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Abstract: Timely repair of fused silica damage ensures the stable operation of high-power laser
systems. In the traditional repair process, the material nearby the damaged area is gradually ablated
with CO2 or femtosecond laser. Subsequently, homogenization and residual stress removal are
required because of the microcracks and thermal accumulation generated with the ablation. As
a result, the repair efficiency is greatly restricted. In this paper, a new method using in-volume,
selective femtosecond laser-induced etching to repair the damage of fused silica is proposed. The
region irradiated by femtosecond laser becomes more susceptible to the etching solution due to its
constitutive characteristics having undergone chemical restructuring. In this way, material nearby the
damaged area transparent to the laser radiation is modified locally inside the volume. A femtosecond
laser is used to scan the damaged area with a 3D hollow trajectory. The applicable modification of
fused silica occurs when the single pulse energy is approximately 2 µJ to 5 µJ, the repetition frequency
is approximately 200 kHz to 500 kHz, and the scanning speed is approximately 10 mm/s. Then, the
etching solution reacts quickly along the 3D profile of the modified path, and the damaged area is
removed as a whole piece. This method can greatly reduce the workload of repair, and the etching
process of fused silica is carried out synchronously. So, the etching efficiency is not affected by the
number of damage points. In addition, the weak reaction between the etching solution and the
substrate could homogenize the interface. It provides an efficient way to repair the surface damage of
fused silica.

Keywords: damage repair; modification; selective femtosecond laser-induced etching

1. Introduction

Fused silica is an important component of large high-power laser devices and electro-
optic information systems [1,2]. Surface damage frequently occurs in the process of high-
throughput operation. The damage point will expand dramatically if it is not repaired in
time, which will degrade the property of the fused silica and even damage other compo-
nents [3,4]. The optical element can be repaired by removing the damaged point and the
surrounding material. This will ensure the economical and stable operation of the device.
Traditional damage repair methods mainly include CO2 laser ablation and femtosecond
excision. The material around the damage point is vaporized using the focal point of the
CO2 laser [5–8] or femtosecond laser [9,10]. The scanning track of the focus point has to fill
up the area gradually and completely. Thus, processing efficiency and heat accumulation
become thorny issues. Fused silicon possesses high transmittance, and it is a kind of friable
material. Microcracks and residual stresses are found on the acting surface after the ablation
process. A smoothing operation is required with CO2 laser. That is, parameters need to be
reset, or the light source needs to be replaced using traditional damage repair methods. For
the most part, the number of damage points is large. The efficiency will be greatly affected,
so it is urgent to develop a new and efficient repair method.

Selective femtosecond laser-induced etching has been widely adopted in the three-
dimensional processing of various materials, especially for brittle materials such as fused
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silica [11–17]. Femtosecond laser modification by irradiation is the first step in this method.
In this case, the irradiation energy is below the ablation threshold. The properties of irradi-
ated materials have changed. Compared with the unirradiated area, the modified materials
can be more easily etched using an acid or alkali solution, so that the modified material
is removed with an etching solution while the substrate material is maintained. It means
that we can realize the processing of three-dimensional topography by controlling the laser
scanning trajectory. The laser energy used for material modification is relatively smaller
than ablation, which partially avoids microcracks in the processing of brittle materials.
Researchers have applied this method to the fabrication of micropores, microfluidics, mi-
crochannels, etc. [18–21]. The etch selectivity ratio of the modified area to the non-modified
area can be as high as 1000:1 [12]. It should be noted that the etching solution will cause a
certain weak etching in the material substrate, which just homogenizes the laser irradiation
interface. The effect of the interface smoothing plays a positive role in improving the
processing quality of selective femtosecond laser-induced etching. Therefore, it is suitable
for arbitrary 3D microfabrication processing of brittle materials.

In this paper, we have proposed a new method for the repair of fused silica damage,
which has several advantages in comparison with traditional methods. The influence of
femtosecond laser parameters, displacement system parameters, and the etching solution
ratio was studied to obtain the optimized repair quality and efficiency. Femtosecond
laser scanning is used to modify the three-dimensional contour of the area around the
damaged points, and then an etching solution is used to remove the modified materials in
the damaged point area. In the traditional repair process, the material nearby the damaged
area is ablated with CO2 laser bit by bit. We redesigned the removal path based on the
selective femtosecond laser-induced etching technology, which would improve the repair
efficiency. The damage point is located on the surface of the element. In the process of
femtosecond laser modification, only the side and bottom surfaces around the damage point
need to be covered by the focus scanning track. The modified area forms a box covering the
damage point area as a whole. Multiple damage points can be treated synchronously during
the etching process. The increase in the number of damage points will not affect work
efficiency. When the number of damage points is large, the efficiency advantage is more
obvious than that of traditional methods. Another advantage is that the particular weak
etching reaction on the substrate material, which synchronously completes the interface
smoothing, omits the secondary treatment process used in the traditional method. We
also present results of the effect of laser processing parameters such as single pulse energy,
repetition frequency, and scan speed on etching depth and surface morphology. Therefore,
based on the characteristics of the femtosecond laser of low energy and high power, the
rapid scanning modification brings a new and efficient method for repairing the surface
damage points of fused silica components.

