Liu et al. Light: Science & Applications (2021)10:162
https://doi.org/10.1038/s41377-021-00596-5

Official journal of the CIOMP 2047-7538
www.nature.com/Isa

REVIEW ARTICLE Open Access
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hard materials: challenges, solutions and
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Abstract

Laser has been demonstrated to be a mature and versatile tool that presents great flexibility and applicability for the
precision engineering of a wide range of materials over other established micromachining techniques. Past decades
have witnessed its rapid development and extensive applications ranging from scientific researches to industrial
manufacturing. Transparent hard materials remain several major technical challenges for conventional laser processing
techniques due to their high hardness, great brittleness, and low optical absorption. A variety of hybrid laser
processing technologies, such as laser-induced plasma-assisted ablation, laser-induced backside wet etching, and
etching assisted laser micromachining, have been developed to overcome these barriers by introducing additional
medium assistance or combining different process steps. This article reviews the basic principles and characteristics of
these hybrid technologies. How these technologies are used to precisely process transparent hard materials and their
recent advancements are introduced. These hybrid technologies show remarkable benefits in terms of efficiency,
accuracy, and quality for the fabrication of microstructures and functional devices on the surface of or inside the
transparent hard substrates, thus enabling widespread applications in the fields of microelectronics, bio-medicine,

photonics, and microfluidics. A summary and outlook of the hybrid laser technologies are also highlighted.

Introduction

Transparent hard materials, including diamond, sap-
phire, and glass, are a special group of materials that allow
light to pass through without energy loss from scattering
or absorption. Excellent properties, such as high hardness,
high chemical stability, and wide-band transparency,
make these transparent materials attractive in varieties of
particular applications ranging from industry, scientific
research to daily life'~”. On the other hand, these prop-
erties also make them difficult to be processed mechani-
cally or chemically. It is a long-time technical challenge on
how to find suitable engineering tools to fabricate devices
and structures precisely on these transparent hard
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substrates, especially at the microscale. Laser processing is
a light-energy-based engineering technology that has been
widely used for cutting, drilling, marking, welding, surface
patterning, and structuring of almost all kinds of mate-
rials® '*. The wide applications of laser processing can be
attributed to its various distinct advantages in terms of
high efficiency, simple process, and non-contact
nature'”>™*°, With the unique properties of high coher-
ence and directionality, the laser beam can be focused
locally to a small spot size typically down to sub-micron
scale, enabling material processing and high-quality
device fabrication at micro and nano-level of accu-
racy’"**. However, there are technical challenges on how
to process transparent hard substrates precisely for con-
ventional laser engineering: (1) It is generally known that
effective laser processing requires a strong absorption of
laser energy. Some of the transparent hard materials have
large bandgaps at a broadband wavelength range from UV
to mid-infrared (IR). It is difficult to accumulate adequate
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energy for laser ablation or modification because a small
amount of pulse energy is absorbed directly; (2) Most
transparent materials, such as sapphire and diamond, are
extremely brittle and hard to work with. Laser thermal
effect and shock wave interaction can induce large tem-
perature gradients and localized mechanical stress.
Therefore, stress-induced cracks are easy to develop on
the surface or inside the substrate during laser processing.
How to prevent or reduce crack formation is one of the
key challenges for high-quality laser processing; (3) laser
processing for the fabrication of functional devices like
optical and microfluidic components often requires a low
roughness and high accuracy, which raises a great chal-
lenge to the laser processing on how to achieve roughness
down to optical quality; (4) low efficiency of point-to-
point laser ablation is another factor that inherently limits
its practical applications, in particular for transparent
materials with low energy absorption.

A variety of techniques have been developed to address
these challenges and provide lots of practical solutions
for high quality and high precision laser engineering of
transparent hard materials. The simplest method is the
direct laser ablation. Because the materials are trans-
parent to convenient laser wavelengths, this direct
ablation method requires special lasers which are high
absorptive to the substrate materials via either linear or
nonlinear absorption. For the linear process, laser
wavelengths should be beyond the transparency window,
such as UV, VUV, mid-IR, and far-IR lasers**~>°, For the
case of nonlinear process, ultrafast lasers are required to
generate extremely high peak intensity which can induce
nonlinear effects, such as multiphoton ionization and
absorption®’ !, In order to overcome the issue of low
energy absorption of long pulse lasers at visible and NIR
regions, a variety of hybrid laser processing techniques,
like laser-induced backside, laser-induced plasma-assis-
ted ablation (LIPAA)®?, and laser-induced backside wet
etching (LIBWE)??, have been developed by introducing
additional absorbing media, such as liquids, plasmas, and
solid absorber layers. Absorption of the incident laser
energy can be significantly enhanced, allowing the widely
used industrial available lasers for efficient processing of
transparent hard materials. In addition, the hybrid laser
processing which combines different processes, such as
laser-assisted milling®*, laser modification followed by
wet or dry etching, and laser processing with multiple
lasers®>®¢, offers a promising alternative for surface
microstructure, even allowing three-dimensional (3D)
structures fabrication inside glass substrates. Currently,
these novel hybrid laser techniques have been widely
applied to laser micro/nano-processing of transparent
hard materials, which finds increasing applications in the
fields of microelectronics, bio-medicine, optoelectronics,
and mechanical engineering.

Page 2 of 23

There have been several review articles available on the
topic of ultrafast laser processing®*”%, ultrafast laser
micromachining of transparent materials®***~*!, laser
cutting of glass*’, and direct laser writing for surface
micro/nano-structuring and functional micro-devices
fabrication'?>*%, This review will focus on the hybrid
laser processes for the precision engineering of transpar-
ent hard materials. An overview of the characteristics and
the recent advancement of these hybrid laser technologies
are presented. How these technologies are utilized to
address the challenges faced in the laser processing of
transparent hard materials and the physical processes
behind them are systematically analyzed. The applications
of these hybrid processes in both fundamental research
and industrial fields are discussed. Finally, a summary and
outlook of these technologies are highlighted.

Laser-induced plasma-assisted ablation
Characteristics and methodology of LIPAA

Most laser machining processes are realized via laser-
induced ablation, where the laser energy interacts with the
substrate and leads to the removal of substrate materials.
Therefore, it is crucial that laser energy is absorbed ade-
quately by the substrate for effective laser ablation.
However, it is difficult to meet this requirement for
transparent materials due to their high transparency. To
overcome this challenge, Zhang et al.>* proposed a LIPAA
process, where plasmas generated from the interaction
between an incident laser and a metal target are utilized to
enhance the laser absorption of quartz material. This
technique is applicable to all transparent materials.
Figure 1 shows a schematic of the LIPAA setup, which
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Fig. 1 Schematic of LIPAA setup. The setup mainly consists of a
laser, a transparent substrate and a target. The laser beam passes
through the the transparent substrate and irradiates on the target
which is located behind the transparent substrate. The target is highly
absorptive to the laser energy and laser action on the target surface
can induce an amount of plasma. The plasma fly towards the rear
surface of the substrate at a high speed and assist laser ablation. d is
the distance between the transparent substrate and the substrate
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consists of a laser, a substrate, and a target. The substrate
must be transparent to the laser wavelength. The laser
beam, at a laser fluence below the substrate ablation
threshold, can pass through the transparent substrate, and
then irradiates on the target which is located behind the
transparent substrate at a distance of d. As the target is
highly absorptive to laser energy, laser action on the target
surface can induce a high-temperature and high-pressure
plasma, which flies forward the rear surface of the sub-
strate at a high speed. Strong interactions among laser,
target plasma, and substrate, and target materials
deposition take place at the rear surface and lead to
absorption enhancement to the incident laser energy. As a
result, although the laser fluence is lower than the abla-
tion threshold of the transparent hard substrate, localized
laser ablation can be achieved at the rear surface with the
assistance of the laser-induced plasmas. The target-
substrate distance d is a critical factor that has great
impacts on the processing parameters, such as ablation
rate and ablation width. With the increase of the distance
d, the target plasma takes a longer time to reach the
substrate with lower kinetic energy. Generally, the abla-
tion rate decreases as the d increases due to the weaker
plasma assistance®>****, The ablation width may decrea-
ses or increases depending on the laser fluence and pro-
cessing parameters*>~*®, For actual applications, the
distance d is typically from 0 to a few millimeters
depending on the laser fluence, pulse width, and
requirement of ablation resolution. In addition to solid
targets, laser-induced plasma in liquids can also be used
to process transparent materials*’. Different from LIPAA
using solid targets, the transparency of liquid materials
allows laser processing from the front surface.

