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Abstract
Silicon (Si) micromachining techniques have recently witnessed significant advancement, attributable to the high surge in 
demand for microelectromechanical and microelectronic devices. Micromachining techniques are widely used to cut or 
pattern Si, in order to obtain high-quality surface finishes for the fabrication of devices. Micromachining techniques are 
used for the fabrication of three-dimensional (3D) microstructures for microelectromechanical devices. In this work, the 
capabilities and competencies of non-traditional Si micromachining techniques, including ultrasonic, ion beam milling, laser 
machining, and electrical discharge machining, are discussed and compared accordingly. The working principles, advantages, 
limitations, and Si microstructures that have been fabricated before are discussed in detail. Additionally, this work covers 
the performance reported by multiple researchers on these micromachining methods, spanning the temporal range of 1990 
to 2020. The key outcomes of this study are explored and summarized.
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1  Introduction

Micromachining has become an essential technique for the 
manufacturing of miniature sensors, actuators, and microsys-
tems [1, 2]. In addition, it has also been used to fabricate 
three-dimensional (3D) microstructures and became a foun-
dation of microelectromechanical systems (MEMS). MEMS 
uses the foundations of semiconductor integrated circuits 
technologies, of which, Silicon (Si) has been adopted as a 
structural material for MEMS devices. Although microelec-
tronics fabrication processes, such as photolithography, thin-
film deposition, chemical etching, deep reactive-ion etching, 
metal-assisted chemical etching, and vapor–liquid-solid are 
widely used for Si structure formation, the need for other 3D 
high aspect ratio structures have become a catalyst for the 
development and the use of new machining techniques. The 
use of machining techniques has been steadily increasingly 

to create the desired shapes or patterns with a certain degree 
of precision and surface quality, for various applications [3, 
4]. Usually, the machining processes can be divided into two 
main categories: traditional and non-traditional machining 
methods, as shown in Fig. 1. Traditional machining meth-
ods can be categorized based on the cutting action (turn-
ing, milling, boring and others) and mechanical abrasion 
(grinding, honing, polishing and others). Nevertheless, these 
methods have certain limitations, such as direct contact with 
the machined surface, difficulties to machine hard materials, 
and limitations for the generation of complex geometries [3]. 
In contrast, non-traditional machining techniques such as 
ultrasonic machining (USM), ion beam milling (IBM), laser 
beam machining (LBM) and electrical discharge machining 
(EDM), have been developed to overcome these limitations 
by producing 3D shapes on both hard and soft materials, 
without direct contact with the work piece surface, resulting 
in less stress, high aspect ratio patterns, and relatively fast 
machining times [5, 6]. These techniques have been widely 
adopted to machine high-precision components with very 
restrictive dimensional and geometrical tolerances [5]. Such 
techniques have been well established and enabled to fabri-
cate complex 3D Si structures, with a wide range of feature 
sizes, which are essential for MEMS and other microdevices.

With the objective of comprehensively illustrating the sub-
stantial progress made in the field of Si machining techniques, 
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non-traditional machining techniques such as USM, IBM, 
LBM and EDM are explored compendiously. This review 
covers the machining principles, beneficial features, and limi-
tations of each technique. Additionally, this work addresses 
machining performance with regard to material removal rate 
(MRR), surface finishing quality, and the energy require-
ments of each of the machining techniques. Moreover, poten-
tial advantageous features and limitations of the individual 
techniques, as well as the performance comparisons between 
the non-traditional micromachining techniques, are also dis-
cussed. Eventually, the review is concluded with a discussion 
of the main findings of these machining techniques, towards 
future improvements and developments for achieving high 
quality and performance results.

2 � Non‑traditional machining techniques 
of Si wafers

The following section emphasizes the machining technolo-
gies for Si, focusing on selected non-traditional machining 
techniques, including USM, IBM, LBM and EDM. The 
working principles of such techniques and the performances 
for the machining of Si are discussed.

2.1 � Ultrasonic machining

USM, also known as impact grinding or slurry drilling, 
relies on abrasive slurry that moves freely between the 
tool and workpiece. This machining technology has been 

used in various industries, such as aerospace, optics, and 
automotive [7, 8]. The first USM devices were produced in 
1953–1954, and were placed on the bodies of drilling and 
milling machines [9]. Later, in 1960, independent USM tools 
were used for regular production in a variety of applications 
[10]. USM is a type of non-traditional machining method, 
that operates by vibration of a tool to produce mechanical 
removal processes, assisted by an abrasive slurry and liquid, 
in between the tool and workpiece, as can be seen in Fig. 2 
[9, 11, 12]. The abrasive slurry is a mixture of irregularly-
formed fine abrasive particles, such as boron carbide, Al 
(Aluminum) oxide, and Si carbide, as well as a liquid medi-
ums [3]. USM techniques do not depend on electrical or 
chemical characteristics of the workpiece material, which 
makes it capable of machining a wide variety of materials 
[13–17]. Thus, this technique is commonly used in machin-
ing of hard and brittle materials such as Si [18, 19], quartz 
[20], borosilicate glass [21], titanium alloys [22] and ceram-
ics [23, 24], which are difficult to machine using traditional 
techniques.

The basic setup for the USM process is presented in 
Fig. 2a. The configuration consists primarily of a tool sys-
tem, which uses a transducer to convert electrical energy into 
mechanical energy, and into an ultrasound frequency vibra-
tion tool, with a range of 20 to 40 kHz, and a slurry supply 
unit [9, 13, 25–27]. Figure 2b shows the material removal 
mechanism for the USM process. In general, there are four 
types of material removal mechanisms in the USM opera-
tion, namely, mechanical abrasion, microchipping, cavitation 
effects, and chemical actions. In the mechanical abrasion 

Fig. 1   Micromachining process 
classification. Source: own 
authors
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mechanism, the material removal action is generated by 
the direct hammering of the abrasive particles against the 
workpiece surface, to remove small amounts of material 
[9]. On the other hand, microchipping can be accomplished 
by vibrating the machine tool, which moves the abrasive 
slurry freely, and produces an effect on the surface of the 
workpiece [7, 9]. The material removal process can also be 
created by the implosion of gas bubbles, known as cavitation 
effects in liquids, which have been agitated by ultrasonic 
vibration. The chemical action causes deterioration of the 
workpiece material due to chemical contaminants in the 
slurry medium, resulting in material losses [9].

The variants of machine tool motion in USM can be 
divided into three types, namely, stationary USM, rotary 
USM, and hybrid USM. The stationary USM principle is 
based on the idea of micromachining by means of a micro-
tool, that does not require rotary motion [9]. The machining 
process can be carried out using the vibration of the tool 
and workpiece. The tool vibrates at small amplitudes, and 
accelerates the free abrasive particles in the slurry, thus pro-
ducing momentum and impact on the surface of the work-
piece. However, the tool vibrations can cause shortening of 
the tool length, and difficulties in maintaining the accuracy 
of the vibration amplitude. The ultrasonic vibration of the 
workpiece is preferable due to the removal of the vibration 
amplitude from the tool, and further helps to improve the 
performance by stirring the abrasive slurry, and removing 
debris [9, 28]. On the other hand, rotary USM uses a rotat-
ing diamond-plated tool to extract the material from the 
workpiece mechanically. This incorporates both diamond 
grinding and USM, leading to a higher MRR than individual 
diamond grinding or USM [24]. Additionally, rotary USM 

can be further divided into tool and workpiece rotations. 
However, the rotation of the workpiece is claimed to lead 
to a better MRR, because of the combined effects of the 
material removal, due to the sliding form of indentations, 
scratching of embedded grains, and rolling contact between 
the abrasive grains on the workpiece [29]. Hybrid USM is 
a combination of USM with other micromachining meth-
ods, such as EDM, electrochemical machining, wire electri-
cal discharge grinding (WEDG), and other non-traditional 
machining techniques, to address the drawbacks of previ-
ous techniques [9]. Hybrid USM, together with EDM and 
WEDG, enables the manufacturing of 3D microstructures 
with high aspect ratios [12]. Nevertheless, the combination 
of the USM with EDM and abrasive flow machining has 
resulted in improved performances [30].

2.1.1 � Ultrasonic machining performances

The USM performance is commonly investigated based on 
the MRR, tool wear rate, and quality of the machined sur-
face. The desired features of USM consist of an economi-
cally viable machine, with the necessary surface topogra-
phy, while maintaining an excellent finish, minimal damage, 
high-dimensional accuracy, and a reasonable MRR value. 
MRR can be expressed in mm3/min, as shown in Eq. (1) [3]:

where F and S describes the oscillation frequency (Hz), 
static stress on the tool (kg/mm2), respectively; H0, Y, and 
R defines the surface fracture strength (Brinell hardness 

(1)MRR = 5.9F

(

S

H
0

)

R0.5Y0.5

Fig. 2   Ultrasonic machining (a) basic setup of the USM and its (b) material removal mechanisms. Source: own authors
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number (BHN)), the vibration amplitude (mm), and mean 
radius of grit (mm), respectively. Equation 1 indicated that 
the MRR of the USM dependent on the tool's vibration fre-
quency, the size of the machined area, static pressure, the 
abrasive used, and the workpiece material [3]. The MRR 
increases as the amplitude of the tool vibration and abrasive 
grain size increases, and as the tool to workpiece hardness 
ratio, and tool area decreases. The large tool size limits the 
distribution of abrasive slurs over the entire machining area, 
and affects the MRR [3].

Apart from MRR, the main aspect of USM is tool 
wear that affects the MRR and machining accuracy. The 
tool wear ratio can be expressed as the ratio of tool wear 
length to machining depth. In USM, as harder and coarser 
abrasive grains are utilized, the wear of the tool appears 
to increase due to the penetration of the abrasive grains 
into the tool, resulting in higher MRR of the workpiece [7]. 
Another important USM performance criteria is the qual-
ity of machining of the workpiece material surface finish, 
which can be measured by three significant criteria, such 
as the surface roughness, taper ratio and out-of-roundness 
[11, 12]. The size of the abrasive grains influences the 
surface roughness, in which smaller size abrasive grains 
yield smoother surfaces due to smaller crates. When large 
abrasive particles are utilized, more debris is eliminated 
from the region where the machine is working, and the 

abrasive particles can readily move to other places because 
of vibrations.

