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Abstract
Electrochemical jet machining (EJM) encounters significant challenges in the microstructuring
of chemically inert and passivating materials because an oxide layer is easily formed on the
material surface, preventing the progress of electrochemical dissolution. This research
demonstrates for the first time a jet-electrolytic plasma micromachining (Jet-EPM) method to
overcome this problem. Specifically, an electrolytic plasma is intentionally induced at the
jet-material contact area by applying a potential high enough to surmount the surface boundary
layer (such as a passive film or gas bubble) and enable material removal. Compared to
traditional EJM, introducing plasma in the electrochemical jet system leads to considerable
differences in machining performance due to the inclusion of plasma reactions. In this work, the
implementation of Jet-EPM for fabricating microstructures in the semiconductor material
4H-SiC is demonstrated, and the machining principle and characteristics of Jet-EPM, including
critical parameters and process windows, are comprehensively investigated. Theoretical
modeling and experiments have elucidated the mechanisms of plasma ignition/evolution and the
corresponding material removal, showing the strong potential of Jet-EPM for micromachining
chemically resistant materials. The present study considerably augments the range of materials
available for processing by the electrochemical jet technique.

Keywords: electrochemical jet machining, electrolytic plasma, passivation,
oxide film breakdown, material removal mechanism

1. Introduction

Today, there is an increasing demand for smaller and lighter
industrial products and highly efficient devices for an energy-
saving society. It is necessary to find a material that both
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demonstrates excellence in the required properties and is
amenable to high-value-added processing, such as com-
plex shaping, micromachining, and ultra-precision machin-
ing. Materials for making such products often require extreme
hardness, strength and abrasion resistance, making such
materials difficult to process by mechanical means. Therefore,
nontraditional machining technologies that can be performed
regardless of material hardness, such as electric discharge
machining (EDM), laser processing (LP), and electrochem-
ical machining, are widely applied. However, the surfaces res-
ulting from the thermal processing methods EDM and LP
often exhibit a heat-affected layer with altered properties and
residual stress.
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In comparison, electrochemical machining (ECM) removes
materials based on the principle of electrolytic action so that
no mechanical damage, such as burrs, cracks, or heat-affected
layers, occurs. Meanwhile, ECM features good surface integ-
rity and is free of tool wear. Therefore, ECM has been widely
used for high-precision, complex-shapemachining in themed-
ical, automotive, and aircraft industries. As an adaptation of
ECM, electrochemical jet machining (EJM) improves the pro-
cess flexibility and simplicity while inheriting the advantages
of ECM. EJM generates an electrolyte jet impinging on the tar-
get workpiece while applying a potential to achieve localized
anodic dissolution. Therefore, EJM also involves no mechan-
ical or thermal action. Ippolito et al have shown that in EJM,
a radial electrolyte flow of a very thin film is formed on the
workpiece surface, while a sudden change in thickness of the
film flow occurs and forms the hydraulic jump at a position far
from the jet center [1]. Yoneda and Kunieda demonstrated that
the thin electrolyte film concentrates the current density dis-
tribution near the jet center, thus realizing localized and con-
fined dissolution of the material [2]. Recently, EJM has attrac-
ted significant attention from academia and industry, as the
configuration of EJM makes it a versatile method for diverse
applications, including drilling, milling, cutting, and texturing
[3–5].

