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Wide bandgap (WBG) materials have excellent semiconductor and physicochemical properties and are emerging
materials. Silicon carbide (SiC) and gallium nitride (GaN), two representatives of third-generation semiconductor
materials, can be used in high temperature, high voltage, high frequency, and high power applications. However,
both materials are difficult to machine due to their brittle and hard properties. Laser processing is a suitable
processing method, and in particular the unique non-thermal properties of ultra-short pulse laser processing have
led to a wide range of applications in a variety of materials including ceramics, metals and biological tissues.
WBG materials are third-generation semiconductor materials with broad application prospects in the semi-
conductor industry, but there are relatively few summarized studies on ultrashort laser processing of WBG
materials. With this background, this paper reviews the application of ultra-short pulse lasers for the processing
of two WBG materials, SiC and GaN. Laser-assisted processing, laser fabrication of microstructures and laser
processing of difficult and complex parts are the three main components of ultrashort laser processing of SiC.
Ultra-short laser processing of GaN, on the other hand, focuses mainly on laser lift-off and is used less for
fabricating microstructures. Physical mechanisms of laser removal of semiconductor materials are summarized.
Then, based on the classification of the pulse width, the applications of two types of ultrafast lasers, picosecond
and femtosecond, for processing SiC and GaN materials are summarized. Finally, the paper concludes and dis-
cusses the existing ultrafast laser processing techniques for SiC and GaN materials and future perspectives.

1. Introduction

Numerous advancements in structure, design, and material qualities
have been made to current silicon (Si) technology during the previous
decade. Si-based power devices are reaching their performance limits as
the current, voltage and temperature requirements of electronic devices
continue to increase. In contrast, wide bandgap (WBG) semiconductors
are emerging as a possible alternative technology. Silicon carbide (SiC)
and gallium nitride (GaN) offer greater voltage breakdown capability,
higher switching frequency, similar carrier mobility, larger energy
bandgap, and higher thermal conductivity than Si [1]. Fig. 1 compares
the properties of three semiconductor materials, Si, SiC and GaN ma-
terials, in terms of five aspects: electric field, energy gap, electron

* Corresponding author.
** Corresponding author.

velocity, thermal conductivity and melting point, respectively. As a
narrow-gap semiconductor material, crystalline silicon has been the
backbone of the semiconductor industry [2]. The processing of Si is
becoming increasingly sophisticated, and laser processing has unique
advantages, especially when it comes to the internal processing of Si
materials [3,4]. Focusing the laser on the inside of the silicon can pro-
duce permanent changes within the silicon without causing surface
damage [5,6]. Better finished products can also be obtained by changing
the laser beam [7,8] and combining laser processing with chemical
etching [9]. In recent years, more and more researchers have applied
these techniques to WBG semiconductor materials. However, WBG
semiconductor materials are relatively more difficult to process, and still
need a lot of research and exploration. Currently, the research on the
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Fig. 1. Comparison of Si, SiC and GaN properties.

processing methods of WBG materials is getting deeper and deeper, and
Fig. 2 demonstrates the common SiC and GaN processing methods.
However, several obstacles occur when manufacturing WBG-based
semiconductors for a wide range of applications. SiC has a Mohs hard-
ness of up to 9.5 and a bandgap of 3.26 eV [18], and such high hardness
and stability make it a difficult material to process. Single-crystal silicon
carbide is made of orthotetrahedral silicon-carbon diatomic layers
stacked together, in the crystallisation process, the diatomic layers are
arranged sequentially as a whole, and the diatomic layers are connected
by covalent bonds. According to the different arrangement of stacking
cycles of silicon and carbon atom crystal faces, single-crystal silicon
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carbide can be classified into a-SiC and p-SiC, of which the most com-
mon ones among a-SiC are 6H-SiC and 4H-SiC, and -SiC is also known
as 3H-SiC [19]. Among the various types, 4H-SiC is now widely used for
its high field strength, high thermal conductivity, and high electron
mobility [20], and is widely used in power electronic devices.
Commonly used single-crystal silicon carbide processing methods
include diamond wire sawing [10], wet etching [11,21] and ultrasonic
processing [12]. Compared to these processing techniques, lasers are
commonly used to process hard materials [22], and the advantage of

Fig. 3. SiC structures processed with laser: (a) femtosecond laser micro-
machined rotor [27]; (b) Array of through-vias in a 3C-SiC wafer [28]; (c) ArF
laser micromachined trench [29]; (d) femtosecond laser micromachined
holes [27].
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Fig. 2. Processing methods of SiC and GaN: (a) mechanical machining [10]; (b) chemical etching [11]; (c) ultrasonic processing [12]; (d) laser micromachining [13];
(e) wet etching [14]; (f) dry etching [15]; (g) laser lift-off [16]; (h) laser etching [17]; (al-h1) are the images of (a—h) processing results, respectively.
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laser processing is that it allows for higher precision micro and nano
processing. Fig. 3 shows some microstructures fabricated using laser
processing of SiC. Laser processing injects energy into single-crystal
silicon carbide in the form of photons [23], which interact directly
with the lattice in the visible [24] and infrared light [25] and have a high
absorption rate for it in the ultraviolet laser light [26], thus laser pro-
cessing allows for the instantaneous removal of the material and high
efficiency processing; because of the small focusing spot, the processing
parameters are easy to control, so laser processing is easy to achieve
precision processing.

As another wide bandgap semiconductor material, GaN has a wide
bandgap of 3.4 eV at room temperature and excellent thermal, electrical
and optoelectronic properties. GaN also provides a number of advan-
tages, such as smaller size, lower cost, higher efficiency, and faster
switching speed. GaN-based devices are currently on the market for
radio frequency and laser applications. Since there aren’t many high
quality, flawless GaN substrates available, GaN epilayers are constructed
on foreign substrates like Si, sapphire, and SiC [30-32]. How to strip
GaN from the substrate with high efficiency and quality may be a path
worth investigating using laser processing technology. Gallium nitride
has high hardness and high melting point in physical properties, making
it difficult for conventional machining to process micro and nano-
structures on the surface of GaN materials. At the same time, GaN is also
extremely chemically stable, usually at room temperature GaN material
almost does not react with acidic or alkaline solutions [33]. At present,
for the preparation of GaN material microstructures are usually used dry
etching technology [15], wet etching technology [14], laser processing
technology [34] and so on. Dry etching technology is one of the more
mature technologies in the processing of GaN materials [35]. As for wet
etching technology, GaN materials are extremely stable compounds with
strong corrosion resistance [36]. Therefore, wet etching technology is
mainly used to etch the defects of GaN materials. At present, it has also
become a research hotspot to make use of the special mechanism of the
ultrafast laser acting with the material to create a laser-damaged zone on
the material surface, followed by dry etching or wet etching. As shown
in Fig. 4, the ultrafast laser combined with wet etching technique has
eroded high quality inverted hexagonal microstructures on GaN mate-
rial samples.

This paper highlights recent advances in ultrafast laser micro-
machining of SiC and GaN, with special emphasis on the different pro-
cessing focuses of picosecond (ps) and femtosecond (fs) lasers. Section 2
describes the physical mechanism for ultra-short pulse laser processing
of semiconductor materials. Section 3 describes the application of ul-
trafast lasers in processing SiC. Section 4 reviews the applications of
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Fig. 4. Microstructural morphologies of GaN after wet etching under different
laser energies: (a) 2 mW; (b) 4 mW; (c) 6 mW; (d) 8 mW [37].
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ultrafast lasers in processing GaN. Finally, Section 5 describes the cur-
rent challenges and future prospects.

2. Physical mechanisms for ultra-short pulse laser processing of
semiconductor materials

In this chapter, we will address the important theoretical foundations
for understanding the experimental setup, findings and discussions in
papers. The characteristics of ultra-short pulse laser and their physical
mechanisms in processing semiconductor materials will be presented.

