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Abstract
Silicon carbide (SiC) is an attractive material for many industrial applications, such as semiconductors, electronic power 
devices, and optical and mechanical devices, owing to its wide bandgap, high thermal and wear resistance, and chemical 
inertness. Although SiC has superior properties, fabricating micro-features on SiC is very expensive and time-consuming. 
Many studies have introduced various fabrication methods utilizing physical, chemical, and thermal principles to remove SiC 
material. This paper reviews the state-of-the-art processes applicable for fabricating micro-3D structures on SiC, including 
etching, mechanical, thermal, and additive processes. The advantages and limitations of these processes are also discussed 
to guide the selection of processes suitable for SiC.
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1 Introduction

Silicon carbide (SiC) is a promising material for semicon-
ductor and microelectronic devices as well as mechanical 
components and biomedical applications. Compared to sili-
con, SiC has a wider band gap and ten-fold higher dielectric 
breakdown strength, which allow for a high breakdown volt-
age of over 600 V. Moreover, it has high thermal conductiv-
ity and resistance to high temperatures, which are properties 
required for high-power electronic devices. These advan-
tages make SiC a potential material to replace silicon- and 
germanium-based wafers. SiC exhibits good mechanical, 
thermal, and chemical properties. Thus, SiC is an excellent 
material for mechanical components that require a high wear 
resistance. SiC exhibits higher hardness than other ceramic 
materials. The hardness of SiC is approximately 22 GPa 
HV, which is higher than that of alumina (15.7 GPa), silicon 
nitride (13.9 GPa), and zirconia (12.3 GPa). Because SiC has 
high chemical stability and low thermal distortion at high 
temperatures, it can be used in furnace heating elements, 

wafer fixtures, and showerheads in chemical vapor deposi-
tion (CVD) processes. In addition, the chemical inertness 
and biocompatibility of SiC allow for it to be used in bio-
medical applications.

SiC is an attractive and preferred material compared to 
silicon wafers or other ceramic materials. However, machin-
ing SiC remains challenging owing to its high hardness, 
brittleness, and chemical resistance. The recent demand for 
machining processing is not limited to the grinding or pol-
ishing of SiC wafers, but also to the fabrication of various 
micro-features such as holes, grooves, channels, or complex 
3D microstructures. The applications of fabricating 3D fea-
tures include SiC-based power micro-electromechanical sys-
tems (MEMS), micro-holes of CVD components, aspherical 
SiC micro-mold cores for glass lens arrays, SiC wafer dicing, 
and ultra-precision mirror surfaces for space telescopes.

Each of the fabrication methods for SiC is based on differ-
ent physical, chemical, or hybrid principles and has unique 
characteristics. Therefore, the fabrication method should be 
carefully selected based on the features required for vari-
ous applications. This paper reviews the state-of-the-art 3D 
fabrication methods for SiC. The scope of this review is 
confined to the process techniques for high-purity SiC, such 
as single-crystalline SiC and CVD or sintered SiC, although 
there are many SiC composites. Section 2 introduces the 
different types of SiC materials and their applications. Sec-
tion 3 presents SiC fabrication methods, which are classified 
into chemical and dry etching and mechanical, thermal, and 
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additive processes. This review provides a guide for select-
ing methods that are suitable for the fabrication of 3D struc-
tures on SiC.

2  Materials and Applications

2.1  SiC Materials

SiC is an attractive material with a large number of atomic 
configurations in the amorphous, polycrystalline (sintered 
and CVD), and monocrystalline form/phase; its structure 
and properties are dependent on the preparation conditions.

Amorphous SiC (a-SiC) can be easily prepared through 
low-temperature (400 °C) CVD from a  SiH4/CH4 gas mix-
ture [1], and hydrogenated amorphous SiC (a-SixC1−x:H) 
is used as an optoelectronic material (such as for visible 
light-emitting diodes (LEDs) and emitters for high-speed 
bipolar transistors (HSBTs)) owing to its optical bandgap, 
which can be controlled from 1.8 to 3 eV by changing the 
Si–C content [2]. Polycrystalline SiC can be grown on a 
wide variety of substrates such as Si,  Si3N4, and  SiO2 at 
higher temperatures (500–1200 °C) than a-SiC, and vari-
ous processes exist compared to that for monocrystalline 
epitaxial film growth [3]. Polycrystalline SiC consists of sev-
eral small crystalline regions (called grains or crystallites) 
bonded together by crystallographically defective regions 
(called grain boundaries). The grains formed using CVD 
processes are sensitive to several parameters, such as the 
temperature, deposition rate, dopant concentration, pressure, 
and impurity concentration [3]. On the other hand, sintered 
α-SiC is produced by initially mixing fine (sub-micron) and 
pure SiC powder with non-oxide sintering aids [4]. Boron 
and carbon are used as sintering aids to achieve improved 
densification during sintering, which is typically conducted 
at a temperature of approximately 2500 °C. The resulting 

structure consists predominantly of fine equiaxed grains of 
the 6H polytype, although a small amount of free carbon and 
isolated  B4C grains may be present.

Single-crystalline SiC (c-SiC) exists in more than 250 
crystalline forms called polytypes. The crystal structures 
vary in the different stacking sequences of the Si–C dou-
ble layers, where each Si is surrounded by four C atoms 
and vice versa (Fig. 1) [5]. The most common polytypes 
of SiC are 2H, 3C, 4H, 6H, and 15R; however, the major-
ity of research and development has focused on only three 
types: 3C, 6H, and 4H. The numbers refer to the number of 
layers in the unit cell, and the letter designates the crystal 
structure, where C, H, and R denote cubic, hexagonal, and 
rhombohedral structures, respectively [6]. 4H-SiC is pre-
ferred for power electronic devices primarily because of its 
superior material properties such as high carrier mobility 
[7]. Its bandgap is 3.27 eV at room temperature (Fig. 1b), 
which dramatically reduces the number of electron–hole 
pairs formed from thermal activation across the bandgap 
and allows the high-temperature operation of SiC electronic 
devices. 3C-SiC is more common for MEMS-based sensors 
because it can be easily grown on Si wafers, which reduces 
the overall wafer cost [8]. 6H-SiC has been used for UV 
photodiodes as well as solid-state lighting (LEDs) owing 
to its similar lattice constant to that of the GaN family of 
alloys [2].

2.2  Applications

SiC has attracted considerable attention because of its supe-
rior characteristics, such as a wide bandgap, high breakdown 
electric field, excellent oxidation resistance, low density, 
high melting point, high thermal conductivity, high chemi-
cal inertness, chemical stability, good microwave absorbing 
ability, and high mechanical strength [9, 10].

Fig. 1  Crystallographic stacking sequences of Si–C double layers. Reproduced with permission from Ref. [5]
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Table 1 lists the basic properties of several semiconduc-
tor materials [5]. The data indicate that SiC can be used for 
applications in harsh environments, such as high radiation 
exposure, operation at high temperatures, and in corrosive 
media [11]. Specifically, the basic properties of SiC provide 
several advantages for electronic devices compared to Si 
[12].

