

Table 1 Measured average (R,) and RMS roughness values for
the pristine and etched surfaces. The final sidewall roughness
(R, =38.1 nm, RMS = 53.9 nm) meets the requirements for
applications such as glass interposers and microfluidics.

Unit: nm R, RMS
Pristine 9.07 11.9
Etched 38.1 53.9

forming a stable plasma channel during propagation.® This pro-
cess can be described mathematically as follows:*
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Here, A is the slowly varying complex envelope of the electric
field, z is the propagation coordinate, and &, and wy, are the vac-
uum wavenumber and central angular frequency, respectively.
The coefficient a denotes the linear absorption, f, represents
the group velocity dispersion, 7, is the Kerr nonlinear index,
Pk is the K-photon absorption coefficient, and Anpygm, is the
refractive-index change induced by free electrons under the
Drude model.

When focusing a beam with an aberration-corrected lens,
filamentation begins at the point of maximum energy density
during propagation, or the beam collapses due to the resulting
excessive plasma density.”’ If this is applied to the material
processing, the target material is necessarily positioned within
this maximum energy density zone, making it difficult to avoid
unnecessary over-processing or material damage. To mitigate
this issue, research has been conducted on applying a separate
mask on the material to induce filamentation.™

In this study, we address this issue by intentionally introduc-
ing optical aberrations. Specifically, we induce an LSA to gen-
erate a filament before the focal point, enabling finer and more
uniform processing.” This approach removes the need for the
target material to be located at the point of maximum energy
density. To investigate and validate this phenomenon, we
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conducted a comparative study through simulations and experi-
ments using an aberration-corrected lens and a spherical-
aberrated lens with similar NAs.

In this simulation, we solved the nonlinear Schrodinger
equation, shown in Eq. (1), in the radial-axial (r—z) space using
the axisymmetric split-step Hankel method (ASSHM). This
method consists of three steps at each propagation stage: (1) ap-
plying a phase kick in the spatiotemporal domain that accounts
for virtually all nonlinear effects, (2) efficiently performing ra-
dial diffraction using the Hankel transform, and then (3) reap-
plying a phase kick. The propagation medium was modeled
with the optical properties of fused silica. Compared with con-
ventional four-dimensional (3D + ¢) simulations, the ASSHM
offers the advantage of quantitatively predicting filamentation
phenomena with axisymmetric structures while significantly
reducing the computational load. (For details of the algorithm,
see S1.1 in the Supplementary Material)

The initial field was modeled as an ideal Gaussian electric
field with added focusing and aberration terms. A temporal term
was also included to account for group-velocity dispersion,
plasma formation, and multiphoton absorption. The wavefront
aberration function and Zernike coefficients for the aberrated
lens were calculated using Zemax. Due to the two-dimensional
nature of the simulation, which cannot represent asymmetric
aberrations, only cylindrically symmetric aberrations were in-
cluded. Furthermore, amplitude and phase noise were intro-
duced into the Gaussian beam. The resulting expression for
the initial field is given as follows:

=2 . sech L
fo

[+ 8(r)]et). )

In this equation, [ is the peak intensity, wy is the beam waist

kor?

radius at the lens, and e represents the quadratic phase im-
parted by a lens of focal length f, whereas e~"2*®«r encodes the
time—dependent phase shift due to spherical aberration quanti-
fied by ®,,,. The factor sech(#/1,) term describes the temporal
pulse shape with characteristic half-duration #,. Finally, the fac-
tor [1 + 8(r)] and e(") represent the amplitude and phase noise
terms, respectively.

Mar/Apr 2026 e Vol. 5(2)
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Fig. 4 Numerical simulation was conducted to compare filamentation and plasma formation
processes under aberration control, in which a femtosecond laser pulse was focused into fused
silica using two different lens systems (NA ~ 0.25). The simulations were performed using the
ASSHM, with z = 0 representing the geometric focal position. The simulation results show that
in an ideal, aberration-free system (Z$ = 0.00), the laser intensity (a) is sharply focused at the
geometric focal point, resulting in the localized formation of a short, high-density plasma (b).
By contrast, in a system where spherical aberration was intentionally introduced (Z$ = 8.61),
the laser intensity (a) is reshaped into a long, stable “pre-filament” well before the focal point, which
in turn creates a long, thin plasma channel (b) with a lower and more uniform density.