2.1. Characteristics of ultra-short laser

Picosecond and femtosecond lasers both belong to the category of
ultrafast lasers, they have extremely short pulse durations that enable
the laser energy to be efficiently delivered into the material prior to
thermal diffusion. Compared to long-pulse lasers, ultrafast lasers are
unique in their multi-photon ionization and reduction of electron-to-
lattice energy transfer, resulting in negligible thermal damage, so they
can be referred to as “cold ablation,” as illustrated in Fig. 5. Srinivasan
et al. [38] and Kiiper et al. [39] first reported using ultra-short pulse
lasers for material processing in 1987. And the ablation threshold of
ultra-short laser is significantly lower than the ablation threshold of ns
laser. At the conclusion of the laser pulse, electron-lattice scattering
allows for efficient energy transfer from electrons to the lattice [40]. The
usual electron-phonon coupling duration of 100 fs is substantially
shorter than the thermal conduction heat-transfer period. As a result,
heat diffusion to the laser-irradiated surrounding region is relatively
restricted [41], making high-resolution ultrafast laser processing
particularly appealing. Ultrafast lasers allow high-precision micro- and
nanofabrication of a wide range of materials, such as metallic glasses
[42], biological tissues [43], semiconductors [44] and insulators [45].
Ideally, rapid excitation occurs only within the focus point. Thermal
diffusion, on the other hand, cannot be ignored for a laser pulse with a
length of a few nanoseconds or more.

2.2. Physical mechanisms of ultra-short laser ablation

In contrast to other processing methods, ultra-short pulse laser
irradiation is able to bring the material into a non-equilibrium state and
trigger structural transitions, resulting in complex multi-scale surface
morphology, unusual sub-stable phases and microstructures. Fig. 6 il-
lustrates the interleaving process triggered by ultra-short laser pulses in
a semiconductor material. In semiconductors, non-thermal phase tran-
sitions may be induced by laser radiation leading to transient modifi-
cations of interatomic bonds [46,47]. In metals, due to the presence of

Picosecond laser, Femtosecond laser Nanosecond laser
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Fig. 5. Schematic of ablation for nanosecond and ultra-short lasers.
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Fig. 6. Pulsed laser-material interaction processes [56].

conduction band electrons, electrons can absorb laser energy directly
upon collision with the nucleus. In semiconductors and dielectrics,
electrons must be excited across the band gap before they can directly
absorb photons [48]. Simultaneously, excited electrons in semi-
conductors can easily absorb laser energy, which could lead to the ma-
terial entering a plasma state or possibly causing a Coulomb explosion
owing to electron emission [49]. For wide bandgap materials, due to
their large bandgap widths, the main mechanisms for the generation of
free electrons from photons with energies below the bandgap are
multiphoton and avalanche ionization, which are highly nonlinear
processes [50]. The energy transfer from the electrons to the lattice vi-
brations causes rapid heating, which results in uniform melting of the
material or even the formation of supercritical fluids [51]. Extreme
temperature and pressure conditions brought on by the quick deposition
of laser energy may result in the formation of unusual metastable phases
[52] and complex surface morphology [53] from photomechanical
spallation [54] or the explosive breakdown of superheated material into
a mixture of vapor and droplets [55].

The ultra-short laser pulse’s energy mostly bonds to the material’s
electrons when it is exposed to radiation. Electrons in semiconductors
cannot absorb photons directly; instead, they must be stimulated over
the bandgap [57]. In materials having a bandgap, electronic stimulation
has the potential to significantly alter the interatomic bonding and cause
ultrafast phase transitions, such as melting [46] and solid-solid phase
transformations [47]. Since these phenomena occur on sub-picosecond
time scales, are immediately triggered by the laser excitation, and do
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not require lattice heating or electron-phonon equilibration, they are
called "non-thermal."

The removal of material by direct absorption of laser energy is
referred to as laser ablation. When laser beam interacts with materials,
the rapid energy deposition rate of ultrashort laser pulses may generate
compressive stresses. When the time of the laser heating is shorter than
the time required for the mechanical relaxation (expansion) of the
heated volume, the laser-generated stresses are particularly high in the
regime of stress confinement [54,58]. Compression stresses interact with
the surface of the irradiated specimen and produce a tensile wave that is
sufficiently strong to induce the formation of subsurface voids, as shown
in Fig. 7. Development of voids and seepage may lead to top separation
and ejection of the target [56]. The growth and infiltration of the cavity
might cause the upper layer to separate and eject. Like the term "spall-
ation", it is normally applied to the phenomenon that the shock waves
reflect on the back surface of a specimen, but it is usually called a
photomechanical spallation.

Thicker layers and/or multiple droplets are separated and ejected
from the target as a result of further increases in laser energy density
above the spallation threshold. With high enough laser energy density,
this causes a transition to an alternate ablation regime known as
"explosive boiling" or "phase explosion". Under this regime, the irradi-
ated target’s melted surface region overheats above the liquid phase’s
thermodynamic stability limit [55], causing the overheated molten
material to rapidly break down into a mixture of liquid droplets and
vapor. A sharp increase in the number of vapor-phase atoms in the
ejected plume indicates the shift from photomechanical spallation to
phase explosion [60], reflecting the different physical principles behind
the material ejection in these two regimes. When longer laser pulses are
used for ablation, there is no stress confinement, so explosive boiling is
the process that directly moves from the regime of surface melting and
evaporation to the phase explosion without activating spallation [55].
Since the spatial variation of laser intensity in a laser beam usually has a
Gaussian profile, photomechanical scattering and phase explosion may
coexist and together contribute to the material ejection induced by the
same laser pulse, as shown in Fig. 8.

For ultrafast laser pulses, the Coulomb explosion (CE), a material
removal mechanism, dominates at low laser intensities near the ablation
threshold [61]. Laser impacts cause a large number of electrons to be
emitted from the target, leaving positive holes in the near-surface re-
gion. In semiconductors, the time for a large number of electrons to fill
these holes is about picoseconds or even longer [62]. As a result, the
neighboring region of the surface is positively charged for a considerable
period of time. This charged region may become electrostatically un-
stable, so that with a sufficiently high density of holes, the surface breaks
up by the emission of positive particles, which are accelerated in the
residual field. This electrostatic repulsion is known as a Coulomb ex-
plosion [63]. The clean, undamaged surface [64] that is left behind
when CE occurs makes this ablation mode very appealing for nanoscale

Fig. 7. Snapshots of atomic configurations produced in a 100 fs laser irradiation simulation [59].
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Fig. 8. Overall visual image of an aluminium target melting under 100 fs laser
irradiation, creating subsurface voids and material ejection [60].

material processing. There are hints that semiconductors at laser energy
density over the plasma generation threshold may experience CE [62].
Under such conditions, ions from CE account for only a small fraction of
the ablation product [65].

In wide bandgap materials, light can only be absorbed when the
photon energy is higher than the bandgap, thus promoting electrons
from the valence band to the conduction band—this is the linear ab-
sorption; when the single photon energy is lower than the bandgap, the
main mechanisms by which photons produce free electrons are photo-
ionization and avalanche ionization, the first process can be divided into
two different cases, tunneling and multiphoton ionization—this is the
process of nonlinear absorption [66]. It is through nonlinear absorption
processes that laser absorption in SiC and GaN is achieved [67]. With the
deeper understanding of laser-material interactions, the smallest feature
sizes achievable by laser processing techniques have been gradually
reduced from micro to nanometric [68]. Most of the current researchers
use the dual-temperature model to simulate ultrashort-pulse laser
ablation [69]. Further improvement of precision and surface quality is a
great challenge, and the study of material processing mechanisms is of
great significance for micro- and nano-fabrication.

3. Ultra-short laser processing of silicon carbide

Having understood the physical process of laser-material interaction,
we need to learn how this physical process is applied. Numerous studies
have shown that this complex interaction is often used to silicon carbide
micromachining. That is, by changing the laser parameters, the medium
in the process and other conditions, SiC is directly laser micromachined
or processed using laser-assisted other processes. The size of the pro-
cessed microstructures ranges from micrometers to nanometers,
including cuts, through holes, thin films, surface structures and so on.
Therefore, this chapter discusses the use of ultrafast laser processing of
common structures in silicon carbide materials.