First, the limit operation temperature for SiC devices 
(> 400 °C) is higher than that of Si (< 200 °C) owing to the 
wide bandgap, which can ensure the long-term reliability 
of devices that operate at high temperatures. Therefore, SiC 
can be used as a sensing device in chemical production and 
as a high-temperature gas sensor in turbine or engine test-
ing industries to detect flammable and combustible gases in 
harsh, high-temperature, and corrosive environments [13]. 
Second, SiC devices can sustain much higher voltages than 
Si devices; thus, their size can be reduced because of the 
higher critical breakdown electrical field of SiC (ten times 
that of Si). This means that SiC is valuable for the devel-
opment of electric vehicles, solar power inverters, energy 
storage converters, and sensor systems [14]. Third, SiC 
devices can conduct heat much more effectively because of 
the higher thermal conductivity of SiC (three times that of 
Si). Therefore, SiC can be used for thermal management 
applications in semiconductors and electronic devices and 
for high-heat-load applications in rapid thermal processing 
(RTP) and plasma etching systems, radio frequency (RF) 
heated susceptors, synchrotron and high-energy laser mir-
rors, and optics molds [15].

SiC has been used as a versatile material for biosensors 
[3], biomedical applications [16], and bioimaging [17]. The 
chemical inertness of SiC leads to a high resistance to cor-
rosion in harsh environments such as bodily fluids. Its high 
elastic modulus and low friction coefficient render SiC an 
ideal material for smart implants [18] and in vivo biosensors 
[3]. As a representative biomedical application, SiC has been 
used as a hard coating material for non-fouling coronary 
heart stents [19].

A previous review described recent progress in SiC-based 
nano-architectures covering their structure, properties, and 
defects with respect to multidisciplinary applications such 
as photocatalysis, membrane technology, field-emission 
transistors, nano-electronics, biosensors, medical implants, 
and photothermal, photodynamic, and regenerative medicine 
(Fig. 2) [9]. Several other reviews have focused on the prop-
erties of SiC, including the piezoresistive effect of SiC for 
MEMS [20], next-generation nanoelectronics for environ-
mental monitoring [21], electronic devices [22], and energy 
harvesting [23].

3  Fabrication Methods

3.1  Etching

Owing to its extreme mechanical and chemical stability 
and robustness, monocrystalline (single-crystal) SiC is sta-
ble in all known aqueous etching solutions [10]. In other 
words, SiC is resistant to almost all chemicals except for 
molten KOH above 600 °C [24] and alkaline solutions of 
 K3Fe(CN)6 above 100 °C [25]. Therefore, it is very difficult 
to etch single-crystal SiC substrates to fabricate micro/nano-
structures. Recently, several hybrid approaches have been 
reported, such as electrochemical etching [26, 27], metal-
assisted hybrid etching [28], and photoelectrochemical etch-
ing [29, 30].

Plasma-based dry etching, which is usually employed in 
the SiC etching industry, is considered the only practical 
way to pattern SiC owing to the high bonding energy of 
the SiC material [31]. Among the dry etching techniques 
employed to date, inductively coupled plasma (ICP) etching 
can provide a higher plasma density for an appropriately 
high etching rate and less sample surface damage than other 
dry etching methods [32]. Because ICP systems have several 
advantages, such as simple operation, easy automatic con-
trol, and availability for large-area substrate etching, they 

Table 1  Comparison of 
basic properties of several 
semiconductor materials [5]

Property/material 4H-SiC 6H-Sic Si GaAs

Thermal conductivity (W/cm K) 4.9 4.9 1.3 0.5
Bandgap (eV) 3.2 3.0 1.12 1.42
Intrinsic material transparent Yes Yes No No
Available doping n, p n, p n, p n, p
Saturated electron drift velocity  (107 m/s) 2.0 2.0 1.0 2.0
Electron mobility  (cm2/Vs) 1000 600 1450 8500
Critical breakdown electrical field (MV/cm) 3 3.2 0.3 0.6
Lattice constant (a) 3.073 3.081 3.84 4.00
Lattice mismatch with GaN (%) 3.8 3.5 − 17 − 22
Thermal expansion mismatch with GaN (%) − 0.11 − 0.12 − 0.17 0.11
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have been widely used in the fabrication of SiC devices 
[33–38].

In this section, dry and wet etching of SiC are reviewed, 
including conventional wet etching in aqueous solutions, 
electrochemical etching, and photoelectrochemical etching.

3.1.1  Conventional Wet Etching

Wet chemical etching is an attractive approach owing to 
its low process cost and low process-induced damage [10]. 
However, the large bandgap and low-lying valence band 
edge make direct chemical etching of SiC nearly impossible, 
except for molten KOH etching. The advantages of molten 
KOH etching are widely acknowledged, and it has been used 
to detect crystalline defects in SiC as etch pits in crystal 
growth research [2, 24, 39].

Katsuno et al. investigated the etching mechanism of 
SiC single crystals in molten KOH [24]. The etching rate 
was significantly enhanced by the presence of oxygen in the 
etching environment. Fukunaga et al. developed anisotropic 
wet chemical etching of single-crystalline hexagonal SiC 
using molten KOH for SiC bulk micromachining [39]. The 

(0001)Si and (000-1)C faces of the 6H-SiC substrates were 
used. The etching rates of the (0001)Si and (000-1)C faces 
at 490 °C were evaluated to be 37 nm/min and 3.1 μm/min, 
respectively, indicating that etching of the (0001)Si face 
was almost 100 times slower than that of the (000-1)C face 
(Fig. 3).

On the other hand, single-crystalline SiC can be chemi-
cally etched in aqueous etchants by first making it amor-
phous despite its inertness. Henkel et al. [40] implanted 
an SiC sample using high-dose  Xe+ ions and etched it in 
a boiling 1:1 mixture of HF and  HNO3. Alok and Baliga 
[41] demonstrated highly anisotropic etching by produc-
ing trenches of 0.3–0.8 μm on a 6H-SiC sample using ion 
implantation. In addition, they showed that deeper trenches 
could be obtained by repeating the implantation/etching 
steps using platinum as the masking material.

3.1.2  Electrochemical Etching

Van Dorp et al. comprehensively described the electrochem-
ical etching of 4H-SiC in an HF solution of pH 3, consider-
ing the surface reactions, kinetics, and mass transport [42]. 

Fig. 2  SiC nano-architectures 
for diverse applications. Repro-
duced with permission from 
Ref. [9]
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A uniform longitudinal distribution of SiC mesopores on 
the 4H-SiC substrate with a thin cap and transition layer 
was first fabricated by pulsed electrochemical etching [26]. 
Chen et al. successfully fabricated gourd-shaped nanowires 
on 4H-SiC using anodic oxidation with a pulsed voltage in 
a solution of HF:C2H5OH:H2O2 = 3:6:1 [43].

A hybrid anodic and metal-assisted chemical etching 
method was proposed to fabricate SiC nanowires based on 
wet etching at room temperature and atmospheric pressure. 
The voltage required to create holes in the anodic etching 
of SiC was reduced to less than 10 V using Pt metal, which 
played two key roles in the process: it acted as a catalyst to 
produce hole carriers and introduced band bending in SiC 
to accumulate sufficient holes for etching [28].

The active substance of fluorine is indispensable in the 
above-mentioned cases; however, it poses a severe threat 

to both humans and the environment. Zhan et al. proposed 
a microtool-based HF-free wet etching method (electro-
lytic plasma etching) to fabricate SiC microstructures [27]. 
Semiconductor 4H-SiC (0001) was etched using electrolytic 
plasma etching in an HF-free aqueous solution (Fig. 4).