2. Materials and Methods
2.1. Experimental Samples

As the typical transparent medium material, quartz glass has been widely used as
substrate material for optical elements. In general, glass whose main component is SiO2
could be collectively called quartz glass, mainly including fused quartz and doped quartz
glass. For fused quartz, the melting temperature is about 1700 ◦C. This experiment used
Corning 7980 fused silica material, and its basic performance parameters are shown in
Table 1.

Table 1. The main properties of the fused quartz glass used in the experiment.

Density
(g/cm−3)

Knoop Hardness
(kg/mm2)

Young’s Modulus
(GPa)

Shear Modulus
(Gpa)

Bulk Modulus
(Gpa)

2.2 522.0 72.7 31.4 35.4
Unless otherwise stated, all values @ 25 ◦C.
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2.2. Principle

Fused silica is a kind of transparent dielectric material with very stable chemical
properties, which generally did not react with an acidic or alkaline solution. However, after
being irradiated by femtosecond laser, the properties of fused silica changed. The immedi-
ate expression was that it easily reacted with hydrofluoric acid or potassium hydroxide.
Whether the material was ablated or modified was determined by the flux of femtosecond
laser irradiation. For material removal, the minimum flux value that is sufficient to over-
come the sum of the binding energy and ionization-potential energy of ions in the lattice is
considered the threshold flux [22]. The ablation threshold of the laser on the material is
such that, under a certain laser flux, the lattice of the material is unstable and the structure
is destroyed [23]. The ablation threshold of femtosecond laser is proportional to the square
root of the pulse width in the long pulse range [24,25]. The fused silica is ablated when
the irradiation energy is greater than the ablation threshold. There will be microcracks
left on the interface due to its frangibility. However, the femtosecond laser flux used for
material modification is relatively small and has little impact on the surrounding area. It
is suitable for the high-precision processing of hard and brittle materials because of its
relatively mild processing.

Matsuo et al., found that the stable fused silica will change into an amorphous form
after irradiating by laser. The chemical bond angle (144◦) of Si-O-Si decreases due to the
change of material state and density. The valence state of oxygen ions in them changes,
which increases its chemical reactivity with acid. Therefore, the selectivity of chemical
etching appears between the modified and unmodified materials [26,27]. The main chemical
reactions between the hydrofluoric acid etching solution and the fused silica are:

≡ Si−O− Si ≡ +H+F→≡ Si−OH+ ≡ SiF→ SiF4 ↑ +H2O (1)

Hydrofluoric acid is widely used in various research areas and industries [28,29].
However, the safety and environmental protection of hydrofluoric acid is demanding
because of its volatile and highly toxic properties. In recent years, it has been found that a
potassium hydroxide solution can also be used for the optional etching after modification. In
addition, the etching selectivity of potassium hydroxide is higher than that of hydrofluoric
acid, so it is a better etching solution. Photoluminescence and confocal Raman spectra
of the modified fused silica were studied. Kiyama et al. found that the formation of a
silicon-rich structure SiOx (x > 2) is the main reason that potassium hydroxide has better
etching efficiency than that of hydrofluoric acid [30,31]. This structure more easily reacts
with potassium hydroxide. The chemical reactions involved were:

≡ Si−O− Si ≡ +OH− →≡ Si−OH+ ≡ SiO− → SiO3+H2O (2)

2.3. Methods

The damage points on the surface of fused silica were repaired using the selective
femtosecond laser-induced etching. There were two steps to complete the repair process.
The first step was to modify the materials around the damage point. The femtosecond
laser is focused on the interior of the transparent substrate. The material at the focal
position was modified. We designed the scanning path of femtosecond laser to improve
the overall efficiency. As the focus shifted, the modified area gradually expanded into a
hollow three-dimensional geometry in which the central position was the damage point. In
this way, it would reduce the amount of scanning compared to the point-by-point ablation
of traditional methods. The size of the geometry was determined according to the size of
the damage point. The next step was etching to remove the materials around the damage
point. All of the fused silica was immersed in the etching solution. Because the modified
material had a faster reaction rate than the unmodified material, the etching solution would
permeate along the modified trajectory and eventually surround the damage point. The
damage point was broken off from the fused silica as a whole. When there were a lot of
damage points, the modification process was completed successively. However, the etching
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process was simultaneous no matter how many damage points there were. That is, this
method had more advantages when there were many damage points.