However, the state-of-the-art EJM technique has
encountered a significant challenge in the machining of chem-
ically inert materials, such as semiconductors [6], and metals
prone to passivation, such as Ti alloys [7, 8], WC alloys
[9–12], and Nb [13, 14]. In addition to the chemical sta-
bility of the material itself due to its intrinsic atomic struc-
ture, one principal cause is the easy formation of the passive
layer. This kind of material readily combines with oxygen to
form a high-resistance oxide film on its surface, thus becom-
ing passivated and significantly hindering the progress of
electrochemical machining [15, 16]. Therefore, in-process
removal of the passive layer becomes indispensable, and sev-
eral approaches have been proposed.Mitchell-Smith and Clare
reported that applying ultrasonication to the EJM workpiece
could depassivate or inhibit oxide film formation and improve
the achievable aspect ratio in the EJM of Ti-6Al-4V [7]. Liu
et al used an organic electrolyte solution of NaCl in ethylene
glycol to replace water-based electrolytes to avoid oxide layer
formation on titanium alloy Ti1023 [8]. Hackert-Oschätzchen
et al added sodium hydroxide (NaOH) to a sodium nitrate
(NaNO3) electrolyte to enable the progress of the EJM of WC
alloy, considering the solubility of the tungsten oxide film in
an alkaline solution [9]. Liu et al applied the electrochemical
slurry jet micromachining technique to remove WC mater-
ial in a pH-neutral NaCl electrolyte through the synergistic
effects of erosion and corrosion by Al2O3 abrasive particle-
mixed jet flow [10]. Masuzawa and Kimura [11] and Mizugai
et al [12] achieved surface finishing and micromachining of
WC alloy, respectively, with NaNO3 electrolyte using altern-
ating polarity mode because NaOH can be generated in the
negative cycle. Nevertheless, EJM still meets significant chal-
lenges in the machining of chemically inert materials such as
semiconductor SiC and strongly passivating materials such as
Nb, which readily form dense and compact oxide films.

Electrolytic plasma processing (EPP), a hybrid process
combining conventional electrolysis with plasma discharge,
has developed rapidly in recent years. EPP advances the tradi-
tional electrochemical process into the field of high voltages.
It features three distinct characteristics: (a) gas evolution, (b)
electrolyte boiling, and (c) plasma discharge at or in the vicin-
ity of the working electrode [17]. Sengupta et al reported
that a high electrode potential considerably promotes elec-
trode reactions and results in rapid vapor gaseous envelope
(VGE) formation at or near the electrode surface by elec-
trolytic gas evolution and evaporation of aqueous electro-
lytes due to intensive ohmic heating [18]. The VGE can com-
pletely separate the electrode surface from the electrolyte and
interrupt the conventional electrolysis process. Consequently,
discharges occur, resulting in a plasma envelope around the
electrode. This generates a series of chemical, electrical, and
thermal reactions andmodifies surface structure and properties
of the electrode. The review work by Parfenov et al shows that
the application of EPPs can vary from oxidizing treatments,
primarily plasma electrolytic oxidation (PEO), to nonoxidiz-
ing treatments, such as surface polishing, cleaning, and nitro-
carburizing [19]. Massive research has been undertaken to
understand and implement this process for surface engineer-
ing, primarily surface finishing and coating.

On the other hand, as a modified form of bath-EPP,
jet-electrolytic plasma can produce localized plasma at the
processing area by utilizing a fine electrolyte jet. The jet-
electrolytic plasma enables selective treatment of local surface
areas with lower power than the bath immersion configura-
tion. Yerokhin et al demonstrated a spraying-type electrolytic
plasma for surface cleaning and property enhancement [20].
Clare et al showed the adaptation of electrochemical jet pro-
cessing to create a PEO surface for hard coating of microfea-
tures (≈500 µm width) on titanium alloy for surface enhance-
ment in thermal andmechanical properties [21]. Kranhold et al
performed a study on the jet-electrolytic plasma polishing pro-
cess and demonstrated the influence of changing boundary
conditions and jet parameters on the process characteristics
[22]. In contrast, there is little research on the realization of
micromachining an inert material by jet-electrolytic plasma.
Despite the varieties of EPP applications, the processing tar-
gets are usually metallic and semiconductor materials are sel-
dom investigated.

Based on the above discussion, the objective of the present
study is to develop a jet-electrolytic plasma micromachin-
ing (Jet-EPM) process to realize high-efficiency machining of
chemically inert and easy-to-passivate materials. The effects
of critical process parameters on the material surface are
investigated, and the process characteristics and mechanisms
are discussed and elucidated in depth.