3.1.3  Photoelectrochemical Etching

Zhao et al. reported a micromachining process technol-
ogy for the fabrication of MEMS on SiC [30]. Suspended 
microstructures of single-crystal SiC were fabricated using 
a dopant-selective photoelectrochemical etching process, 
which allowed the undercutting of the p-SiC layer by rapid 
lateral etching of the underlying n-SiC substrate. Figure 5 
shows scanning electron microscopy (SEM) images of 
single-crystal SiC MEMS structures fabricated using 

Fig. 3  SEM images of the 
(000-1)C surface before and 
after molten KOH etching at 
470 °C for 4 min. a Bird’s-eye 
view before etching. b Bird’s-
eye view after etching. c Cross-
section schematic before etch-
ing. d Cross-section schematic 
after etching. Reprinted with 
permission from Ref. [39]

Fig. 4  Schematic diagram of 
tool-based electrolytic plasma 
etching of 4H-SiC for micro/
nanostructure fabrication. 
Reprinted with permission from 
Ref. [27]
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dopant-selective photoelectrochemical etching. Photo-
electrochemical etching of highly doped n-type 4H-SiC 
in dilute hydrofluoric acid along different crystallographic 
orientations under low-voltage and/or low-current condi-
tions has also been studied [29]. Leitgeb et al. proposed 

metal-assisted photochemical etching of 4H-SiC as a reli-
able and simple technique for the generation of uniform 
and highly porous 4H-SiC layers [44]. They concluded that 
UV light irradiation and an oxidizing agent were important 
for the formation of the porous layer.

Fig. 5  a–c SEM micrographs of single-crystal SiC MEMS structures fabricated using dopant-selective photoelectrochemical etching, and a1–c1 
close-up images of the microstructures. Reprinted with permission from Ref. [30]



1483International Journal of Precision Engineering and Manufacturing (2022) 23:1477–1502 

1 3

3.1.4  Dry Etching

As mentioned above, ICP-reactive ion etching (RIE) is the 
only technique that enables reproducible etching processes 
with high anisotropy, selectivity, and etching rates. There-
fore, many studies have been conducted on ICP-RIE for SiC 
etching, and a review of ICP-RIE for SiC has recently been 
published [45]. That review presented the principles of the 
ICP-RIE method and representative results of SiC etching.

Jiang et al. found that in the ICP etching mechanism 
of SiC in  Cl2/Ar plasma, the etching regime was affected 
by the ratio of reactive  Cl− ions to  Ar+ ions, depending 
on the etching conditions [31]. In addition, they observed 
that the SiC etching rate increased with a decrease in the 
substrate temperature. Luna et al. demonstrated deep reac-
tive ion etching (DRIE) of high-aspect-ratio structures 
in 4H-SiC [35]. They used an electroplated nickel mask 
and  SF6/O2 ICP-RIE to realize high aspect ratio trenches 
with depths of 51–57 μm. Osipov et  al. demonstrated 
an effective method for the formation of deep (30 μm), 
highly oriented (90° sidewall angle) structures with sub-
nanometer surface roughness in SiC [37]. These structures 
were obtained by dry etching in  SF6/O2 ICP at increased 
substrate holder temperatures. As the etching temperature 
increased, the etching rate increased monotonically up to 
the moment when other factors became limiting for the 
etching rate. They also presented the results of an in-depth 
study of the plasma-chemical etching process of single-
crystal SiC in  SF6/O2 ICP [36]. Choi et al. demonstrated 
a top-down fabrication technique for nanometer-scale SiC 
pillars using ICP etching [33]. The etching characteristics 
of 4H-SiC (0001) were investigated using ICP etching in 
an  SF6/O2 plasma to fabricate SiC nanopillars. The etching 

profile of the SiC nanopillars and the etching rate were 
controlled by varying the  O2 concentration in the etching 
gas. The effects of the bias voltage and chamber pressure 
were investigated using a circular mask pattern of 115 nm.

To investigate the microtrenching effect of ICP etching 
for single crystal 6H-SiC,  SF6 mixed with  O2 plasma was 
used as the etching atmosphere [38]. The percentage of 
 O2 was identified as the most important parameter. The 
addition of  O2 influenced the effect of the microtrenching 
owing to the formation of a  SiFxOy layer, which had a 
greater tendency to charge than SiC. Sung et al. presented 
a detailed fabrication method together with validation, dis-
cussion, and analysis for state-of-the-art SiC etching of 
vertical and beveled structures using ICP-RIE for micro-
electronic applications [46]. Figure 6 shows SEM images 
of various via-holes formed on a SiC substrate using the 
optimized parameters for the ICP-RIE technique.

In addition to ICP-RIE, several studies have been con-
ducted using conventional plasma etching techniques. 
Sano et al. developed a wafer-thinning apparatus with 
a rectangular raised frame and attempted to thin a SiC 
wafer using plasma chemical vaporization machining, 
which involves plasma etching using atmospheric-pres-
sure plasma [47]. Habuka et al. applied chlorine trifluoride 
 (ClF3) gas as a polycrystalline β-SiC etchant for the first 
time, studied the chemical reactions, and etched the sur-
face of β-SiC [48]. They also studied the etching rate and 
etched surface morphology of a polycrystalline β-SiC 
substrate using 10–100%  ClF3 gas [49]. The surface mor-
phology of single-crystal 4H-SiC etched using  ClF3 gas 
was studied over a wide temperature range of 570–1570 K 
at atmospheric pressure in a horizontal cold wall reactor 
[50].

Fig. 6  SEM images of various via-holes formed on SiC substrates 
using optimized parameters for the ICP-RIE technique. a Mask open-
ing widths of 35, 25, 20, 100, 70, and 70 μm (from the top left, row 
first). b Vertically etched SiC with a complicated pattern and a well-

etched sidewall profile. c Mask opening widths of 70  μm (circular) 
and 70 μm (square) from left to right. d 5× enlargement of the circu-
lar pattern. e 10× enlargement of the circular pattern. Reprinted with 
permission from Ref. [46]
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3.2  Mechanical Processes

3D structures can be created at the microscale using 
mechanical processes in which physical forces or impacts 
are exerted on the target area by tools or accelerated par-
ticles. Even though mechanical processes have relatively 
low precision and productivity compared to lithographic 
processes, they are advantageous in that complex 3D struc-
tures can be fabricated with a high degree of flexibility and 
at relatively low cost, especially when the part quantity is 
small. It should be noted, however, that not all mechanical 
processes are appropriate for the fabrication of microscale 
3D structures on high-purity SiC in which crack-free sur-
faces are required with good dimensional accuracy and 
surface roughness. Among the various mechanical pro-
cesses, chip formation and ion beam processes have more 
often been employed for the fabrication of microscale 3D 
structures on SiC. Thus, studies from the last two decades 
applying these processes for the fabrication of microscale 
3D structures on high-purity SiC are reviewed here.