3.1. Picosecond laser processing

In the 1960s, researchers created mode-locking and generated
picosecond lasers [70]. Since then, picoseconds have played a significant
role in modern processing technology, especially in processing high
hardness materials. Picosecond pulsed laser have the advantages of low
thermal effects, small heat-affected zones, precise control of machining
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geometry, high efficiency and good repeatability. Picosecond lasers are a
powerful technology in manufacturing, especially when the desired
feature size is micron and submicron. With the right laser parameters,
picosecond laser processing can achieve the same level of accuracy as
femtosecond laser [71]. Therefore, it has a great potential for research in
the field of etching silicon carbide.

3.1.1. Laser cutting

In order to satisfy the requirements of practical applications, silicon
carbide wafers are always required to be cut into various shapes and
sizes. The main methods currently used in industry to cut silicon carbide
wafers include mortar wire cutting, diamond wire saw cutting and laser
cutting. Silicon carbide is a material with a Mohs hardness as high as 9
[72] and a low fracture toughness [73], requiring the use of diamond
grinding wheels to cut it [74]. However, even cutting with diamond
wheels still has drawbacks, so many research groups have applied laser
technology to SiC processing, Fig. 9 shows the cut surfaces obtained by
mechanically cutting SiC and three different SiC laser cutting tech-
niques. Compared with mechanical cutting, laser cutting of SiC can
effectively reduce mechanical stress, and the heating zone is smaller, the
material loss is lower, and the surface quality is higher. In addition, laser
cutting is much faster than diamond cutting. The researchers found that
the laser pulse width largely determines the cut quality of SiC wafers.
Cutting silicon carbide with nanosecond lasers always results in a large
heat-affected zone (HAZ) and unavoidable thermal damage [28]. Cut-
ting silicon carbide with ultra-short pulse lasers significantly reduces the
HAZ and achieves better quality [75,76]. However, there are some
problems associated with direct cutting of SiC using picosecond lasers,
such as the presence of contaminants [77], unstraightened cutting slits
[78], and noticeable consumables. SiC wafers are expensive [79], and
there is a need to minimise material loss during the cutting process. To
improve the cutting quality of SiC wafers, laser stealth dicing (SD) has
been proposed for the cutting of semiconductor wafers. The laser stealth
dicing technique was proposed by Ohmura et al. [80] in 2006, whereby
alaser is focused inside the silicon wafer to form a modified layer, which
acts as a guide for crack initiation sites and separation, and then destroys
the wafer by applying an external force along the cut line. Stealth
scribing thus enables, zero kerf, zero taper and no surface sputtering. In
addition, Kumagai et al. [81] used a modification layer on a 50-um-thick
Si chip with SD, and then the wafer was divided by tape expanding. In
the course of cutting, there is no splashing, cracking, or winding of the
parting line. There was no surface sputtering, chipping, or meandering
of the parting line during the cutting process. The tape separation
method used in the study was innovative. Since the introduction of
invisible cutting, many researchers have studied it in the hope of per-
fecting the technology and putting it into production soon. Kim et al.
[82] investigated the effect of pulse width on the modified structures by
stealth cutting 420 ym-thick 4H-SiC wafers using a 780 nm, 1 kHz laser
with a single pulse energy of 10 uJ and a selectable pulse width from 220
fs to 6 ps. It is found that when the laser scanning speed is 2 mm/s and
the pulse width is more than 750 fs, the modified structure starts to
appear inside the wafer, and as the pulse width increases from 750 fs to 6
ps, the modified structure gradually becomes longer and appears to be
segmented, as shown in Fig. 10(a). The researchers also investigated the
internal structural changes in the double-pulse case, as shown in Fig. 10
(b). The researchers speculated that in the case of double-pulse femto-
seconds, the structure induced by the first pulse was able to significantly
absorb the energy of the second pulse, thus preventing the extension
with laser propagation.

In addition to the exploration of suitable laser parameters, the re-
searchers also propose new solutions by changing the laser processing
steps. Zhang et al. [84] used a novel dual laser beam asynchronous
dicing method to cut 200 ym-thickness-SiC. Firstly, a 750 fs, 532 nm
laser beam with a repetition frequency of 20-200 kHz and a maximum
output power of 5 W was used to generate the modified layer inside the
wafer at a scanning speed of 3 mm/s; then a continuous laser beam of
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Fig. 10. Cross section of ultra-short pulse laser-induced internal structure of 4H-SiC: (a) single-pulse laser; (b) double-pulse laser [82].

1040 nm with an output power of 8 W was used to heat up the modified
layer. The thermal stress generated by the laser beam induces cracks in
the modified layer to expand perpendicular to the wafer surface at a
scanning speed of 1000 mm/s. The laser beam is used to generate a crack
in the modified layer. Fig. 11 shows the results of cutting the SiC wafer
with a thickness of 200 ym using dual laser beam asynchronous dicing
method. Wang et al. [85] used femtosecond laser and picosecond laser to
study the structural evolution and defect formation mechanism during
4H-SiC stealth cutting, and found that due to the minimization of
thermal effects, femtosecond laser stealth cutting has a higher process-
ing accuracy, and the processing efficiency of picosecond laser pro-
cessing is higher picosecond laser efficiency under the same laser energy
density. In the above laser stealth cutting SiC wafer experiments, the

femtosecond laser scanning speed is slow (<5 mm/s) because the
femtosecond pulse induces small modified structures, and the scanning
speed needs to be reduced to make the neighboring modified structures
closer to ensure the wafer lobing effect. Unlike femtosecond pulses, pi-
coseconds (>20 ps) induce avalanche ionization of the wafer [50].
Under the continuous action of the pulse, the electrons have enough
time to transfer the absorbed energy into the lattice, resulting in melting
or even rupture of the lattice, which increases the modification range of
the pulse. Ohmura et al. [80] apply nanosecond pulses to stealth-cutting
of silicon wafers with low thermal conductivity, while when it
stealth-cutting of SiC wafers with higher thermal conductivity than
copper, the nanosecond pulse modifies the wafer for too long, which has
a strong thermal effect on the wafer and It is easy to damage the wafers.
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(b) L

Fig. 11. The results of cutting 200 ym SiC: (a) The surface after the stealth dicing; (b) The thermal crack from the continuous laser; (c) The cutting profile and; (d)

The final separation after the expanding process [84].

Using picosecond pulses with pulse widths between femtoseconds and
nanoseconds to stealth cut SiC wafers, balancing the modification range
of the pulses and the thermal impact, it may be possible to obtain
high-quality, high-speed stealth cutting results.

Yang et al. [86] successfully separated SiC wafers with high-quality
cuts by the precision layered stealth dicing method using ultrafast
picosecond lasers, and obtained a cross sections with roughness of about
1 pm. It is pointed out that the anisotropy of SiC wafers leads to the
varying quality of precision layered stealth dicing cross sections, with
the roughness of crystalline surface {10-10} being 20 % lower than that
of crystalline surface {11-20}, which provides a direction for the study
of wafer dicing of SiC in terms of crystal orientation. Since single-crystal
SiC wafers are anisotropic, the cutting effect on different faces is natu-
rally different. Silicon carbide has two unequal faces, the Si-face (0001),
and the C-face (000 1), as shown in Fig. 12. Wen et al. [87] internally
modified 4H-SiC by picosecond laser and subsequently cleaved by
three-point bending test. It was found that the 4H-SiC samples treated
along the [11 2 0] crystal orientation were easier to be cut and the C-face
of 4H-SiC was more rigid and the Si-face was more elastic and ductile.
Fig. 13 shows the edge chipping of SiC samples along different crystal
orientations. It can be clearly seen that the edge chipping width of SiC
samples cut along the [11 2 0] crystallographic direction is smaller and
the kerf is neater compared to the [11 00] crystallographic direction.

3.1.2. Laser drilling
When drilling silicon carbide, the pulse energy and laser pulse width

(a) (0001) Si-face (b) o
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Fig. 12. Crystal structure of 4H-SiC (a) and crystal orientation of wafers
(b) [87].