2. Concept and process principle of Jet-EPM

This study proposes a Jet-EPM method to augment the mach-
inable material range using the electrolyte jet technique. A
schematic diagram of the Jet-EPM of strongly passivating
materials is depicted in figure 1. In Jet-EPM, a microjet of
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Figure 1. Schematic of the principle of jet-electrolytic plasma micromachining. The inset shows an example of the induced microscale
jet-electrolytic plasma in the study, where the electrolyte jet is illuminated by the plasma.

electrolyte solution ejected from the nozzle impinges on the
workpiece target area, identical to EJM. Localized removal of
the workpiece material is achieved by applying a DC poten-
tial between the nozzle and the workpiece much higher than
traditional EJM. The concept is to generate energetic electro-
lytic plasma at the jet-workpiece impinging interface to des-
troy and remove the passive layer in process, advancing and
enhancing the anodic dissolution process. The high potentials
promote electrode reactions, including electrolytic gas evolu-
tion and anodic oxidation. In addition, warm gas formation by
Joule heating probably takes place simultaneously [22]. As a
result, a surface boundary layer consisting of a high-resistance
oxide film and an insulating vapor gaseous film forms at the
jet-impinging area on the surface of the workpiece. Increas-
ing the applied potential to exceed the dielectric break-
down potential produces electric discharges within the surface
boundary layer, leading to gas ionization and plasma form-
ation. The plasma, composed of energized matter particles,
exhibits high temperature and pressure, which can over-
come the generated oxide film and realize substrate material
removal by means of plasma-physical (i.e. heat) and plasma-
chemical (i.e. reactions) actions, thus advancing themachining
process.

3. Experimental method and material

3.1. Methods

A computer numerical control (CNC) four-axis positioning
platform and an electrolyte jet system are employed to imple-
ment the Jet-EPM experiments. The apparatus, as schematic-
ally shown in figure 2(a), allows for an adjustable interelec-
trode gap (IEG), controlled electrolyte flow rate and jet move-
ment. A cylindrical electrolyte jet that impinges normally on
theworkpiece is employed as the tool to perform localized pro-
cessing of the target surface. We produce the fine jet using a
metallic micronozzle. The electrolyte is delivered to the nozzle
through an electrolyte circulation system consisting of a filter,

a pump, a pressure gauge, and an electrolyte tank. An elec-
tric circuit is made between the workpiece and the nozzle
through a high-voltage pulse power supply. Both the pulse fre-
quency and duty cycle can be arbitrarily adjusted. The elec-
trical bias enables an electrochemical reaction and induces
electrolytic plasma at the jet impingement area. Specifically,
the workpiece is connected to the positive pole, while the
nozzle serves as the cathode. Figure 2(b) shows an example
of the induced plasma at the working area. During the pro-
cess, the voltage and current signals are measured using a
high-voltage probe (Tektronix TPP0500B) and a current probe
(Tektronix TCP0030A), respectively, and the data are captured
with an oscilloscope.

3.2. Materials

The compound semiconductor silicon carbide single crystal
(4H-SiC), a promising third-generation semiconductor mater-
ial, is selected as the experimentation workpiece to verify the
concept. 4H-SiC is very difficult to machine with conventional
methods due to its extreme mechanical hardness and chem-
ical inertness resulting from the strong Si–C binding energy
and large bandgap [23]. Electrochemical etching of SiC by
anodic oxidation and subsequent fluoride solution etching is
feasible. However, a dangerous hydrofluoric acid (HF) etching
solution is indispensable to overcome the anodically formed
oxide film. Either anodic potential or supra-bandgap illumina-
tion is required because the electric energies at the SiC/electro-
lyte interface determine the etching behavior [24]. Dry etch-
ing based on reactive ions or inductively coupled plasma could
realize anisotropic etching of SiC by directional ion bombard-
ment and highly selective chemical etching [25]. However, the
process is not suitable for mass production due to the high cost
and the possibility of ion-induced damage. Thermal methods,
including LP and EDM, can realize bulk micromachining of
SiC. However, as revealed by Zhao et al, a heat-affected zone
or recast layer is left on the machined surface [26]. This study
demonstrates the feasibility of the newly proposed Jet-EPM
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Figure 2. (a) Illustration of Jet-EPM experimental setup. (b) Photo of the working gap showing a luminous discharge plasma during
Jet-EPM of a 4H-SiC wafer.

Table 1. Experimental conditions for Jet-EPM.

Nozzle diameter 0.31 mm
Jet scanning speed, v 0.1–0.3 mm s−1

Workpiece n-type 4H-SiC wafer
Inter electrode gap, IEG 0.2–0.8 mm
Electrolyte type NaNO3 (aq.), room temperature
Concentration, ω 0.5, 1, 2, 3 and 20 wt.%
Electrolyte flow rate 60 ml min−1

Power supply Constant voltage pulse

method as an effective method to achieve micromachining
of SiC.