Figure 4 compares the effect of spherical aberration on the
propagation of a femtosecond Gaussian beam inside fused silica
(detailed simulation parameters are given in Table S1 in the
Supplementary Material). In the ideal, aberration-free case
(ZY = 0), the beam energy is focused at the geometrical focal
plane (z = 0) with the formation of a short filament. The fila-
ment generated here corresponds to that produced by self-in-
duced nonlinear effects, resulting from the focal shift caused
by the Kerr effect. Consequently, a localized, high-intensity
plasma forms around the focal point. As plasma density ap-
proaches the critical density, the electric field undergoes strong
defocusing and energy absorption due to the rapid change in
refractive index and multiphoton absorption by the plasma,
causing the propagation to be suppressed and terminated.”
This is why the plasma channel stops shortly after the focal
point. By contrast, when LSA is intentionally introduced (Z§ =
8.61), a long and narrow filament forms throughout the aber-
rated focal region. Specifically, as the Zernike Z] value (the
degree of spherical aberration) increased, the length of the laser
filament increased. By contrast, the filament’s line width re-
mained constant at 2.5 um for all Z) values, showing no sig-
nificant change (For more details, please refer to Fig. S1 in the
Supplementary Material). Following the filament profile, a thin
and long plasma channel is generated mostly prior to the focal
point [Fig. 4(b)]. Our results suggest that this plasma seems to
induce uniform modification inside the glass, enabling the for-
mation of more precise structures.

To achieve uniform processing within this aberrated region,
minute initial phase perturbations in the beam play a decisive
role. This is because real laser pulses, unlike ideal Gaussian
pulses, always contain slight wavefront distortions.* If a sim-
ulation uses perfectly symmetric initial conditions (no phase
error), a nonphysical “channel” where all energy is concentrated
at a single location can be generated. Therefore, to emulate ex-
perimental conditions, this simulation intentionally introduces
phase noise to the input beam, which serves as a seed for non-
linear effects such as spatial modulation instability. Although
this noise induces random inhomogeneities in individual fila-
ments, averaging the results over multiple pulses improved
the overall uniformity. All simulation results shown represent
the cumulative average of 10 pulses. The standard deviation
of the phase noise used was 1073 rad, corresponding to a
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wavefront error of 4/1000. Although this is significantly better
than the typical A/10 quality of common experimental optics,*'
it is large enough to form significant macroscopic structures
after the nonlinear amplification process.

To validate these trends experimentally, we performed mea-
surements with two lenses of nearly identical NA: one aberra-
tion-corrected and the other intentionally spherical-aberrated.
Figures 5(a), 5(b), 5(d), and 5(e) show LSA profiles calculated
using Zemax for each lens. The aberration-corrected lens exhib-
its negligible aberration, making filamentation difficult, whereas
the spherical-aberration lens provides a broad LSA range that
promotes filament formation. The experimental results [Figs.
5(c) and 5(f)] closely match the simulation trends, confirming
that assisted spherical aberration plays a key role in inducing
and stabilizing laser filamentation. For more details, please refer
to the Appendix.

3 Discussion and Conclusion

In this study, we demonstrated an approach that integrates spheri-
cal-aberration-assisted filamentation with the LIDE process to
achieve ultrahigh-precision micro-hole machining in glass. By de-
liberately introducing spherical aberration into the focusing sys-
tem, stable and uniform filaments were generated and employed
as a machining tool, thereby moderately satisfying the critical
requirements of precision shape control, minimal damage, near-
vertical taper angles, smooth sidewalls, and high repeatability.

The fabricated micro-holes exhibited taper angles consis-
tently below 0.1 deg and sidewall roughness levels of R, =
38.1 nm. These results not only meet the stringent requirements
of TGVs for 3D IC packaging and high-precision optical com-
ponents but also surpass previously reported performances ob-
tained with Gaussian-beam-based LIDE and Bessel-beam
drilling methods.>*' Furthermore, an array of 160 holes dem-
onstrated excellent reproducibility, with only 1.0% variation in
hole area and a failure rate of 0%, underscoring the robustness
and industrial applicability of this method.

