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Femtosecond laser micromachining (FLM) is an effective technique for generating functional surfaces
and microfeatures on glass substrates. However, FLM of glass in ambient air is prone to micro-cracks,
debris, and thermal damage in the machined region leading to poor surface quality. The ambient me-
dium used in FLM significantly affects the quality of the machined surface. In this study, FLM of
glass is carried out in four different ambient media; KOH, HF, DI water, and ethyl alcohol to compare
their effects on the surface quality. The glass substrates were submerged 1 mm below the free surface
of liquid media and 300 pm wide channels were fabricated by scanning the laser beam of diameter 40
pm and 209 fs pulse duration at variable pulse energies. The experimental results show FLM in KOH
solution exhibits better surface quality than HF, DI water, and ethyl alcohol. The surface roughness
values of microchannels obtained in the KOH solution were the minimum, measured to be 1.125 um
at 15 pJ. Microcracks were observed in the other three media which were most prominent in ethyl
alcohol. FLM of glass in KOH is a promising approach for minimizing roughness and thermal damage
without much loss of surface integrity. These findings have implications for the development of glass
microfluidic devices and other applications that require precise and functionalized glass surfaces.

DOI: 10.2961/ilmn.2025.01.2006
Keywords: femtosecond laser, laser surface processing, glass, micromachining, glass microchannels

1. Introduction

A high transparency along with mechanical and thermal
stability make glass a suitable substrate for potential appli-
cations in microfluidics [1], MEMS packaging [2], sensors
[3]. Microchannels are critical components of a microfluidic
system that are used to manipulate tiny amounts of fluids
such as mixing and separation. The flow pattern and pressure
required depend on the roughness of the surfaces of the mi-
crochannels which directly affects the performance of the
microfluidic system [4].

The microchannels in glass are fabricated by various
techniques but fabrication by femtosecond laser typically in-
volves two steps; direct laser writing and chemical etching.
Hong et al. [5] demonstrated laser micromachining of glass
with good surface quality. Bai et al. [6] produced 3D glass
microfluidic channels using fs laser direct writing and wet
etching with HF. Hnatovsky et al. [7] demonstrated the fab-
rication of microchannels in fused silica and BK7 glass by a
femtosecond laser based photoinduced material modifica-
tion followed by selective chemical etching. Lin et al. [8]
fabricated the freeform microchannels of uniform cross-sec-
tion and length in centimeters using direct fs laser writing
followed by selective chemical etching. A similar work was
carried out by Yu et al. [9] for fabrication of low-loss optical
waveguides in fused silica using a spatially shaped femto-
second laser followed by selective chemical etching. The
fabrication of microchannels in glass by a femtosecond laser
followed by post-chemical etching involves two steps and is
time-consuming [10].

The microchannels in glass can be generated by femto-
second laser micromachining (FLM) in a single step. FLM
of glass in ambient air has been reported on depth control of
microchannels [11] but due to brittleness and poor thermal

conductivity, the FLM of glass in ambient air leads to com-
mon defects such as debris, micro-cracks, chippings, and
thermal damage that lead to poor surface quality [5, 12, 13].
Xu et al. [14] demonstrated that the introduction of water in
femtosecond laser direct writing improved the ablation effi-
ciency. The presence of liquid medium above the glass sub-
strate confines plasma-induced ablation, and increases pen-
etration depth into the substrate which in turn improves the
ablation efficiency of the laser [15-17]. However, there is a
limited research reported on the use of different ambient me-
dia on the surface quality of microchannels fabricated by
FLM. The fabrication of microchannels with good surface
characteristics using FLM without chemical etching remains
challenging. This study introduces different liquid media in
FLM to produce microchannels on glass surfaces. The FLM
of glass was carried out under different ambient media, and
a comparative study has been presented to assess the surface
quality of microchannels in KOH, HF, DI water, and ethyl
alcohol.

2. Materials and methods
2.1 Materials

A quartz glass sheet of 0.55 mm thickness was used as a
substrate to ablate the surface with a fs laser using single and
multiple fs pulses. The air and four liquids, viz., KOH, HF,
DI water and ethyl alcohol were used as ambient media. The
glass substrates were first processed with fs laser in ambient
air, and then processed in the other four media to produce
craters, grooves, and microchannels and compare their qual-
ity. The concentration of the chemical etchants was kept con-
stant for all the experiments equal to 50% (w/w). The mate-
rial of the containers used was chemically inert to all the am-
bient media used. The machined glass substrates were
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cleaned with acetone to remove chemicals and contaminants.