Specifically, an n-type 4H-SiC wafer with a substrate crys-
tallographic orientation of (0001), a thickness of 350 µm, and
a specific resistance of 0.015–0.028 Ω cm is used as the tar-
get specimen in the experiments. To facilitate experimental
observation, the specimen surface was finished by chem-
ical mechanical polishing (CMP) with a surface roughness
Ra= 0.24 nm. Before the experiments, the samplewas cleaned
in sequence with acetone, alcohol, and deionized water under
sonication for 2 min each and then was dried with compressed
air. Unless specified, all experiments are carried out under the
conditions shown in table 1.

3.3. Surface analyses and plasma characterization

Atomic force microscopy (AFM, Bruker Dimension Edge)
and scanning electron microscopy (SEM, Zeiss Merlin) were
carried out to observe the change in surface morphology of
the processed surface. The resulting microstructure profile and
material removal volume were measured using a profilometer
(SURFCOM NEX 031 DX-12) and a laser scanning con-
focal microscope (LCM, KEYENCEVK-X1000). Energy dis-
persive x-ray spectroscopy (EDS, Oxford, INCA X-stream-
2) and x-ray photoelectron spectroscopy (XPS, PHI5000
Versaprobe III) with an Al Kα radiation excitation source
(hυ = 1486.6 eV) were conducted to identify the elemental
chemical state within the processed material surface. The
plasma composition in Jet-EPMwas analyzed by optical emis-
sion spectroscopy (OES, Ocean Optics USB2000+) with an
integration time of 1 s.

4. Characteristics of Jet-EPM process

4.1. Electrode reactions and potentiodynamic polarization

Referring to the previous research by Shor and Kurtz [27], the
electrochemical reactions occurring at the anode and cathode
can be expressed as follows:

Anode (4H-SiC):

2H2O → O2 ↑+ 4 H+ + 4e−

2SiC+ 6H2O+ 12h+ → SiO2 +CO2 ↑+ SiO+CO ↑+12 H+.

Cathode (stainless 304 nozzle):

2H2O+ 2e− → 2OH− +H2 ↑ .

These reaction equations suggest both gas development and
surface oxidation at the anode workpiece surface. Previous
research by Chen and Zhao [28] has shown the rapid form-
ation of oxide films up to 200 nm thick in the electrochemical
anodizing of 4H-SiC in a neutral electrolyte bath of NaCl with
a rate of 5 nm s−1. In this study, we carried out an anodic
potentiodynamic polarization study of 4H-SiC to investigate
the different phases under jet anodizing conditions. The jet
was traversed to ensure a stable and fresh surface state. The
obtained current–voltage curve representing the process char-
acteristics of the Jet-EPM is shown in figure 3. As we can see,
the jet electrochemical process progresses through two stages
with a rise in potential, including (a) conventional electrolysis
and an oxidation region and (b) the plasma discharge region.
Before the plasma is generated, the current density increases
linearly with voltage, indicating that surface oxidation and gas
evolution occur in parallel, determining the current together.
At a critical gap voltage, 198 V, a luminescent plasma vis-
ible to the naked eye is formed at the jet impingement area,
as shown in the photo, which is likely to result from the
breakdown of the oxide film and gaseous layer under the high
electric field.
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Figure 3. The current–voltage curve of Jet-EPM for 4H-SiC
traversing the jet over the workpiece. The inset photos show the gap
phenomena corresponding to the oxidation (left) and plasma (right)
regions.