2 pm 2 um
Fig. 13. Top-view SEM images of edges of silicon carbide samples cut along
different orientations [87].

have a great influence on the drilling results. In order to investigate the
damage induced by stress waves during ultra-short laser drilling, Hattori
et al. [88] used pump probe imaging and high speed camera to inves-
tigate the damage caused by stress waves during ultra-short laser dril-
ling. The high speed dynamical course of the propagation of stress waves
and the formation of cracks in ultra-fast laser drilling was observed by
means of the pump probe imaging and high speed video camera. As
illustrated in Fig. 14 (a), the greater the impulse power, the bigger the
aperture size, the stronger the stress wave and the bigger the damage
zone. Fig. 14(b) shows the images for different pulse widths at 50 uJ
pulse energy. The results show that the damage and stress waves at 180
fs are significantly smaller than those at 1 ps. This is due to the fact that
the excited electron density is easily close to the critical value, which
leads to total internal reflection and lower penetration depth. Thermal
damage, small stress waves, and low drilling speeds were observed at the
orifice at 10 ps due to the low laser intensity, which makes multiphoton
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Fig. 14. Ultrafast laser drilling of SiC: (a) Shadowgraphs after 6 ns of different pulse energies at 180 fs; (b) Shadowgraphs for 6 ns after a different number of pulses

and pulse widths at 50 uJ [89].

absorption unlikely [89]. Hattori et al. subsequently concluded that
tensile stress is the stress that leads to fracture damage. The damaging
mechanism caused by laser drilling should be researched further in
order to improve damage control methods and expand the industrial
application of SiC [90].

3.1.3. Other laser processing

Rapid non-thermal ablation of pressure sensor diaphragms with a
picosecond laser is reported by Pal Molian et al. [77]. When the pulse
repetition frequency is less than 250 kHz there is a non-thermal ablation
mode and the grooves and holes obtained have clean and smooth edges;
when the pulse repeat rate is raised to 500 kHz, carbon material and
re-cast layers are present in the processed region, which may be
attributable to atmospheric plasma interaction with nanoparticles.
Fig. 15 shows the grooves obtained by processing SiC using a 50 kHz
picosecond laser, with smooth sidewalls, sharp edges, and debris accu-
mulating at the ends of the grooves, which could not be removed with
cleaning gas. The bottom of the grooves was extremely smooth without
any traces of melting, micro-cracks or other heat damage. The bottom
area of the 3C-SiC, as opposed to the nanosecond pulsed excimer laser
micromachining, was wavy or corrugated [28]. When a 500 kHz laser
was used to process above the material surface, a black compound
appeared in the ablation zone; this was determined to be carbonaceous
material due to thermal decomposition of the SiC.

Fig. 15. Laser-machined 4H-SiC grooves: (a) 4H-SiC ablated at a laser fre-
quency of 50 kHz; (b) Enlarged view of the left end of Fig.15(a); (c) Bottom of
SiC grooves; (d) Decomposed carbon products formed above the surface of the
material when the laser is focused at a focal point of 500 kHz [77].

Xu et al. [91] used a picosecond of 355 nm with a processing fre-
quency of 200 kHz to process microstructures on SiC, and found that
picosecond laser processing can precisely control the morphology of the
microstructures processed on SiC, and that more fine microstructures
can be obtained by suitable processing parameters. And the principle of
ablation effect of picosecond laser on the surface of SiC was investigated,
and it was found that the laser processing effect was mainly ablation,
supplemented by remelting. During laser processing, the silicon carbide
absorbs the laser energy and decomposes and sublimates during the
ablation process. The experimental use of picosecond laser energy
density in the spot according to the Gaussian distribution, when the laser
energy from the center of the spot to the outside, the spot shape will
maintain the original laser density distribution. At the same time, in the
laser processing process, the silicon carbide exists an ablation threshold,
only when the energy density is higher than the ablation threshold, the
silicon carbide will be ablated, which leads to an incomplete Gaussian
distribution of the shape of the laser processed grooves in an inverted
triangle.

3.2. Femtosecond laser processing

The invention of collision pulse mode locking technology and the
advent of femtosecond lasers date back to the 1980s [92]. For more than
20 years, there have been many reports on femtosecond lasers in pro-
cessing of silicon carbide, which can be summarized in three main areas.
First, the use of femtosecond laser-assisted processing. Second, the use of
femtosecond lasers for the fabrication of micrometre or nanostructures,
such as through-holes, thin films and surface structures. Third, femto-
second laser processing of difficult and complex parts, such as cutting.
This section will also discuss in this order.

3.2.1. Laser-assisted processing

SiC has a very high physicochemical stability and is often processed
inefficiently, but it has been found that the surface or internal structure
can be modified by laser radiation to make processing easier [93].
Brewer et al. [94] used a 160 fs, 780 nm femtosecond laser to treat SiC
and found that the threshold and nonlinear properties of SiC were dis-
rupted, demonstrating that femtosecond laser irradiation affects SiC in
some way. Vanthanh et al. [95] used a 120 fs, 800 nm femtosecond laser
to treat 6H-SiC and found that a mixture of hydrofluoric acid (HF) and
nitric acid (HNO3), which do not react with 6H-SiC at ambient tem-
perature, could etch a region of laser irradiation in order to form
through holes. Fig. 16 shows the laser-induced structural changes and
the morphology of the chemical etching-induced silicon carbide
grooves. This indicates that 6H-SiC exhibits more active chemical
properties after femtosecond laser irradiation and can be more easily
processed and fabricated. Gao et al. [96] et al. took advantage of such



Fig. 16. SEM morphology of SiC through hole: (a) Laser-affected zone (LAZ);
(b) Structure after etching; (c) Cross-section of the microgroove; (d) Through-
hole array, insets showing the entrance and end portions of the holes, respec-
tively [95].

properties by using femtosecond laser irradiation at of 800 nm, 150 fs,
and 1 kHz to form a periodic line corresponding to laser-induced
structural change (LISC), then removing the periodic line with a
mixture of HF and HNOj3. The SiC material in the LISC region was then
removed with a mixture of HF and HNO3 to form a grating groove.
Grating grooves with a large aspect ratio of about 25 were obtained.
Meng et al. [97] utilised a 520 nm, 300 fs laser to scan a 4H-SiC surface
to produce a modified surface layer with a periodic micro/-
nanostructure. As shown in Fig. 17, the 4H-SiC surface that was scanned
by a fs laser was characterized by a low-space-frequency ablative track
related to a scanning path, and a high-space-frequency fluctuation
pattern was observed. The laser-induced periodic surface structure of
SiC and the machinability of its modified layer were investigated, and
the results show that femtosecond laser surface modification can shorten
the extrusion stage in the 4H-SiC machining process, and effectively
improve the material removal efficiency and machinability.

Etching is a key process for SiC manufacturing [98]. Typical SiC
etching processes are (1) mechanical machining, (2) molten salt corro-
sion, (3) wet etching such as photo-electrochemical corrosion [99] or
electrochemical corrosion [100,101], (4) dry etching such as inductively
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coupled plasma etching (ICP) and reactive ion etching (RIE) [13].
Among these etching methods, dry etching is one of the most commonly
used techniques for etching silicon carbide, which is mature and widely
used. Comparatively speaking, wet etching technology has the advan-
tages of fast speed and simple process in realizing the processing of
micro and nanostructures, but wet etching will etch all directions uni-
formly, which leads to the loss in the transverse direction, and it is also
prone to environmental pollution. Huang et al. [102] treated 6H-SiC
substrates using a femtosecond laser with 120 fs, 800 nm and a repeti-
tion frequency of 1 kHz to produce an irradiated region. The results
show that the femtosecond laser-induced top SiOy and rough surface
increased the rate of ICP etching. As the EDS analysis in Fig. 18 shows, O
elements are found only in the irradiated region. The reason for this may
be that during laser irradiation and modification, the SiC lattice is dis-
rupted and the O elements in the air combine with the Si elements to
form silicon oxide (SiO5), which accumulates in the irradiated area. SiO5
is easier to process than SiC, so after laser irradiation, the maximum
increase in ICP etching rate was 117.18 % compared to the untreated
ones. Also choosing to use femtosecond laser modification were Xie et al.
[103] who irradiated SiC substrates with a femtosecond laser at 290 fs,
515 nm, maximum output power of 8 W and maximum repetition fre-
quency of 600 kHz. The results showed that Si-O compounds were
formed on the laser-irradiated SiC surface, which made the subsequent
chemical mechanical polishing (CMP) process 2-3 times more efficient
than that on the unirradiated surface due to its lower hardness. In
addition, the selection of appropriate femtosecond laser parameters to
irradiate the SiC substrate to form a uniform periodic corrugated
structure will also help to improve the surface flatness.