Beyond its practical achievements, the introduced pre-
filament functions as a millimeter-long and micrometer-thin
optical blade, extending the concept of laser-based processing
tools. Through both ASSHM simulations and experiments,
we systematically analyzed the formation and stabilization
mechanisms of aberration-assisted filaments, deepening the

Mar/Apr 2026 e Vol. 5(2)
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Fig. 5 Experimental comparison of laser filament profiles from two systems (NA ~ 0.25) validates
the simulation trends for aberration-assisted filamentation shown in Fig. 4. (a)-(c) Aberration-
corrected system: (a) schematic of an aberration-corrected objective lens. (b) The corresponding
Zemax ray-tracing simulation shows that light rays converge to a single, ideal focal point. (c) The
resulting experimental filament, imaged in a fluorescent medium, is short and localized, consistent
with the simulation. (d)—(f) Spherical aberration-induced system: (d) schematic of the lens system
intentionally designed to induce spherical aberration. (e) The Zemax simulation reveals a broad
LSA profile, creating an extended focal region. (f) The experimentally generated filament is sig-
nificantly elongated and stable, closely matching the simulation trend and demonstrating effective

filament control.

understanding of spherical-aberration-mediated nonlinear opti-
cal interactions. This approach provides unprecedented preci-
sion and flexibility in glass microdevice fabrication, opening
new possibilities across optics, electronic packaging, and micro-
fluidics.**

Although this study has achieved excellent results using
fused silica, several challenges remain for future work. A pri-
mary objective is to realize a nanometer-scale surface rough-
ness, which is a critical requirement for optical and photonic
applications, by further optimizing the etching process or apply-
ing additional planarization treatments. Recent studies on inor-
ganic—organic alkaline etchants for femtosecond laser-modified
glass have shown that tailoring KOH-based solutions can sig-
nificantly improve etch selectivity and surface quality of three-
dimensional microstructures.” Furthermore, the process must
be adapted and optimized for various glass materials with dis-
tinct properties—such as borosilicate, alkali-free, and Foturan—
to meet the demands of specific applications. Addressing these
challenges through subsequent research will enhance processing
speed and precision, broaden the range of applications, and ul-
timately open up new possibilities in the design and fabrication
of next-generation glass-based devices.

4 Appendix: Materials and Methods
4.1 Materials

Fused silica substrates (Thorlabs MS10FS) were used in the
experiment. Isopropyl alcohol (98%) and acetone (99.5%) were
used for cleaning, and the etchant solution was prepared by
dissolving ACS reagent grade potassium hydroxide (> 85%,
pellets) to a concentration of 8§ mol/L. All chemicals were sup-
plied by Sigma-Aldrich, and deionized (DI) water for cleaning
and solution dilution was produced with a resistivity of
18.2 MQ-cm using a Wellix Plus II system (JEIO Tech).
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4.2 Sample Preparation

In this experiment, the condition of the glass surface is crucial
for reproducible processing because some particles or grease
can cause errors in the experimental results due to burning and
scattering when the laser is incident on those areas. Therefore,
the glass was first cleaned by rinsing it with deionized (DI)
water for 30 s to remove dust and other particles. Then, we
wiped the glass surface with a cleaning tissue soaked in acetone
and isopropyl alcohol sequentially. Then, the sample was further
cleansed in an ultrasonic cleaner with DI water for 10 min, fol-
lowed by drying it in a forced convection oven (SH Scientific
SH-DO-149FG) at 80°C for 1 h.

4.3 Laser System

Figure 6 shows a schematic of the entire optical setup used in
this study. A 1030-nm fiber-amplified femtosecond laser
(Amplitude Tangor 100, pulse width: 387 fs) served as the light
source. Throughout all experiments presented in this study, the
pulse energy was maintained at 100 uJ and the repetition rate at
40 kHz to induce filamentation. Pulse energy was set to 100 uJ
in this study; varying the pulse energy enables filament-length
tuning (see Fig. S3 in the Supplementary Material).

For micro-hole machining, the lens system [Fig. 6(b)] com-
prised a 0.4 NA objective lens (Mitutoyo NIR 20x) and a
50-mm focal-length plano-convex lens (Thorlabs LA1131-AB).
The two lenses’ flat surfaces were separated by 0.1 mm to intro-
duce an LSA of 1.7 mm. Under these conditions, as shown in
Fig. 6(d), the laser filament formed inside the fluorescent medium
measured 1.8 ym in diameter and exceeded 2 mm in length.