3.2.1  Chip Formation Processes

Although SiC is brittle, it can be machined in a ductile 
regime if the uncut chip thickness is sufficiently small. 
Machining in the brittle regime is achieved through brittle 
fracture by crack propagation, whereas machining in the 
ductile regime is accomplished through material removal 
by plastic deformation, resulting in smooth surfaces 
[51–55]. Regarding this phenomenon, it was reasoned that 
if more energy is needed to propagate a crack than for the 
plastic yielding of the material, material removal by plastic 
deformation will prevail [51]. Alternatively, it was rea-
soned that at nanoscales, in which defects rarely pre-exist 
and thus stress concentrators leading to crack initiation 
and fracture are few, plastic deformation by high-pressure 
phase transformation (HPPT) and/or dislocation nuclea-
tion will be more prevalent.

However, it should be noted that to produce a crack-free 
surface in practice, machining does not need to be carried 
out completely in the ductile regime. When the ductile and 
brittle regimes are properly combined, machining can be 
performed more efficiently without forming cracks on the 
machined surface. In diamond turning, for example, cracks 
begin to form along the uncut shoulder when the uncut 
chip thickness reaches a critical value, as shown in Fig. 7 
[56, 57]. In this case, if the depth of the surface dam-
aged by these cracks is smaller than that of the machined 
surface, the machined surface will be free of cracks. This 
principle applies not only to diamond turning, but also to 
grinding and milling.

3.2.1.1 Conventional Processes Grinding in the duc-
tile regime has been actively employed for the fabrication 
of optical elements with 3D convex or concave surfaces. 
Because crack-free surfaces can be produced by grinding 
alone, the need for post-processes such as polishing and lap-
ping can be eliminated, and significant time and cost savings 
can thus be realized. This was enabled by the development 
of ultra-precision grinding systems with CNC servo con-
trollers. As a result, spherical [58, 59], aspherical [58, 60–
62] and freeform surfaces [63–66] have been successfully 
ground in the ductile regime using cup-shaped, peripheral, 
or elastic wheels [60, 63] for various types of high-purity 
SiC materials, including CVD [58, 60–63], monocrystalline 
[65], polycrystalline [59] and additively manufactured [64] 
SiC.

However, the grinding methods employed for fabricating 
optical elements from SiC are limited in the construction 
of microscale 3D structures with higher complexity. In this 
regard, a method of using a pencil-shaped polycrystalline 
diamond (PCD) tool was developed to machine microscale 
3D structures. In this case, the tool itself is similar to a micro 
end mill that has intermittent contact with the workpiece 
during machining (Fig. 8). However, the material removal 
mechanism is similar to micro-grinding, in which randomly 

Fig. 7  Schematic cutting model for the critical depth-of-cut [56]

Fig. 8  SEM image of a pencil-shaped PCD end mill [68]
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distributed diamond abrasives act as hard cutting edges 
when the tool is rotated, rather than micro-milling. Accord-
ingly, chip loading or adherence onto the tool, which is typi-
cally found in micro-grinding, is observed during the cutting 
of SiC materials. Takesue et al. [67] and Katahira et al. [68] 
developed a method of conditioning the tool electrochemi-
cally and showed that microscale 3D structures such as wells 
and grooves (Fig. 9) could be machined using this method. 

In contrast, Suzuki et al. [69] developed micro-milling tools 
made of binderless nano-polycrystalline diamond (NPCD) 
using a laser beam (Fig. 10). The developed tools were 
harder and tougher than those made of single-crystalline 
diamond, resulting in much higher wear resistance and bet-
ter surface finishes in SiC machining. Using these tools, a 
micro-lens array mold with v-grooves made of CVD SiC 
and single-crystalline SiC could be machined successfully.

Dicing and wire sawing are widely used in the semicon-
ductor industry to cut ingots and wafers. However, these 
methods can be utilized to machine more complex struc-
tures on SiC. Cvetkovic´ et al. [70] conducted experiments to 
compare the performance of ultra-precision dicing and wire 
sawing for monocrystalline and polycrystalline SiC ceram-
ics. The results indicated that dicing was better for reducing 
edge chipping and sidewall roughness but worse for form 
accuracy than wire sawing.

3.2.1.2 Hybrid Processes Ultrasonic vibration-assisted 
machining (UVAM) is a hybrid process that combines 
machining with high-frequency low-amplitude vibrations. 
UVAM has been employed to machine hard and brittle 
materials efficiently and has been shown to decrease cutting 
forces, improve surface quality, and reduce cutting tempera-
tures and tool wear [71]. However, it should be noted that 
the application of UVAM for SiC has only recently been 

Fig. 9  SEM image of a well-and-groove structure micro-machined on 
high-purity SiC [68]

Fig. 10  SEM images of micro-
NPCD milling tools fabricated 
by laser machining [69]
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attempted; thus, its potential is not yet fully understood. In 
this context, Cao et al. [72] conducted an ultrasonic-assisted 
scratching test of SiC ceramics with a single-crystalline dia-
mond tool to investigate the material removal behavior in 
UVAM. The results showed that compared to conventional 
scratching, the critical depth-of-cut and mean groove depth 
increased in UVAM. When applied to the internal grinding 
of SiC ceramics, it was found that the grinding forces were 
considerably reduced, the form accuracy and surface rough-
ness were improved, and grinding cracks occurring on the 
work surface were considerably restrained. Recent studies 
on diamond cutting and diamond wire sawing of SiC have 
shown the effectiveness of elliptical and three-dimensional 
ultrasonic vibrations rather than one-dimensional vibra-
tions [73, 74]. Furthermore, it was shown that by taking 
advantage of UVAM, microstructures such as Echelle grat-
ings [75] and pressure sensor diaphragms [76, 77] (Fig. 11) 
could be successfully machined on SiC.

Laser-assisted machining (LAM) combines a laser beam 
with machining to increase the ease of machining for hard 
and brittle materials [78, 79]. In this case, the laser beam 
is focused onto the region near the cutting zone to locally 
heat the work materials and thus change their characteris-
tics from brittle to ductile. While LAM is quite popular in 

the machining of other hard and brittle materials, only a 
few studies have been reported regarding the LAM of high-
purity SiC. In the studies by Patten et al. [80–82], scratch 
tests were performed on a 4H-SiC wafer using a single-crys-
talline diamond tool through which an IR laser beam passed. 
Compared to the conventional method, the results showed 
that the depth-of-cut was increased by the irradiation of the 
laser beam for the same applied force, while the specific 
energy and hardness were decreased. It was also observed 
that the critical depth-of-cut, or the depth-of-cut at which 
ductile to brittle transition occurred, was increased with the 
use of the laser beam [81]. In their simulations, it was found 
that the machining force decreased significantly as a result 
of thermal softening [83]. In addition, based on molecular 
dynamics (MD) simulation results, Meng et al. [84] sug-
gested that the machinability of SiC could be effectively 
improved by surface modification using a femtosecond laser 
beam. For example, they showed that when the morphology 
of the modified layer was a grating structure, the remov-
able amount of SiC could be increased, while the subsurface 
damage depth was reduced.