2.1.2 � Ultrasonic machining on Si wafers

USM has proven its effectiveness in the machining of 3D 
geometry shapes on the Si wafer, as shown in Fig. 3. For 
example, Sun et al. [12] proposed the machining of Si wafers 
using hybrid USM with a combination of WEDG and EDM 
on USM, as shown in Fig. 3a to fabricate high-aspect-ratio 
3D microholes, as small as 15 µm in diameter for sensors 
fabrication. In order to prove the effectiveness of the USM 
for Si micromachining, Egashira et al. [31] implemented 
a 3D triangular hole on Si using the tool fabricated using 
the WEDG technique, as shown in Fig. 3b. Later, in 1999, 
Egashira and Masuzawa [28] introduced a sintered diamond 
(SD) with high wear-resistance as a tool material, to solve 
the problem of high tool wear for tungsten carbide (WC) 
alloy tools. The improvement in the tool wear rate contrib-
uted to the creation of multiple holes using single tools. As 
a result, Fig. 3c shows 48 microholes which were fabricated 
on Si using the SD tool, with an average diameter of 22 µm, 
and a depth of 10 µm. In 2004, Yu et al. [32] demonstrated 
66 µm diameter microholes and 3D microcavity machining 
using USM on Si wafer. The authors claimed that a smoother 
surface obtained by reducing the cutting depth of each 

Fig. 3   Machining of the Si 
wafer by the USM; (a) Configu-
ration of micro-USM system. 
Source: adapted from Sun 
et al. [12]; (b) 3D triangular 
microhole with WEDG tool. 
Source: adapted from Egashira 
et al. [31]; (c) 48 microholes by 
single SD tool. Source: adapted 
from Egashira and Masuzawa 
[28]; (d) Surface quality of hole 
without tool rotation. Source: 
adapted from Yu et al. [18]; (e) 
Top view of a typical micro-
channel. Source: adapted from 
Sreehari and Sharma [35]; (f) 
Surface quality and edge chip-
ping of hole periphery. Source: 
adapted from Kumar and 
Dvivedi [36]

32 The International Journal of Advanced Manufacturing Technology (2022) 121:29–57



1 3

layer resulted in an improvement in machining time. Later 
in 2006, Yu et al. [18] explored the effects of machining 
parameters on USM performances. Figure 3d illustrates the 
Si machined surface of 0.25 µm without tool rotation, and a 
higher surface roughness of 533 nm, due to locally concen-
trated abrasive particles. This result showed that the rotation 
of the tool on the surface roughness was not important, and 
that the size of the abrasive particles was found to be the 
main factor affecting the surface roughness of the USM.

In 2008, Tsui et al. [33] proposed a new PZT actuated 
ultrasonic workpiece holder, instead of a vibrating drill. The 
results revealed that this method provides enhanced machin-
ing quality, efficiency, and longer life tool for Si wafer 
machining. Zarepour and Yeo [34] reported on a developed 
methodology based on single abrasive particles, in order to 
determine the mode of material removal on Si, ductile, and 
brittle materials using USM. The brittle and ductile mode 
of material removal resulted in a single particle size of 
0.37 μm, at a vibration amplitude of 3 μm.

Microchannel manufacturing technologies have played 
an imperative role in the production of bio-MEMS. In 
2011, conventional USM was successfully used to devel-
oped microchannels on glass and Si, as one of the potential 
research development areas for USM machining [9]. Cong 
et al. [19] presented a study on edge chipping in rotary USM 
of Si, which evaluated the relationship between edge chip-
ping and the cutting force. The results showed that the high 
speed of the rotation tool, high ultrasonic power, and the 
low feed rate, contributed to the generation of small edge 
chipping and low cutting forces, whereby the cutting force 
was an important parameter which could affect the edge 
chipping. In 2018, Sreehari and Sharma [35] investigated 
the improvement in the quality of microchannels (Fig. 3e) 
fabricated using micro-USM, in terms of surface roughness, 
over-cutting, and stray cutting. As a result, low viscous fluids 
and higher feed rates resulted in an enhanced surface fin-
ish and accuracy. Over-cutting and stray cutting could be 
reduced using high viscous fluids.

In 2019, the latest production of micro-USM using rotary 
tool drilling techniques on micro-holes machining on zir-
conia, silicon, and glass was been reported by Kumar and 
Dvivedi [36]. Figure 3f demonstrates different roughness 
of the machined holes using different tool rotation speeds 
of 100–700 rpm. The experimental results justified the set-
ting of the upper and lower rotational bounds at 500 and 
100 rpm, in order to achieve successive machined surfaces. 
The study found that the maximum MRR and depth of the 
micro-holes were generated in the machining of the Si mate-
rial. The over-cutting aspect was also found to be maximum 
in Si, relative to two other materials, i.e., zirconia and glass. 
Table 1 provides a summary of the machining of Si wafers 
using the USM technique.

2.2 � Ion beam machining

IBM, commonly known as ion etching, ion milling, or ion 
polishing [3] techniques, was introduced in the 1950s, for 
the preparation of transmission electron microscope (TEM) 
samples of earth-based mineral specimens [37, 38]. Previ-
ously, IBM was introduced for TEM examination of metals 
and biological tissues, which provided unsatisfactory results 
when applied to brittle oxides which were comprised of bulk 
of earth and meteorites. However, throughout extended stud-
ies, the findings showed that most minerals could be thinned 
to electron transparency with an acceptable low level of 
radiation damage at ~ 6 keV using ion bombardment [39]. 
The Argon (Ar) ion milling technique covered the standard 
means for the preparation of TEM mineral specimens [40]. 
The material removal process occurred with the transfer 
momentum from incident ions to atoms on the material sur-
face, resulting in the removal of atoms and deflection of ions 
from the material. The mechanism is inextricably linked to 
the emission of atoms from the surface by additional ionized 
atoms (ions) bombarding the working substance [41].

Figure 4 shows an ion milling setup consisting of ion 
sources that generate sufficiently intense beams with an 
appropriate spread of energy, to extract atoms from the 
workpiece via impingement of ions. A cathode, i.e., a heated 
tungsten (W) filament, accelerates electrons utilizing a high 
voltage (1 kV) to pass into the anode. The electrons move 
from the cathode to the anode and contact with Ar atoms in a 
plasma source to form Ar ions. This forms an electron spiral 
by inducing a magnetic field between the cathode and the 
anode. The ions formed are then retrieved from the plasma 
and transferred to the workpiece, which is positioned on a 
water-cooled table and tilted at an angle ranging from 0˚ to 
180˚ [3].

Focused ion beam (FIB) milling is a technique which is 
similar to that of IBM, but with a limited machining area 
[42]. The FIB technique provides many advantages which 
can overcome the limitations attributed to conventional 
Ar ion millings, such as the ability to extract a sample 
from extremely small quantities of unpolished material, 
site specificity on a sub-micrometer scale, sample imaging 
of secondary ions or electrons during milling, and rapid 
processing of super hard materials [39, 43]. FIB is com-
monly used in the semiconductor field for circuit modifi-
cation, layout verification, microcircuit failure analysis, 
and mask repair [44–46]. In addition, TEM specimens of 
metals, ceramics, semiconductors, and biological materials 
have also been prepared using the FIB milling technique, 
by Giannuzzi et al. [47]. Chen and Zhang [48] used the 
FIB technology to analyze and report on microcircuit fail-
ure analysis. This method effectively examined invisible 
defects in the internal structure.
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Table 1   Summary of machined Si wafers using USM

References Year Type of USM Tool properties Machining settings MRR SR Comments

[12] 1996 HUM WC alloy Abrasive:
WC, D-0.58 µm
Vibration amplitude:
1–3.5 µm
Working load:
 < 0.1mgf/ µm2
Machining speed:
2–6 µm/min

MRR:
1.18 × 10–5 mm3/

min

SR:
0.2 µm

-Microholes 15 µm in 
diameter

-3D turbine chamber

[31] 1997 RUM WC alloy Abrasive:
WC, D-0.58 µm
Working load: 1–2 

mN
Vibration amplitude:
0.8 µm
Frequency: 40 kHz

MRR:
1.31 × 10–6 mm3/

min

N/A -Microcavities with 
sharp corner

-Machining microhole: 
square, triangular, 
trench

[28] 1999 SUM WC alloy Abrasives Diamond: 
0.2 µm

Vibration amplitude: 
0.25 µm

Working load:
0.7–10 mN

MRR:
1.73 × 10–6 mm3/

min

N/A Hole:
10 µm depth
Tool:
10.5 µm

[32] 2004 RUM W
50 µm

Tool feed: 143.5 µm
Abrasives
Polycrystalline  

diamond powder:
1–3,0.5–1 µm
Vibration amplitude:
3 µm, 5 µm
Frequency: 39.5 kHz
Working load:
10–20 mg
Taper Volume: 

231 × 231x69µm3
Radius: 50 µm

MRR:
2.6 × 10–3
mm3/min

N/A -Hole:
66 µm diameter with 

200 µm tool feed
-3D microcavity: 

69 µm depth

[18] 2006 RUM W
95 µm

Rotational speed:
3000 rpm
Abrasives
Polycrystalline  

diamond:
0.25,0.5–1,1-3 µm
Vibration amplitude:
1,1.25,1.5 µm
Frequency:
39.5 kHz
Working load: 1-12 g

MRR:
N/A

SR:
0.42 µm

-Machining 3D  
microholes

[33] 2008 RUM WC alloy
Diameter: 

0.605 mm

Rotational speed:
50000 rpm
Tool feed:
0.02,0.01, 0.005 mm/

min
Vibration  

amplitude:1 µm
Frequency:20 kHz

MRR:
5.65 × 10–3 mm3/

min

N/A -Design workpiece 
holder from medium 
carbon steel 
(SAE1045)

-Hole:
320 µm depth

[9] 2011 SUM Stainless steel Abrasives Si carbide: 
20 µm

Frequency:20 kHz

MRR:
0.47 mm3/min

N/A Microchannels
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FIB milling has two basic modes; direct-write ion 
beam, and ion-beam projection. The process which uses 
direct impingement of the ion beam on the substrate to 
transfer patterns is called ion beam direct-write. This 
technique has been successfully used in the manufactur-
ing of 3D microstructures, and devices made of different 
materials. An ion beam projection, a collimated beam of 
ions, passes through the stencil mask, and a small image is 
projected onto the substrate underneath [45]. The working 
area for FIB is limited to tens of square micrometers [42] 
and requires a long machining time [49, 50].