The schematic diagram of the whole repair process is shown in Figure 1. The wave-
length of the femtosecond laser is 1030 nm, the pulse width of 290 fs, and the repetition
frequency range of 50 kHz to 500 kHz. The fused silica sample is polished on four sides,
which is convenient for observing the modification and etching effect from the side. The
geometric dimensions are 4 mm × 6 mm × 50 mm. The femtosecond laser was focused
into the sample using a microscope objective. The samples were placed on a high-precision
XY plane displacement table, and the microscope objective for focusing moved along the
Z-axis. Thus, the three-dimensional scanning of femtosecond laser inside the sample was
realized using the plane motion of the sample and the vertical motion of femtosecond laser.
In this way, the material around the damage point of the sample could be modified by
irradiation. After the modification, the sample was immersed in a potassium hydroxide
solution to etch the modified materials. Finally, the samples were washed with alcohol and
ultrapure water.
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Figure 1. Schematic diagram of the repair process with a femtosecond laser. (a) The three-dimensional
scanning path of modification; (b) etching and cleaning.

The influence of the femtosecond laser parameters, displacement system parameters,
and etching solution ratio was studied. In the course of the experiment, the comparison of
samples morphology was taken using an optical microscope (5X, 50X) and a laser confocal
microscope. The optical microscope observes the surface morphology. The laser confocal
microscope can conduct nondestructive scanning imaging of three-dimensional structures,
which is more conducive to observing the etching depth, material morphology changes, and
so on. The potassium hydroxide solution with a mass fraction of 58% was used for etching,
and the commonly used hydrofluoric acid solution with a mass fraction of 5% was used
as the control group. The samples were ultrasonically cleaned with alcohol, acetone, and
ultrapure water after etching. The etching rate of the substrate was obtained by comparing
the weight of the unmodified fused silica sample before and after etching. It was found that
the etching rate in the hydrofluoric acid solution and the potassium hydroxide solution was
about 2 µm/h and 1 µm/h, respectively. This is less than one-thousandth of the thickness
of the substrate material, so it can be ignored.
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3. Results and Discussion
3.1. The Femtosecond Laser Modification Repair of Damage Point

The damage points of the fused silica had been modified and etched as shown in
Figure 2. The morphology of a typical damage point is shown in the insets of Figure 2a.
The top view shows that its horizontal dimension is about 1.5 mm, and the side view shows
that its depth is about hundreds of microns. It is an irregular pit with some cracks around it.
These damage points on the optical components were irreversible. At present, the general
method is to remove the materials around it to prevent it from expanding rapidly. We
proposed repairing the damage points using selective femtosecond laser-induced etching.
The rest of Figure 1a shows the modified fused silica, which is the first step of the repair
process. Here, we show two typical examples. It can be found that each damage point
is surrounded by a hollow geometry, which is translucent. These were formed by the
scanning track of the femtosecond laser focus in modification. The middle cylinder has a
circle radius of 1 mm and a height of 500 µm. The right rectangle has a side length of 2 mm
and a height of 500 µm. This means that different modification trajectories can be preset
according to the size and shape of the damage point. Figure 2b shows the fused silica that
had been etched. It could be found that the damage point had been successfully removed
from the substrate.
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Figure 2. (a) Microphotograph of the damage point after modification; (b) photograph of fused silica
after repair.