As shown in Fig. 6(b), the glass substrate was mounted such
that its rear surface was located 500 um before the effective
focus (i.e., the point in air at which the plasma intensity reaches
its maximum). This configuration prevents unwanted damage

Mar/Apr 2026 e Vol. 5(2)
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Fig. 6 Schematic of the complete experimental setup and process flow. (a) Laser irradiation sys-
tem: the overall optical path. A femtosecond fiber laser (Amplitude Tangor 100; wavelength:
1030 nm, pulse duration: 387 fs) is used as the light source. For all experiments, the pulse energy
and repetition rate were maintained at 100 pJ and 40 kHz, respectively. (b) Detailed focusing sys-
tem for machining: A combination of a 0.4-NA objective lens (Mitutoyo NIR 20x) and a 50-mm plano-
convex lens (Thorlabs LA1131-AB) is used to intentionally induce spherical aberration and focus the
beam into the fused silica sample. (c) Filament profile measurement system: The setup for imaging
the filament shape (as shown in Fig. 5) consists of a fluorescent solution, a 2x magnification imaging
system, and a beam profiler (Ophir SP620U). (d) Generated laser filament: an image of the actual
filament produced by the lens system in panel (b). The filament has a diameter of 1.8 yum and a
length exceeding 2 mm, acting as an optical blade for machining. (e) Ultrasonic-assisted wet etch-
ing: The laser-irradiated sample is etched in an 8 mol/L KOH solution at 80°C for 2 h. Sonication
(37 kHz, 380 W) is applied to facilitate the removal of debris and ensure uniform etching. (f) Micro-
hole characterization: To analyze the results, the processed sample is cleaved through the center of

the holes, and the cross-sections are coated with gold for SEM imaging.

to the glass surface from plasma formation and ensures stable
filament generation within the bulk material. For hole drilling
via the filament, the substrate was affixed to a motorized stage
(Precibeo GO XYZ-L.S4545) and raster-scanned in the x—y plane.
In all experiments, the stage scan speed was set to 200 ym/s.

To measure the laser filament propagation profile with and
without spherical aberration, two lens systems, as shown in
Fig. 5, were used. A spherical aberration-corrected objective
lens (Thorlabs LMH-10X-1064, NA 0.25) was employed to
record the beam propagation profile under near-aberration-free
conditions. To intentionally introduce spherical aberration, two
plano-convex lenses (f = 30 mm, Thorlabs LA1805-AB) were
arranged with their plano surfaces facing each other at a 0.1-mm
separation to achieve an effective NA of 0.24. The beam diam-
eter incident on both the aberration-free lens system and the lens
system with spherical aberration was adjusted to 10 mm.

For imaging the filament shape, the laser beam was directed
into the fluorescent solution using each lens configuration to
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capture the resulting fluorescence signal. The fluorescent solu-
tion was prepared by diluting the fluorophore (Mr. HOBBY
H-99) to 1% (mass fraction) in deionized water and then con-
tained in a quartz reservoir positioned along the beam path to
induce filament-generated fluorescence. The propagation profile
of the filament within the fluorescent medium was recorded us-
ing a two-stage imaging setup (a 100-mm Thorlabs convex lens
followed by a 200-mm convex lens) and a beam profiler (Ophir
SP620U) configured as a 2x magnification vision system, as
illustrated in Fig. 6(c). Note that a clear filament image could
not be obtained in glass due to burst-induced chaotic features
(see Fig. S2 in the Supplementary Material).

4.4 Wet Etching and Post-cleaning

As shown in Fig. 6(e), wet etching was carried out in an 8 mol/L
KOH solution at 80°C for 2 h. The etchant concentration and
temperature were chosen on the basis of previously reported
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LIDE/SLE processes in fused silica, in which 8 mol/L. KOH sol-
utions in the range of 80°C—110°C were shown to efficiently
remove the laser-modified region while maintaining good sur-
face quality.*~*® In addition, the value of 80°C corresponds to the
maximum operating temperature of the ultrasonic cleaner used
as the etching bath. During etching, sonication was applied us-
ing an ultrasonic cleaner (Elmasonic P-300H) set to a frequency
of 37 kHz and a power of 380 W, with sweep mode enabled to
ensure uniform ultrasonic distribution throughout the tank.*’
Teflon beakers and glass holders were used to prevent corrosion
and contamination. After etching, the glass substrates were first
rinsed with deionized (DI) water. Residual KOH was then re-
moved by sequential rinses in acetone and isopropyl alcohol.
Following a final DI water rinse to eliminate any remaining con-
taminants, the substrates were dried in a forced-convection oven
(SH Scientific SH-DO-149FG) at 80°C for 20 min.