2.2.1 � Ion beam machining performances

In IBM, as ions strike the workpiece obliquely, the atom 
ejection mechanism is caused by the collision that cre-
ates momentum. The occurrence of momentum depends 
on whether the energy levels are low or high, when the 
ions collide. Under these conditions, it is reported that the 
incident momentum vector has the largest impact on the 
ejection process. The rate of machining depends on the 
material, sort of ions, and their energy, as well as on the 

incidence angle [41]. Equation (2) describes the rate of 
etch, V (θ), in [atoms per minute/(mA.cm−2)] [41]:

where, S(θ) and n describe the yield (atoms per ion), and 
density of the target material (atoms per cm3), respectively.

The efficiency or etch rate, depends on the FIB process 
parameters, such as ion beam current, extraction voltage, 
angle of incidence, milling time, dwell time, and percent-
age overlap between beam diameters. Among these process 
parameters, ion beam current has the most important control 
of the MRR and SR for the FIB performance, as stated by 
Bhavsar et al. [51]. Tang et al. [52] reported that an applied 
lower operating voltage was one of the solutions to minimize 
ion beam damage in the TEM specimen preparation. Dwell 
time, which is the duration of time the ion beam remains 
fixed at one-pixel point [53], increased the dwell time, which 
resulted in a high SR [54].

In terms of accuracy, the dimension scale can be as small 
as 10 to 100 nm [3]. The surface finish in ion milling is 
defined by the incidence angle of the ion beam. McGeough 

(2)V(�) =

(

9.6 × 10
25
)

S(�)���(�)

n

Table 1   (continued)

References Year Type of USM Tool properties Machining settings MRR SR Comments

[19] 2012 RUM Metal-bonded 
diamond

Diameter (O):
9.53 mm
Diameter (I):
8.0 mm
L-45 mm

Rotational speed:
2000-4000 rpm
Tool feed rate:
0.01–0.03 mm/s
Abrasives Diamond:
89-104 µm
Frequency:20 kHz
Working load: 7-20 N

MRR:
2.14 mm3/sec

N/A -Drilling hole with 
700 µm

-Edge chipping  
thickness:

Highest 0.31 mm
-Size of Si: 

20 × 20x0.7 mm

[34] 2012 SUM W
Diameter 300 μm

Frequency:50 kHz
Amplitude:0.8–5 μm
Abrasive particles 

Polycrystalline  
diamond: 0.25–4 μm

Concentration:
0.02, 0.04 wt%

MRR:
N/A

SR:
4.5 μm

-Approached single 
abrasive particle 
impingement to 
study on brittle MR 
mode in USM

[35] 2018 SUM WC alloy
Diameter 600 μm

Abrasives
Silicon carbide:
1800 mesh
Slurry medium-
palm oil, transformer 

oil, water
Frequency: 20 kHz
Power: 800 W

MRR:
N/A

SR:
0.35 µm-
abrasive  

concentration 
15%

SR:
0.4 µm-abrasive 

concentration 
20%

-Design microchannel
with Volume:
0.6 × 0.3 × 10 mm3
-Feed rate: 20 mm/

min, transformer oil

[36] 2019 RUM WC alloy Rotational speed: 
100–500 rpm

Frequency: 21 kHz
Static load: 60 g
Abrasive: WC
Abrasive sizes:
1000–1800 mesh

MRR:
-300 rpm:
0.58 mg/min,

N/A -Microholes on hard 
brittle materials
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[41] reported that they achieved an accuracy level of 1.0%, 
with a repeatability of ± 1%. The FIB machining method can 
accomplished a surface with a feature size at, or below 1 µm, 
with a very short wavelength, and a very large density [45].

2.2.2 � Ion beam machining on Si wafers

The Ar ion milling for the preparation of TEM speci-
mens for compound semiconductors may generate seri-
ous artefacts, including metallic surfaces islands, small 
crystallographic defects, and near-surface cavities. Chew 
and Cullis [55] studied the performance of ion milling 
when using various ion species, and different machin-
ing conditions. The study showed that there had been an 
improvement in the quality of the specimens when a suit-
able selection of ion species and ion milling conditions 
were combined. Compared to traditional Ar ion milling, 
the FIB technique offers a range of capabilities for pro-
viding a fast method for preparing TEM specimens, and 
sequential cross-sectioning of multi-level layers from sev-
eral types of materials, so that preferential sputtering can 
be neglected [56]. Hung et al. [46] looked into the char-
acterization and optimization of the operating parameters 
which affect the FIB milling system using the Ga + ion 
process on a Si wafer as shown in Fig. 5a. The parameters 
affected the machining performance, which was the stud-
ied MRR and surface integrity values.

In 2007, Hopman et al. [57] investigated the FIB fabrica-
tion of submicrometer holes with improved vertical sidewalls, 

using raster and spiral scan routines as sidewall optimization 
parameters on various materials, such as Si, Si-on-insulator 
and Si membranes. Different cross-sectioning methods have 
been used to examine the effects of milling parameters towards 
the geometries of submicrometer-sized holes, which include 
milling with a sloped milling depth, line by line polishing, and 
combinations for both methods. In 2009, Amirmajdi et al. [42] 
developed a MEMS device on a Si membrane using the ion 
beam method, with a 5 kV beam. The cross-section of MEMS 
devices can only be prepared using the ion beam method, 
because the mechanical polishing technique can’t handle the 
brittle nature of Si. To study the minimization of the surface 
damage during TEM sample preparation, Pastewka et al. [44] 
proposed low beam energies for FIB polishing. The authors 
prepared TEM samples with amorphous layers, using 2 and 
5 kV beams for polishing, which was able to determine the 
1.4 and 4.6 nm thickness, respectively. Figure 5b shows the 
high-resolution TEM images of the interface of amorphous 
layers between a platinum (Pt)-coating and Si, with 2 kV pol-
ishing beams. The overall results showed that the thickness 
of the amorphous layers were linearly dependent on the beam 
energy, of which high beam energy led to low quality surfaces. 
In 2010, Tang et al. [52] machined three different materials, 
Si, Zinc (Zn) oxide, and Copper (Cu), on normal and low 
voltage FIB ion beam damages for TEM sample preparation. 
The FIB-preparation method for TEM specimens have been 
extensively investigated and compared. Low voltage FIB has 
been identified as one of the solutions to reduce ion beam 
damage of materials.

Fig. 4   Schematic diagram 
of ion beam milling system. 
Source: own authors
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In 2014, Sabouri et al. [58] also investigated the sub-
surface damage of Si, along with the effect of dwell time 
on Ga + FIB machining operations. The analyzed results 
showed that higher dwell times reduced the surface damage 
of Si as the dwell time increased due to the catalyst activ-
ity of Ga inside Si, which helps to reduce the activation 
energy for crystallization. In 2018, Salvati et al. [59] studied 
nanoscale Si structural damage due to FIB with Ga + ions, 
as shown in Fig. 5c.

Apart from cross-sectioning purposes, the FIB tech-
nique for the machining of 3D micro-nanostructures 
such as nanomoulds, nanomesh, pyramids, nanotrumpets 
over pyramid arrays, have been demonstrated. In 2017, 
Goswami et al. [60] approached micro/nanoscale struc-
tures for machining Si to fabricate nanomoulds. Trials 
were conducted at different levels of beam currents and 
severe damage was observed when 1 nA current applied 
as shown in Fig. 5d. The process parameters for FIB such 
as beam current, dwell time, and percentage overlap, 
were optimized to maximize MRR and minimize SR of 
the milled cavities. In 2020, Garg et al. [61] successfully 
fabricated various Si 3D micro-nanostructures using the 
Ga-FIB technique, by combining ion implantation and 
selective chemical etching. Figure 5e displays the SEM 
images of engineered 3D nanotrumpets for antireflection 
and color filtering applications. In conclusion, the ability 
to fabricate 3D micro-nanostructures using ion implanta-
tion and chemical etching offers a new route towards 3D 
nanofabrication for developing unique structures on Si. 
Table 2 provides a summary of Si wafers machined using 
the IBM technique.

2.3 � Laser beam machining

The ability of LBM to machine submicron structures in vari-
ous materials such as metals, semiconductors and ceramics 
including silver, Cu, brass and stainless steel, has attracted 
researchers to explore this method of machining much fur-
ther. It has been widely used in many industrial applica-
tions, including plating, heat treatment, cladding, alloying, 
welding, and machining [3, 62, 63]. Einstein was the first to 
introduce the concept of stimulated emissions in the theory 
of lasers [64]. In 1957, Townes and Shawlow invented the 
first laser called the Ruby Laser [65]. The term “Laser” 
is an abbreviation for Light Amplification by Stimulating 
Radiation Emission, which is a strongly collimated, mono-
chromatic, coherent and amplified electromagnetic beam, 
focused on a small area [3, 66]. The light amplification is 
the main component of the laser beam, which is accom-
plished by stimulating the release of high-energy incident 
photons. Lasers consist of three significant components; 
a lasing medium, a lasing energy source that stimulates 
the lasing medium to its amplifying state, and an optical 
feedback system. The laser medium may be divided into 
solid (neodymium-doped yttrium-Al-garnet (Nd: YAG)), 
liquid (dye), and gases consisting of carbon dioxide (CO2), 
helium (He), Ar, and neon. The laser beam has photons of 
same frequency, wavelength, and phase, that differentiate 
it from ordinary light [66]. These features make the LBM 
unique, such as high directionality, high power density, and 
enhanced focus [66].