There are unique advantages to the LIPAA in the
micromachining of transparent hard materials. First,
due to the absorption enhancement, this technique is
capable of ablating transparent materials effectively
using conventional visible or IR lasers. Second, the use of
laser-induced plasma causes a reduction of ablation
threshold®®, allowing us to use relatively low laser energy
for precision engineering. Therefore, LIPAA can give rise
to the cost reduction of equipment and operation and
reduce the risk of micro-cracks formation owing to less
heat accumulation. Third, the laser process efficiency and
productivity can be greatly improved due to the low
ablation threshold and the assistance of laser-induced
plasma. A comparative study shows that the processing
time of LIPAA is reduced up to 84% compared with the
direct laser ablation®’.

LIPAA has been extensively studied for microstructures,
micro-patterns, and optical devices fabrication on a vari-
ety of transparent substrates, including glasses, quartz,
and sapphire. Metals and semiconductors, such as copper
(Cu)*®, silver (Ag)*®*, aluminum (A1)***°, sapphire
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powder”", silicon (Si) and distilled water are used
as target materials. The most common light sources used
in LIPAA are nanosecond pulse lasers with wavelengths
ranging from UV to IR. Femtosecond laser LIPAA is also
reported for micro/nano-processing of transparent
materials**>*, The use of femtosecond laser delivers more
advantages and is capable to achieve even higher quality
and lower roughness microstructures fabrication. Table 1
provides a summary of LIPAA studies for different
transparent hard substrates using different lasers and
targets. The details of these studies are discussed in the
following sections.

Dynamic process and physical mechanisms of LIPAA
LIPAA is a highly dynamic process. In a time scale of
nanoseconds, there are laser-target interaction, plasma
generation, ablation of a target, target material deposi-
tion, and complicated interactions among plasma, laser,
and substrate. LIPAA process starts with the absorption
of photons by the target material, followed by the heating
and photoionization of the irradiated area by the laser
beam. Subsequently, the laser-induced plasma is released
from the target together with solid particles, vapors, and
liquid drops. The physical process behind the laser-
induced plasma varies from material to material. Most of
LIPAA processes use metal materials as the target. In
metal, there are a large number of free electrons avail-
able. The laser energy is absorbed by free electrons
through the inverse bremsstrahlung mechanism. As free
electrons are excited, the collision rate increases, and the
energy is transferred from the excited electrons to lattice
phonons. When the lattice temperature is high enough,
melting, vaporization, and plasma expansion occur. The
plasma may be generated through several different
mechanisms depending on laser parameters. For nano-
second laser irradiation with intensity < 10® W/cm?, the
dominant mechanism of the laser-induced plasma is
thermal vaporization, whereas for femtosecond laser
with intensity >10'®W/cm?, the main laser-induced
plasma mechanism is non-thermal Coulomb’s explo-
sion®®. For laser intensity between 10% and 10 W/cm?,
both two mechanisms contribute to the laser-induced
plasma. When dielectric targets are used, the laser energy
first causes ionization and liberates electrons in the
materials. Taking distilled water as an example, for
nanosecond laser pulses, the generation of free electrons
is initiated by collisional or multiphoton ionization.
Once free electrons are available, avalanche ionization
dominates the ionization process. For ultrashort laser
pulses (picosecond and femtosecond), multiphoton
ionization plays the dominant role®®. The generated
plasma further interacts with the incoming laser and
results in the inverse bremsstrahlung absorption
which causes the isothermal expansion of the plasma.
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.Table 1 Summary of LIPAA studies on different transparent hard materials
Substrates Laser wavelength and pulse Targets Applications References
duration
Fused quartz 266 nm, 6 ns Stainless steel Micro-grating structures 2
248 nm, 34 ns Stainless steel 304 Micro-grating fabrication ol
532 nm, 6 ns Ag Micro-grating structures and micro- 8
hole drilling
266 nm, 532 nm, and Ag Surface structuring and channel drilling  *°
1064 nm, 6 ns
1064 nm, 5ns Si Ablation >
Pyrex glass 266 nm, 532 nm, and Ag Micro-grating structures and channel — *°
1064 nm, 6 ns drilling
532nm, 6ns Ag Micro-grating structures and micro- 8
hole drilling
Glass substrates 532nm Al, Si, SiC, Cu Surface printing and marking °0
248 nm, 34 ns Cu, Al Color marking and metal film 26

Silicate glass

Soda-lime glass

Matsunami glass slides

775 nm, 180fs; 532 nm, 500 ps;
532nm, 9ns

1064 nm, 100 ns
1064 nm, 100 ns
248 nm, 23 ns; 532nm, 6ns

Al, Cu, Pb30,, Cr,03, and Cu
(C55H45CINg)

Graphite
AISIiC, Al alloy
Si, Cu, and Ag

deposition

Color marking

Electrofluidic devices
Microfluidic devices

Micro-patterning and color marking

65

66

46

60

68

Sapphire 1064 nm, 150 ns Ni-coated steel
800 nm, 50fs Si
800 nm, 50fs Cu
1064 nm, 1-5ns Cu

CaF, 248 nm, 20 ns Brass

Alumina ceramic 532nm, 8 ps Distilled water

Diamond 532nm, 8 ps

Distilled water

LED wafer scribing

Microstructures fabrication s

Optical devices fabrication o4

Ablation and Metallization &

Microstructuring 6

Fabrication of micro-channels 47,53

Fabrication of micro-channels 183

The expansion plasma reaches and interacts with the
rear surface of the substrate.

Transient phenomena of the interaction between laser-
induced plasma and transparent substrate were studied
using double-pulse femtosecond laser irradiation®”. A
femtosecond laser beam (775 nm, 180 fs, 1 kHz) is divided
into two beams. The first beam generates plasma from a
Cu target, and the other one is used for substrate ablation.
The study shows that the ablation depth of the second
beam is highly dependent on the time delay between
the two pulses at a fixed target-to-substrate distance, and
the moment of maximum ablation depth varies from the
target-to-substrate distance. As shown in Fig. 2a, the
ablation depth reaches the maxima at the delay time of 1,
3, and 6 ns for different target-substrate distances of d =
0, 30, and 70 pum, respectively. This phenomenon is
attributed to the influence of laser-induced plasma.

The plasma interacts with the substrate at the rear surface
and enables a transient absorption enhancement, which
has been verified by transient absorption measurement”®
shown in Fig. 2b. The absorption enhancement takes
place with a delay after the laser pulse strikes the tar-
get®”*®. When the time delay of the second pulse is tuned
to synchronize with the moment of the absorption
enhancement, the maximum ablation depth is observed.
The mechanism behind the transient absorption
enhancement was also investigated®®. High energy ions in
laser-induced plasma play the most important role.
Plasma-conductivity measurement (Fig. 2c) reveals that
ions in the plasma with energy above the critical kinetic
energy can excite electrons and generate excited states
inside the transparent substrate, resulting in a transient
strong absorption of the incident laser and a significant
increase of laser ablation.
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Fig. 2 Studies of the dynamic process of LIPAA. a Dependence of ablation depth on delay time between the 1st and the 2nd pulses for target-to-
substrate distances of 0, 30, and 70 um®’. b Transient absorption enhancement of the substrate due to the laser-induced plasma at laser fluences of
27 and 4.3 J/cm?. The target-to-substrate distance is 12 mm>®. ¢ Plasma-conductivity signal observed in fused silica irradiated with an F, laser,

indicating that electron-hole pairs are formed?®. d Optical emission spectra during the KrF excimer LIPAA of fused quartz at a target-to-substrate
distance of 1.02 mm and a laser fluence of 2.6 J/cm?. At the first pulse, the quartz spectral line intensity is almost zero, indicating there is no laser
ablation of the substrate®. Figure a reproduced with permission from ref. >/,2005 Elsevier BV. All rights reserved; b, ¢ from ref. °®, © 2006 American
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Figure 3 summarizes the dynamic process of LIPAA.
When a laser pulse strikes the target, the pulse energy is
absorbed and therefore heats the target surface. Subse-
quently, the heating effect causes localized melting and
vaporization. The induced pressure wave leads to the
ejection of a small volume of materials from the target
surface in the form of plasma, particles, vapors, and
liquid drops, which is known as laser ablation. High-
speed ions in the ejection then collide with the rear
surface and interact with the substrate. When the ion
kinetic energy is above 10 eV, the interaction can induce
electron-hole pairs on the substrate and causes the
absorption enhancement. A few hundred picoseconds
are needed for the plasma generation and electron
excitation, and it also takes a few nanoseconds, typically,
between zero to tens of nanoseconds depending on the
target-substrate distance, for the ions to reach the sub-
strate at a speed around 10* m/s”*°. Thus, the ablation
mechanism of LIPAA can be divided into two basic types
depending on whether the laser interacts with the
plasma. First, when a long pulse laser is used (typically,
>10ns) and the target-substrate distance is small