3.2.2. Laser fabrication of micro/nanostructures

The fabrication of through-holes in SiC materials facilitates heat
dissipation in next-generation microelectromechanical systems, and the
use of laser machining improves machining efficiency and accuracy due
to the difficult machinability of SiC. Femtosecond lasers are powerful
tools for processing three-dimensional micro/nanofabrication [104].

Fig. 17. 4H-SiC surface after femtosecond laser scanning: (a-e) Ablation structures in the modified layer region, where (al-el),(a2-e2) are partially enlarged images

of the modified layer regions (a—e) [97].
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Fig. 18. (a) Relative elemental content of unirradiated and irradiated areas before ICP etching and its relation to the average ICP etch rate for all irradiated areas; (b)
Relative elemental content of unirradiated and irradiated areas after ICP etching [102].

Farsari et al. [105] used a 200 fs,1030 nm laser to drill holes in 400 ym
thick 3C-SiC. As illustrated in Fig. 19, the inlet diameter of the
micro-aperture is about 20 ym, and the outlet diameter is about 5 ym.
Erosion fragments, cracks, etc., were observed in the inlet, and a
reforging layer was observed in the interior of the cavity. Li et al. [106]
further improved the femtosecond laser drilling of silicon carbide using
ethanol. The study utilised an 30 fs, 800 nm, 1 kHz laser to scan along a
circular path for 3 s at 50 ym/s. Before the laser was incidenced, an
alcohol drop was placed on the wafer. The ablation debris was then
removed using flow and volatilization. Fig. 20 shows deeper and cleaner
holes than those machined in air with the same parameters. However,
this method is difficult to control and the alcohol is flammable and
volatile, making it dangerous to operate. Khuat et al. [95] used a 120 fs,
800 nm femtosecond laser to prepare through holes in 6H-SiC. and ul-
trasonically cleaned by a mixture of HF and HNOs solution, which
effectively removed the ablation debris and recast layer, but the
cross-sectional morphology was poor, cracks still existed, and the taper
was large. Wang et al. [107] placed 350 ym thick 4H-SiC wafers under a
500 um water film and impact drilled the holes using a 240 fs, 515 nm,
50 kHz, 60 pJ laser. The holes were more round and have no cracks,
material spalling or recast layers on the surface compared to drilling in
air. High-quality through-hole arrays with an aspect ratio of 10 were
drilled on 4H-SiC with optimal water film thickness, as shown in Fig. 21.
This indicates that the underwater treatment effectively improved the
quality of the holes. On this basis, Wang’s group [108] also used both the
protective layer and water to assist the drilling process in femtosecond
laser drilling with the same parameters. It is found that proper protec-
tion and proper thickness can be used to enhance the inlet shape. But the
outward appearance is bad, and there are reamed layers and ablative
fragments in the interior of the cavity, so it is necessary to get rid of them
with ultrasound and chemical etching.

Femtosecond lasers theoretically enable cold machining of micro-
structures without defects such as cracks, recast layers, and heat affected
zones. Dong et al. [110]. used a 120 fs, 800 nm, 1 mJ femtosecond laser
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to prepare circular diaphragms on 250 ym thick 4H-SiC wafers by
trepanning mode and via holes by percussion drilling mode. Superior
thickness, high-aspect ratio, space resolution and thin film were ob-
tained by 'non-thermal’ ablation mechanisms. Zehetneretal. [111,112].
prepared circular film arrays with diameters of 1000~3000 xm and
thicknesses of 75 ym on 350 um thick 4H-SiC wafers by femtosecond
laser ablation at 350 fs, 520 nm, and 200 kHz. The paper demonstrates
that ultra-short pulse laser ablation can fabricate diaphragms with
thicknesses in excess of 20 ym in a wide range of difficult-to-machine
materials at speeds up to five times faster than ion etching. But there
is no explicit information about the processing quality of fs-laser,
including surface roughness, edge quality, side slope, etc., which are
very important to measuring precision and intensity of the finished
transducer. In order to figure out the actual processing quality of
femtosecond laser in the fabrication of sensitive diaphragms for
high-temperature pressure sensors in silicon carbide, Zhao et al. [13].
reported that blind holes were prepared by femtosecond laser micro-
fabrication at 1064 nm on 350 um-thick 4H-SiC wafers for obtaining
sensitive diaphragms of pressure sensors with a thickness of 80 ym. By
testing various parameters of the processed structures, it was concluded
that femtosecond laser micromachining exhibited high machining ac-
curacy, good sidewall steepness and smooth machined surfaces during
deep etching of silicon carbide. Fig. 22 shows the sidewall morphology
of the blind aperture with a rough bottom of the sidewall and grooves on
the edges of the sensitive diaphragm, which is due to over-etching. Wang
et al. [113]. used a 200 fs, 1030 nm laser to drill blind micro holes in a
circular sensor diaphragm. The precision of the machining depth of the
blind hole is not higher than 2 % and the surface roughness is 153 nm.
Zhao et al. [114]. used a 300 fs, 1035 nm, 100 kHz laser to prepare
4H-SiC sensors by releasing a 600 ym radius and 60 ym thickness bulk
SiC film directly from a 4H-SiC wafer. The study demonstrates the
feasibility of femtosecond laser technology for rapid prototyping of bulk
SiC pressure sensors applied in extreme temperature environments.

It has been demonstrated in many studies that laser irradiation of
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Fig. 19. Drilling holes in a 400 um 3C-SiC wafer using a femtosecond laser: (a) Top surface of through-hole before cleaning; (b) Top surface of through-hole after

cleaning; (c) Bottom of drilled hole [105].
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Fig. 20. Drilling holes in 250 ym thick 6H-SiC wafers using a femtosecond laser: (a) Top surface of a microvia hole drilled in air; (b) Top surface of a hole drilled with
alcohol assistance; (c) Top surface of through-hole after alcohol cleaning [106].
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Fig. 21. SEM images of through-hole arrays drilled at a water layer thickness of 500 ym, a pulse book of 40,000, and a pulse energy of 60 uJ: (a) entrances; (b) exitst;
and (c) sections [109].

processing, each pulse produces ablation on the surface of the material,
forming a certain amount of ejecta. Multi-pulse femtosecond laser
ablation requires additional factors to be taken into account, such as the
shielding effect of the ejecta, the possible buildup of heat from the su-
perposition of the preceding and following pulses, and the effect of pulse
spacing. Zhang et al. [117] used an 35 fs, 800 nm laser to ablate the
surface of silicon carbide to form micro-nanostructures. It was found
that the micro-nanostructure arrays gradually evolved towards V-sha-
ped grooves with the increase of laser fluence, scanning speed or number
of scans. The effect of surface roughness on the type of ripple was pre-
sented by Chen et al. [118] Under multi-pulse laser irradiation at 515
nm, 290 fs, directional ripple structures are produced in the annealing
zone, and deep subwavelength ripples can be produced only on sub-
strates with surface roughness higher than 5.5 nm. In order to deeply
investigate the formation process of surface nanostructures, Rehman
et al. [119]. irradiated n-type 4H-SiC with 40 fs, 800 nm femtosecond
Over etching - - " A laser pulses under strict focusing conditions to investigate the morpho-
REOOYE logical changes and formation mechanisms induced at and below the
surface. It was shown that laser irradiation of SiC induces bond breaking
and the transformation of silicon carbide crystals into amorphous silicon
Fig. 22. Blind hole sidewall morphology: (a) cross-section; (b) isometric view; (a-Si) and amorphous carbon (a-C). The results show that the compli-
(¢) micrograph of over-etched area; (d) micrograph of sidewall bottom [13]. cated interaction between fast laser heating, fusion and fast resolidifi-
cation, and the dynamic relaxation of laser stress may have played a role