There are generally three main types of LBM techniques; 
Nd: YAG, CO2 and excimer laser [67, 68]. The Nd: YAG 

Fig. 5   Si machining by IBM 
techniques (a) The grit lines. 
Source: adapted from Hung 
et al. [46]; (b) TEM image 
of Pt-coating and Si. Source: 
adapted from Pastewka et al. 
[44]; (c) TEM image of FIB 
milled on Si pillar. Source: 
adapted from Salvati et al. 
[59]; (d) AFM image of holed 
milled at 1nA current in Si. 
Source: adapted from Goswami 
et al. [60]; (e) SEM image of 
3D engineered nanotrumpets. 
Source: adapted from Garg 
et al. [61]
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Table 2   Summary of machined Si wafers using IBM

References Year Type of IBM Ion beam
properties

Machining settings MRR SR Comments

[55] 1987 Ion beam thinning
Ar ion milling

Ar ion beam milling Energy:
2.5–7.5 keV

N/A N/A -Fabrication of  
high-quality  
specimens- using 
I + ion milling

-Roughness of 
I + increase than 
Ar + 

[56] 1998 FIB
thinning

FIB lift-out -Voltage: 300 kV 
for 3–5 h

-Thinning 
layer: ~ 100 µm

N/A N/A -Develop fast  
technique in  
preparation of 
TEM specimens

[46] 2002 FIB
Gallium

Dual FIB using e-/
Ga + ions

Pixel spacing: 
0.01 µm

-Dwell time:
10 µs

MRR:
3.4 mm3/sec

SR:
2–5 nm

-Optimize parameter 
affect FIB milling 
on Si

-0.8 µm3/s - 
measured

-1.1 µm3/s–predicted
[57] 2007 FIB

Gallium liquid 
metal sources

Dual-beam FIB
contains ion and 

electron beam

-Deposit:
Pt layer
-Dwell time:
0.1 ms
-Current: 48 pA
-Sputter rate: 0.27 

µm3 nC-1 at 
30 kV

-Dose: 69 pC

N/A N/A -Optimization 
parameter with  
references to  
sidewall angle

-Single hole and  
patterns milled for 
12 and 36 array

–array holes higher 
than single hole

[42] 2009 Ion milling
Ar

Ar ion beam milling -Voltage: 5 kV for 
10 h

-Diameter: 5 µm
-Depth: 10 µm

N/A N/A -Fabricate 3D Si 
detector

[44] 2009 FIB Ga ions -Voltage:
2 keV
-Current:
500 pA
-Polished with 2 

and 5 kV
-Deposit:
Pt-coating

MRR:
1.14 nm3/impact

N/A -Fabricate trench 
with low beam 
energies

-Thickness of  
amorphous layer:

1.4 nm (2 kV)

[52] 2010 FIB Ga ion -Voltage:
30 kV, 2 kV
-Thickness:
500 and 300 nm
-Current:
590 and 83pA

N/A N/A -Fabricate trenches 
with two beam 
voltage

-Thickness of  
amorphous layer:

-2 nm (2 kV)
-24 nm (30 kV)

[58] 2014 FIB -Ga ion
-Pressure:
10–6 mbar

-Energy: 30 keV
-Pixel dwell time:
0.1, 1, 1.0 μs
-Dose:
1018 ions/cm2
Currents: 100, 300, 

500, 1000pA

N/A N/A -Effect of dwell time 
on Si at different 
currents

-Study on
changing pixel
dwell time
towards

[60] 2017 FIB Dual beam Current:
10, 30, 50 pA
Dwell time:
1, 4, 7 µs
Percentage overlap:
25, 50, 75%

MRR:
7.414 × 10–3
µm3/s

SR:
1.93 nm (exp)
1.89 nm (model)

-Fabricate  
nanonoulds from 
micro/nano  
machining Si

-7.414 × 10–3 µm3/s
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laser uses a solid laser material as a medium, which can be 
used for high-power boring and engraving purposes. It has a 
low beam power however, high peak powers can be reached 
when the laser is operated in a pulsed mode, making it pos-
sible to machine thick materials. In addition, this type of 
laser technique allows the machining of thin materials with a 
shorter pulse duration [69]. On the other hand, the CO2 laser 
is dependent on the discharge of a gas chamber filled with 
CO2, hydrogen, nitrogen, and He. The CO2 laser wavelength 
is 10 μm within the infrared region and has a low-resolution 
machining. However, it has a relatively high beam power, 
improved efficiency, and superior beam quality, making it 
appropriate for high-speed metal cutting [70]. Apart from 
these techniques, the excimer laser is generated from a com-
pound of two identical species in an exciting state [65, 71]. 
The excimer lasers are pulsed lasers that operate in ultravio-
let mode, by rapid electrical discharge under high-pressure 
mixtures of rare gases, such as krypton, Ar, or xenon, as well 
as halogen gases such as fluorine, or hydrogen chloride [69]. 
The mixture of rare gases and halogen produces varying out-
put wavelengths, ranging from 0.193–0.351 µm in ultraviolet 
(UV) to near-UV spectrum [65]. The pulse energies form a 
few hundred millijoules to one joule, and the average power 
is between 10 W and 1 kW. The pulse length is normally in 
the range of 10–20 ns, generating a peak power of tens of 
megawatts [69]. The excimer laser is commonly used for 
the machining of solid polymer workpieces, ceramics and 
semiconductors, and marking of thermally sensitive materi-
als [65].

The LBM consists of laser optics and a computer 
numerical control (CNC) operated stage. The CNC cut-
ting process allows the system to create designs for the 
workpiece, with the desired patterns. Figure 6a shows the 
configuration and physical operation of the LBM system. 

LBM is a thermal process whose performance is deter-
mined by the amount of heat produced as well as the opti-
cal properties of the materials, instead of their mechani-
cal properties [66]. The physics of the LBM process is 
very complex due to the loss of scattering and reflection 
on the machined surface [72]. Figure 6b shows that the 
LBM material removal process consists of three stages: 
absorption and heating, melting, vaporization, and chemi-
cal degradation [66]. The process begins when the high 
energy density of the laser beam is focused on the surface 
of the workpiece. The absorbed thermal energy heats and 
changes the workpiece material into a molten or vaporized 
state. These molten materials are removed using a flow of 
high-pressure gas jet that helps to accelerate changes in the 
material, and ejects it from the machining zone [66]. The 
removal mechanism depends on the power density, and the 
pulse time of the laser beam [3]. There are three ablation 
parameters for the pulse duration in LBM, namely, nano-
second, picosecond and femtosecond [73]. In comparison, 
the nanosecond laser has a shorter wavelength and a higher 
pulse duration than the femtosecond ablation. The picosec-
ond laser pulses are shorter, while the femtosecond laser 
is ultra-short, which categorizes it an infrared laser with 
a wavelength of approximately 1053 nm [74]. The femto-
second laser uses a unique ultra-short laser pulse ablation 
to achieve a high degree of control when sculpting the tar-
geted microstructures without causing collateral damage, 
making it suitable for thin wafer dicing due to its superior 
machining quality [75]. Thus, the femtosecond laser has 
advantages over the nanosecond laser because it promises 
the ability to create a smaller and more precise hole, with 
a lower pulse energy and a lower repetition rate [76].

In LBM, thermal damage of the base material due to 
excessive heat during machining remains a major problem 

Table 2   (continued)

References Year Type of IBM Ion beam
properties

Machining settings MRR SR Comments

[59] 2018 FIB -Ga ions
-Beam size
width-0.5 mm
height-0.2 mm

-Energy:
30 keV
-Current: 0.3 nA
-Dose:
2.0 × 109 ions/μm2

N/A N/A -Characterize ion 
beam damage by 
X-ray technique

-Thickness of  
amorphous layer: 
23 nm

[61] 2020 FIB Ga ion -Voltage:
30 kV
-Currents: 10 pA
-Dose: 1 × 1012 – 

5 × 1016 ions/cm2

N/A SR:
0.4 nm

-Fabricate 3D
Si micro- 

nanostructures with 
FIB and followed 
by wet chemical 
etching, KOH

-Thickness of 
implantation  
damage:

20 nm
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for nanosecond lasers, that needs to be minimized to 
achieve a high surface-machining quality [77]. The ther-
mal damage area is also associated with undesirable side 
effects, such as distortion, surface cracking, embrittlement, 
decreased weldability, fatigue resistance, and increased 
corrosion [78]. It is vital to precisely quantify the rela-
tionship between the magnitude of thermal damage and 
the cutting conditions, in order to minimize the thermal 
damage for nanosecond machining. Nevertheless, due to 
the extremely short laser pulse width, there is almost no 
time for the propagation of heat to the surrounding area, 
which is often referred to as a nonthermal process. The 
ultrashort pulse width restrains the formation of thermal 
damage in the femtosecond laser [79].

2.3.1 � Laser beam machining performances

Numerous process parameters can affect the performance 
of LBM, including the laser power type, the assist gas pres-
sure, the thickness of the cutting material, the material 
composition, the cutting speed, and the mode of operation 
(continuous or pulsed mode) [66]. Theoretically, the mate-
rial is removed by several reactions involving the reflection, 
absorption and conduction effects of light, melting and 
evaporation. The MRR performances were generated from 
the workpiece material in response to these reactions. The 

reflection effects depend on wavelength, material properties, 
surface finish, oxidation levels and temperature. The higher 
reflection of the workpiece material at a specific wavelength 
resulted in lower MRR [3]. There are several experimental 
studies on MRR, which have been reported. Voisey et al. 
[80] showed that the MRR increased when the pulse energy 
increased. Tahmouch et al. [81] revealed that higher power 
and lower frequencies resulted in higher MRR. Chen and 
Darling  [82] showed that the MRR increased when the 
beam energy density increased, irrespective of the machin-
ing speed. Equation (3) represents the MRR (mm3/min) of 
LBM as [3]:

where, Cl is a constant, based on the material and conver-
sion efficiencies; Lp, Ev, Fl, α and h define the laser power 
(Watt), vaporization energy of the material (W/mm3), the 
focal length of the lens (cm), beam divergence (rad), and 
thickness of the material (mm), respectively.

SR is one of the essential parameters which represents 
the quality of the machined surface. Experimental stud-
ies by Ghani and Newishy [83] revealed that the SR value 
decreased with increasing machining speed and frequency 
and decreasing laser power and gas pressure. Chen [84] 

(3)MRR =
4ClLp

�Ev

(

Fl�
)2
h

Fig. 6   (a) LBM system and (b) 
Material removal mechanism of 
LBM. Source: own authors

40 The International Journal of Advanced Manufacturing Technology (2022) 121:29–57



1 3

showed that the SR decreased when the pressure increased 
for nitrogen and Ar. The SR was better at higher speeds. 
The SR was found to be very low, and the laser power had 
a minimal effect on the SR without affecting the striation 
frequency.

2.3.2 � Laser beam machining on Si wafers

Kruger and Kautek [85] reported on a femtosecond pulse 
laser at 615  nm, that allowed the creation of a precise 
microstructure of metallic and semiconductor thin films, 
without causing material delamination. The femtosecond 
laser showed sharply defined patterns that could be ablated 
by the machining of metal plates and Si, compared to the 
picosecond and nanosecond pulses [86]. Mullernborn et al. 
[87] demonstrated that fast micromachining of 3D Si can 
be achieved by direct laser etching (Fig. 7a) using localized 
melting in an atmosphere with chlorine. The effect of Si 
surface morphology (100 and 111) which was ablated by 
the femtosecond pulse laser with different laser parameters, 
laser fluence, and laser pulse number, was also investigated 
by Geng et al. [88]. In 2008, Venkatakkrishnan et al. [75] 
studied the high-repetition-rate of the femtosecond laser for 
dicing thin Si wafers.