(typically, <200 pm), the pulse duration is larger than the
time of plasma generation and plasma flight. There is an
overlap between the later part of the pulse and the time
for absorption enhancement originated from the laser-
induced plasma. The laser energy is strongly absorbed by
the rear surface and ablation occurs there (Fig. 3c1, d1).
Second, if the pulse duration is short or the target-
substrate distance is large, e.g., t =23 ns, d = 1.02 mm in
reference®, the arrival of the laser-induced plasma at the
substrate backside surface is after the laser pulse termi-
nates. There is no overlap between the laser pulse and
the absorption enhancement. The first pulse passes
through the substrate without ablation due to inadequate
laser energy absorption, as shown in Fig. 2d. In this case,
the study on optical emission spectra shows that laser
ablation still can be achieved by the subsequent pulses®.
The plasma can generate micro-defects and deposit
target materials on the substrate backside, which serves
as new laser energy absorption centers. The absorption
enhancement from the micro-defects and deposition
eventually results in the backside ablation of the trans-
parent substrate.
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Fig. 3 Schematic illustration of LIPAA process. a Heating effect of the laser irradiation causes localized melting and vaporization. b The laser-
induced melting and vaporization lead to the ejection of target materials. €1, d1 Casel: there is an overlap between the later part of the pulse and
the time for absorption enhancement originated from the laser-induced plasma. Laser ablation occurs due to strong absorption enhancement at the
rear surface. €2, d2 Case 2: there is no overlap between the laser pulse and the absorption enhancement. The absorption enhancement from the
micro-defects and deposition results in the ablation by subsequent pulses

c1:Absorption enhancement due to Ablation of substrate
electron excitation
c2: Micro-defects formation and

particles depositing on the backside

Nanosecond laser LIPAA and its applications

The most commonly used lasers for LIPAA are nano-
second lasers attributed to their remarkable advantages
like cost-effectiveness, low maintenance requirement, and
high reliability over picosecond and femtosecond lasers.
However, the long pulse duration leads to the continuous
heating of the target material. The laser energy spreads by
heat conduction to a large area outside the laser spot,
causing the target to boil and evaporate. Boiling and
evaporation of the target material lead to the production
of large particles and even bulky target materials, which
deposit on the rear surface of the transparent substrate.
As a result, the LIPAA processed surface is much rough
due to the non-uniform deposition. Another shortcoming
is that it is difficult for the nanosecond laser LIPAA to
fabricate deep structures. This is because the processed
area becomes rough and opaque once a layer is removed
from the surface. Thus, the laser transmittance drops, and
the LIPPA effect becomes weaker. A variety of nanose-
cond laser sources, such as excimer, solid-state, fiber
lasers, and their frequency-converted lasers, with wave-
length range from deep UV to IR, have been applied to the
LIPAA process. There are various practical applications of
this high-quality LIPAA method for microstructuring,
surface micro-patterning and marking, micro-hole dril-
ling, and precise cutting of transparent hard materials.

One of the primary applications of LIPAA is laser
microstructuring and patterning by selectively ablating

the rear surface of substrates. It was first demonstrated on
fused quartz substrate by the fourth harmonic of an Nd*:
YAG (266 nm) laser®”. The substrate was easily etched by
the laser beam with the assistance of the laser-induced
plasma, although it is transparent to the laser wavelength.
A fine grating structure with a line spacing of 20 um
without any severe damage was fabricated. Then this
technique was extended to other transparent substrates
like silicate glass, soda-lime glass, and calcium fluoride
(CaF,), and extensively studied for different micro-
structures and patterns fabrication®®***%°!,  Micro-
structuring of spiral, relief “I” shape and 3D pyramid
structure on glasses have been demonstrated by adjusting
laser scanning mode using the second harmonic of an
Nd": YAG laser (532 nm)***°. High-quality micro-grating
with a 1.06 pm period and a 300 nm depth have been
fabricated on quartz substrate using a phase mask through
precise control of laser parameters®, as shown in Fig. 4a.
The feasibility of micro-channel fabrication on soda-lime
glass was also demonstrated by taking advantage of
LIPAA and chemical corrosion®, which provides an
effective method to fabricate glass microfluidic devices. In
many applications, it is important to control the feature
sizes of the microstructures. A number of laser processing
parameters, such as target-substrate distance, laser flu-
ence, scanning speed and pulse number affect the LIPAA
process. Studies on the parameters’ influence show that
ablation rate, structure depth, and width are highly
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Fig. 4 Microstructuring of transparent substrates by LIPAA.

a AFM images of a grating fabricated on fused silica using a KrF
excimer laser and a phase mask®®. The grating shows a period of
1.06 um and a clean and well-defined structure without any severe
damage. b Two microfluidic device patterns fabricated on soda-lime
glass substrate by LIPAA®, scale bar: 150 um. Figure a reproduced
with permission from ref. 2°, ©Springer-Verlag 2003, and b reproduced
with permission from ref. *°, ©2016 Elsevier BV. All rights reserved

: 32,44,46,60,62
dependent on these processing parameters .

Thus, the microstructure feature sizes can be precisely
controlled by optimizing the processing parameters for
high-quality and precise microstructures fabrication.

By means of computer-aided design to control the laser
scanning patterns, the LIPAA process can serve as a
flexible printer, printing any patterns on transparent
substrate surfaces. Laser printing of texts, characters, even
pictures on glasses has been demonstrated”®**>%%3%
where the patterns are produced by either the ablation of
the substrate or deposition of the target materials on the
substrate backside surface. Laser printing of a Chinese
poem on a glass substrate by LIPAA has been demon-
strated, as shown in Fig. 5a°°. The LIPAA processed areas
exhibit an opaque pattern and produce excellent contrast
on the transparent substrate. When colorful targets are
used, LIPAA offers an alternative process for high-quality
and high visibility color marking on a transparent sub-
strate. Black, white and red color drawings were also
printed on glass substrates using different target mate-
rials, including SiC, Al, and Cu, respectively®’. The effect
of target-substrate distance on color tones was studied,
where it is found that the color tones of the LIPAA
induced marking can be controlled by adjusting the
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target-substrate distance. By using colorful metallic
compounds as targets, such as Pb3O, Cry,O3, and Cu
(C35H15CINg), laser marking of red, green, and blue
colors on silicate glass substrates have also been
demonstrated®, as shown in Fig. 5b. Further studies of
the parameters’ influence suggest that strong adhesion
can be achieved by using long-duration pulses at a short
target-substrate distance.

Careful control of the LIPAA processing parameters
can enable thin metal film deposition, which offers a
promising technique for metalized structures formation
on transparent substrates. Hong et al. have demonstrated
the feasibility of this method to fabricate electronic cir-
cuits on glass substrates using metal target materials*®°.
The circuit was then used as an electrode to perform
electroplating experiments, and it can be converted into
copper patterns by electroplating coating using CuSO,
solution. The combination of the LIPAA process and
electroplating is capable of fabricating micro-electronics
devices on transparent substrates. An example is shown
in Fig. 6°°, where a Ni-patterned electrofluidic device is
fabricated by LIPAA combined with electroplating. In
this study, electroplating can significantly enhance the
conductivity and adhesive strength of the electrode. The
conductivity of the metal film generated by LIPAA has
been systematically investigated**®”. The resistivity is
highly dependent on the LIPAA processing parameters,
such as scanning speed, target-substrate distance, repe-
tition rate, and laser fluence, which means that the
resistivity can be precisely tuned by adjusting the pro-
cessing parameters.