4.5 Characterization of Micro-holes

For the SEM images shown in Fig. 2, the fabricated samples
were cleaved through the center of the holes as shown in
Fig. 6(f), and the resulting faces were coated with a 20-nm layer
of gold (Au). A low-voltage, high-resolution SEM (Carl Zeiss
Sigma 300) was then used to acquire top-view and cross-
sectional images. Top-view images were analyzed to determine
hole diameters and to check for any cracks or deformations in
the vicinity of each hole. Cross-sectional images were used to
measure the taper angle of the holes and also to inspect for any
cracks or deformations along the sidewalls.

To evaluate the repeatability of the taper angle, cross-
sectional images of 10 different holes were analyzed. Using
Python, the boundaries of the hole sidewalls were extracted
from each image, and the distances between the opposing side-
walls were measured at various depths to observe the expected
diameter reduction toward the center of the hole. However,
due to the resolution limit of the SEM images (1280 x 720),
no significant variation in distance could be detected.

Sidewall surface roughness was measured using an AFM
(Park Systems XE-100) operating in non-contact mode over
a 30 ym x 30 pym area. Both a pristine (unetched) glass surface
and an etched sidewall region, as illustrated in Fig. 3, were
scanned under identical conditions, and the RMS roughness
and arithmetic mean roughness (R,) were computed for com-
parison.

Hole diameter repeatability was assessed using an optical
microscope (Nikon LVISON). A top-view image of the hole
grid was captured at 10x magnification. Python was used to
generate a mask for each hole, and the area enclosed by each
mask was calculated. A total of 160 holes were measured, and
the resulting area distribution was used to quantify the repeat-
ability error.

Disclosures
The authors declare no conflict of interest.

Code and Data Availability

The main data supporting the results of this study are available
within the paper and its Supplementary Material. Other raw data
generated during this study are available from the corresponding
author upon reasonable request.

Advanced Photonics Nexus

026003-8

Author Contributions

S.B. and K.-G.L. conceived the concept and initiated the project.
S.B. and H.K. designed and built the laser system for the experi-
ments. S.B. and S.K. prepared the glass samples, conducted all
experiments and measurements, and analyzed the acquired data
with K.-G.L. S.B. and H.L. developed the nonlinear optical
propagation simulation code and acquired the simulation data.
S.B., S.S., and K.-G.L. proposed the theoretical model for laser
filamentation and led the discussions. All authors contributed to
the writing of the paper, and K.-G.L. supervised the overall
project.

Acknowledgments

This work was supported by the Creation of the Quantum
Information Science R&D Ecosystem (Grant No. RS-2023-
NRO068116) through the National Research Foundation of Korea
(NRF) funded by the Korean government (Ministry of Science
and ICT), and by the Institute of Information and Communica-
tions Technology Planning & Evaluation (IITP) grant funded by
the Korean government (MSIT) (Grant Nos. RS-2022-11221026
and RS-2025-02215576). The authors also gratefully acknowl-
edge Samsung Display Co., Ltd., for providing laser instrumen-
tation used in this research.

References

1. R. Rajaramakrishna and J. Kaewkhao, “Glass material and their
advanced applications,” KnE Soc. Sci. 2019, 796-807 (2019).

2. T. Chaloun et al., “RF glass technology is going mainstream: re-
view and future applications,” IEEE J. Microw. 3, 783-799 (2023).

3. G. Chen et al., “Electronic chip package and co-packaged optics
(CPO) technology for modern Al era: a review,” Micromachines
16, 431 (2025).

4. V. Sukumaran et al., “Low-cost thin glass interposers as a superior
alternative to silicon and organic interposers for packaging of 3-D
ICs,” IEEE Trans. Components Packag. Manuf. Technol. 2,
1426-1433 (2012).

5. A. Nimbalkar et al., “A review of glass substrate technologies,”
Chips 4, 37 (2025).

6. C. Yu et al., “Application of through glass via (TGV) technology
for sensors manufacturing and packaging,” Sensors 24, 171
(2024).

7. A. Adhikary et al., “Performance evaluation of micro lens arrays:
improvement of light intensity and efficiency of white organic
light emitting diodes,” PLoS ONE 17, 0269134 (2022).

8. J. Movilli et al., “Increasing the sensitivity of electrochemical
DNA detection by a micropillar-structured biosensing surface,”
Langmuir 36, 4272-4279 (2020).

9. S. W. Youn et al., “Fabrication of micro-mold for glass embossing
using focused ion beam, femto-second laser, eximer laser and dic-
ing techniques,” J. Mater. Process. Technol. 187-188, 326-330
(2007).

10. H. N. Hansen, Y. Zhang, and A. Islam, “Tolerances in micro
manufacturing,” in Proc. World Congress on Micro and Nano
Manuf. (WCMNM 2017) (2017).