Hybrid processes involving chemical reactions have also 
been developed for SiC machining. Katahira et al. [85] per-
formed micro-mill grinding of CVD SiC using micro-PCD 
tools with application of an atmospheric-pressure plasma jet. 
As a result, a high-quality surface with an average roughness 
 (Ra) of 1–2 nm was obtained for a machining distance of up 
to approximately 3000 mm without the adhesion of con-
taminating materials on the tool surface. Elemental analysis 
and wettability tests of the workpiece surfaces indicated the 
generation of an  SiO2 layer and an increase in hydrophilic-
ity due to the plasma jet irradiation. It was believed that this 
would facilitate the action of coolant in cooling and remov-
ing surface contamination at the tool edge during machining, 
leading to an improvement in the machining efficiency in 
SiC micro-grinding (Fig. 12). Chen et al. [86] proposed a 
method that combined surface modification by an electrolyte 
jet with material removal by mill grinding for SiC (Fig. 13). 
In this hybrid process, the electrolyte jet selectively softens 
the surface by generating a  SiO2 layer, which can be sub-
sequently removed using a soft abrasive tool. The use of 

Fig. 11  SEM image of a SiC sensor diaphragm with a thickness of 
20.3 μm fabricated by UVAM [77]

Fig. 12  Schematic of the 
plasma-jet-assisted cooling 
mechanism at the interface 
between the workpiece and the 
tool edge during PCD micro-
mill grinding [85]



1487International Journal of Precision Engineering and Manufacturing (2022) 23:1477–1502 

1 3

soft abrasives such as  Al2O3 allows an extremely smooth 
surface to be obtained with little subsurface damage on a 
4H-SiC wafer (Fig. 14). In addition, the material removal 
rate was significantly increased, while the wear of the soft 
abrasive tool was substantially reduced compared to that in 
conventional grinding without the application of an electro-
lyte jet. This enhancement in grinding efficiency is related 
to the continuous self-sharpening of the soft abrasive tool 
as a result of grain fracture occurring when the grinding 
wheel directly contacts the hard substrate material below the 
modified layer. It was also suggested that the reduction in the 
actual grit depth-of-cut for the hard substrate material by the 
thickness of the modified layer facilitates material removal 
in the ductile regime.

A new method called ion-implantation-assisted machin-
ing has been introduced for nanoscale machining of brittle 
materials; this method combines surface modification by ion 
implantation and material removal by diamond machining 
[87]. Ion-implantation-assisted machining has been shown to 

enhance machining efficiency and surface quality by increas-
ing the ductile-to-brittle transition depth, reducing the cut-
ting forces, and prolonging the tool life. The feasibility of 
applying this method to machining 6H-SiC was recently 
investigated by Tanaka and Shimada [88]. They performed 
carbon ion implantation to modify the surface structure of 
monocrystalline 6H-SiC into an amorphous structure. The 
results of machining experiments conducted on the modi-
fied surface revealed that even under the condition of brit-
tle regime machining, the propagation of microcracks was 
constrained at the interface between the amorphous layer 
and the crystalline material, and thus no damage extended 
into the subsurface of the crystalline material. Xu et al. 
[89] investigated the nanocutting mechanism of a gallium 
ion implantation treated surface of 6H-SiC through online 
observation of the cutting process using SEM. In that study, 
it was found that even after the layer modified by the ion 
implantation treatment was removed by the previous nano-
cutting, material removal in the ductile regime could still 

Fig. 13  Schematic of electrolyte 
jet-assisted grinding [86]

Fig. 14  Surface morphology of 
the micro-cavity produced by 
electrochemical jet-assisted mill 
grinding [86]. a Overall mor-
phology. b SEM image, AFM 
image, and optical morphology 
of the cavity surface. c Three-
dimensional morphology of the 
cavity surface. d Cross-sectional 
profile of the cavity
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be obtained by subsequent nanocutting. This indicates that 
the machining efficiency of SiC can be improved by the 
ion implantation treatment. Liu et al. [90] conducted MD 
simulations of nanocutting on monocrystalline 6H-SiC to 
study the effect of ion implantation on the material removal 
mechanism. The results showed that the thickness of the 
machining-induced subsurface damage layer was reduced, 
whereas the minimum cutting thickness was increased when 
ion implantation was conducted prior to cutting. In addition, 
the cutting force, hydrostatic stress, first principal stress, and 
shearing stress were reduced when cutting was performed on 
a surface modified by ion implantation. Similar results were 
also reported in studies on 4H-SiC [91] and 3C-SiC [92] 
using MD simulations, which indicated that the machina-
bility of monocrystalline SiC materials could be improved 
through surface modification by ion implantation.

3.2.2  Ion Beam Processes

Ion beam machining (IBM) is considered as one of the most 
advanced machining processes; in this process, a focused 
beam of ions is utilized to cast atoms from the work surface 
by elastic bombardment to fabricate desired shapes [93]. 
IBM has drawn attention because of its ability to fabricate 
microscale 3D structures with high resolution in various 
materials. However, very few studies have been conducted 
on the application of IBM for the machining of SiC. In the 
pioneering study by Menzel et al. [94] focused  Ga+ and  Au+ 
ion beams were irradiated onto 6H-SiC samples to investi-
gate the effect of ion fluence. It was reported that with an 
increase in the ion fluence, sputtering rather than smooth-
ing became more prevalent, and the volume of material 
removed became measurable, allowing for the fabrication 
of well-defined 3D structures in the material (Fig. 15). More 
recently, Veerapandian et al. [95] performed focused ion 
beam (FIB) milling of different structures to compare Si 
and 4H-SiC patterning. The results showed that the bottom 
shape of the trench being machined evolved in different ways 
for Si and 4H-SiC; for Si, the bottom shape changed from 
flat to W- and then V-shaped with the increase in ion fluence, 
while for SiC, it changed directly from flat to V-shaped. It 
was also shown that complex structures such as nano-cones 
were produced with a smaller aspect ratio for SiC than for 
Si. This was attributed to the difference in the effect of the 
incidence angle on the material removal rate for these mate-
rials (Fig. 16).

In the meantime, it was reported that swelling of SiC 
material occurs as a side effect during sputtering by the ion 
irradiation [96, 97]. Such swelling during ion beam pro-
cessing of SiC was believed to be caused by the damage 
accumulation and crystalline-to-amorphous phase transfor-
mation [96]. This phenomenon could be genuinely exploited 
to fabricate micro/nano-scaled 3D structures on SiC [98, 99] 

as can be seen in Fig. 17. In this case, the combined use of a 
mask could overcome the FIB’s intrinsic weakness, or, slow 
processing speed.

3.3  Thermal Processes

3.3.1  Laser Processes

Lasers that can process materials with highly focused light 
energy regardless of the strength and hardness of the mate-
rial have been studied for SiC processing since the early 
1980s. Lasers have various wavelengths of light ranging 
from 157 to 10,600 nm depending on the gain medium, and 
the reactivity of the laser light with materials greatly depends 
on the wavelength. For the processing of single-crystal SiC, 
lasers with wavelengths in the UV range are primarily used 
because single-crystal SiC has a higher absorbance of UV 
light [100]. On the other hand, polycrystalline SiC [101] or 
amorphous SiC [102] can absorb visible and near-infrared 

Fig. 15  Structure depth due to sputtering [94]. a AFM map after 
bombardment. b Structure depth as a function of the ion fluence
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wavelengths; therefore, lasers with a wider range of wave-
lengths can be used. As described above, because the reac-
tivity to the laser wavelength varies depending on the type of 
SiC, it is necessary to study the process conditions carefully 
to perform high-quality processing.