LIPAA can be also applied for transparent substrate
scribing and cutting. Sapphire is widely utilized in various
industries, including LED manufacturing and smartphone
fabrication. UV nanosecond lasers (355 or 266 nm) and
ultrashort lasers are often used to cut or scribe sapphire
substrates. Owing to the unique effect of the laser-
induced plasma, LIPAA makes it possible to use con-
ventional IR or visible nanosecond pulse lasers for
sapphire cutting and machining®®. These widely used
lasers in the industry certainly can enhance advanced
manufacturing of next-generation functional devices on
transparent hard materials.

Femtosecond laser LIPAA and its applications

In general, femtosecond lasers have extremely high peak
power and short pulse duration, which offers the advan-
tage of high precision processing with minimized heat-
affected zones®®*®, For the case of femtosecond laser
LIPAA, as discussed above, micro-defects and particle
deposition produced on the transparent substrate back-
side surface play a dominant role in the absorption
enhancement and laser ablation. The target material is
able to be directly evaporated into vapor from the
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Fig. 5 Laser printing and color marking of transparent materials by LIPAA. a Microscopy images of a Chinese poem printing on glass
substrate®’. b Laser color marking on silicate glass substrates using different targets of PbsO, for red, [Cu(Cs,H,sCINg)] for blue, Cr,O5 for green, Al for
white, and Cu for brown®”. Figure a reproduced with permission from ref. °°, © (2001) Copyright Society of Photo-Optical Instrumentation Engineers

solid-state owing to the extremely high pulse peak power.
Such solid-to-vapor phase transition involves the creation
of high-energy plasma species following a rapid expan-
sion. This rapid process can produce a much stronger
plasma with higher kinetic energy, smaller size particles,
and fewer molten materials than nanosecond lasers®’.
Therefore, the use of femtosecond pulses can produce
higher quality, more uniform micro-defects, and particles’
deposition with less thermal damage to the substrates.
Studies have confirmed that the femtosecond laser LIPAA
offers significant advantages in terms of debris, cracks,
and surface roughness*>**, There are two main short-
comings of the femtosecond laser LIPAA: (1) High cost of
laser equipment and maintenance compared to nanose-
cond lasers. (2) The high surface quality is achieved at the
cost of ablation rate. Therefore, femtosecond LIPAA is
suitable for the fabrication of precision microstructures
on transparent substrates.

An example of femtosecond laser LIPAA is demon-
strated in work®®, where dual femtosecond laser beams
were used to overcome the problem of high roughness of
direct laser ablation. In this design, one laser beam is
focused onto a Cu target to generate plasmas and nano-
particles. The other beam is used for the ablation of the
transparent hard substrate. Comparative studies show

that such femtosecond laser LIPAA not only increases
ablation rate but also significantly reduces the processing
roughness. The ablation rate of the dual-beam femtose-
cond laser LIPAA can be increased by 47.5% than that
using single-beam. In terms of processing roughness, the
surface roughness generated by nanosecond laser LIPAA
is around 100 nm®, while the femtosecond laser LIPAA
can realize a much lower roughness, down to 18.1 nm.
The low roughness is able to meet the roughness
requirement of optical components for visible light
applications (Ra < A/20). Fabrication of diffractive optical
elements has been demonstrated on sapphire substrates
by the femtosecond laser LIPAA, as shown in Fig. 7. The
fabricated Dammann grating and orbital angular
momentum (OAM) generator exhibit well-defined geo-
metries and excellent diffraction performance. The
modulation efficiency of the Dammann grating and the
OAM generator were greatly improved from 41.5% and
39.1% (single-beam ablation) to 85.7% and 92.3%,
respectively, by the dual-beam LIPAA>*,

Another example of the femtosecond LIPAA was
demonstrated in Fig. 8*°. It is found that the femtosecond
LIPAA is able to overcome the problem of micro-crack
formation on the sapphire substrate during the laser
processing owing to low thermal conductivity and the
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Fig. 6 Demonstration of micro-electronics devices fabricated by combining LIPAA and electroplating®®. a Graphite patterns fabricated by
LIPAA, and b, ¢ Ni patterns coated by electroplating. d Resistivity of the graphite and Ni patterns. Reproduced with permission from ref. ©, © 2017
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high linear thermal expansion coefficient of sapphire.
Since laser fluence has a great effect on the ablation rate,
the ablation rate can be precisely controlled to match the
substrate movement speed, which allows the laser abla-
tion of sapphire at a critical laser fluence slightly above the
ablation threshold. Such critical laser fluence can effec-
tively avoid crack formation. Crack-free and taper-free
microstructures with an aspect ratios greater than 10 were
fabricated on sapphire substrates, as shown in Fig. 8a.
This method is also used to fabricate a variety of other
functional microstructures, which are difficult to be
achieved by other methods due to the hardness and fra-
gility of the substrate (Fig. 8b—d). The structures’ surfaces
exhibit no obvious cracks and debris, indicating that the
quality is much higher than that of micro-channels and
holes fabricated by nanosecond laser LIPAA*®*,

Laser-induced backside wet etching
Characteristics and methodology of LIBWE

LIBWE is another hybrid laser micromachining tech-
nique, which takes advantage of liquid to enhance the
absorption of transparent substrates. In such a technique,

a highly absorptive liquid is in contact with one side of the
transparent substrate and a laser source irradiates from
the other side. The laser beam is focused onto the solid-
liquid interface after passing through the substrate. The
temperature at the interface increases rapidly due to the
absorption enhancement of the absorptive liquid, which
leads to a significant reduction of the ablation threshold.
The effect of LIBWE on the ablation threshold has been
studied in works’®”!. The threshold fluence of quartz is
reduced to 0.5 J/cm? using a solution of pyrene in acetone
(concentration, 0.4 M/L) from 20 J/cm? under direct laser
irradiation”’. A study on water-assisted femtosecond laser
processing also shows that the ablation threshold of fused
silica is reduced from 2.22 to 1.02J/cm? with the assis-
tance of distilled water’'. Removal of the substrate
material may occur through several different processes
including material softening, transient high pressure,
thermoelastic stress, and shock wave generation. In
addition to absorption enhancement, the liquid absorber
also plays an important role in heat dissipation and taking
away debris produced during the laser etching. LIBWE is
first demonstrated by H. Niino’s group for the



Liu et al. Light: Science & Applications (2021)10:162 Page 10 of 23

Dammann grating OAM generator

-

Microscopic
image

Theory

Dual-beam
LIPAA

Single-beam
ablation

Fig. 7 Optical components fabricated by dual femtosecond laser beam LIPAA. a, e Microscopic images of a Dammann Grating and an OAM
generator fabricated on sapphire. b, f Theoretical simulation of the diffraction pattern of the Dammann Grating and OAM generator. ¢, d Measured
diffraction patterns of the Dammann Grating fabricated by dual-beam LIPAA and single-beam femtosecond laser ablation, respectively. g, h Measured
diffraction patterns of the OAM generator fabricated by dual-beam LIPAA and single-beam femtosecond laser ablation, respectively>. Reproduced
with permission from ref. **, © 2020 Optical Society of America

Fig. 8 Microstructures fabricated in sapphire by femtosecond laser LIPAA**. a Taper-free, high-aspect-ratio (>10) deep micro-channel. b Single
micro-column. ¢ Trapezoid micro-channel. d Micro-column array. Reproduced with permission from ref. *> © 2020 Elsevier Ltd. All rights reserved
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micromachining of fused silica using an organic liquid, ~MgF,”’, using different liquid absorbers, such as hydro-
pyrene/acetone solution®®. It has been extensively inves-  carbon solvents, organic solutions, metal salt, liquid
tigated on various substrates, such as fused silica, soda- metal, inorganic compounds solved in organic solvents,
lime glass’>”?, quartz crystal’®, sapphire’*’®, CaF,”’, and  and even water’"’®”°, Table 2 summarizes the studies of
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Substrate materials Laser wavelength and Absorptive liquid Fabricated structures and References
pulse duration applications
Fused silica 248 nm, 30 ns Pyrene/Acetone solution Grating microstructures 3
351 nm, 30ns Pyrene in acetone, tetrachloroethylene, or  Laser etching 2
toluene
248 nm, 30 ns Pyrene/Acetone solution Micro-trench 83
248 nm, 25 ns Mercury Laser etching of groove %2
248 nm, 20 ns Liquid gallium Laser etching of micro-pits o318
266 nm and 355nm, 10ps  Toluene Micro-grooves &
248 nm, 30 ns The naphthalene-1,3,6-trisulfonic acid Periodic line and grid patterns %
trisodium salt
308nm, 20 ns Pyrene/Acetone solution Micro-etching of grating %
structures
Silica glass 800 nm, 120fs Distilled water 3D micro-holes 8