11. L. A. Hof and J. Abou Ziki, “Micro-hole drilling on glass sub-
strates—a review,” Micromachines 8, 53 (2017).

12. P. Ranjan, “Investigations on the flow behaviour in microfluidic
device due to surface roughness: a computational fluid dynamics
simulation,” Microsyst. Technol. 25, 3779-3789 (2019).

13. R. J. Deri and E. Kapon, “Low-loss 1II-V semiconductor optical
waveguides,” IEEE J. Quantum Electron. 27, 626-640 (1991).

14. A.B. Shorey and R. Lu, “Progress and application of through glass
via (TGV) technology,” in Pan Pacific Microelectronics Symp.
(Pan Pacific), IEEE, pp. 1-6 (2016).

Mar/Apr 2026 e Vol. 5(2)


https://doi.org/10.1117/1.APN.5.2.026003.s01
https://doi.org/10.18502/kss.v3i18.4769
https://doi.org/10.1109/JMW.2023.3256413
https://doi.org/10.3390/mi16040431
https://doi.org/10.1109/TCPMT.2012.2204392
https://doi.org/10.3390/chips4030037
https://doi.org/10.3390/s24010171
https://doi.org/10.1371/journal.pone.0269134
https://doi.org/10.1021/acs.langmuir.0c00144
https://doi.org/10.1016/j.jmatprotec.2006.11.120
https://doi.org/10.3390/mi8020053
https://doi.org/10.1007/s00542-019-04304-7
https://doi.org/10.1109/3.81372
https://doi.org/10.1109/PanPacific.2016.7428424
https://doi.org/10.1109/PanPacific.2016.7428424

Bang et al.: Ultra-high-precision fused silica micro-hole machining via spherical aberration-assisted filamentation.."

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

Advanced Photonics Nexus

. E. Belloy, A. Sayah, and M. A. M. Gijs, “Powder blasting for

three-dimensional microstructuring of glass,” Sens. Actuators A:
Phys. 86, 231-237 (2000).

C. Iliescu et al., “Characterization of masking layers for deep wet
etching of glass in an improved HF/HCI solution,” Surf. Coat.
Technol. 198, 314-318 (2005).

E. Thiénot et al., “Reactive ion etching of glass for biochip appli-
cations: composition effects and surface damages,” Microelectron.
Eng. 83, 1155-1158 (2006).

R. V. Vardhan et al., “A comprehensive review on the fabrication
of glass microstructures via wet bulk micromachining in HF-based
etchants with different masks,” Sens. Actuators A Phys. 396,
117194 (2025).

L. Chen et al., “Development of laser-induced deep etching pro-
cess for through glass via,” in Proc. 20th Int. Conf. Electron.
Packag. Technol. (ICEPT), IEEE, pp. 1-4 (2019).

N. Sandstrom et al., “Live single cell imaging assays in glass
microwells produced by laser-induced deep etching,” Lab Chip
22, 2107-2121 (2022).

D. Dunker, R. Ostholt, and J.-P. Delrue, “76-2: fine glass masks
(FGMs) for OLED manufacturing made by laser induced deep
etching (LIDE),” in SID Symp. Digest of Tech. Pap., Vol. 50,
pp. 1083-1086 (2019).

M. K. Bhuyan et al., “High aspect ratio nanochannel machining
using single shot femtosecond Bessel beams,” Appl. Phys. Lett. 97,
801102 (2010).

D. J. Hwang et al., “Self-guided glass drilling by femtosecond la-
ser pulses,” Appl. Phys. A 94, 555-558 (2009).

Y. Zhang et al., “Ultrahigh-speed laser drilling of transparent ma-
terials via transient electronic excitation,” Sci. Adv. 11, eadv4436
(2025).

S. Bang et al., “Optimizing laser-induced deep etching technique
for micromachining of NXT glass,” Opt. Express 33, 3214-3226
(2025).

S. Bang et al., “Optimization of laser process method and HF-
based chemical etchants for laser-induced deep etching of NXT
glass,” J. Non-Cryst. Solids 666, 123697 (2025).

M. Silvennoinen et al., “Parallel microstructuring using femtosec-
ond laser and spatial light modulator,” Phys. Proc. 41, 693-697
(2013).

R. Yoshizaki et al., “High-efficiency microdrilling of glass by par-
allel transient and selective laser processing with spatial light
modulator,” Opt. Laser Technol. 154, 108306 (2022).