3.2. Femtosecond Laser Parameters

In this experiment, the wavelength of the femtosecond laser is 1030 nm, the energy
variation range of a single pulse is 1 µJ to 10 µJ, and the repetition frequency range is
50 kHz to 500 kHz. We scan the line on the surface of fused silica at a constant speed
(10 mm/s). The line is 2 mm long and about 10 µm wide. The fused silica after scanning
at varied levels of single pulse energy and repeat frequencies of the femtosecond laser are
shown in Figure 3. The scanning lines of various parameters were obviously different. It is
found that when the single pulse energy was low (<2 µJ) or the repetition frequency was
small (<100 kHz), there was a slight trace of modification on the sample, as shown in the
microscope picture of Figure 3b. On the contrary, when the laser single pulse energy is too
high (>10 µJ), the fused silica was ablated with violent splashing, as shown in Figure 3c.
These results show that for the given scanning speed, the modification of fused silica is
possible only for the single pulse energy and repeat frequency within a certain range;
furthermore, the highest laser flux for modification corresponds to the optimum processing
speed. Figure 3d shows the microscope photos of the uniform modification effect when
the single pulse energy is approximately 5 µJ and the repetition frequency is 200 kHz. It
can be clearly seen that the modified part shows brighter colors than the surrounding area,
and it is a continuous scanning line with uniform line width. There were a few splashing
attachments on both sides. After many experiments, it is confirmed that the modification
of fused silica occurs when the laser parameters are in an appropriate range. The single
pulse energy is approximately 2 µJ to 5 µJ, and the repetition frequency is approximately
200 kHz to 500 kHz.
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3.3. Scanning Speed in Modification

The scanning speed is adjusted by the three-dimensional motion platform. Laser
scanning speed was a key factor in judging the efficiency of the sample modification. In
order to study the effect of the laser scanning speed on the modification effect of fused
silica, the modified lines were set at different scanning speeds when the laser single pulse
energy was 5 µJ and the repetition rate is 200 kHz. The effect of scanning speed on sample
modification efficiency was obtained by observing and comparing the modification effect
of samples obtained using different parameter combinations. Figure 4 shows the modified
morphology obtained using different parameter combinations. As shown in Figure 4, when
the scanning speed is less than 10 mm/s, the surface roughness and the edge collapse
around the scanning line will increase as the scanning speed decreases. This is because
when the scribing speed is low, the energy per unit area irradiated by the laser pulse on the
surface of the material is high, which easily causes ablation and melting, the heat affected
area is large, and there are many splashes, as shown in Figure 4a. When the scanning speed
is 10 mm/s, the section roughness and the edge collapse of the glass reach the minimum,
as shown in Figure 3c. When the speed is greater than 10 mm/s, the energy radiated by the
laser pulse on the unit area of the material surface is low, resulting in the discontinuity of
the scanning line area, as shown in Figure 4b.

3.4. Etching Solution

The fused silica samples were modified with the optimized femtosecond laser param-
eters and scanning speed. Then the modified samples were etched with hydrofluoric acid
and potassium hydroxide solutions, respectively, and their etching rates were compared
and analyzed. The top view and three-dimensional morphology of the sample before
etching are shown in Figure 5a. The modified track is distributed along the femtosecond
laser scanning line. There are molten splashes around the modified area, and the initial
depth of the modified area is about 2 µm. It presents a bright optical waveguide under
the illumination of the optical microscope. There are some fine particles with the same
color beside that area, which seem to pollute the surface of the substrate. The top view
and three-dimensional morphology of the sample after etching by hydrofluoric acid are
shown in Figure 5b. We found that the modified material had been completely etched, and
the nearby fine particles were also taken away. The depth of the modified area was about
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30 µm after etching with hydrofluoric acid, and 500 µm when etched with the potassium
hydroxide solution, as shown in Figure 5c.
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4. Conclusions

In this paper, a composite repair method of femtosecond laser three-dimensional
modification combined with alkali selective etching is proposed, providing a new and
efficient way to repair the damaged points of fused silica. The femtosecond laser selective
etching technology is applied to repair the damaged points on the surface of fused silica, and
the materials around the damaged points are modified with relatively small femtosecond
laser energy, instead of being directly ablated by the carbon dioxide laser, so as to avoid
microcrack damage to the substrate materials. 3D contour scanning is used instead of point-
by-point scanning, which greatly reduces the workload and heat accumulation during
laser scanning and maximizes the modification effect to achieve high repair efficiency. We
chose a safer potassium hydroxide etching solution that has a higher etching selection ratio
and homogenization effect on the interface of the repaired area. Through femtosecond
laser selective etching technology, the material in the damaged area is removed, and the
femtosecond laser repair of the damaged point of fused silica is realized. The influence
of femtosecond laser single pulse energy, repetition frequency, and scanning speed on the
modification effect of fused silica was analyzed, and the etching rate of modified fused
silica using a hydrofluoric acid solution and a potassium hydroxide solution was compared.
The relevant results have reference significance for the repair of fused silica damage and
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machining of hard and brittle materials. In the future, we will focus on optimizing the
shape of the repair track with this method to further improve the repair efficiency, to
increase the damage threshold, and to reduce the impact of the repairing on the optical
performance of the original element.
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