Foturan glass

800 nm, 40 fs
800 nm, 120fs
1045 nm, 457 fs

Distilled water
Distilled water

Distilled water

3D mciro-channels
3D microfluidic chips

Glass microfluidic structures

Opto-mechanical modulators

Laser etching and cutting
Micro-channel fabrication
Fresnel lens

Micro-lens array

Laser etching and cutting
Periodic gratings

Laser patterning, grating

100

98

185

73

101

70

84

74

82

75

Alumino-borosilicate glass  n.s, 250fs Water
Soda-lime glass slide 1064 nm, n.s. CuSO,
Quartz 355nm, 30 ns Toluene
248 nm and 308 nm, 30 ns Pyrene/acetone solution
308 nm, 30 ns and 200 ns Pyrene in tetrahydrofuran
Sapphire 1064 nm, 100 ns CuSOy4
266 nm, 150 ps Chlorobenzene
248 nm, 30 ns Solution of pyrene/acetone or neat
toluene
CaF, 248 nm, 30 ns Pyrene in acetone, tetrachloroethylene or

cyclo-hexane

structures

Laser etching 7

n.s. not specified

LIBWE on different materials and makes a comparison in
terms of the laser wavelength, pulse duration, absorptive
liquid, and applications.

Table 2 indicates that most studies of LIBWE use
nanosecond lasers. Because it is difficult for nanosecond
laser to directly process transparent hard materials,
additional assistance, i.e., absorptive liquid is introduced
to enhance the laser energy absorption and reduce the
threshold fluence. In addition, lower cost of equipment
and maintenance, higher reliability of the nanosecond
lasers compared to ultrafast lasers (picosecond or fem-
tosecond laser) are also important factors for the choice of
the laser source, which is similar to the LIPAA process.
Some of the studies used ultrafast lasers under the con-
sideration of low heat affected zone, high resolution, and
high surface quality®*~®. Table 2 also shows that the laser

wavelength used in the LIBWE process ranges from VUV
to near IR.

Several physical mechanisms have been suggested to
explain the LIBWE process depending on the liquid
absorber used. The authors’ research group conducted an
experimental study on the LIBWE by using aqueous
copper sulfate (CuSO,) solution as an absorber’®. A two-
step model, as shown in Fig. 9, was proposed to describe
the etching mechanism. The first step is the deposition of
copper on the glass surface due to a photochemical pro-
cess upon laser irradiation. It is followed by the second
step of absorption of the laser energy by the deposited
copper, resulting in melting and removal of the glass
materials. Studies on cavitation bubble dynamics show
that bubbles are favorable to the decomposition of CuSO,,
the material removal, and supplying fresh solution to the
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Fig. 9 Proposed mechanism of LIBWE using 1064 nm laser and CuSO, solution as the liquid absorber
b Copper deposition on the backside of the glass. ¢ The deposited copper absorbs the laser energy and heats up the immediate glass region.
d Removal of the molten substrate. Reproduce with permission from ref. ”*, © Springer-Verlag 2008
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substrate surface for further etching progress’***. For the
case of hydrocarbon solvents or solutions, the physical
process has been discussed®***°, At the liquid—solid
interface, laser energy is strongly absorbed by a thin liquid
layer that is contacting with the transparent substrate
surface. The liquid temperature rises dramatically and
heats the nearby solid surface, which causes a localized
softening even melting of the substrate material when the
temperature is high enough. Meanwhile, high tempera-
ture and high-pressure bubbles are generated in the
boiling liquid due to the superheated liquid. The bubbles
expand rapidly and induce strong mechanical effects at
the solid-liquid interface, resulting in the removal of the
softened substrate materials from the backside surface. In
addition, the laser-induced decomposition of the organic
molecules and the carbon deposition on the substrate
surface also affect the etching process by changing the
physical and chemical properties of the solid-liquid
interface®®*>*!, For the case of liquid metals like gal-
lium and mercury’>*?, the LIBWE is a thermal process
comprising of laser heating of liquid, heat transfer to the
transparent substrate, and removal of molten and/or
evaporated substrate, which is similar to using

hydrocarbon solvents or solutions. However, it does not
involve the decomposition process due to the pure liquid
metals.

Optimization of LIBWE: toward high etching rate and high
surface quality

As a hybrid laser processing, LIBWE makes use of highly
absorptive liquid to enhance absorption, allowing the well-
defined microstructuring of transparent materials at a rela-
tively low laser fluence using a simple setup. For practical
applications, it is important to precisely control the etching
rate and surface quality. A large number of factors and
parameters are involved in the LIBWE process including
liquid properties, solution concentration, scanning speed,
and laser fluence®. Careful optimization of processing
parameters leads to the precision laser engineering of
transparent hard materials toward a high etching rate and
high surface quality. First, the property of the liquid absorber
is a critical factor that greatly affects laser energy absorption
and material removal. The etching rate and surface quality
vary from different liquids. Usually, the etch rate of fused
silica ranges from a few nm to tens of nm per pulse using
pyrene-doped hydrocarbon solution”>®, Niino et al.*
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demonstrated that the etch rate of pure toluene is about 30%
higher than that obtained in a pyrene-doped acetone solu-
tion at a concentration of 0.4M at the same condition.
Higher etch rates of LIBWE have been observed using liquid
metal as the absorber’>®?. Etch rate above 600 nm/pulse is
achieved, which exceeds the etch rate using organic absor-
bers by more than 10 to 100 times, meanwhile maintaining a
smooth and high-quality surface. Another factor affecting
the etch rate is the solution concentration. Higher solution
concentration has a larger absorption coefficient, leading to
a larger etching rate®’”. The etch rate also has a strong
dependence on laser fluence’****** and grows almost lin-
early with laser fluence. It can be tuned over a wide range
from a few ns/pulse to above 600 nm/pulse by adjusting the
laser fluence from 0.5 to 8J/cm” . Comparative study of
LIBWE using different wavelengths shows that short-
wavelength has a higher etch rate’®®’. The etch rate with
A =266 nm is approximately about 5 times higher than with
A =355nm at the same condition, which can be attributed
to the higher absorption coefficient of the liquid at a shorter
wavelength.

On the other hand, high-quality laser processing often
requires a relatively low etch rate. As discussed above,
etch rate varies greatly with solution concentration and
laser fluence. Low etch rate and nanometer-scaled depth
control can be achieved by applying a low laser fluence or
a low solution concentration. The etch rate can be
reduced from 25 to 5nm/pulse when laser fluence
decreases from 1300 to 400 J/cm? 33, and it can be further
reduced to below 1 nm/pulse by decreasing the solution
concentration®*”?, The obtained surface roughness varies
from 50 to 500 nm depending on the laser fluence’® and
more precise control of etch rate allows higher quality
with surface roughness below 5 nm”**>. Another example
of a high-quality etching process was demonstrated in
work”®, where a novel aqueous solution of Np(SO;Na);
was used as the liquid absorber. Zimmer et al. presented a
new LIBWE process at a very low etch rate by controlling
the thickness of an adsorbed toluene layer””. The thin
adsorbed layer is formed from an ambient vapor phase.
The limited thickness of the adsorbed layer causes the
ablation rate saturation and leads to a low etch rate of
1.3 nm/pulse. The etched surface structures show well-
defined edges and low surface roughness down to 0.4 nm
(RMS). The effect of cavitation bubbles on the surface
quality of LIBWE has been studied in work™. The
decrease of the gap between the transparent substrate and
a confined plate (from 10 mm to 0.43 mm) can increase
the bubble lifetime and enhance the liquid convection,
which leads to the improvement of surface quality.