D. A. Yashunin, Y. A. Malkov, and A. N. Stepanov, “Fabrication
of microcapillaries in fused silica using axicon focusing of femto-
second laser radiation and chemical etching,” Quantum Electron.
43, 300 (2013).

A. Suwa et al., “Simultaneous multi-point glass processing using
diffractive optical element and KrF excimer laser,” Proc. SPIE
13427, 134270R (2025).

M. Duocastella and C. B. Amold, “Bessel and annular beams for
materials processing,” Laser Photonics Rev. 6, 607-621 (2012).
R. R. Gattass and E. Mazur, “Femtosecond laser micromachining
in transparent materials,” Nat. Photonics 2, 219-225 (2008).

Z. Xu et al., “Effect of intensity clamping on laser ablation by
intense femtosecond laser pulses,” Opt. Express 16, 3604-3609
(2008).

S. Chin et al., “The propagation of powerful femtosecond laser
pulses in opticalmedia: physics, applications, and new chal-
lenges,” Can. J. Phys. 83, 863-905 (2005).

L. Bergé et al., “Ultrashort filaments of light in weakly ionized,
optically transparent media,” Rep. Prog. Phys. 70, 1633 (2007).
A. Couairon and A. Mysyrowicz, “Femtosecond filamentation
in transparent media,” Phys. Rep. 441, 47-189 (2007).

S. A. Nalam, S. S. Harsha, and P. P. Kiran, “Effect of focusing
element-induced aberrations on filamentation and supercontinuum
emission in ambient air,” Opt. Express 29, 14668-14681 (2021).

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

F. Werr et al., “Surface probing of ultra-short-pulse laser filament
cut window glass and the impact on the separation behavior,” Adv.
Eng. Mater. 22, 2000471 (2020).

S. Minardi et al., “Time-resolved refractive index and absorption
mapping of light-plasma filaments in water,” Opt. Lett. 33, 86—88
(2008).

J. Ferri et al., “Effect of experimental laser imperfections on laser
wakefield acceleration and betatron source,” Sci. Rep. 6, 27846
(2016).

C. A. Mack, Field Guide to Optical Lithography, Vol. 6, SPIE
Press, Bellingham, Washington (2006).

B. Reitz et al., “Integrated multimode optical waveguides in glass
using laser induced deep etching,” Appl. Opt. 63, 895-903 (2024).
S. Butkute et al., “Femtosecond laser assisted 3D etching using
inorganic-organic etchant,” Materials 15, 2817 (2022).

S. R. McArthur, R. R. Thomson, and C. A. Ross, “Investigating
focus elongation using a spatial light modulator for high-through-
put ultrafast-laser-induced selective etching in fused silica,” Opt.
Express 30, 18903-18918 (2022).

J. Kim et al., “Study of through glass via (TGV) using bessel
beam, ultrashort two-pulses of laser and selective chemical etch-
ing,” Micromachines 14, 1766 (2023).

P. Wang et al., “Fabrication of nano-holes with tunable axial mor-
phology via ring-lens-tailored Bessel beams,” Chin. Opt. Lett.
23, 112201 (2025).

F. J. Fuchs, “Ultrasonic cleaning and washing of surfaces,” in
Power Ultrasonics, J. A. Gallego-Judrez and K. F. Graff, Eds.,
pp. 577-609, Woodhead Publishing (2015).

M. Mlejnek, E. M. Wright, and J. V. Moloney, “Dynamic spatial
replenishment of femtosecond pulses propagating in air,” Opt.
Lett. 23, 382-384 (1998).

L. V. Keldysh, “Ionization in the field of a strong electromagnetic
wave,” Sov. Phys. JETP 20, 1307-1314 (1965).

Y. P. Raizer, “Breakdown and heating of gases under the influence
of a laser beam,” Sov. Phys. Usp. 8, 650-673 (1966).

A. Braun et al., “Self-channeling of high-peak-power femtosecond
laser pulses in air,” Opt. Lett. 20, 73=75 (1995).

M. D. Feit and J. A. Fleck Jr., “Effect of self-steepening on laser
beam trapping,” J. Appl. Phys. 45, 3343-3353 (1974).

T. Brabec and F. Krausz, “Nonlinear optical pulse propagation in
the single-cycle regime,” Phys. Rev. Lett. 78, 3282-3285 (1997).
A. L. Gaeta, “Catastrophic collapse of ultrashort pulses,” Phys.
Rev. Lett. 84, 3582-3585 (2000).