4.2. Phenomena of oxide film formation

To clarify the surface oxidation state before plasma ignition,
potentiostatic jet anodizing experiments of 4H-SiC were con-
ducted. Figures 4(a) and (b) show the change in the current
transient with time at a constant potential. At the very begin-
ning, the current density decreases rapidly with the elapse
of time, implying that the formation of the oxide film leads
to an increase in electrical resistance. After that, following a
slight decrease, the current density gradually becomes con-
stant, implying that the growth of the oxide film approaches
stability. A higher potential results in a higher average cur-
rent density and a more significant oxide film. Figures 4(c)–(f)
shows the surface morphology of the resulting oxide films
under different anodizing potentials. The surfaces show rough
topography due to the formation of protruding SiO2 and
inhomogeneous oxidation resulting from structural defects of
the substrate [28, 29]. At 50 V, the resulting oxide film consists
of numerous small oxide protrusions several tens of nanomet-
ers in diameter. In comparison, the oxide protrusions cluster
with each other and result in a denser and more compact
oxide film under a higher voltage of 200 V. Furthermore, the
inserted optical photographs reveal that high voltage causes
a more evident oxidation region with a more obvious color
than the low voltage corresponding to the higher current dens-
ity. The coloring is due to the interference of light through
the oxide film formed on the surface. The structure of the
oxide film probably determines its dielectric strength and elec-
tric resistance, affecting the dielectric breakdown and plasma
formation.

4.3. Occurrence of plasma phenomena and plasma
dynamics

As mentioned above, a further increase in the applied voltage
to 220 V causes plasma ignition on SiC, accompanied by

the removal of the oxide film and the substrate material, as
shown in figure 5. Figure 5(b) shows the current transient
immediately after the application of the high voltage 220 V.
The ignition process of plasma is characterized by an ini-
tial current peak, followed by a sharp fall in the first 2 s,
which corresponds to the initial anodizing duration followed
by the occurrence of plasma. Following the ignition of plasma,
the current rises slightly, indicating a reduced resistance in the
circuit, probably due to the dielectric breakdown. The cur-
rent eventually becomes stable with minor fluctuations around
the mean current value after the plasma is fully developed.
Figure 5(c) shows that the plasma removes not only the oxide
film but also the substrate material, leaving a radial pit on
the sample surface. The maximum diameter of the machined
pit is 633 µm, approximately twice the nozzle diameter. The
three-dimensional profile of the machined pit in figure 5(d)
shows that the maximum machining depth reaches more
than 20 µm.

It is evident that the material removal of the machined pit
shown in figures 5(c) and (d) is not continuous in space and
presents a radial distribution, indicative of the spatially dis-
continuous distribution of transient microdischarge plasma in
the working area. The results also suggest that the formed
plasma is a nonequilibrium plasma of weak ionization. With
a process-integrated high-speed camera, we realized a time-
resolved observation of plasma ignition and the evolution pro-
cess, as shown in figure 6. At a low concentration of 2 wt.%
(figure 6(a)), a uniform violet discharge plasma corresponding
to elemental O first appearing at the working gap. Schneider
et al reported that ∼90% of the consumed electric charge
is caused by anodic oxygen evolution in oxide film forma-
tion on a solid-state sintered SiC material [30]. We therefore
infer the presence of an oxygen gas boundary layer on the
SiC surface before oxide film formation, resulting in uniform
plasma by gas ionization. The occurrence of discharge plasma
by breaking down the oxide film follows when the oxide film
is developed. As the process progresses, we observe discon-
tinuous plasma indicating discrete discharges resulting from
changes in the gap size due to material removal and fluid
flow.

Meanwhile, high electrolyte concentrations result in a dis-
tinct plasma state, as shown in figure 6(b). We observe a violet
uniform plasma at the initial ignition stage when material
removal has not yet occurred. The initial plasma appearance
is similar to that in a low concentration electrolyte, likely to
result from gas ionization of an anodically evolved oxygen
layer. At t = 0.5 s, discrete microdischarges caused by oxide
film regional breakdown are confirmed on the workpiece sur-
face, possibly causing material removal. The uneven mater-
ial removal and local turbulent electrolyte flow make the ini-
tial oxygen gas plasma challenging to maintain. At the time,
the plasma is mainly formed by the breakdown of the oxide
film, therefore exhibiting a spatially discontinuous and uneven
distribution. The local high temperature produced in the dis-
charge area can further vaporize and ionize the surrounding
electrolyte, resulting in electrolyte-dominated plasma. Com-
pared to the luminescent color of the low concentration elec-
trolyte (2 wt.%) with a white color with a slightly violet
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Figure 4. Electrolyte jet anodization of 4H-SiC under potentiostatic polarization conditions. (a) and (b) Show the variation of the current
transient with time under 50 V and 200 V, respectively; (c)–(f) shows the corresponding surface morphology of the resulting oxide film on
SiC. Insets are the optical photographs of the central anodized region at the jet impingement area. (ω: 2 wt.%, IEG: 200 µm).

color, the high electrolyte concentration (20 wt.%) produces
a yellow-glowing plasma owing to the existence of abundant
Na ions. OES analysis explains the principle in the lumines-
cent color of the plasma in detail in section 4.6.