2.2 Experimental setup

A femtosecond laser (PHAROS, Light conversion) with
a wavelength of 1030 nm, maximum pulse energy of 200 uJ,
and a pulse duration of 206 fs was used to carry out all the
experiments for producing the craters, single line grooves,
and microchannels on the glass substrate at variable process
parameters. A focusing lens of 122 mm focal length was
used to obtain a beam spot diameter of 40 pm. A 3-axis CNC
stage was used to control the motions and pulse overlaps
along x- and y-directions.
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where, a, and a,, are areas of intersection along x and y-di-
rections respectively, w,, is the beam spot radius, 6, and 6,
are arbitrary variables, Ax and Ay are spot pitch and hatch
distance, respectively i.e. distances between centers of two
adjacent overlapping pulses along x and y-directions, re-
spectively (see Fig. 1 (¢)), v, is scanning speed along x-di-
rection, and f is pulse repetition rate. The percentage of area
overlaps of pulses along the y-axis are 96.82%, 84.13%, and
68.5% corresponding to 1, 5, and 10 um hatch distances, re-
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Fig. 1 a) Schematic of the experimental setup, b) scanning strategy used, ¢) a, and a, are areas of intersection along x and y axes.

The laser beam has a Gaussian profile with an exit diam-
eter of 3.67 mm which was expanded to 9 mm using a vari-
able beam expander (as shown in Fig. 1 (a)). A DC-powered
mini-centrifugal pump was used to constantly supply liquid
which was uniformly spread, by a rectangular splitter con-
nected to the circular pipe of the pump, in the form of a thin
layer over the glass surface subject to direct laser ablation. A
constant and uniform flow of the thin layer of the liquid me-
dium over the glass substrate was maintained. The sub-
merged sample was irradiated with a femtosecond laser to
produce single and multi-pulse craters, and grooves, and mi-
crochannels using multiple scans. Two different features
were produced by scanning the laser in different media.
Grooves were generated by scanning the laser beam at a con-
stant scan speed of 10 mm/s, pulse repetition rate of 200 kHz
and varying pulse energy from 15 to 40 uJ. Microchannels
were produced using multiple scans with hatch distance var-
ied from 1 to 10 um. All the experiments were carried out
under room temperature and pressure of 25°C and 1 atm re-
spectively.

2.3 Scanning method

The laser beam was scanned along the x-axis and fed
along the y-axis at variable hatch distance to produce micro-
channels on glass substrates (see Fig. 1 (b)). The fractions of
area overlap of pulses along x and y-directions are defined
as ¢, and ¢,,, which can be computed from the following

equations (see Fig. 1 (¢)),
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spectively. The area overlap is a key parameter that has a
direct impact on the depth of the craters and grooves. The
hatch distance, which is the distance between the centers of
two scans along y-axis, was varied from 1 to 10 um to pro-
duce different microchannels of 300 pm width under differ-
ent ambient media.

2.4 Characterization

The quality of micromachined surfaces was quantified in
terms of the average roughness value Sa, the presence of mi-
crocracks at the edges, and the presence of thermal damage
along the edge of the microchannel. An optical microscope
(Zeta, Model 20) was used to measure the depth, width, and
profile of the craters and microchannels. The roughness of
the bottom surface of microchannels was measured using an
optical microscope. Further scanning electron microscopy
(Zeiss Ultra 55) was used to closely examine the surface and
edge quality, microcracks, debris, and thermal damage in the
microchannels fabricated in KOH solution and other liquid
media (as shown in Fig. 11 below).

3. Results and discussions

The preliminary experiments of single and multi-pulse
ablation were conducted on a glass substrate in the ambient
air and other ambient media to study, and compare the vari-
ation of the crater depth and width with laser fluence and
overlap ratio. The working fluence for the fabrication of the
grooves using single and overlapping lines was selected
from the defect parameters. The selected process parameters
were used for the micromachining of glass under different
ambient conditions and comparison of results.