3.3.1.1 Long Pulse Processes For efficient processing of 
SiC, nanosecond pulsed short-wavelength lasers such as 
excimer or frequency-tripled Nd:yttrium aluminum garnet 
(YAG) are commonly used owing to the high absorption 
ratio in SiC [103]. A typical example is the manufacturing 
of an accelerometer based on MEMS technology by pro-
cessing via a hole in a 350-μm-thick 4H-SiC wafer using 
a 355 nm UV laser [104]. To minimize the deterioration of 
the sensor performance due to the thermal effect and debris 
generated in the periphery, which is a disadvantage of nano-
second lasers, the same path was repeatedly irradiated with 
a reduced laser peak power. Consequently, a square through-
hole with a width of approximately 346 μm was manufac-
tured. The use of such a short-wavelength laser provides 
enhanced form accuracy for single-crystal SiC as well as 
amorphous SiC [105]. It has been shown that amorphous 
SiC can be processed at high repetition rates and low energy 
with a high scan speed to minimize heat damage and sec-
ondary explosions caused by debris. It was possible to pro-
cess a channel with a depth of 250 μm and width of 400 μm 
with relatively good quality. In particular, the ArF excimer 
laser used in the experiment could irradiate a wide area with 
a uniform energy density. Therefore, a parallel process was 
possible using masking. Even for polycrystalline SiC, when 

a UV laser of 355 nm was used, it was possible to obtain 
a fourfold increase in light absorption compared with a 
1064 nm laser [106]. Thus, a 3D spiral structure with a size 
of 50 μm could be fabricated, as well as a half-sphere shape.

Despite their excellent light absorption, the use of UV 
lasers is not efficient in terms of cost. Therefore, their appli-
cation in mass production is limited [107–109]. Accordingly, 
various attempts have been made to process single-crystal-
line SiC using lasers with visible or infrared wavelengths. 
After irradiating the second and third harmonic generations 
of the Nd:YVO4 laser on 4H-SiC, it was found that the 
1064 nm laser with a large thermal effect was most effec-
tive for the surface treatment. For through-hole machining, 
a 355 nm laser with good light absorbance was found to be 
more efficient [110].

On the other hand, to increase the energy uniformity, the 
Gaussian beam profile can be changed to a Bessel beam pro-
file through beam shaping, and processing can be performed 
in water to minimize the thermal effect. As a result, even 
with a 1064 nm laser, it was possible to process through-
holes with a diameter of 15 μm or less in a 330-μm-thick 
4H-SiC wafer [111]. In addition, various studies have 
been conducted using inexpensive  CO2 lasers with a long 
wavelength of 10.6 μm. Because the  CO2 laser has a very 
large thermal effect, it is possible to effectively process 
single-crystalline SiC even though it has high light trans-
mittance [112]. It was possible to fabricate a through-hole 
with a diameter of approximately 600 μm and a thickness 
of 400 μm in a 4H-SiC wafer within 30 s. In the case of 
polycrystalline SiC, because the light absorption is relatively 

Fig. 16  Si and SiC samples 
with multiple horizontal and 
vertical lines fabricated by FIB 
milling using different currents, 
periodicities, and pattern-
ing times [95]. a Si 2.8 nA, 
1000 nm, and 49 s. b SiC 2.8 
nA, 1000 nm, and 99 s. c Si 48 
pA, 150 nm, and 480 s. d SiC 
48 pA, 150 nm, and 862 s
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good even in the infrared region, complex 3D structures such 
as microchannels can be fabricated [113]. By changing the 
laser scan path on a SiC sample comprising mixed α-SiC, 
β-SiC, and silicon, various types of microchannels can be 
fabricated, as shown in Fig. 18.

3.3.1.2 Ultra‑short Pulse Processes When irradiating using 
a laser with a very high energy density, the absorption rate 
changes instantaneously owing to the non-linear optical 
effects and multi-photon absorption, eventually resulting 
in an excessive thermal effect. To minimize the thermal 
effect around the irradiated region, laser irradiation must 
be performed with ultra-short pulses. In theory, an ultra-
short pulsed laser allows for any material, including high-
band-gap dielectrics, to be machined irrespective of the 
laser wavelength. Therefore, machining can be effectively 
performed for SiC with high light transmittance [114, 115]. 
This was demonstrated in an experiment in which machin-

ing was conducted using both a near-infrared (NIR) laser 
with an ultra-short pulse and an ArF excimer laser with a 
nanosecond pulse [116]. Although an NIR wavelength of 
1040  nm was used, when irradiated with an ultra-short 
pulse of 300  fs, smooth through-holes could be machined 
in 3C-SiC with a thickness of 400 μm. On the other hand, 
it was found that the ArF excimer with a nanosecond pulse 
improved the surface roughness owing to the melting phe-
nomenon caused by the heat. In this context, lasers with 
ultra-short pulses from picoseconds to femtoseconds, which 
are capable of effective processing through non-linear opti-
cal absorption, have been used effectively in a variety of 
ways. For example, a 460-μm-diameter hole was machined 
by a line-scanning method using a picosecond laser [117]. 
Because the ultra-short pulsed laser has almost no ther-
mal effect around the irradiated region, better results were 
obtained with a high-power laser, which could generate a 
large explosion and process rapidly, rather than a low-power 

Fig. 17  Examples of micro/
nanostructures fabricated on a 
4H-SiC substrate using material 
swelling caused by ion irradia-
tion. a Atomic force microscope 
topographical image after 
20 keV Ar ion irradiation with 
a fluence of 7.5 ×  1015 ions/
cm2 through a copper mesh 
mask. b Height profile along 
the white line in (a) showing 
a terrace height of ~ 8.8 nm. c 
Kelvin probe force microscope 
image of (a). d Relative surface 
potential along the white line in 
(c). e Optical microscope (OM) 
image of a copper mesh with 
square holes. f OM image of the 
fabricated microstructures in (a) 
using (e) as a mask [98]



1491International Journal of Precision Engineering and Manufacturing (2022) 23:1477–1502 

1 3

laser. However, at a power exceeding 10 W, pores and bub-
ble pits due to excessive heat were also observed at the edge, 
suggesting that appropriate power control is required. Simi-
lar phenomena were also observed in a study using a fem-
tosecond laser [118]. In addition, when the laser power is 
insufficient, a similar effect can be obtained by increasing 
the energy density irradiated on a local area by adjusting the 
feeding speed or overlapping ratio. Based on these studies, 
micro-3D structures can be fabricated on 3C-SiC [119] and 

4H-SiC [120] with femtosecond lasers (Fig.  19). Further-
more, a femtosecond laser can be utilized to modify surface 
properties such as the light absorption and photocurrent 
rates through nano-structuring of 6H-SiC [121].

3.3.1.3 Hybrid Processes When a low-cost laser such as a 
nanosecond laser is used instead of ultra-short pulsed lasers, 
a heat-affected zone (HAZ) may be generated in the irradi-
ated area. Thus, hybrid processes combining a water spray 

Fig. 18  Surface morphology of microchannels fabricated with different predetermined widths [113]

Fig. 19  Z-shaped microchan-
nel device shown with flowing 
mineral oil containing red 
fluorescent dye [120]
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with laser irradiation have been proposed to reduce the ther-
mal reaction around the irradiated area [122]. In one study, a 
microchannel with a depth of 80 μm and width of 65 μm was 
machined on a single-crystal 4H-SiC wafer using a Yb:glass 
fiber laser with a pulse duration of 150 ns and wavelength of 
1080 nm. To minimize the thermal effect, pressurized water 
(4 MPa) was sprayed on the laser processing area to form 
a water film for cooling. It was observed that the waterjet-
assisted laser micromachining technique could significantly 
reduce the thermal effect compared to conventional laser 
processing conducted in air [123].