The LBM technique has been applied in the fabrication 
process of 3D complex structures on Si. In 1999, MEMS 
devices were fabricated from bulk Si wafers and Si mem-
brane structures using Q-switched Nd: YAG laser technol-
ogy, with optional frequency doubling, as shown in Fig. 7b 
[89]. The developed Nd: YAG laser was able to create fast 

and flexible design modifications. Amer et al. [90] machined 
optical micrograph of grooves in hexagonal pattern arrays on 
p-type Si wafers using the excimer laser technique, as shown 
in Fig. 7c. The grooves of the hexagonal array were 7 mm 
wide. In 2005, Pan et al. [91] fabricated an arbitrary-shaped 
microstructure using a dual-prism optical system with a fea-
ture size of less than 50 µm, having an aspect ratio of up to 
10 µm, which can be reached using UV Nd: YAG lasers, as 
shown in (Fig. 7d).

There have been several investigations on the effect of 
process parameters for the LBM method. The analysis of 
induced stress and amorphization were compared between 
femtosecond and nanosecond pulses by Amer et al. [77] 
as shown in Fig. 7e. The results showed that femtosecond 
pulses produce less stress than nanosecond pulses, and the 
circular polarized femtosecond lasers had less stress than 
the linearly polarized laser. Tang et al. [92] studied the kerf 
width and cut quality effects towards the surface quality. 
The impact of various processing parameters such as pulse 
repetition rate, feed rate, pump energy, and the number of 
passes were optimized to minimize HAZ and achieve the 
best cutting efficiency. Oxygen gas was found to be the most 
suitable gas for assisting laser dicing. The highest gas pres-
sure may not yield the best cut quality. Kagerer et al. [93] 
also investigated parameters such as the number of scans, 
manufacturing time, input and output diameters, the cor-
responding flank angle, and the laser micro-cutting holes in 
Si wafers using nanosecond Nd: YAG UV lasers.

The CO2 and fiber lasers are both rare types of lasers 
that have been used in Si machining. Chung et al. [94] first 
demonstrated a novel Si micromachining method using CO2 

Fig. 7   LBM on Si wafer (a) Laser 
micromachining setup. Source: 
adapted from Mullernborn et al. 
[87]; (b) Microactuator fabricated 
by Nd: YAG laser. Source: 
adapted from Dauer et al. [89]; 
(c) Hexagonal pattern grooves by 
excimer laser. Source: adapted 
from Amer et al. [90]; (d) Spiral 
microstructure by UV Nd: YAG. 
Source: adapted from Pan et al. 
[91]; (e) Machined groove by 
YVO4 laser. Source: adapted 
from Amer et al. [77]
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lasers in 2006. The experimental results proposed a possi-
ble technique for CO2 laser micromachining of Si on glass, 
using laser absorption variations, because the wavelength of 
the CO2 laser was not absorbed by the Si. In 2014, Weinhold 
et al. [95] reported a new method for the fast laser-induced 
separation of Si wafer materials. This method allowed 
the possibility to cut monocrystalline and polycrystalline 
Si wafers in a very fast and clean way, without any waste 
product.

Several papers have reviewed laser ablation. Wang et al. 
[96] reported on the investigation of the image processing 
of the plasma spot produced by femtosecond ablation. The 
results indicated that the plasma image brightness and pic-
ture were affected by the machining parameters. Goodarzi 
and Hajiesmaeilbaigi [97] investigated the formation of rip-
ple size on the Si surface due to the laser ablation in 2018, 
across two different environments, air and water. The results 
revealed that the radiation pressure caused the occurrence of 
circular ripples to the surface at the end of the pulses. A new 
physical model using a linearly polarized single femtosecond 
laser pulse was proposed, which can predict the size and 
period of the circular ripples.

The machining rate was derived from the performance 
determined by the machining efficiency. The position of the 
laser beam must be precisely controlled to achieve optimum 
efficiency in LBM. Chen et al. [98] have demonstrated a new 
high-throughput micro-machining of the Nd:YVO4 laser, 
based on a rapid scanning laser focal point along the opti-
cal axis, using an acoustically driven variable focal length 
lens. The experimental results indicated that the machining 
rate was more than doubled after the ultrafast z-scanner was 
applied. The research progress in the machining of Si wafers 
via LBM is shown in Table 3.

2.4 � Electrical discharge machining

EDM uses an electrical discharge or spark, at the gap 
between the machining tool and the workpiece [99]. Machin-
ing Si using EDM has a strong potential for application in 
the semiconductor industry. EDM is divided into several cat-
egories, namely, Die-Sinking and Wire-EDM. Die-sinking 
EDM was developed in 1940 using pulse generators, plan-
etary, orbital motion techniques, CNC, and adaptive con-
trol systems. Extensive research on EDM was performed 
in 1960, and it focused on various issues related to math-
ematical modeling. The evolution of wire-EDM began in the 
1970s with the development of high-performance genera-
tors, novel wire tool electrodes, as well as enhanced machine 
intelligence and material flushing. Since the 1980s, EDM 
has been proven as an efficient method for processing hard 
and brittle conductive materials, including composites and 
ceramics [100, 101]. EDM is regarded as a non-traditional 
machining process which is capable of machining complex 

geometries, regardless of the hardness of work material. 
However, it is only applicable for machining conductive 
materials [102–105].

The EDM system consists of two main components: the 
machine tool and part, as shown in Fig. 8. The machine typi-
cally moves in three axes; x, y and z, and an advanced con-
figuration enables the machining of the four axes. Generally, 
the tool and workpiece are connected to positive and nega-
tive terminals, respectively. The machining is conducted in 
a dielectric fluid that flushes the eroded particles away. The 
dielectric fluid provides electrical insulation between the 
electrode and the workpiece, and also functions as a coolant 
to minimize the heat from the spark. The electrical discharge 
or the sparks generated at the gap removes the material via 
the melting and evaporation processes. The MRR of EDM 
depends on the energy and number of sparks produced by 
the generator. The higher the energy and number of sparks, 
the higher the MRR. Each discharge leaves small craters on 
both the electrode and workpiece. In this process, the speed 
of the cutting process is regulated by the CNC, which can 
yield reliable structural results. To achieve high precision 
machining, the operation and tool conditions must be taken 
into account in the EDM. High melting and boiling points, 
high electrical and thermal conductivity, structural integ-
rity (ability to perform its duty without failure), mechanical 
properties, manufacturability, and cost, are the primary char-
acteristics of the EDM tool selection [106]. Cu, graphite, 
W and WC are materials most used for EDM tools [107]. 
Graphite and Cu are widely used as tools due to high electri-
cal and conductive properties. Additionally, graphite offers 
machinability characteristics, whereas Cu provides good 
structural integrity [108, 109]. Tungsten has a high melt-
ing point and tensile strength, which makes it a highly pre-
ferred tool material for EDM [110]. Brass material for tool 
electrodes can produce stable discharge conditions and is 
typically utilized for particular applications, such as through 
hole drilling, where significant tool wear is tolerated [111]. 
Electrode tool wear in EDM depends on machining energy 
and polarity, but most importantly, the tool’s material melt-
ing point plays a crucial role in the EDM tool’s wear [112]. 
Low melting point materials cause high tool wear rates. Fur-
thermore, the change in tool shape caused by electrode wear 
throughout machining procedures influences the contour of 
the workpiece, resulting in an inaccurate dimension. The 
spark gap (the space between the tool and the workpiece) 
must be regulated during the EDM machining process to 
avoid short and open circuits. Normally, the gap remains to 
be few microns for good machining performance. Unstable 
or non-uniform discharge processes can also occur due to 
the presence of leftover debris on the workpiece surface and 
causes short circuit.

As mentioned before, EDM can generally be categorized 
into two major types; die-sinking and wire-EDM, as shown 
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Table 3   Summary of machined Si wafers using LBM

References Year Type of laser Machining
settings

MRR SR Comments

[85] 1995 Excimer Wavelength: 615 nm
Duration pulse: 300 fs
Focus distance:
58 mm
Ablation threshold: 0.2 J/cm2
Fluence: 2 J/cm2

2.6895 mm3/min N/A -Fabricated microstructure Si thin 
films using femtosecond laser

- Velocity:
106 cm/s

[86] 1996 Femtosecond
Ti: Sapphire

Laser pulses: 780 nm
Pulse energy: 100 mJ
Pulse duration: 200 fs to 

400 ps
No. Of pulses:
0.2–5000 ps
Beam diameter: 20 mm
Threshold fluence: 2.5 J/cm2
Fluence: 3.7 J/cm2

36.2147 mm3/min N/A -Studied on laser ablation by
Ti: Sapphire laser pulse

[87] 1996 Excimer
Ar ion laser

Focus spot: 1 µm
Wavelength: 800 nm
Power: 600mW of
488 nm light
Etch rate: 105 µm3/s

N/A N/A -Fabricated 3D structures by fast 
laser direct etching

[89] 1999 Q-switched Nd: YAG​ Wavelength:1064 nm
Frequency: 3 kHz
Average power: 4.58 W

N/A N/A -Fabricated MEMS devices:
Square-shaped microactua-

tor-150 µm × 15 µm length on 
380 µm thickness Si

[90] 2002 excimer Wavelength: 248 nm
Duration pulse:
30 µJ per pulse at 100 pulses 

per second

N/A SR:
60–100 nm

-Fabricated grooves in hexagonal 
patterns array with ~ 7 µm wide

-Investigate stresses and structural 
changes in Si wafers

[91] 2005 UV Nd: YAG​ Wavelength: 355 nm N/A SR:
 < 50 µm

-Fabricated Si-based spiral  
microstructures

- Holder mover velocity: 2-5 mm/s
[77] 2005 Nd: YVO4

Solid state laser:
Nanosecond
Femtosecond

-Penetration depth: 770 nm
-Nanosecond:
Wavelength: 355 nm
Pulse duration:
30–50 ns
Focus spot: 13 µm
Threshold fluence: 44 J/cm2
Fluence: 50 J/cm2
-Femtosecond:
Wavelength: 775 nm
Pulse duration:
150 fs
Focus spot: 50 µm
Pulse energy:
17.5 – 950 µJ
-Repetition rate:1 kHz
Threshold fluence:
8 J/cm2
Fluence: 25 J/cm2