Applications of LIBWE
LIBWE has been used in a broad range of applications
relating to the microprocessing of transparent hard
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Fig. 10 Applications of LIBWE. a Different shapes were cut out from
a 1-mm-thick glass substrate’®. b High-aspect ratio (up to 60) trench
fabricated on silica glass®™. ¢ SEM picture of a cylindrical structure
etched into fused silica employing contour mask technique in
conjunction with backside etching. The micro-roughness of the
surface is below 10 nm RMS at a tech depth of more than 50 pm’”.
d Quartz micro-lens array fabricated by LIBWE®*. Figures reproduced
with permission from (a) ref. ”*, © 2020 Elsevier Ltd; b ref. ®', Copyright
(©)2005 The Japan Society of Applied Physics; ¢ ref. % ©2002 Elsevier
Science BV. and d ref. °, ©2007 IOP Publishing Ltd.

materials: (1) Drilling and cutting. A 1-mm-thick soda-
lime glass slide is able to be cut through by a convenient
1064nm laser using an aqueous CuSO, solution
absorber”?. Figure 10a shows various shapes which were
diced out from the glass slides by the LIBWE without
suffering any significant cracking. The feasibility of 3D
drilling has also been demonstrated by femtosecond laser
LIBWE’®%, The use of distilled water greatly enhances
the removal of the debris and redeposition generated by
laser ablation, allowing high-aspect-ratio 3D micro-holes
fabrication inside transparent materials. (2) Micro-
structuring and patterning. In industrial applications, wet
etching and plasma etching are the most common
methods used in the microstructuring of transparent hard
materials. However, both methods require the compli-
cated procedures of patterning and photolithography.
LIBWE offers an alternative method to fabricate micro-
structures/patterns on transparent materials with a single-
step process. Defined line-and-space, microfluidic chan-
nel, grid and grating structures/patterns by LIBWE have
already been demonstrated’>5"29+969%190 The profiles
of the fabricated structures show sharp edges and smooth
surfaces without debris and micro-cracks. The capability
of deep microstructures’ fabrication enables wide appli-
cations in the manufacturing of microfluidic channel and
high-aspect-ratio trenches®*>'°°~'2 as shown in Fig. 10b.
(3) Micro-optical elements fabrication. Fabrication of
these optical structures requires surface roughness < 1/20.
As shown in Fig. 10c, nanometer-scaled depth control and
smooth surface make the LIBWE method capable of
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directly delivering the required quality without the need
for post treatment’’. The fabrication of Fresnel lens’®,
random phase plate’®, micro-lens array (Fig. 10d)**, and
relief grating®>°> has been demonstrated on different
substrates like fused silica and sapphire. The surface
roughness below 5 nm”>”” is good enough to enable their
practical uses in optical and photonic components.

Etching-assisted laser micromachining
Basic principles and characteristics

When conventional laser processing is applied to
transparent hard materials, the low accuracy and poor
surface roughness largely limit its applicability in optical
device fabrication. It is also a great challenge for direct
laser processing to realize internal material removal for
3D volume structures’ fabrication. Etching-assisted laser
micromachining, which combines the advantages of
ultrafast laser machining and wet or dry etching, is con-
sidered a potential technology to overcome these chal-
lenges. Irradiation of focused ultrafast laser pulses can
induce a variety of phase and structural modifications
depending on laser fluence and material properties,
leaving behind a permanent change in the refractive index
or even the material component'®*™%, The laser mod-
ification leads to local enhancement of etch rate and
facilitates material removal of the modified region under
the subsequent etching process. This preferential ablation
rate, combined with laser beam scanning in a spatially
selective manner, makes it possible to fabricate well-
designed 2D even 3D structures on the surface or inside
the transparent hard materials. Table 3 provides a sum-
mary of the experimental reports on the etching-assisted
laser micromachining technology. Both surface and
internal laser processing have been extensively studied
for the fabrication of a variety of structures and devices,
such as 3D micro-channels, micro-lens array, optical
waveguide, and integration of multiple components in a
single substrate.

Owing to the wide bandgap, the high absorption of light
in transparent materials must be nonlinear (or multiphoton
absorption) because there are no allowed electronic tran-
sitions at the low single-photon energy'®”'®®. For such
multiphoton absorption to occur, a typical laser intensity in
the order of 10" W/cm?® is required®®'%”. This extremely
high intensity is generally achieved by tightly focusing an
ultrafast laser. Physical processes underlying multiphoton
absorption and laser modification have been discussed in a
number of works'*”'%°~" When an ultrafast laser pulse
with high peak intensity is focused on a transparent mate-
rial, the excitation of electrons from the valence band to the
conduction band is initiated through multiphoton ioniza-
tion and laser pulse energy is partially transferred to the
electrons. The nonlinearly excited electrons are further
excited through phonon-mediated linear absorption until
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they have enough kinetic energy to excite avalanche ioni-
zation®”*®, The highly excited electrons thermalize with the
ions and modify the material permanently. The regimes of
laser modification are highly dependent on the laser fluence
and degree of the electron’s excitation. When the laser
fluence is below the self-focusing threshold, non-damage
energy depositions with smooth bond energy change can be
observed''>''?, Most of the non-damage energy depositions
can lead to the refractive index change of the transparent
materials, either positively or negatively''*™''°. By further
increasing the laser fluence, a wide variety of phase and
structural changes occurs, such as crystalline-to-amorphous
phase transition®, the formation of nanovoids, and periodic
nanogratings'*>'*!, and nanocrystallization'**, After the
laser modification, an etching process is performed to
selectively remove the modified areas. Both wet and dry
etching-assisted laser micromachining of transparent hard
materials have been demonstrated®>'%*'%,

Characteristics of etching-assisted laser micromachining
technology

The etching-assisted laser micromachining technology
is applicable to almost all transparent materials. Among
these, glasses and crystals are commonly used as the
substrate materials owing to their high purity and large
transparency range. Various micro-devices and compo-
nents have been demonstrated using glasses and crystals
including Foturan glass, sapphire, fused silica, and
yttrium aluminum garnet (YAG), as summarized in
Table 3.

There are three unique advantages of such an etching-
assisted laser micromachining method. First, a prime
advantage of this method is the capability of internal laser
fabrication on transparent materials, which is a great
challenge for other technologies. Second, this method
presents high resolution and high surface quality. The
combination of a threshold effect of the nonlinear
absorption and the negligible thermal diffusion of ultrafast
laser pulses enables sub-wavelength resolution which is
beyond the diffraction limit'*****, In addition, the surface
quality can be further improved by the polishing of the
subsequent etching process. Typical surface roughness of
~100nm after laser direct ablation can be reduced to
below 40nm by wet or dry etching processing'*>'%°,
Third, the laser modification process based on selective
laser writing overcomes the need for high-cost masks and
complicated lithography procedures*?’, which make this
method much simple and cost-effective than the con-
ventional lithographic technique. With these advantages,
the etching-assisted laser micromachining method is
capable of fabricating complex 2D/3D microstructures
with high surface quality on transparent hard materials by
a simple process. The researches on this technique mainly
focus on the two directions, towards high-quality surface
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Table 3 Experimental reports of the etching-assisted laser micromachining technology on different transparent hard

materials
Substrate materials Etching process Laser wavelength and pulse Fabricated structures and applications References
duration

Sapphire Wet 800 nm, 220 fs 3D micro-channels %
Wet 400 nm, 120fs Fresnel zone plate 125
Dry 800 nm, 100 fs Artificial compound eyes 133
Dry 790 nm, 120fs Blazed gratings 186
Wet 400 nm, 120fs Dammann grating 135

Fused silica Wet 795 nm, 120fs 3D micro-channels 123
Wet 800 nm, 30fs 3D microcoils array 187,188
Wet 800 nm, 100 fs Integration of optics and micro-mechanics in a single '’

substrate

Wet 800 nm, 50 fs Micro-lens arrays fabrication 127,130
Wet 1030 nm, 380 fs 3D monolithic micro-flexure 148
Wet 800 nm, 100 fs Optical quality surface fabrication 128
Wet 520 nm, <500 fs Optofluidic devices 151
Wet ns., 270fs Opto-mechanical phase modulator 138

Foturan glass Wet 775nm, 150 fs 3D microstructures 134
Wet 1045 nm, 360 fs 3D optofluidic microchip 139
Wet 775nm 150fs 3D integration of micro-optical components 140
Wet 775nm, 145+ 5fs 3D micro-optical components 149

YAG crystal Wet 1030 nm, 350fs Diffraction gratings and microstructured optical 129

waveguides

Wet 1047 nm, 460 fs Hollow microstructures 142

BK7 glass Wet 800 nm, 50fs Artificial compound eye fabrication 131

Silicate glass Wet 800 nm, 100 fs Integrated micro/nanofluidic systems 124

GaAs Dry 355nm, 10 ns Micro-grating 126

n.s. not specified

microprocessing and internal microstructures fabrication, — applications of this technique. Both wet'*”'*°73% and

which will be discussed below in detail.