Alternatively, a material such as dimethylsulfox-
ide (DMSO,  (CH3)2SO), which has an excellent cooling 
effect and a higher boiling temperature than water, can be 
used [124]. In one study, a DMSO layer with a thickness 
of 1–2 mm was formed above the sample surface to cool 
the area irradiated by a nanosecond copper vapor laser 
(λ = 510 nm). It was only possible to successfully fabricate 
a microchannel structure with a width of less than 100 μm 
in the presence of a DMSO liquid layer on the substrate.

3.3.2  Electrical Discharge Machining

Because SiC has very high hardness and brittleness, it is 
very difficult to machine SiC using conventional machin-
ing methods. Electrical discharge machining (EDM) is 
an electro-thermal method of material removal that can 
machine materials regardless of their hardness and brittle-
ness. In addition, it does not leave burrs or cracks on the 
machined surface. In the EDM process, high conductivity 

of the workpiece is necessary. However, it has recently been 
shown that EDM can be used for some low-conductivity 
ceramics. SiC has an electrical resistivity of 13–25 mΩ cm, 
which is the minimum conductivity required for EDM as 
summarized in Fig. 20 and Table 2 [125–129].

Many studies on EDM for SiC have focused on the slicing 
of SiC ingots. Recently, however, some studies on sinking 
EDM, EDM drilling, and the EDM mechanism of SiC have 
been reported.

Yan et al. generated micro-craters on 4H-SiC by single 
discharge and experimentally investigated the atomic-scale 
subsurface damage during EDM of 4H-SiC as shown in 
Fig. 21 [129]. They characterized the subsurface damage 
and structural changes in the material using Raman spec-
troscopy and transmission electron microscopy (TEM). They 

Fig. 20  Electrical conductivity 
of ceramic materials [125–128]

Table 2  Properties of 4H-SiC [129]

Property item Value

Workpiece material 4H-SiC
Surface plane (0 0 0 1)
Doping type n-type
Electrical resistivity (Ω m) 1.3–2.5 ×  10−4

Mohs hardness ~ 9
Thermal conductivity (W/(cm K)) 370
Melting point (°C) 2730
Sublimation temperature (°C) 2830
Dielectric constant 9.76
Band gap (ev) 3.26
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also showed that SiC is decomposed into silicon and carbon 
during EDM and is then molten and re-solidified.

Kliuev et al. drilled blind micro-holes using deionized 
water and investigated the influence of EDM parameters, 
i.e., the pulse duration and voltage, on the material removal 
rate (MRR), relative tool wear, and change in the hole diam-
eter [130].

Because SiC has become an attractive material for semi-
conductor power devices, an efficient slicing method for 
SiC ingots has also become an important issue. Although 
wire sawing has been widely used in ingot slicing, it is still 
challenging owing to the high hardness of the SiC ingots. 
In recent decades, many studies on wire EDM (WEDM) 
have been conducted for the slicing of SiC ingots and have 
shown that WEDM can serve as an alternative method 
for SiC slicing. Kato et al. showed that WEDM could be 
used to cut single-crystal 4H-SiC wafers and reported that 
WEDM produced lower surface roughness than wire sawing 
while achieving a maximum cutting speed of 500 µm/min 
[131]. Yamamoto et al. introduced a rotating WEDM slicing 
method for SiC ingots and improved their surface rough-
ness. [132] Multi-wire electrodes have also been introduced 
to improve the efficiency of WEDM. Itokazu et al. devel-
oped a new multi-wire EDM method to slice polycrystalline 
SiC. They successfully demonstrated ten-wire EDM for a 
100-mm-square SiC block. [133] Kimura et al. proposed a 
wire electrode with a tract-shaped section to provide high 

wire tension, which decreased the kerf width and cracks gen-
erated on the machined surface [134]. Zhao et al. proposed 
a copper foil electrode instead of a wire electrode for EDM 
slicing of 4H-SiC. Using this method, they improved the 
cutting speed and reduced the kerf width compared with 
WEDM [135, 136].

Ultrasonic vibration can be used to improve the efficiency 
of EDM processes. As shown in Fig. 22, Liew et al. pro-
posed ultrasonic cavitation-assisted micro-EDM to fabricate 
deep micro-holes on SiC and they also added nano-fibers in 
the dielectric to improve the machinability and MRR and 
reduce the tool wear rate [137–139]. Yan et al. combined 
micro-EDM with micro-mill grinding to machine 4H-SiC 
using a PCD tool including cobalt as a binder [128]. In that 
hybrid machining method, SiC decomposed into C and Si in 
a thick recast layer created by EDM, softening the surface 
significantly, as shown in Fig. 23. This facilitated grinding in 
the ductile regime, together with the effect of the electrical 
discharge dressing of the PCD tool.

3.4  Additive Manufacturing

Additive manufacturing (AM), also called 3D printing, 
has been studied extensively because it is able to manu-
facture shapes with complex structures [140–142]. Com-
pared to traditional methods such as near-net forming or 

Fig. 21  SEM of micro-craters 
generated by single electrical 
discharges: a workpiece posi-
tive, E = 8.085 mJ; b workpiece 
negative, E = 8.085 mJ; c work-
piece positive, E = 19.965 mJ; 
and d workpiece negative, 
E = 19.965 mJ [129]
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machining, AM is superior for small-volume customized 
fabrication of complex 3D structures [143]. The manu-
facturing of SiC ceramic structures by AM processes can 
generally be categorized into two types: indirect AM and 
direct AM. In indirect AM, a mold is made using existing 
AM processes, and then the SiC green body is produced 
from the mold [144–146]. In direct AM, in general, the 
SiC green body is created directly using AM processes, 
and thus direct AM is more capable of fabricating complex 
3D structures. Therefore, in this review, we will focus on 
direct AM methods, which have attracted significant atten-
tion in recent years.

3.4.1  Powder Bed Fusion (PBF)

PBF processes such as selective laser sintering (SLS) and 
selective laser melting (SLM) mainly use lasers with high 
heat sources to directly attach and stack powdered materi-
als. However, for SiC materials, it is very difficult to induce 
bonding between the powdered materials owing to their high 
melting point and low thermal conductivity. Therefore, the 
surface of SiC powders is generally coated with a polymer 
or a low-melting-point metal before AM processes are per-
formed [147, 148]. In this case, to obtain high-purity SiC, a 
separate post-sintering process should be carried out. Dur-
ing this process, problems such as insufficient densification 
and defects owing to internal pores often occur. The most 
common method to improve defects and density is to mix 
a binder resin containing a large amount of carbon and Si, 
which has a lower melting point than SiC, and then pro-
ceed with sintering [149]. A green body mixed with a Si-
SiC composite and resin matrix is formed during the AM 
process. Subsequently, debinding and sintering can be con-
ducted, which increases the SiC content in the material as Si 
is carbonized by the carbon from the resin vaporized during 
the process. Consequently, SiC structures with higher densi-
ties can be obtained.