MRR:
-Ns:
1.3269 x
10–4
mm3/min
-Fs:
2.4643 x
10–5 mm3/min

N/A -Compared micromachining Si 
wafer results between 150- 
femtosecond and 30-ns lasers

-Amorphization induced 
around ± 20 5%

[94] 2006 CO2 Wavelength:10.64 nm
Power: 30 W
Speed: 1143 mm/sec

N/A N/A -Generate circular and linear  
patterns on Si using CO2 laser

- Roughness larger–high pass 
number
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Table 3   (continued)

References Year Type of laser Machining
settings

MRR SR Comments

[88] 2007 Femtosecond Wavelength: 775 nm
Duration pulse:150 fs
Pulse power: 1.1 W
Penetration depth:
Si (100)–0.001 mm
Si (111)–0.00714 mm
Laser fluence:
Si (100)–0.33 J/cm2
Si (111)–0.30 J/cm2
Threshold fluence:
Si (100)–0.08 J/cm2
Si (111)–0.129 J/cm2
Repetition rate: 1 kHz

MRR:
-Si (111):
4.8332 x
10–4 mm3/min
-Si (100):
1.9084 x
10–4
mm3/min

N/A -Investigate surface morphology 
Si (100) and (111) with different 
laser parameters:

Laser fluence and number of laser 
pulses

-Average ripple depth:
1 µm

[75] 2008 -Diode-pumped, Yb-doped
-Femtosecond

Wavelength:1030 nm
Power: 11 W
Frequency:
200 kHz, 26 MHz

N/A N/A -Investigate on thin Si wafer dicing 
by high-repetition-rate  
femtosecond laser

- Kerf width:
16.5 µm
-Speed 40 mm/s

[93] 2011 Nd: YAG UV
nanosecond

n-type Si wafer
thickness of 300 µm

N/A N/A -Investigate on laser cutting of 
microholes in Si

-Determine basic parameters in 
micro-cutting

-Highest MRR:
5 µm/scan
Gap depth/scan:
New-6,7 µm/scan
Old-5 µm/scan
Machining time:
New-73 s,
Old-106 s

[95] 2014 Fiber laser: Single mode 
continuous wave

Wavelength: 1070 nm
Beam diameter: 0.75–3.0 mm
Power: 150, 3000 W
Cutting speed: 1, 2.5, 

0.7–15 m/s

N/A SR:
2 µm, < 4 µm

-Develop very fast laser cutting 
on Si wafer and generated high 
surface quality

-Maximum cutting speed:
15 m/s

[96] 2017 Femtosecond Power: 10–50 mW
Feed rate: 2–6 μm
Speed: 0.4–2 mm/s
Energy: > 1 mJ
Wavelength: 800 nm
Frequency: 1 kHz

N/A N/A -Analyze relationship between 
micromachining processing 
parameters and image features

–Low machining efficiency
-Poor machining accuracy

[97] 2018 Ti: sapphire
Femtosecond

Wavelength: 790 nm
Repetition rate: 10 Hz

MRR: 6.7104 x
10–5
mm3/min

N/A -Investigate on circular ripple 
formation in air and water

- Circular ripple:
Air-1.2 µm
Water-0.13 µm

[98] 2018 Nd: YVO4 Wavelength: 355 nm
Pulse duration: 15 ns
Oscillation Frequency: 

140 kHz

MRR:
9.04 × 108 mm3/pulse

N/A -Demonstrate new high-efficiency 
laser using ultrafast z-scanner
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in Fig. 9. Die-sinking is also known as conventional EDM, 
or vertical EDM. Die-sinking EDM can generate blind or 
through cavities, that are difficult to be formed using conven-
tional machining techniques. Conversely, wire-EDM uses a 
thin conductive wire as an electrode to cut the material. It is 
primarily used to cut shapes through the material, given that 
an initial hole is drilled through the material before the wire 
is inserted. Compared to the usage of a complex electrode 
for die-sinking EDM, the wire electrode of the wire-EDM 
is much more economical for larger shapes, and cut-through 
applications [113].

2.4.1 � Electrical discharge machining performances

The efficiency of the EDM and WIRE-EDM machining 
processes is determined by process factors such as pulse 
duration, as well as by discharge frequency and current 
intensity. Luo [114] discovered that additional high-energy 
is required to sustain the high MRR without damaging the 
wire. Suzika and Kishi [115] revealed that lower discharge 
energy (DE) results in superior surface roughness. The MRR 
of the EDM is affected by workpiece material, tool electrode 

material, and machining variables like pulse conditions, 
machining medium, and electrode polarity. Typically, low 
melting point workpieces have a higher MRR and surface 
roughness. Equation (4) represents the MRR in mm3/min, 
which was defined by Kalpakjian [116]:

where, i defines the EDM current (A), and Tw is the melting 
point of the workpiece material (˚C). Based on the material's 
mechanical properties and the machining conditions, a vari-
ety of overlapping crates are generated on the machined sur-
face by the impact of microsecond-duration spark discharges 
in this process. The impact of discharges per second causes 
the workpiece to be removed at a specific pace and with a 
specific surface finish, also with a crater depth reflecting the 
surface roughness. Since roughness of the machined surface 
is created by overlapping of craters, the surface roughness 
increases with the enhance of the MRR.

2.4.2 � Electrical discharge machining on Si wafers

The EDM method is a proven method to machine Si wafers 
with very complex features and shapes, with many useful 
applications in MEMS. Luo et al. [117] first introduced the 
Wire-EDM technique as a new Si ingot slicing method, 
that gives 1.62 µm of surface roughness, instead of using 
an inner-diameter blade, and a conventional slicing method 
which has been used before. Uno et al. [118] proved the 
possibility of slicing Si ingots using a similar Wire-EDM 
setup. In addition, the experimental results characterized 
that higher removal rates and smaller SR can be achieved 
under larger discharge currents and a short pulse dura-
tion. Peng and Liao [119] revealed that stable slicing of Si 
ingot was achieved using the Wire-EDM with water flush-
ing under small currents and lower gap voltage conditions 
(Fig. 10a). Although the Wire-EDM enables the slicing of 

(4)MRR =
(

4 × 10
4
)

iTw
−1.23

Fig. 8   Schematic diagram of EDM system setup. Source: own authors

Fig. 9   Types of EDM (a) die-
sinking and (b) wire-EDM. 
Source: own authors
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monocrystalline Si ingots, the amount of sliced wafers can 
only be processed serially (one by one). In 2008, Okamoto 
et al. [120] reported a multi Wire-EDM to improve the wafer 
slicing process efficiency.

The machining performance of the surface quality is one 
of the important results that need to be investigated to obtain 
high aspect ratio structures. To study the process performance 
towards surface quality, the machining process of polished 
single-crystal Si plates using Wire-EDM were performed in 
water and oil [121, 122]. Figure 10b shows the Si machin-
ing results in water and oil, which revealed that the surface 
cutting in oil gave a smoother and better surface. Cutting in 
water was discovered to generate chips and cracks on the 
polished surface, which results in a very rough surface finish. 
Huijun et al. [123] studied the Si surface after being cut by 
Wire-EDM. The experimental results analyzed showed that 
the small holes (Fig. 10c) appeared on the surface caused by 
thermal stress damage and increased the crack propagation. 
Joshi et al. [124] studied the effect of Wire-EDM parameters 
on the surface quality, and wafer-thickness variation of the 
Si wafer using Wire-EDM. The surface roughness results 
were found in the range of 1–2.3 μm, and the wafer thick-
ness variation can be reduced by increasing the wire tension, 

wire feed, and dielectric flushing pressure. Salleh et al. [125] 
demonstrated a 3D prototype of electrostatic micro-actuator 
fabrication using µ-Wire-EDM. The fabricated actuator has 
a long rod with a length of 2 mm, a width of 400 µm, and a 
pitch width between tooth of 650 µm.

The µEDM offers a micron range size, discharge energy, 
and axis movement, which is believed to produce micro-
scale components and structures, with high accuracy results 
[126]. Masaki et al. [127] reported the first use of die-sinking 
µEDM for machining Si wafers. The authors asserted that the 
Si wafer could be machined using µEDM, but with a high 
incidence of short-circuits during the machining process. 
The die-sinking EDM machining technique is also seen to 
be capable in machining 3D and complex Si microstructure  
shapes [128–130]. Murray et al. [131] characterized the 
nano-scale damage such as pores, on machined Si surfaces 
using the EDM. Figure 10d shows a micrograph of a 100-
μm depth hole machined on a n-type Si using the EDM, 
with positive tool polarity settings. The results showed that 
the pores with sizes of 10 and 200 nm, were formed on the 
machined surface.

The electrical conductivity of the workpiece material is 
the primary factor for machining using the EDM technique. 

Fig. 10   Machined Si by EDM (a) Wire-EDM of water flushing. 
Source: adapted from Peng and Liao [119]; (b) Surface cut in water 
and oil by Wire-EDM. Source: adapted from Takino et al. [121]; (c) 
Small holes in bottom discharge pits. Source: adapted from Huijun 
et  al. [123]; (d) Machined hole on n-type Si by die-sinking EDM. 

Source: adapted from Murray et  al. [131]; (e) Schematic diagram 
setup of die-sinking EDM. Source: adapted from Uno et al. [132]; (f) 
Machined cavity by die-sinking μEDM process. Source: adapted from 
Daud et al. [135]
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The surface potential barriers which prevent discharge cur-
rents in Si can be solved by plating or coating the material 
with a conductive layer. Luo et al. [117] introduced Ni plat-
ing to minimize surface contact resistance. As a result, the 
cutting rate increased after eliminating the surface potential 
barriers in Si machining. Improvement works on machining 
rates in the EDM machining have been investigated using 
Cu plates, by Uno et al. [132]. Figure 10e shows a sche-
matic diagram of the EDM experimental setup for providing 
a transistor switching and condenser circuit. Kuneida and 
Ojima [133] reported on the impurities doped Al and Sb-Au 
into p-type and n-type Si wafers, respectively.

Temporary conductive Au coated on p-type Si wafer using 
µEDM and µ-Wire-EDM setup has also been reported [125, 
134]. The machining stability was improved (~ 100 × dif-
ferent machining conditions), and the performance of the 
MRR increased by a good margin (~ 30% average), com-
pared to uncoated Si. Moreover, the authors also claimed 
that the machining process was stable without any short 
circuit. In 2018, the die-sinking µ-EDM performance for 
different resistivities of Si wafers was characterized by Daud 
et al. [135]. Figure 10f shows the machined cavity of low-
resistivity Si with 50 µJ of DE. The study revealed that the 
electrical resistivity and the DE value had a great influence 
on the machining performance results. Recently in 2021, an 
investigation on heat assisted µ-EDM of lightly doped sili-
con was reported. The results showed that the machining rate 
was improved by a factor of ~ 16 times when machining at 
250 °C, compared to room temperature [136]. The machin-
ing of Si wafers using EDM have been reported by previous 
researchers and is summarized in Table 4.