3.1 Single and multi-pulse ablation in ambient air
The glass samples were irradiated with femtosecond la-
ser pulses using a wide range of pulse energy. The width of
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the crater increased with the increasing number of pulses
from 1 to 500 at a constant pulse energy of 200 uJ (see Fig.
2) and pulse energy from 20 to 200 pJ at a constant number
of pulses (see Fig. 4). The increase of pulse energy well
above multipulse-threshold fluence resulted in a greater in-
crease in depth than in width which can be observed in the
profile curves of craters (as shown in Fig. 3 (a) and (b)). Fur-
ther, double-line groves were engraved on the glass using a
laser spot diameter of 40 pm and fluence level from 1.2 to
3.98 J/cm? obtained from single and multipulse ablation ex-
periments in ambient air. At higher fluence above 3.98 J/cm?,
the chipping and microcracks were observed, along the edge
of the grooves similar to those observed in craters, due to the
high -temperature gradient between irradiated volume and

Fig. 2 Microscopic images of craters at different pulse number
and a constant pulse energy of 200 pJ.

a) by
Fig. 3 a) Effect of the number of pulses each with energy of 200
W on crater profiles, b) effect of pulse energy as a burst of five
pulses on crater profiles.

surrounding material. The laser fluence in the range of 1.2-
3.98 J/cm? was used for further experiments using multiple
scans.
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Fig. 4 Microscopic images of craters at different pulse energies at
a constant pulse number of 5.

3.2 Effect of liquid medium in FLM

The quartz glass sample was submerged 1 mm below the
thin layer of the liquid medium flowing at a constant rate of
240 ml/min. The submersion of the sample under a thin layer
of liquid resulted in the change of the position of the laser
focal spot due to refraction. Subsequently, the laser beam
undergoing refraction causes a shift in focal spot by a depth
é for a low intensity and thin layer of liquid [13]. The ap-
proximate shift (&) of the laser focal spot, into the substrate
submerged at a very small depth /4 in the liquid (see Fig. 5
(b)), is computed from the following equation derived from
Snell’s law,
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Fig. 5 Effect of ambient media on the position of focal spot a) air
b) KOH, c) fs laser micromachining of glass in liquid medium.
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where, n; and n, are refractive indices of liquid and air, re-
spectively. The approximate shift of focal spot was 0.407
mm corresponding to 1 mm thick layer of the liquid above
the glass surface. The absorption of the laser energy in the
liquid results in the formation of vapor and cavitation bub-
bles which are carried away by the flowing liquid layer. A
major part of the incident laser energy penetrates the glass
substrate and results in optical breakdown. At higher fluence,
a plasma is generated near the glass-liquid interface and is
followed by the generation of the shockwaves [16] (see Fig.
5 (c) above). The pressure of shock waves results in the for-
mation of a thin and hard densified silica layer in the craters
and grooves [18]. The densified silica in the craters and
grooves gets dissolved in the flowing liquid. However, the
solubility of the densified silica depends on the type of am-
bient medium and its concentration. In addition, the temper-
ature of the irradiated and localized volume in the glass in-
creases drastically which greatly affects the solubility of the
densified silica in the liquid medium. As a result, the densi-
fied silica layer in the craters or grooves gets partially or
fully dissolved and carried away by the flowing liquid. The
resulting craters or grooves are free of debris as compared to
those obtained in the ambient air.

3.3 Crater profiles in ambient air and KOH

The multipulse ablation experiments were carried out to
analyze the effect of ambient air and 50% (w/w) KOH solu-
tion at constant laser parameters. The craters were produced
by using a burst of 500 pulses each with an energy of 200 pJ
and pulse width of 206 fs. The etching rate of the KOH so-
lution increases with the temperature of the irradiated vol-
ume [19]. The temperature of the irradiated and localized
volume in the glass rises drastically which triggers the rapid
etching without any external heat source. As a result, the
densified silica layer in the craters or grooves gets dissolved
in and carried away by the flowing KOH solution.

In addition to this, etching with KOH has high resistance
to thermal damage and cracks [20]. As a result, the crater
produced in the KOH solution has a higher depth with min-
imum thermal damage around the edge (see Fig. 7). On the
other hand, a haze band due to loss of transparency is formed
around the edge of the crater formed in the air (as highlighted
in Fig. 6) while in KOH no haze band is observed.
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Fig. 6 SEM images of FLM surfaces obtained in (a) air
(b) 50% KOH.
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Fig. 7 Surface profiles of craters generated in air and
KOH using 10 pulses each with an energy of 200 pJ.