1. H. Malitson, “Interspecimen comparison of the refractive index
of fused silica,” J. Opt. Soc. Amer. 55, 1205-1209 (1965).

V. Loriette and C. Boccara, “Absorption of low-loss optical ma-
terials measured at 1064 nm by a position-modulated collinear
photothermal detection technique,” Appl. Opt. 42, 649-656
(2003).

P. Kabaciriski et al., “Nonlinear refractive index measurement by
SPM-induced phase regression,” Opt. Express 27, 11018-11031
(2019).

C.-H. Cheng et al., “Review on optical nonlinearity of group-IV
semiconducting materials,” APL Mater. 7, 081101 (2022).

Q. Sun et al., “Measurement of the collision time of dense elec-
tronic plasma induced by a femtosecond laser in fused silica,” Opt.
Lett. 30, 320-322 (2005).

J. Liao et al., “Time—frequency control of ultrafast plasma gener-
ation in dielectrics,” J. Opt. Soc. Amer. B 31, 2973-2981 (2014).
A. Bogatskaya et al., “An experimental study of multiphoton ion-
ization in fused silica at IR and visible wavelengths,” Photonics
10, 515 (2023).

O. Koritsoglou et al., “Quantitative assessment of femtosecond la-
ser-induced stress waves in fused silica,” Phys. Rev. B 110,
054112 (2024).

Biographies of the authors are not available.

026003-9

Mar/Apr 2026 e Vol. 5(2)


https://doi.org/10.1016/S0924-4247(00)00447-7
https://doi.org/10.1016/S0924-4247(00)00447-7
https://doi.org/10.1016/j.surfcoat.2004.10.094
https://doi.org/10.1016/j.surfcoat.2004.10.094
https://doi.org/10.1016/j.mee.2006.01.029
https://doi.org/10.1016/j.mee.2006.01.029
https://doi.org/10.1016/j.sna.2025.117194
https://doi.org/10.1109/ICEPT47577.2019.245208
https://doi.org/10.1109/ICEPT47577.2019.245208
https://doi.org/10.1039/D2LC00090C
https://doi.org/10.1002/sdtp.13116
https://doi.org/10.1063/1.3479419
https://doi.org/10.1007/s00339-008-4973-5
https://doi.org/10.1126/sciadv.adv4436
https://doi.org/10.1364/OE.549850
https://doi.org/10.1016/j.jnoncrysol.2025.123697
https://doi.org/10.1016/j.phpro.2013.03.135
https://doi.org/10.1016/j.optlastec.2022.108306
https://doi.org/10.1070/QE2013v043n04ABEH015053
https://doi.org/10.1117/12.3051518
https://doi.org/10.1002/lpor.201100031
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/10.1364/OE.16.003604
https://doi.org/10.1139/p05-048
https://doi.org/10.1088/0034-4885/70/10/R03
https://doi.org/10.1016/j.physrep.2006.12.005
https://doi.org/10.1364/OE.422508
https://doi.org/10.1002/adem.202000471
https://doi.org/10.1002/adem.202000471
https://doi.org/10.1364/OL.33.000086
https://doi.org/10.1038/srep27846
https://doi.org/10.1364/AO.506670
https://doi.org/10.3390/ma15082817
https://doi.org/10.1364/OE.454280
https://doi.org/10.1364/OE.454280
https://doi.org/10.3390/mi14091766
https://doi.org/10.3788/COL202523.112201
https://doi.org/10.1364/OL.23.000382
https://doi.org/10.1364/OL.23.000382
https://doi.org/10.1142/9789811279461_0008
https://doi.org/10.1070/PU1966v008n05ABEH003027
https://doi.org/10.1364/OL.20.000073
https://doi.org/10.1016/j.optcom.2006.04.033
https://doi.org/10.1103/PhysRevLett.78.3282
https://doi.org/10.1103/PhysRevLett.84.3582
https://doi.org/10.1103/PhysRevLett.84.3582
https://doi.org/10.1364/JOSA.55.001205
https://doi.org/10.1364/AO.42.000649
https://doi.org/10.1364/OE.27.011018
https://doi.org/10.1063/5.0102342
https://doi.org/10.1364/OL.30.000320
https://doi.org/10.1364/OL.30.000320
https://doi.org/10.1364/JOSAB.31.002973
https://doi.org/10.3390/photonics10050515
https://doi.org/10.1103/PhysRevB.110.054112