material surfaces induces surface modification and that different struc- in this phenomenon. Long et al. [120]. achieved centimetre-scale,
tures are formed by varying the laser parameters and conditions. Laser low-damage micromachining of surfaces on single-crystal 4H-SiC sub-
processing is a versatile method for surface patterning [115]. He et al. strates using a 240 fs, 515 nm, 75 kHz femtosecond laser using a
[116] split an 800 nm, 50 fs femtosecond laser into three laser pulses custom-made diffractive optical element to redistribute the laser pulse
linearly polarised in different directions to control the periodic ripple energy from Gaussian to square flat-top. It was found that the
structure on the surface of a semiconductor 4H-SiC crystal. This is not laser-machined surface was covered with nanoripples and redeposited
possible with conventional single- or double-pulse laser beam irradia-  ith nanoparticles. The nanoparticles consisted mainly of amorphous
tion. In contrast to a single pulse, during multi-pulse femtosecond laser and crystalline silica, and the crystalline silica contained several
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different phases. This group [121] also investigated the formation of
dense nanostructures on the surface of silicon carbide using a 240 fs, 515
nm femtosecond laser. Fig. 23 shows the morphology and composition
of the collected surface nanostructures, which consisted of a large
number of silica (SiO2) nanoparticles with diameters ranging from 5 nm
to 30 nm. The width of the surface nanostructured region depends
mainly on the number of nanoparticles produced during laser ablation,
which increases with increasing laser pulse energy or decreasing laser
scanning speed. It was concluded that the nanoparticles produced by
laser ablation were decomposed, assembled and oxidised at high tem-
peratures to form cotton-like surface nanostructures. The efficient
build-up of nano-particles in the region where the laser irradiation is
applied is crucial to forming a cotton-like nanostructure. When treated
with low repetition rate laser pulses, effective accumulation does not
occur and therefore only flocculated nanostructures can be formed on
the laser-treated surface. Shi et al. [122] investigated the structural
changes induced by irradiating 4H-SiC targets with a single-pulse
femtosecond laser. The results showed that at low energies no struc-
tural changes occurred, while at high energies the bonds between
crystalline silicon carbide (c-SiC) were broken. These findings deepen
the understanding of the formation of surface nanostructures on SiC
surfaces by femtosecond laser processing, which facilitates high-quality
micromachining of SiC surfaces. In conclusion, for the fabrication of
periodic induced structures on WBG materials, picosecond laser pro-
cessing is faster, but with relatively low precision for applications where
large areas need to be processed quickly. Femtosecond lasers can pro-
duce nanoscale periodic structures that have higher precision and more
complex morphology, allowing for finer material surface modification.

3.2.3. Laser machining difficult components

Conventional wire saw technology makes it difficult to cut thin slices
from bulk silicon carbide crystals without cutting space, and laser slicing
offers a new technical route. Laser slicing of SiC is approximately four
times faster than conventional diamond wire saws, making the com-
mercial application of laser stripping of large 4H-SiC wafers possible
[123]. Laser slicing also has the advantage of much less kerf loss
compared to state-of-the-art wire saws [124]. Wang et al. [125] inves-
tigated the effect of surface pretreatment on ultrafast laser cutting of
4H-SiC wafers. A femtosecond laser was used to carry out surface pre-
treatment on four kinds of 4H-SiC samples with surface roughness of

200 nm
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0.5, 20, 250 and 500 nm, respectively. It was found that the surface
pretreatment could reduce the damage to the surface caused by laser
processing, promote the stable formation of the modified layer, reduce
the solvation area ratio, and lower the tension required for slicing. The
modified layer peeling interface is shown in Fig. 24. Xu et al. [126]
determined the optimal parameters for cutting SiC wafers using a
femtosecond pulsed laser with a pulse width of 130 fs-150 fs, a wave-
length of 800 nm, and a repetition frequency of 1 kHz. The bottom of the
fs laser cutting has a smooth surface, so that it can decrease the wastage
of SiC in cutting.

To avoid creating debris, the researchers sliced the silicon carbide
wafer through an invisible cutting technique. Tatsuya Okada et al. [127]
observed the formation of the subwavelength periodic strained layers
associated with nanoholes in the cross-section of a femtosecond laser
illumination within 4H-SiC. Kim et al. [82,128] achieved the exfoliation
of 4H-SiC single crystals using femtosecond laser-induced slicing. The
study utilised a 780 nm, 220 fs, 1 kHz femtosecond laser to successfully
achieve exfoliated surfaces with the root-mean-square roughness of 3
um and a cutting loss thickness of less than 30 ym. The study also looked
at the structure of the exfoliated surface of the SiC crystals. The surface
of a stripped sample usually has two areas of different roughness.
Typically, 4H-SiC has a solvation plane in the (0001) plane. On the one
hand, since the laser cutting was performed in a plane parallel to the
dissolved surface, the researchers assumed that the smooth surface re-
gion originated from the dissolved plane. On the other hand, in the
rough surface region, the researchers assumed that the stripped surface
originated from the photoinduced structure. Wang et al. [85,129]
investigated the multiple focusing phenomenon of ultra-short pulse la-
sers in 4H-SiC, and found that under fs conditions, even though there is
some self-focusing action in 4H-SiC specimens, it is difficult for the laser
to re-focus when dispersed due to the intense plasma defocusing. In
contrast, under ps conditions, less plasma is generated at the focal point,
and most of the unabsorbed laser light will pass directly through the
focal point without being scattered by the plasma. A schematic diagram
of the multifocus formation is shown in Fig. 25. Moreover, the lower
intensity of the multi-photon absorption loss in the p-state allows for the
formation of more and more dense layers at the same energy density.

All of the above studies are about cutting N-type SiC, but silicon
carbide can be divided into N-type silicon carbide and semi-insulating
silicon carbide. N-type silicon carbide and semi-insulating silicon car-

200nm 25 nm

Fig. 23. Surface nanostructures generated at a laser scanning speed of 20 mm/s [121].
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Fig. 24. Microscopic observation of the sample peeling interface [125].
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Fig. 25. Schematic of multifocus formation under (a) femtosecond and (b)
picosecond pulse width conditions [129].

bide have significantly different resistivity, absorbance and trans-
mittance, and crystallographic orientations, which will have an impact
on the process of laser-material interaction during laser slicing. Zhang
et al. [130] used a 1030 nm ultrafast laser to fabricate an internal
modification layer in semi-insulating silicon carbide that can be used for
laser dicing silicon carbide wafers. It is found that internal modification
cannot be achieved by femtosecond laser in semi-insulating SiC, but the
modified layer is formed more readily with increasing pulse width. The
number of modified layers increases with the laser pulse energy and it is
proportional to the height and width. These results contribute to the
improvement of the slicing quality of semi-insulated silicon carbide
wafers.

3.2.4. Other laser processing

Grating structures are attractive because of their suitability for use in
silicon carbide optical temperature sensors. Femtosecond micro-
machined diffraction grating enable the development of optical tem-
perature sensors within transparent bulk 6H-SiC [131]. However,
fabricating grating structures with uniform periods of less than a few
microns is difficult. Kim et al. [132] prepared parallel deep nanogrooves
on 6H-SiC by using 785 nm femtosecond laser. As shown in Fig. 26, the
nano-grooves have a high degree of size and pattern uniformity
throughout their depth. It is demonstrated that the key parameter for
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obtaining these deep and regular nanogrooves is the laser fluence. Gao
et al. [67] produced grating structures with a uniform period of 1.07 ym
on SiC and GaN by optimising the fabrication parameters using an 800
nm, 50 fs laser. The threshold power required to form grating structures
on WBG semiconductors was investigated. It was discovered that SiC
and GaN have substantially smaller threshold powers than quartz glass.
This discrepancy arises because, in contrast to quartz glass, the ab-
sorption of incident laser light by SiC and GaN is a low-order nonlinear
absorption process.