On the other hand, the well-established fluid dynamics
modeling of electrolyte jet flow demonstrates that the elec-
trolyte jet forms a three-dimensional axis-symmetric radial
thin film flow on the workpiece surface upon impinging the
workpiece plane, as shown in figure 7. The arrows of differ-
ent colors and lengths represent different flow velocities. It
is reasonable to infer that the electrolyte flow can affect the
generation and movement of discharge plasma, causing the
plasma to distribute along the radius of radial film flow. As
a result, Jet-EPM exhibits radial material removal in line with
the radial film flow.

Additionally, both hydrogen and oxygen gas evolve at the
electrode surface, of which the evolution volume can be eval-
uated by equation (1) of Faraday’s law of electrolysis. An

accurate calculation of the developed gas volume is complic-
ated because the current consumed by gas development is
unknown. We experimentally confirmed evident gas genera-
tion at the jet-impinging area by process-integrated camera
inspection, as shown in the photos in figure 8. The appear-
ance of electrolytes in the hydraulic jump region changes from
clear to turbid and cloudy before and after applying potential,
showing considerable generation of gas bubbles in the elec-
trolyte flow. We can roughly assume that the spatial distribu-
tion of hydrogen and oxygen gas conforms to the electrolyte
film flow because of their much lower density. Therefore, the
distributed gas in the electrolyte flow probably causes local-
ized nonuniformities and results in a locally concentrated elec-
tric field, leading to localized breakdown and generation of
plasma:

V=
AIt
nρF

(1)
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Figure 5. (a) As-received surface of CMP-finished 4H-SiC; (b) current transient with time at 220 V when a plasma is generated; (c) and (d)
surface morphology of the machined area on SiC taken by SEM and LCM, respectively. The inset is an optical photograph of the machined
sample at the jet center. (ω: 2 wt.%, IEG: 200 µm).

where A is relative molecular mass, I current, t time, ρ density,
n electrochemical valence of the substance, and F is Faraday’s
constant.

4.4. Equivalent circuit and influence of boundary conditions
on plasma ignition

Here, we establish and analyze the equivalent circuit to inter-
pret the boundary condition for plasma ignition and provide
guidance for selecting process parameters. As shown in
figure 9, an equivalent circuit is built based on the simplified
working gap model of Jet-EPM. Before plasma ignition, the
gap impedance Zgap is described as a series connection of the
electrolyte jet, gaseous bubble, and anode interface consisting
of an electrical double layer (EDL) and oxide film. In the cir-
cuit, U indicates the voltage supply, Rjet indicates the ohmic
resistance of the electrolyte jet, and Zoxide stands for the imped-
ance of the oxide film, presenting the combined effect of res-
istance and capacitance. The voltage drop inside the EDL is
considered negligible compared to the oxide film. Therefore,
equation (2) can be written, where Uoxide and Ujet indicate the
voltage drop in the oxide film and the electrolyte jet, respect-
ively. As the electric field strength in the oxide film is crit-
ical to breaking through the oxide film, the Rjet that determines
Ujet has the most significant influence on the plasma ignition.
Equation (3) shows the simplified calculation by considering
the electrolyte jet as a cylindrical resistor, where ρ is the elec-
trical resistivity of the electrolyte, l is the IEG distance, and D
is the nozzle diameter:

Uoxide = U−Ujet (2)

Rjet = ρ
4l
πD2

. (3)

In addition, the impedance of plasma Zp should be included
in the equivalent circuit during the plasma ignition and form-
ation phase.