Toward high precision and high surface quality

Owning to the nature of nonlinear absorption, the
material modification only occurs within the tiny focal
volume where the intensity is above the modification
threshold. Therefore, femtosecond laser-induced mod-
ification can be localized at the center of the focal spot,
which could be much smaller than the focused spot size,
by adjusting the incident laser intensity. Successive etch-
ing is capable to yield microstructures with optical quality
and feature size as small as 100nm by selectively
removing the laser-modified regions'**'*. The surface
quality and accuracy of the fabricated devices are good
enough to enable their direct use as optical components.
Micro-lens array fabrication is one of the successful

1 . . . ..
dry®>'3? etching-assisted laser micromachining have been

demonstrated using different transparent hard materials,
such as BK7 glass'*°, Foturan glass'®*, silica'®’, and sap-
phire'®>, An example of micro-lens array fabrication is
shown in Fig. 11'®*. Large area (cm” size) concave com-
pound eye structures on curved sapphire substrates have
been demonstrated using laser direct writing followed by
dry etching. The fabrication efficiency is improved by over
two orders of magnitude compared with a traditional
point-by-point laser ablation method. The compound
eyes show a surface roughness of 1.1nm (RMS) and
excellent optical properties with wide field-of-view ima-
ging and focusing'®®. A shorter wavelength helps to
obtain higher machining precision and quality. The fab-
rication of micro-optical components, such as Dammann
grating and Fresnel zone plate with an average roughness
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Fig. 11 Large area (cm? size) concave compound eyes structures fabricated on a curved K9 glass substrate using laser direct writing

followed by dry etching

. a The schematic diagram of fabrication of sapphire concave compound eyes template and K9 glass compound eye.

b Photo image (Scale bar: 5 mm), ¢ SEM image (Scale bar: 100 um), and d amplified SEM image of K9 glass compound eyes (Scale bar: 100 um). The
inset image in d is the local-amplified SEM image of the K9 glass compound eye (Scale bar: 20 um). e 3D and f cross-section profiles of the K9 glass
compound eye. g Diameter and height uniformity of the ommatidia from center to the edge of the macrolens. Reproduced with permission from

ref. """, ©2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of 12 nm have also been demonstrated'*”'*> on sapphire

substrates by using the second harmonic generation of an
800 nm femtosecond laser. Etching-assisted laser micro-
machining is also used to fabricate various micro-
structures on transparent hard materials for specific
functions, such as transparent micro-actuator'>®, high
refractive index sensitivity fiber Mach—Zehnder inter-
ferometer'®’, and optomechanical phase modulator'*®,

Towards internal 3D microstructures fabrication
Transparent hard material allows the laser beam to be
focused into its bulk substrate without causing surface
damage, making it possible to achieve internal laser-
induced modification. By combining 3D laser writing
and chemical wet etching, 3D microstructures fabrica-
tion inside transparent materials has become feasible.

The technology was first demonstrated by using silica
substrates'*’, Since then, it has been extended to various
transparent hard materials, including sapphire®®??,
Foturan glass'>*'**'%% optical fiber'*', and YAG crys-
tal'**'*2, The laser-induced modification inside laser
crystals can significantly enhance etch rate by more than
five orders of magnitude, giving rise to an extremely high
etch selectivity up to 10° between the laser modified
region and original region'*’. High etch selectivity per-
mits the fabrication of almost 1-cm long through-
channels with an aspect ratio of ~200 in fused silica'*?
and 3D network channels without apparent constraints
on their length in sapphire®, as shown in Fig. 12. These
unique capabilities of 3D microprocessing, high etch
selectivity and high precision open the possibility for
direct fabrication of complex microfluidics'?**3%44-146

’
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SEI 15.0kV X90.000 100nm WD7.9mm)

Fig. 12 Fabrication of 3D network channels inside sapphire by
femtosecond laser writing followed by etching in a 10% HF
water solution®®. a The 3D pattern of micro-channels in sapphire.
b Confocal sectioning of rhodamine photoluminescence in sapphire.
The pattern of micro-channels is at a depth of 10 um. The horizontal
length of the channel was 40 um. ¢ SEM image of channel’s cross-
section (section B shown in Fig. 12a), scale bar: 100 nm. Reproduced
with permission from ref. *, ©2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

. . 1.147,148 . . .
micro-mechanicals , and micro-optical devices and

components'?>139140149 ingide transparent materials,
which are difficult to be realized by traditional litho-
graphic technology. Figure 13a presents the demonstra-
tion of a nanostructured waveguide fabricated inside
YAG with a core size of 1.1 x 1.3 um?, the average pore
size of 166 x 386 nm?, and length of 4 mm'*®,

Another important application of the etching-assisted
laser micromachining technology is that it allows the
integration of various functional components into a single
glass microchip by a simple procedure, which can find
increasing uses in optofluidics, integrated optics, and lab-
on-a-chip'>?7?84L108142150 A example of the integrated
microchip is shown in Fig. 13c—f, where an all-glass 3D
optofluidic microchip with built-in micro-lenses is fabri-
cated inside glass microfluidic channels by optimized wet
etching-assisted femtosecond laser modification. Yang
et al have demonstrated the fabrication of micro-
nanofluidic channels buried in silicate glass'** with the
minimum width of the nanofluidic channel is down to less
than 50 nm. The fabricated micro-nanofluidic channels
can be applied to DNA analysis. The fabrication of
optofluidic integrated cell sorter has also been demon-
strated on fused silica substrates’®'. The cell sorter is
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capable of sorting single cells with optical forces on the
basis of their fluorescence. Both fluorescence detection
and single-cell sorting functions are integrated into the
microfluidic chip by femtosecond laser processing fol-
lowed by chemical etching.

Other hybrid laser precision engineering technologies
There are several other hybrid laser technologies for the
precision machining of transparent hard materials.

Laser-induced backside dry etching method

The laser-induced backside dry etching method
(LIBDE) is a modified LIBWE where the liquid absorber is
substituted by a solid film'*%. Silver, copper, carbon, and
aluminum are commonly used as laser energy absor-
ber!®>15%, Usually, the transparent substrate is coated with
a thin film with a thickness of 15-120 nm. The film is
irradiated by a laser beam from the other side of the
substrate. When the laser fluence is above the threshold of
the metal layer, it is removed from the irradiated spots
and the substrate is etched at the same time due to the
recoil effect of the evaporated materials. In principle,
transparent hard materials suitable for LIBWE can also
be processed by LIBDE. However, LIBDE is proved to be
more effective and simpler with a maximum etch rate up
to 600 nm/pulse and without the need of a container
containing the liquid absorber'>®. The feasibility of grat-
ing fabrication on transparent materials has been
demonstrated, with the etched grating showing a sub-
micrometer period down to 275 nm**%

Laser-induced front side etching

The above-discussed techniques, such as LIPAA,
LIBWE, and LIBDE, are applicable in a backside config-
uration, where the laser beam has to pass through the
transparent substrates before the ablation process. This
causes restrictions concerning the shape and thickness of
the substrate. A flat front surface is generally required
with these back-side laser processing techniques.

In the laser-induced front side etching (LIFE), the laser
beam is directly focused onto the front side of the trans-
parent substrates, which avoids the issues of absorption
and interference from the substrate material'>®*~'>%, With
the aim of increasing laser energy absorption, a thin
absorber layer is deposited on the front surface, such as
chromium****®, aluminum'®, silver'®, titanium'®°, and
silicon monoxide layer'*®. Comparative studies show that
the single-shot ablation thresholds for various glass sam-
ples can be reduced by 2 orders of magnitude (from hun-
dreds of J/cm? to a few or tens of J/cm?) with the absorber
layer'®". The effect of the absorber layer on LIFE is similar
as that in LIBDE'®. It is rapidly heated and ionized under
laser irradiation, thus assists the laser ablation. The LIFE
method allows nanometer-precision etching of transparent
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materials with surface roughness below 10 nm'**'*°, high
resolution up to 400 nm'*® and minimum etching depth
down to few nm'*’. The main disadvantage of the LIFE is
that an additional step is required to remove the deposited
layer after the laser ablation.