Using 300 fs, 520 nm femtosecond laser pulses, Guo et al. [133]
demonstrated that laser-induced microjet-assisted ablation greatly mit-
igates the thermal effects of the normal laser ablation process by fabri-
cating microgrooves on the surfaces of single-crystal 4H-SiC wafers and
stainless steel strips. Fig. 27 illustrates high-quality microchannels with
a large depth-to-width ratio of 5.2 obtained by the laser-induced
microjet-assisted ablation single-pass laser scanning process, as well as
an array of microchannels fabricated on a 4H-SiC wafer. Wang et al.
[134] used a 300 fs, 1035 nm infrared femtosecond laser in the ablation
of precisely controllable square grooves with smooth bottoms. A
decrease in laser spot overlap in the x-direction has a greater attenuating
effect on the material removal rate than in the y-direction. Zhang et al.
[135] found that the groove depth, width, heat affected zone and ma-
terial removal rate in femtosecond laser machining could be accurately
predicted by the established regression model.

In addition to the above, there are a number of applications for lasers
in silicon carbide processing. Yang et al. [136] proposed a femtosecond
laser-based polishing method for reactive bone silicon carbide (RB-SiC).
The study was carried out using a 515 nm, 282 fs femtosecond laser on a
5 mm thick RB-SiC material. It is anticipated that some of the conven-
tional mechanical polishing techniques will be replaced by the research,
which greatly increases surface quality and polishing efficiency. Aono
et al. [137] investigated femtosecond laser modification of single crystal
silicon carbide surfaces and its application in microtribology. It was
shown that the lubricating properties of the modified layer were
improved and the coefficient of friction was 0.01, which was lower than
that of the original silicon carbide surface.

Picosecond lasers have better cleanliness, thermal effects and pro-
cessing accuracy than nanosecond lasers and higher processing effi-
ciency than femtosecond lasers [77]. Laser processing of SiC tends to use
laser radiation to modify the surface structure of the material, creating a
laser-affected zone that exhibits properties different from those of the
original SiC, which is subsequently processed either with assisted pro-
cessing or with direct laser processing, both of which make the
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Fig. 26. Fabrication of nanogrooves on 6H-SiC using lasers [132].
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Fig. 27. (a) laser-induced microjet-assisted ablation Side view of microchannels fabricated using a one-pass laser scanning process; (b) Fabrication of microchannel

array structure on 4H-SiC wafer; (c) 3D surface profile of the array [133].

processing easier. In summary, ultra-fast laser processing improves the
processing rate compared to conventional processes, and can therefore
be widely used to fabricate SiC-based MEMS devices, thereby increasing
productivity.

4. Ultra-short laser processing of gallium nitride

This chapter describes the application of picosecond and femto-
second lasers for processing gallium nitride materials, where picosecond
lasers are mainly used for invisible scribing and laser stripping, and
femtosecond lasers are more broadly applicable, including assisted
ablation of micro- and nano-structures, laser-induced cyclic surface
structures, and laser stripping.

4.1. Picosecond laser processing

Conventional GaN-based devices are mainly grown by heteroge-
neous epitaxy on rigid substrates and usually sapphire substrates [138].
Laser stripping is favoured by industry due to its non-polluting, stable
and convenient characteristics. The conventional laser stripping process
usually uses an excimer laser and a nanosecond ultraviolet (UV) laser,
since the photon energy of the two sources is greater than the band gap
of GaN but less than that of sapphire. Consequently, it is possible to
selectively absorb the laser energy in the GaN layer, and to drastically
heat the interface area to the thermal delamination temperature.
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Although this method is feasible, the separated GaN layer still suffers
from a large number of defects during actual processing. Sun et al. [139]
studied the use of 355 nm , 10 ps picosecond laser irradiation of GaN
thin films and gallium nitride-based light-emitting diode (LED) devices
to achieve one-step laser stripping, the laser fluence required for strip-
ping is much lower than that of the laser stripping method reported so
far, and the surface roughness of the delaminated GaN film can be
reduced to 5.2 nm. As can be seen in Fig. 28, the films exhibit a metallic
sheen because the gallium and oxides on the surface of the separated
gallium nitride films have not been cleaned.

Since the beginning of the 1990s, GaN based materials grown on
sapphire substrates have been used to produce high performance blue,
green, and UV light emitting diodes. Moser et al. [140] used a 355 nm,
10 ps picosecond laser for pattern definition and material removal in
planar GaN-based LEDs. This approach is flexible and accelerates the
development and prototyping of new devices. In order to increase
market share, the output power of GaN-based LEDs needs to be further
increased without increasing production costs. It has been shown that it
is possible to increase the output power of LEDs by improving internal
quantum efficiency or light extraction efficiency. The most common
method to enhance the light extraction efficiency is to roughen or shape
the GaN epitaxial layer. Chang et al. [141] proposed a simple shifted
laser stealth dicing method to enhance the output power of GaN-based
blue LEDs. Two additional picosecond laser shifts were required at
different locations on the backside compared to the conventional
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Fig. 28. (a) Photograph of a separated LED device; (b—c) Patterned GaN film attached to a TRT substrate; (d-f) Optical images of violet-blue EL from the separated

LED device under different bending states [139].

method of only 1 ns laser shifting from the front side. Passow et al. [142]
reported the repair of defects in GaN-based LEDs by UV laser micro-
machining. Impact and helical drilling in GaN was studied using 248 nm
and 355 nm picosecond pulsed laser ablation. The effect of laser ablation
on the optoelectronic properties of GaN-based LED chips with different
laser parameters was investigated.

4.2. Femtosecond laser processing

When processing GaN using femtosecond laser ablation, the higher
energy density of the fs laser is usually utilised to achieve material
removal by ablation. In order to improve the smoothness of the surface
microstructure of GaN materials after femtosecond laser processing,
Nakashima’s group [143] adjusted the size of the ablation crater and
surface roughness by using HCl solution etching treatment or changing
the parameters of femtosecond laser processing after femtosecond laser
irradiation. The results show that the roughness of GaN surface micro-
structure is effectively changed by HCI solution treatment, and the re-
sults are shown in Fig. 29. After laser irradiation, Ga-rich phases with
metallic luster were generated in the laser irradiated area, and the ratio
of Ga to N was increased from 1.56 to 1.82. Subsequently, the Ga-rich
phases were removed by chemical etching using HCl solution, and the

After irradiation

After etching

roughness of the laser-irradiated surface was effectively reduced.
However, due to the high bonding energy of GaN and its strong chemical
stability, it is difficult to use HCIl solution to etch the Ga-rich phase.
Therefore, it is difficult to use HCI solution to effectively etch the
ablation crater after femtosecond laser irradiation, and it is difficult to
obtain a satisfactory etching rate to form high-quality optical micro-
structures. In order to further investigate the effect of femtosecond laser
processing parameters on the surface smoothness of the ablation crater,
Nakashima’s group [34,144] used two different wavelengths of femto-
second laser, 775 nm and 387 nm, as well as the number of pulses to
process the GaN materia. The researchers used a 775 nm laser to focus a
single pulse onto the surface of GaN material by scanning to obtain
microstructures, and investigated the variation rule of the diameter and
depth of microstructures with the pulse energy. The experimental results
show that when the pulse energy is less than 200 nJ, the diameter and
depth of the microstructure grow rapidly with the increase of pulse
energy; when the pulse energy is more than 200 nJ, the diameter and
depth of the microstructure tend to stabilise with the increase of pulse
energy. It was found that the ablation crater formed on the surface of
GaN material by femtosecond laser irradiation and then processed with
HCI solution did not substantially increase the diameter of the ablation
crater, while changing the parameters of femtosecond laser processing

After irradiation
50 |- . [/

Depth (nm)

Distance (um)

Fig. 29. AFM images of ablation craters on GaN surface: (a) topography after laser irradiation; (b) topography after HCI etching; (c) cross-section contours [143].
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can increase the diameter and depth of the ablation crater. Although the
results did not achieve the preparation of microstructures with a certain
shape and appearance on the GaN surface, they showed a way to in-
fluence the microstructure by removing the laser irradiated area through
selective etching. Ou et al. [37] used a femtosecond laser irradiation of
GaN at 800 nm, 30 fs, and 1 kHz, and then wet etching to prepare
hexagonal microstructures on the Ga pole surface of the GaN material.
The experimental results show that the depth and pore size of the mi-
crostructures increase with the increase of laser energy applied to the
GaN surface. When the laser energy is 2 mW, the hexagonal micro-
structure of the laser is more regular. In addition, the law of change of
the etched aperture with the etching time under different laser energies
shows that the 4h before the etching is the main factor for deciding the
size of the diameter of the microstructures, and the change of the laser
energy does not have much influence on the etching rate.