On the other hand, to obtain a highly densified Si-SiC 
composite green body, cold isostatic pressing (CIP) has 
been carried out after the PBF processes [150]. However, 
the greatest limitation of this reaction process is that as the 
densification increases, a large amount of Si that has not 
been converted to SiC remains inside. Therefore, to reduce 
unreacted Si and thus manufacture high-purity SiC parts, 
the precursor infiltration and pyrolysis (PIP) process was 
performed repeatedly (Fig. 24) [151]. This allowed for the 
fabrication of a part having excellent physical properties; 
even at a temperature of 1600 °C, the bending strength was 
203.7 MPa. However, unreacted carbon and Si remain even 
after the repeated process is completed, which limits the 
fabrication of high-purity SiC structures.

Fig. 22  SEM of micro-holes 
after a machining time of 2 min 
with ultrasonic vibration in a 
pure EDM oil and b carbon 
nanofibers mixed with EDM 
oil [139]

Fig. 23  Schematics of a material removal in EDM and b topographi-
cal and structural changes in PCD and SiC [128]
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3.4.2  Binder Jetting (BJ)

In BJ processes, a powdered material is spread thinly using 
a blade, and various adhesives are sprayed through a noz-
zle to produce a single layer. By repeating this bonding 
process, a SiC green body is formed, and the final ceramic 
structure is then obtained through debinding and sinter-
ing. Since ceramic AM was first introduced, many stud-
ies have investigated this process because 3D structures 
can be manufactured regardless of the type of powdered 
material. However, the strength and shape accuracy of 
the sintered structure are low because of the accompany-
ing difficulties in densification [143]. Therefore, in most 
studies, the SiC content has been increased through the 
PIP process [152, 153]. Nonetheless, these processes are 
not suitable for manufacturing high-purity SiC structures 
because of their limited SiC reaction rate.

3.4.3  Material Extrusion (ME)

ME-type 3D printing processes such as fused deposition 
modeling (FDM), robocasting, extrusion free forming (EFF), 
and direct ink writing (DIW) are performed using equipment 
with a simple structure and are favored owing to their ability 
to process various materials. In most ME processes, vari-
ous organic adhesive substances and dispersants are mixed 
with ceramic powders to form pastes, slurries, wires, etc., 
and the material is then extruded through a nozzle. After 
manufacturing a green body by continuously extruding and 
stacking materials, the ceramic structure is manufactured 
through debinding and sintering processes at high tempera-
tures [154]. However, similar to BJ processes, the strength 
and shape accuracy of the structure are low; therefore, in 
many studies, better results could be obtained when AM 
processes and sintering were performed after mixing with a 

Fig. 24  SiC ceramics prepared 
using SLS combined with PIP 
[151]
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material such as  Al2O3 or  Y2O3 rather than using only pure 
SiC [155, 156]. The PIP process has also been employed 
to maximize the SiC content and improve the density and 
strength [157, 158]. However, because the materials added 
to the mixtures to improve the structural strength and density 
remain in the sintered body, there is a limitation in obtaining 
a high purity in the final SiC structures.

3.4.4  Photo‑polymerization (PP)

The PP process, often represented by stereolithography 
apparatus (SLA) or digital light processing (DLP), is one 
of the most attractive methods for the AM of SiC 3D struc-
tures because of its high precision. However, owing to the 
low light transmittance of SiC and the resin viscosity, which 
increases rapidly in proportion to the powder content, the 
photocurability is very low for powder composite resins with 
a high content [159]. Accordingly, in most studies related to 
the AM of SiC structures using PP, the final ceramic struc-
ture is densified through the PIP process [160–163]. In that 
case, a precise structure with excellent physical properties 
such as high strength and heat resistance can be fabricated, 
but there remains a limitation in building structures with 
high-purity SiC. In some recent studies [164, 165], after 
printing a composite resin including 30–40 vol% SiC powder 
without a precursor using DLP (Fig. 25), polymer burn-out 
and sintering of the green SiC ceramic were conducted at 
800 °C and 1800 °C, respectively. As a result, it was pos-
sible to fabricate high-purity 6H-SiC structures; however, 
the relative density was 85% or less owing to the limitation 

in the powder content. Consequently, the flexural strength 
was measured as 78.6 MPa, which is approximately 20% that 
of bulk SiC. To improve the mechanical properties, the PIP 
process was performed eight times, resulting in a flexural 
strength of 165.2 MPa, which is twice as high as that without 
the PIP process. Although the SiC powder content could 
be increased compared to other AM processes, the degree 
of densification remains low, and thus there is a limit to 
the production of high-purity SiC structures with sufficient 
strength for practical use.

4  Summary

This paper presents a review of the machining processes 
for SiC. First, we introduce SiC materials and their applica-
tions. Then, we summarize four major fabrication methods 
for microscale 3D structures of SiC: etching, mechanical 
processes, thermal processes, and AM. The structures of 
SiC are divided into amorphous, polycrystalline, and single-
crystalline structures, which depend on the manufacturing 
processes. The crystal structure causes differences in the 
mechanical, optical, and electrical properties of SiC. 4H-SiC 
is preferred for power electronic device applications because 
of its high carrier mobility. 3C-SiC is more commonly used 
for MEMS-based sensors owing to its low wafer cost. Sin-
tered SiC is widely used in mechanical devices and parts 
owing to its high hardness.

SiC has high mechanical, thermal, and chemical resist-
ance. Therefore, fabricating micro-features on SiC is 

Fig. 25  Stereolithography of SiC ceramic architectures with pyramid and hollowed basket structures: green SiC structures and final SiC struc-
tures after PIP [165]
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expensive and time-consuming. Because SiC has a high 
resistance to all known aqueous etching solutions, etching 
of SiC is very challenging. Although hybrid methods such 
as electrochemical etching and photoelectrochemical etch-
ing have been reported, one of the most popular methods 
is plasma-based dry etching, which is considered the only 
practical method in the SiC etching industry. ICP etching, 
a plasma-based dry-etching method, has been widely used 
in the fabrication of SiC devices. It has several advantages, 
such as simple operation, easy automatic control, and avail-
ability for large-area substrate etching. Owing to the high 
brittleness of SiC, mechanical methods are used only for a 
limited number of applications. Single and polycrystalline 
diamond micro-tools are used to generate 3D microstruc-
tures of SiC. To overcome the low machinability of SiC, 
hybrid mechanical methods combining laser, ultrasonic 
vibration, and electrochemical processes have been reported. 
Laser processes and EDM are among the available thermal 
methods. Lasers of various wavelengths, such as Nd:YAG, 
excimer, and  CO2 lasers, can be used, and the machinability 
depends on the laser transmittance or absorbance of SiC 
materials. To prevent thermal damage and obtain a better 
surface quality, an ultra-short pulsed laser is used. Although 
SiC has low electrical conductivity, it can be machined using 
EDM. Many studies have focused on slicing SiC ingots for 
SiC wafer production. Because conventional wire sawing 
suffers from the high hardness of SiC, wire EDM can be 
used as an alternative method. Among additive methods, 
PP is one of the most attractive methods for producing 3D 
structures. However, because the printable material is a SiC 
composite rather than high-purity SiC, it does not provide 
sufficient strength for practical use.

This paper reviews the processes applicable for micro-
scale 3D structuring of silicon carbide. Although SiC is a 
very attractive material for many applications, the fabrica-
tion of microscale structures on SiC remains challenging. 
The development and improvement of fabrication methods 
for SiC are required and are promising research topics.
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