Hybrid laser processing by two lasers

Every single laser has its limitations and advantages
during laser processing of transparent hard materials. The
combination of two lasers or two processing steps can take
full advantage of different lasers and enable both high-speed
and high-quality machining of transparent materials* K.
Sugioka et al. have demonstrated a two-laser process using
F, (157 nm) and KrF (248 nm) excimer lasers*. Significant
improvement of the ablation quality of fused silica was
achieved than any single laser processing. The two-laser
hybrid processing is also capable of enhancing processing
efficiency’®®. The processing efficiency of laser machining
of BK7 glasses by two lasers with different pulse widths was

increased by 2.3 times that of a single laser'®®. One of the
important applications of the two-laser hybrid processing is
to fabricate high-quality microfluidic channels and micro-
optics by laser processing followed by CO, laser polish-
ing'®*. In general, a nanosecond or femtosecond laser is
used to machine a pre-defined structure or geometry on a
transparent substrate. It is then treated with a CO, laser to
polish the surface'®*', Upon irradiation of the CO, laser,
the structure surface melts and re-solidifies, resulting in a
reduction of roughness. The controlled CO, laser surface
polishing has proved to be a practical and valuable alter-
native to the traditional polishing of glasses due to its
abrasive-free and non-contact nature'®'®, It is shown
that the surface roughness Ra can be reduced to optical
quality grade from hundreds of nm'**'”°, The fabrication of
a variety of micro-devices, such as microfluidic channels171
micro-lenticular lens array mold'®’, axicon lens'”®, and
high-Q micro-cavities'’? have been demonstrated on fused
silica by this hybrid technique.
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Table 4 Comparison of the hybrid laser processing techniques

Applications

Surface/internal

Etch/ablation rate

Feature size

Surface roughness

Regimes of hybrid

Hybrid techniques

Patterning, cutting, structuring

1-45 nm/pulse® Surface

14-30 um™

Plasma-assisted 100 nm (ns laser)®?

LIPAA

17.3-40 ym™ 0.48 um/pass™®

18.1 nm (fs laser)>*

Etching, cutting, structuring

Both

04-500 nm’** 0.53-4 pm”®%? 0-650 nm/pulse® 1%

Absorptive liquid-assisted

LIBWE
EALM
LIFE

3D structures, micro-components

100 um/h'?° Both

<50124,129

1.1-12nm'>13

Post etching process

Etching, structuring

Surface

A few to 800 nm/pulse’®

<350 nm"*’

5_10 nm 56159

Plasma-assisted

Etching, cutting, structuring

Surface

275nm'>?

~600 nm/pulse'>

<10nm'?

Backside dry etching

LIBDE

Microstructuring, micro-components

Surface

1 um'7 NA

05-34 nm169,17()

Two lasers

Two-laser processing

Cutting

Water jet assisted <05 pm'®° 30-80 um'° 0.1-9 mm/s'79180 Surface

Water-jet guided

EALM etching-assisted laser micromachining, NA not applicable
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Water-jet guided laser processing

Water-jet guided laser processing is a technology that
combines the advantages of laser processing and those of
water-jet cutting'’>'”%, The laser is guided in the water jet
by total internal reflection at the water/air interface in a
manner similar to optical fibers. The light-guiding jet hits
the sample, which is machined by the laser beam. The
water jet also has the functions of cooling the material
during the processing and removing the cut debris.
Compared with direct laser processing, the use of water
jet addresses not only the problem of the heat-affected
zone but also other problems like focusing problems, burr
formation material deposition. Such a technique has
demonstrated a significant reduction of heat and extra-
ordinarily precise cut edges. The main disadvantage of
this technology is the low resolution which is limited by
the water jet diameter, typically, between 50 and
200 um'”®, The main applications of the technique focus
on cutting, drilling, and ablation of metals and semi-
conductor wafers'”>™'””, The technique can also be used
for cutting of transparent hard materials, such as sapphire,
SiC, and GaN'"®7'%, The efficient cutting of sapphire up
to 3 mm thick has been demonstrated'®’. The cut samples
exhibit parallel walls with a roughness <0.5 pm and a kerf
width of <100 um. Green et al.'”® studied the dicing of SiC
wafers by the water jet-guided laser. It is shown that the
cutting speed is improved by 40% than that of abrasive
sawing while maintaining a high cut quality with no
damage and no contamination to the substrates.

Conclusions and outlook

Laser processing of transparent hard materials remains
a great challenge in terms of material absorption, surface
quality, and crack formation. Hybrid laser engineering can
overcome these challenges and exhibit unique capabilities
for the precision micromachining of transparent hard
materials with much simpler procedures and greater
flexibility than conventional techniques. Rapid progress
has been made in applying these hybrid techniques for
microstructuring, patterning, cutting, color marking of
transparent hard materials, and even direct fabrication of
micro-devices and optical components at the feature
size of ~100 nm and low surface roughness below 20 nm.
The etching-assisted laser micromachining also offers
the ability to fabricate hollow 3D microstructures and
micro-channels with various geometries inside transpar-
ent substrates, which holds great promise for the inte-
gration of microfluidic, micro-mechanical, and micro-
optical components in a single chip with a simple process.
Table 4 provides a comparison of these techniques in
terms of their overall performances and applications in
the processing of transparent hard materials. It is
shown that each of the hybrid techniques has particular
characteristics, strengths, and weaknesses, and therefore it
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is critical to select the best method for a given application
and material.

With the technical maturity and the increasingly wide
applications of transparent hard materials in consumer
electronics and mobile devices, the research attention on
hybrid laser precision engineering will focus more on
performance improvement and extension of application
fields in the future. On the performance side, there is still
a lot of room for improvement in terms of fabrication
resolution, efficiency, and surface quality. Although some
hybrid laser micromachining methods, such as dual-beam
femtosecond laser LIPAA, LIBWE using an adsorbed
toluene layer and etching-assisted laser micromachining,
can achieve the fabrication of microstructures with high
resolution and quality which meet the requirements of
optical components, the surface roughness is still much
higher than those obtained by traditional mechanical
polishing methods. Moreover, the laser processing quality
varies greatly from material to material and a certain
process is only applicable to a specific material. More
efforts are required to further study the physical
mechanisms behind the hybrid laser technologies for
different materials under diverse conditions. A deeper
understanding of these mechanisms will help to improve
the processing quality by precisely manipulating the
processing parameters. There is a trade-off between laser
fabrication quality and efficiency. To a certain extent,
high-quality laser processing is often achieved at the
expense of efficiency. Parallel laser processing shows a
great potential to address this contradiction'®". It can be
combined with the hybrid laser micromachining and
enables high-quality laser processing at high productivity.

As technology continues to advance, hybrid laser precision
engineering should also continue to find more innovative
applications. First, the hybrid laser engineering technologies
can be extended their application to the silicon substrate.
Silicon is opaque to visible light but transparent to IR light.
This feature opens the window to use hybrid laser tech-
nologies for the micromachining of silicon substrates. For
example, wet etching-assisted laser micromachining is able
to realize the fabrication of complex 3D structures deep
inside silicon chips which current lithography methods
cannot achieve'®”. The hybrid laser micromachining tech-
niques will find increasing applications in silicon-based
devices fabrication, such as non-planar and embedded
electronic—photonic devices, and integration of these devices
into one chip. Second, these years have witnessed a rapid
growth in the applications of diamond in the fields of
machining tools, microelectronics, and optical elements due
to its impressive combination of physical, chemical, and
mechanical properties. However, there are very few studies
that utilize hybrid laser technologies to process diamond
substrates. Third, in the fields of flat-panel display and
portable electronic devices, new applications of transparent
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hard materials continue to emerge, such as patterned sap-
phire LED substrate, micro-lens, and lens array for smart-
phone and 3D glass in organic LED. There is a growing
demand for laser structuring and cutting of transparent and
heterogeneous materials with high quality and accuracy.
Hybrid laser micromachining can play an important role
and more efforts should be made to improve the applic-
ability and convenience of these methods based on practical
application needs.
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