3.4 Overlapping grooves in KOH

The two overlapping single-line grooves were produced
at a variable hatch distance of 1-10 pum by irradiating glass
substrate in KOH solution. The maximum pulse energy was
selected at 40 pJ to minimize thermal damage to the edges
of the grooves. The pulse energy was varied in the range of
15-40 pJ to study the effect of overlap and fluence on the
depth and width of the microchannels. The silica rich white
bands were formed along the length of channel at a hatch
distance of 10 um and area overlap of 68.5%. In this case, a
shallow channel was produced. The effect of area overlap in
terms of hatch distance on the surface and edge quality of
grooves produced by two overlapping scans, is shown in Fig.
8. The microgrooves were deepest and narrowest corre-
sponding to 1 um hatch distance and an area overlap of
96.82%. The depth and width of all the groves increased
with increasing fluence and subsequently, the aspect ratio
also increased with fluence for a given overlap ratio (see Fig-
ures 9 (a) and (b)).

Fig. 8 Double-scanned grooves produced at hatch distances of
1,5 and 10 pm along the width.
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Fig. 9 a) Depth of grooves created by overlapping of two scans
at different hatch distances, 1, 5, and 10 um, b) width of grooves
created by overlapping of two scans at different hatch distances
of 1,5, and 10 um.

3.5 Fabrication of microchannels in different media
Based on the results obtained from the overlapping of
two lines as discussed in section 3.4, a hatch distance of 5

Fig. 10 Microchannels fabricated in
different ambient media.

2 2 ; I ip.m

Fig. 11 SEM images of microchannel fabricated in KOH.

um and an area overlap of 84.13% was selected for a mini-
mum taper and smooth surface of grooves. The microchan-
nels of a constant width of 300 pm were fabricated at a con-
stant hatch distance of 5 um and variable pulse energy from
15 to 40 pJ to study the effect of fluence in different liquid
media; KOH, HF, DI water, and ethyl alcohol. The high-in-
tensity femtosecond pulsed laser with IR-wavelength of
1030 nm, generates localized heating and ionization through
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Fig. 12 a) Profile curves for microchannels in different media, b) Roughness of bottom surface of microchan-

nels for different ambient media.

non-linear absorption in glass. KOH and HF are good chem-
ical etchants for glass. When both of these etchants are in-
troduced in direct laser ablation, the etching rate of glass in-
creases rapidly due to localized heat generation in the ab-
sorbed volume. As a result, material removal takes place in
a controlled manner in both the etchants. The channels pro-
duced in KOH were free of microcracks due to high crack
resistance and laser damage threshold of KOH [20]. On the
other hand, DI water, and ethyl alcohol are non-reactive to
glass. The introduction of these two media in direct laser ab-
lation removes the silica-rich ablated material and dissipates
the localized heat generated in the glass. However, the mi-
crocracks at the edges and surface or subsurface damages
were observed in the microchannels fabricated in HF, DI wa-
ter, and ethyl alcohol (see Fig. 10). The SEM image at high
magnification showed that there was no evident defect in the
microchannels fabricated in the KOH solution (see Fig. 11).

The profile of the microchannel obtained in the KOH so-
lution is more uniform and straight as compared to that in
other three media (as shown in Fig. 12 (a)). The roughness
of the surface obtained in different ambient media increased
with increasing fluence and was found to be minimal in the
KOH solution (see Fig. 12 (b)). The higher damage re-
sistance of KOH solution produced defect-free microchan-

nels in the glass with good overall surface and edge quality
[21].

Conclusions

This study presents a comparative analysis of the surface
quality of microchannels fabricated on glass under various
ambient media using femtosecond laser micromachining.
The experimental results demonstrate that micromachining
in a KOH solution improves the surface quality of glass with
edges free from laser-induced defects. The optimal surface
roughness of 1.125 um was achieved at a fluence of 1.2
J/em? and a hatch distance of 5 um in 50% KOH solution.
The work highlights KOH’s superior potential for enhancing
glass damage resistance compared to the more commonly
used HF etchant. Additionally, the overlap ratio of laser
pulses plays a critical role in reducing surface roughness,
which can be further minimized to submicron levels through
careful optimization of laser parameters. The findings under-
score the importance of selecting appropriate media and la-
ser parameters to achieve optimal results in femtosecond la-
ser micromachining.
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