3 � Comparison of non‑traditional machining 
techniques

Non-traditional machining techniques such as USM, IBM, 
LBM, and EDM, provide an improved structure and sur-
face quality, compared to traditional machining methods. 
Figure 11 summarizes the positive features and limitations 
of the non-traditional machining techniques. USM allows 
machining of all kinds of materials, be it hard, brittle, or 
fragile materials, including conductive materials. The USM 
technique is ideal for hard and brittle materials such as Si, 
borosilicate glass, Si nitride, quartz, and ceramics, to drill 
circular or non-circular holes, and produce precise machin-
ing [7, 11]. The MRR in this process is low, and the tool 
wear is high [7, 137]. In addition, deep hole machining is 
challenging due to abrasive slurry movements which are 
limited.

Similar to USM, the IBM technique also offers a low-
temperature [138] process that minimizes the stress and 
thermal damage on the material [52]. However, it requires a 

high installation and equipment cost, very limited machin-
ing area, and extremely low MRR [139]. By contrast, the 
FIB milling, which transfers patterns with direct impinge-
ment of the ion beam on substrates, allows the creation of 
very shallow machining, less than 1 µm [45]. The surface 
material can be weakened by the radiation effects during the 
machining process. However, this machining method pos-
sesses extremely low MRR, that limits its application range.

LBM provides a range of positive features for the machin-
ing of hard and brittle materials like Si wafers, similar to 
USM. Moreover, the LBM is applicable for a wide range 
of materials [66]. There are no cutting forces involved in 
both LBM and IBM, because the energy is transferred by 
irradiation between the laser and the material [75, 93]. As 
a result, no material damage, tool wear, or machine vibra-
tion are caused by mechanical induces [66]. In addition, 
LBM is a flexible process that can be easily automated to 
manufacture fine structures with a high aspect ratio, and a 
machining starting point that can be easily located using a 
laser point. Nevertheless, despite being advantageous, the 
cost of the equipment required for the optical laser system is 
considered to be high [140]. In addition to thermal damage, 
tapered shapes are usually found in high depth machining, 
while adherent materials are normally found at the exit holes 
[140]. These two effects need to be addressed to achieve 
good quality structures.

Unlike other methods, EDM has proven to be more flex-
ible and capable of machining 3D micro-structures and 
complex shapes across different materials [141]. The 3D 
design microstructures of bulk Si can be created with high 
precision EDM in a non-clean-room environment, and with-
out photolithography facilities. Even so, hybrid techniques 
combining EDM with other traditional MEMS manufac-
turing methods deliver the best results in 3D Si processing 
[142]. Another significant positive feature of EDM is its 
ability to machine any conductive material, regardless of its 
hardness, brittleness, and toughness, which is difficult for 
other machining methods [113, 131, 143]. In addition, the 
EDM technique uses non-contact electrothermal machining, 
which allows the machining of hard and brittle materials, 
similar to USM and LBM. The minimum cutting forces 
of EDM provides the ability to avoid crack formation on 
the surface of the material, and to achieve good machining 
quality [144]. Moreover, EDM has relatively low equipment 
costs, and is environmentally friendly due to chemical-free 
processes. Furthermore, the fabrication process of tool 
electrodes is easier compared to other machining methods. 
However, EDM only operates efficiently on the conduc-
tive materials and its thermal action results in relatively 
low machining speeds [145]. Apart from that, additional 
time is needed, as the electrode wear of the EDM machine 
decreases during the machining process, and the power con-
sumption of the EDM is considerably higher.
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Table 4   Summary of machined Si wafer using the EDM

References Type of EDM Si wafer
properties

Tool/wire
properties

Machining
settings

MRR SR Comments

[127] µEDM p-type
10-100Ω.cm
 < 111 > 
330 µm  

thickness

W
D-35–50 µm

100 V,
200 pF
2 µm /sec

N/A N/A Machine 340 µm 
depth of hole

[117] Wire-EDM n-type
single-crystal 

ingot
7-15Ω.cm

Mo
D-0.05–0.14 mm
Tool negative:
with, w/o
Ni-plated,
Tool positive:
With, w/o
Ni-plated

Traveling rate:
15 ms-1
Kerosene

MRR:
0.03 mm3/min

SR:
1.62 µm

Investigation 
of feasibility 
machine n-type 
Si with  
Ni-plated

Cutting Rate:
170
mm2 min-1

[113] EDM n-type
4Ω.cm
380 µm  

thickness

W
D-150 µm

40 rpm
Min 0.8A
Max 30A

MRR:
3.82 × 10–3 

mm3/min

SR:
0.47–0.51 µm

Machine hole:
-Diameter 160 µm
-Depth 380 µm

[128] µEDM n-type
50mΩ.cm
350 µm  

thickness

W wire
D-50 µm

40 rpm
Min 0.8A
Max 30A

N/A SR:
0.011 µm

Machine Conical 
hole (angle 60°)

521 µm top
129 µm bottom

[132] EDM p-type
mono-crystalline 

ingot
0.01Ω.cm
5 mm thickness

Cu
D-1 mm
90 rpm
Tool positive

380 pF
2, 6, 15 A
non-flammable type 

liquid

MRR:
47.31 mm3/min

SR:
18 µm

-Machine
200 mm depth of 

hole
Cu plate
-Removal rate: 

1 mm/s
[118] Wire-EDM p-type

mono-
crystalline 

ingot

Mo
Diameter:
180 µm
Tool negative

100 V
10.0 ms-1
deionized water

MRR:
0.026 mm3/min

SR:
7.6 µm

-Slice Si ingot by 
Wire-EDM

-Removal rate: 104 
mm2  
min-1,

[133] EDM p-type: 354Ω.
cm

n-type: 8.3Ω.
cm

0.75 µm  
thickness

Cu
D-1 mm
Tool positive

Positive and negative 
polarity

280 V
3.5A
EDM oil

MRR:
0.589 mm3/min

N/A Improve  
machining 
performance of 
MRR

[149] EDM p-type
polished
20 mΩ.cm
650 µm  

thickness

W
D-0.15 mm

60,80,100,
160 V
1000 pF
deionized water

N/A N/A To investigate on 
formation of 
micro-crack

[119] Wire-EDM p-type
mono-
crystalline 

ingot
D-76.2 mm
30Ω.cm
250 µm

Cu wire
0.25 mm

deionized
water
kerosene

MRR:
107.6 

mm3 min-1

SR:
3.8 um

Study on slice Si 
ingot by WEDM
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Table 4   (continued)

References Type of EDM Si wafer
properties

Tool/wire
properties

Machining
settings

MRR SR Comments

[121] Wire-EDM Polished Si 
plate

0.02 Ω.cm
D-150 mm
Thickness:
10 mm
Polished
0.2 nm

Brass
D-200 µm

Water;
5A, 100 V,
1 µs, 83 kHz,
2 mm/min
Oil;
30A, 150 V,
2 µs, 67 kHz,
1.8 mm/min

N/A SR
-Water:
Rz 14.9 µm
-Oil:
Rz 16.4 µm

-Investigated the 
change in surface 
characteristic 
of Si in water 
and oil

-Removal  
volume:

-water 
1.04 × 10 − 6 
mm3/pulse

-oil 1.17 × 10 − 6 
mm3/pulse

[122] Wire-EDM Polished Si 
plate

0.02 Ω.cm
D-100 mm
Thickness:
10 mm
Polished
0.2 nm

Brass
D-200 µm

Water;
5 A, 100 V,
1 µs, 83 kHz
Oil;
30A, 150 V,
2 µs, 67 kHz,

N/A N/A -Investigated on 
the surface  
treatment of Si 
surface cutting 
by WEDM-
applied mask

[104] EDM n-type,
Sb dopant
0.005–0.002 

Ω.cm
 < 110 > 
500–550 µm 

thickness
D-4 inch  

(original)
12 mm round 

pieces

-WC electrode:
D-0.03,0.05 mm
-Graphite-Cu
D-0.45 mm
-Tool positive 

and negative

45 V
0.3A
Pulse on:
15µsec
Pulse off:
600µsec

MRR:
- D-30 µm:
1.55 × 10–3 

mm3 min-1
-D-50 µm:
3.6 × 10–3 

mm3 min-1

N/A -Machining micro 
hole and

array micro holes

[120] Wire-EDM mono-crystalline 
ingot

0.01 Ω.cm,
2–3 Ω.cm
80 mm  

thickness

Mo
D-180 µm
Tension: 15 N
Speed:
100–600 m.

min-1
Tool negative

tool negative
100–120 V
3–8 A
400, 500, 600 m  

min-1
Deionized water

MRR:
0.18 mm3 min-

1

SR:
Rz 8 µm

-Proposed new 
slicing Si ingot 
method

[150] -Wire-EDM
-HS-Wire-EDM
-Wire  

electrolytic-
spark hybrid

n-type
0.5-3Ω.cm
 < 111 > 
100 mm  

thickness

Wire-EDM:
Cu–Zn-0.2 mm;
HS-WEDM:
Mo-0.18 mm;
Wire EHM:
Mo-0.18 mm
Tool negative

Speed:
Wire-EDM:
 < 0.2 ms-1,
deionized water;
HS-WEDM:
8-12 ms-1,
water, oil, emulsifier,
Wire EHM:
adjustable,
hybrid electrolyte

N/A SR:
4.32 µm

-Investigated 
on slicing Si 
ingot by Wire 
electrolytic-spark 
hybrid,  
multi-wire saw, 
high speed  
wire-EDM

[123] Wire-EDM p-type
2.1Ω.cm
20 × 10x10 mm

Mo wire
D-0.18 mm

-80 V,20 µs pulse 
width

-130 V,20 µs pulse 
width

-170 V,5 µs pulse 
width

-Special dielectric 
fluid

N/A N/A -Analysis of  
damage 
mechanism on Si 
surface cutting 
by Wire-EDM
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Table 4   (continued)