In addition to the use of other technologies to assist femtosecond
laser micromachining of GaN, in recent years, femtosecond laser direct
writing GaN micromachining has also been a lot of research. Wang et al.
[145] used a femtosecond laser with 150 fs, 775 nm, 250 Hz, and an
approximate Gaussian shape of the beam profile to process a
laser-induced periodic surface structure on a GaN/sapphire surface. It is
found that the incident laser energy laser induces an effect on the period
of the ripples. Miyaji et al. [146] formed uniform nanogratings with a
period of 50 nm on GaN in air by two-step ablation using a 266 nm, 100
fs, 10 Hz UV femtosecond laser pulse. Yulianto et al. [147] processed
InGaN/GaN-based light-emitting diodes on sapphire substrates and
transferred them to a foreign substrate (copper foil) by a two-step
transfer method using a 520 nm femtosecond laser. Voronenkov et al.
[148] used a 350 fs, 1030 nm, 400 uJ near-infrared femtosecond laser
pulse focusing technique to cut GaN films with an epitaxial device
structure from an exotic GaN substrate. The luminescence image of the
LED chip on the copper substrate is shown in Fig. 30, which proves that
the structure was not damaged during the laser stripping process.
Yulianto et al. [16] used nonlinear absorption of 520 nm, 350 fs, 200
kHz femtosecond laser for laser lift-off (LLO). But the non-linear effect of
multi-photon absorption induced GaN layer separation method has led
to higher manufacturing costs for GaN-based devices. Moreover, the
MLR of the GaN layers isolated with this approach is even poorer than
those obtained from the conventional separation. Nolasco et al. [149]
investigated the incubation effect during femtosecond laser
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microfabrication of GaN thin films at three different wavelengths, and
the incubation curves are shown in Fig. 31. The results show that
micromachining is mainly determined by multiphoton ionization at 343
nm and 515 nm, and other effects such as tunneling ionization at 1030
nm. As the irradiation wavelength increases, two-photon or multiphoton
absorption dominates. The two/multiphoton absorption induces signif-
icant fluctuations in the GaN ablation threshold, which undoubtedly
puts higher demands on the regulation of the laser pulse energy. Wei
et al. [17] systematically investigated the effects and interactions of
parameters on GaN processing, and achieved efficient and nearly
damage-free micromachining of GaN using femtosecond laser direct
writing technology by means of a quadratic polynomial prediction
model established.

When processing GaN by laser ablation, the higher energy density of
the laser is usually utilised to achieve ablative removal of the material.
The size of the laser energy affects the size of the laser ablation craters
and the laser-modified area due to the difference in laser energy acting
on the GaN surface after laser processing. On the other hand, the multi-
photon absorption of the laser nonlinear effect increases the cost of the
actual production of GaN-based devices, which puts higher demands on
the regulation of the laser pulse energy. Compared with the conven-
tional method, ultrafast laser treatment can significantly reduce the
light-matter interaction time, reduce the light-matter interaction, and
reduce the heat accumulation in the LLO process [150]. At the same
time, high costs are inevitable. In contrast, it may be more cost-effective
to use other techniques to assist laser micromachining of GaN.

5. Conclusions and outlooks

This review summarises the application of ultra-short pulsed laser for
processing silicon carbide and gallium nitride materials and the physical
mechanisms of interaction with semiconductor materials. Ultra-short
pulse laser can effectively reduce the heat-affected zone due to their
ultrashort interaction time. The pulse delivers its energy through
photon-electron coupling before phonons drive thermal diffusion. Ul-
trafast laser processing has a wide range of applications due to its unique
non-linear absorption and non-thermal properties. As the semiconductor
industry’s demand for efficient and precise manufacturing continues to
grow, ultrafast laser processing technology is expected to find wider
application. Traditional semiconductor material processing methods are

Fig. 30. (a) InGaN LED chip on copper substrate electroluminescence under operating current; SEM image of (b) Ga/(c) N side of the chip after laser stripping

process [148].
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Fig. 31. Incubation curves of GaN at (a)1030 nm, (b) 515 nm and (c)343 nm laser pulses [149].

often limited by the nature of the material, processing equipment and
other factors, it is difficult to realize some specific processing needs.
Ultra-fast laser processing technology has a higher degree of flexibility
and controllability, according to different processing needs to adjust the
laser parameters, to achieve diversified processing results. At the same
time, compared with traditional processing methods, ultrafast laser
processing speed is faster, higher precision, help promote the further
development of semiconductor material processing. In conclusion, both
picosecond and femtosecond ultra-short pulse lasers can be used as the
first choice for processing WBG semiconductor materials such as SiC and
GaN. With their low thermal effects, small heat-affected zones, and
precise control of the processing geometry, they are an excellent choice
for micro- and nano-processing.

In terms of processing SiC, there are many research reports on ul-
trafast lasers, which can be summarized into three main areas. First, the
use of femtosecond laser-assisted processing. Mainly SiC belongs to the
ultra-hard and difficult to process materials, traditional mechanical
processing is more difficult, through the laser irradiation surface
modification can be easy to process. Second, the use of ultrafast laser
manufacturing micron or nanometer structure, such as through holes,
thin films, surface structure. Third, the use of ultrafast laser processing
instead of traditional processes, such as laser cutting, laser polishing,
etc., significantly improve the surface quality and efficiency. On the
other hand, the unique substrate production method of GaN materials
makes ultrafast laser processing uniquely useful for laser stripping.
Ultra-fast laser processing significantly reduces the interaction time
between light and material, thus reducing the heat build-up during laser
stripping and obtaining a high-quality stripped surface.

Future research on ultrafast laser processing of wide-band semi-
conductor materials still has some difficulties.

1. At the same laser energy density, femtosecond lasers are more ac-
curate and picosecond lasers are more efficient. For femtosecond
pulses, mode-locking is almost the only means of realization, and
thus relatively lower cost for picosecond lasers. Nonlinear effects
such as multiphoton ionization dominate when ultrashort pulsed
lasers interact with transparent media. Femtosecond lasers are more
likely to reach the nonlinear threshold and are more adaptable to the
absorption properties of the material. Therefore, femtosecond pulsed
lasers are more advantageous in transparent medium processing and
other occasions. In the selection of laser parameters, the influence of
thermal effects, cost, application scenarios should be considered
comprehensively, and the appropriate pulse width should be selected
in the balance between efficiency and precision;

2. The trend in femtosecond laser technology is towards high-precision
processing, with the disadvantage of not being able to achieve high-
volume processing comparable to traditional microelectronic/
microelectromechanical manufacturing technologies, and exploring
new strategies such as parallel multi-beam processing and volu-
metric fabrication technologies to improve processing efficiency is
also a direction that meets the criteria for high-volume production;
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3. Most of the current research has focused on distributing the laser
energy density in the spot according to a Gaussian distribution, and
few other types of beam processing have been studied;

4. Whether picosecond or femtosecond, the mechanism of interaction
between ultrafast lasers and semiconductor materials is still unclear,
which calls for a deeper investigation of the interaction mechanism
and the need to propose more accurate physical models.

At present, as the smallest feature size achievable by micro-
machining technology continues to decrease, further improvement of
machining accuracy and quality has been the challenge to be broken
through. The excellent performance of ultrafast laser processing tech-
nology in the field of micromachining has received more and more
attention from the industry and scholars. In recent years, SiC and GaN
have gradually gained widespread attention and application in the field
of semiconductor materials. The booming semiconductor industry and
the pursuit of higher performance materials will surely lead to the same
rapid development of processing methods. One of the key areas of future
research in ultrafast laser processing is the establishment of a multi-
beam parallel processing system, which will enable the industrial pro-
ductivity of ultrafast laser processing to be greatly enhanced. In addi-
tion, the study of laser beam morphology will allow for more precise
processing results. Future researchers will be able to use lasers to process
wide-band semiconductor materials more efficiently and with higher
quality.
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