References Type of EDM Si wafer
properties

Tool/wire
properties

Machining
settings

MRR SR Comments

[144] EDM p-type
mono- 

crystalline
2.1 Ω.cm
8 mm thickness
Conduction 

material: Fe

brass
D-1.0 mm
Tool positive and 

negative

150 V
Pulse duration:
30 µs
Penetrating speed:
533 µm min-1
Pure water

MRR:
0.0628 

mm3 min-1
(positive  

polarity)

N/A -Investigate on 
unidirectional 
conductivity of 
Si by EDM

-1.2 mm through 
holes

Metal (Fe) clamp
[131] µEDM n-type

mono- 
crystalline

 ≤ 0.02 Ω.cm
 < 100 > 
500 µm  

thickness

W
D-150 µm
Tool positive

90 V
1000pF
Kerosene oil

MRR:
1.4544 × 10–3 

mm3 min-1

N/A -Characterize 
microstructural 
damage in Si

[134] µ-Wire-EDM p-type
polished
1-50Ω.cm
650 µm  

thickness
Au coated

Zn coated brass
D-70 µm

85, 95, 105 V
0.1, 1, 10 nF
50micron sec-1

MRR:
0.002 

mm3 min-1

N/A -Investigate on 
machining  
performances of 
Si using  
temporary Au 
coated

-1 mm L of slot
[151] Wire-EDM n-type

mono- 
crystalline

0.001–0.005 
Ω.cm

 < 100 > 
508 µm  

thickness

brass wire
D-250 µm
tension 1 kg

70, 95, 120,
145 V
70 mm s-1
Deionized water

MRR:
4.8 mm3 min-1

SR:
5 µm,
20 µm

-Study on  
influence of 
machining 
parameters on 
cut surface  
characteristics 
and damage of Si

[152] Wire-EDM n-type
mono- 

crystalline
0.001–0.005 

Ω.cm
 < 100 > 
508 µm  

thickness

brass wire
D-250 µm
tension 1 kg

70, 95, 120, 145 V
70 mm s-1
Deionized water

MRR:
4.8 mm3 min-1

SR:
5 µm,
20 µm

-Investigated 
on cut surface 
characteristic of 
Si and damage

[125] µEDM
µ-Wire-EDM

p-type
polished
1-50Ω.cm
650 um  

thickness

W,
500um
Zn coated brass, 

70um

85, 95, 105 V
0.1, 1, 10nF
5um sec-1

MRR:
-2 × 10–3
mm3 min-1
(µ-WEDM)
-1.5 × 10–3 

mm3 min-1
(µ-EDM)

N/A -Improve 
performances-
temporary Au 
coated

-50 um depth hole 
(µEDM)

-1 mm length cut 
(µWEDM)

[135] µEDM n-type
mono- 

crystalline
0.001–0.005, 

1–10 Ω.cm
 < 100 > 
500 µm  

thickness

brass
D-300 µm
Tool negative

80,90,100,110,120 V
0.1,1,10,100,400 nF
50 µm min-1
3000 rpm
dielectric oil, DIEL 

MS 5000

MRR:
-3.505 × 10–3 

mm3 min-1 
(0.001–0.005 
Ω.cm)

-3.0294 × 10–3 
mm3 min-1

(1–10 Ω.cm)

SR:
-0.6466 µm
(0.001–0.005 

Ω.cm)
-0.6203 µm
(1–10 Ω.cm)

-Study on different 
resistivities and 
DE of Si  
machining by 
µEDM

-100 µm depth of 
cavity

[124] Wire-EDM p-type poly Si
150 µm
thickness

Brass wire
D-100 µm
Tool negative

45, 47 V
Feed: 77, 137, 

197 mm. min-1
Wire tension
0.3–0.5 kg
Deionized water

MRR:
7.7754 × 10–5 

mm3 min-1

SR:
1–2.3 µm

-Study on surface 
quality and  
different  
thickness of Si 
by Wire-EDM
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Table 5 describes each of the machining methods dis-
cussed above. Four different non-traditional Si process-
ing methods have been addressed in the previous section, 
namely USM, IBM, LBM and EDM. This machining 
types can be categorized based on the energy source, with 
micro-USM being identified as a mechanical machining 
type, while thermal machining involves LBM and EDM. 
The material removal concepts for EDM applies the ther-
mal reaction of melting to the material erosion, while the 
laser beam applies the concept of a coherent and electro-
magnetic radiation beam to focus on the output material. 

USM uses tool oscillation at ultrasonic frequencies, while 
ion beam milling requires ion collisions to remove the 
material during the machining processes. The heat source 
required for the EDM process is from plasma, while pho-
tons act as a heat source in LBM. For IBM, it is not ther-
mal, and is derived from ions. Since USM and IBM are 
not thermal machining, no heat source is needed, but USM 
required abrasives of solid grains, and IBM needs ions for 
the material removal process.

The machining medium is different for each machining 
type, which involves dielectric fluids for EDM, where the 

Table 4   (continued)

References Type of EDM Si wafer
properties

Tool/wire
properties

Machining
settings

MRR SR Comments

[136] µEDM p-type
500 µm  

thickness
1–10 Ω.cm

Brass tool
D-150 µm
Tool positive

100 V, 10 nF MRR:
1.43 × 10–5

SR:
1.487 µm

-Study on proposed 
heat-assisted 
µEDM and 
analysis data of 
machining  
performances

Fig. 11   Benefits and limitations of the four non-traditional machining techniques. Source: own authors
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tool and workpiece are submerged inside, while the LBM is 
performed in an air medium. IBM is carried out in vacuum 
and slurry, which is the machining medium in USM. Since 
EDM, LBM and IBM involve thermal processes, thermal 
damage may occur to the surface material. In IBM, less 
damage is caused by the energy used, compared to EDM 
and LBM. The high equipment cost for USM, IBM and 
LBM is one of the main disadvantages of these techniques. 
The equipment cost for EDM is comparatively lower than 
others. However, EDM is mostly limited to conductive 
materials, compared to USM, LBM and IBM, of which, 
any materials can be machined regardless of their conduc-
tivity. Additionally, the machining range of the EDM, LBM 
and USM is considerably greater than that of the IBM. 
The machining dimensions reported by IBM seem to be 
the smallest;0.01–0.1 µm [3], LBM is > 5 µm [3], EDM is 
6.7–1000 µm [3, 146] and USM is 20–100 µm [126].

4 � Current status and future trends 
for non‑traditional machining of Si

An analysis on research outputs on these mentioned non-
traditional machining processes was obtained from the SCO-
PUS database (data collection date: February 15, 2021). The 
information was obtained using specific keywords, such as 
“micromachining silicon ultrasonic,” “micromachining sili-
con Ion beam,” “micromachining silicon laser beam,” and 
“micromachining silicon electrical discharge machine,” to 
gather research articles related to USM, IBM, LBM, and 
EDM of Silicon. Figure 12a shows the yearly distribution 
of the published research articles related to the above men-
tioned four processes over the last three decades. It can 
be inferred from Fig. 12, that research articles published 
on non-traditional micromachining of Si is more skewed 

towards LBM related studies, as compared to the other 
three methods. Figure 12b shows the total citation counts 
of these articles to date, suggesting that LBM contributes to 
the most significant portion of the complete citation (60%). 
To understand how research related to each of the four pro-
cesses is distributed globally, Fig. 13a–d was generated. The 
data suggests that in terms of global prominence, Si's LBM 
machining is much more attractive to researchers world-
wide. Based on our literature review and analysis, it can be 
fairly said that LBM machining of Si is much more domi-
nant among the four non-traditional machining techniques 

Table 5   Summary of non-traditional machining on Si

Features USM IBM LBM EDM

Source of energy Mechanical Ions Thermal Thermal
Energy sources Abrasions Ion beam Laser beam Electrical Discharges
Material removal source Abrasives Ions Photons Plasma
Machining medium of workpiece Slurry Vacuum Air Dielectric fluid
Principal of removal Oscillation Collision Ablation Melting
Contact with material Yes No No No
Tool wear Yes No No Yes
Equipment cost High High High Moderate
Material Conductive, nonconductive, 

hard and brittle
Metals, semiconductor Metals, polymers, 

ceramics
Only conductive materials

Thermal damage on workpiece No Yes (less) Yes Yes (less)
Machining range Large Small Large Large
Machining Resolution 20–100 µm 0.01–0.1 µm  > 5 µm 6.7–1000 µm

Fig. 12   (a) Distribution of number of SCOPUS indexed research arti-
cles published on four machining process over the last three decades 
(b) Citation count distribution for the research articles published in 
the field of LBM, EDM, USM and IBM machining of Silicon (1990-
till to date). Source: own authors
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of Si, which we have discussed in this review article. The 
reason for researchers' interest in the LBM process is per-
haps related to the significant advancement of the laser pro-
cessing systems [147]. Laser machining is used not only 
for Silicon micromachining, but also in other fields, such 
as micro-optics, micro-biology, and micro-chemistry [148]. 
Based on the above discussion, it can be reasonably argued 
that the LBM process is the future trend for the microma-
chining of Si.

5 � Conclusions

The Si material has been commonly used for electronic devices 
and MEMS applications due to its outstanding properties, which 
can be easily configured. Apart from that, the high demand for 
Si 3D microstructures with a high aspect ratio has driven both 
conventional and non-traditional machining techniques to its 
maximum potential. The description of the main features, per-
formance, and implementation of the non-traditional machining 
techniques, namely USM, IBM, LBM and EDM, in Si machin-
ing were discussed in detail in this review paper. The entire 
discussion on the machining techniques of Si were focused on 
the working principles, types, performance, and examples of 
the reported machining Si structures. Thermal or heat utiliza-
tion in the machining techniques for IBM, LBM, and EDM, the 
formation of the cracks, may affect the workpiece, especially 

for Si. In USM, the mechanical abrasion of solid grains can 
affect the workpiece surface. Despite the challenges in produc-
ing high quality Si microstructures, and the selection of a good 
machining techniques with optimum parameters, the LBM and 
EDM techniques are the preferred non-traditional machining 
methods. Non-contact machining features provided by LBM 
and EDM makes them much favorable Si machining techniques 
for industrial applications. Moreover, the thermal effects and 
cracks can be minimized in Si microstructures, when using these 
machining techniques. Although LBM is one of the chosen Si 
micromachining techniques among researchers, EDM offers 
more advantages in terms of equipment cost, minimizing the 
heat-affected zones, and is much more environmentally friendly. 
However, research is still on-going, and the main challenges to 
transfer the technology into the real world need to be addressed.
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