To verify the equivalent circuit model proposed above, the
effects of process parameters, including the applied voltage,
interelectrode gap, and electrolyte concentration, on plasma
generation were experimentally investigated. Figure 10 shows
the influence of electrolyte concentration on plasma ignition
during point processing with a stationary jet. As discussed
before, the chart consists of anodizing and plasma regimes.
The anodizing region represents an electrochemical oxida-
tion regime where the current density increases linearly with
increasing voltage. Beyond a specific critical voltage, plasma
is ignited, and the current density ascends at a much higher rate
due to the circuit resistance being reduced by the plasma. The
critical voltage and current density here refer to the minimum
voltage required to ignite the plasma and the current value
when the process is stabilized. Experimental results show that
the critical values separating these two regions are situated
within the 200 V–260 V range, depending on the electrolyte
concentration. A higher electrolyte concentration results in
a lower ignition voltage. This is likely due to the increased
electrolyte concentration resulting in improved conductivity
and consequently a lower voltage drop by the jet. Moreover,
figure 11 shows that a decrease in IEG can also lower the
critical voltage. Moreover, experimental observation shows
that the plasma disappears when the machining depth reaches
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Figure 6. Time-resolved observation of the evolution of discharge plasma at the working gap during Jet-EPM.

a certain value. The results suggest that an increase in IEG
causes the jet to require too much voltage, resulting in diffi-
culty in plasma ignition. Both results verify the principle of the
equivalent circuit that reducing the IEG or increasing ω results
in a higher electric field strength inside the oxide film, facilit-
ating the oxide film breakdown, accompanied by the increased
current densities observed.

4.5. Characteristics of material removal and surface
chemistry

The above results demonstrate the feasibility of Jet-EPM to
remove the SiC material under the action of plasma. The
morphological changes of the sample with time in figure 12
show the increasing material removal region with prolonged
processing time. All the samples present a nonuniform and
spatially discontinuous material removal of radial distribution,

confirming the previous discussion in section 4.3 that the
plasma is discrete and weakly ionized in the machining area,
and its distribution is significantly affected by the radial
electrolyte flow. Figure 13 shows the removal features with
varying electrolyte concentrations, where a smaller machined
region can be observed with a lower electrolyte concentra-
tion. Figure 14 shows that increasing the electrolyte con-
centration results in a linear increase in the current density
and material removal rate, implying that the apparent voltage
drop across the plasma remains constant, approximately equi-
valent to a voltage-regulator diode. The current density in
figure 14 is measured after the plasma reaches a steady state
(t = 15 s). Notably, the feature size of the material removal
is from tens to hundreds of microns, which makes it applic-
able for micromachining. Reducing the current density using
a low concentration electrolyte can lead to a more precise
feature size.
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Figure 7. (a) Simulated electrolyte fluid flow in Jet-EPM using a two-dimensional axially symmetric model (time-dependent two-phase
flow field with level set method, laminar and incompressible flow).

Figure 8. Photos of the electrolyte at the working area. The appearance of electrolyte in the hydraulic jump region changes from clear to
turbid and cloudy before and after applying potential, indicating the generation of gas bubbles in the electrolyte flow. (ω: 20 wt.%, IEG:
200 µm).

The SEM micrograph of the surface of 4H-SiC result-
ing from Jet-EPM presented in figure 15 reveals numerous
crater-like nanoscale pores on the machined area. Further-
more, the machined surface exhibits an irregular topography
with microroughness. At the boundary of the material removal
(figure 15(b)), a partially broken oxide film with unevenly dis-
tributed nanoscale pores can be observed, indicating an ini-
tial etching state of the oxide removal process. The oxide

film remains unaffected in areas far away from the jet cen-
ter. The produced nanoscale pores are considered to be caused
by several mechanisms: (a) the local breakdown of the oxide
film, (b) localized melting/evaporation of the oxide film due
to microdischarge plasma, and (c) the mechanical impact of
plasma bubble implosion [31]. Notably, an unmachined ‘isol-
ated island’, as marked in figure 15(c), exists at the jet center
area, suggesting the uneven occurrence and distribution of the
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Figure 9. (a) Scheme of the working gap of Jet-EPM. (b) The equivalent circuit of Jet-EPM. Rjet and Rw are the electrolyte jet and
workpiece resistance, respectively. RO and CO indicate the resistance and capacitance of the oxide film, respectively. RP and CP indicate the
resistance and capacitance of plasma, respectively. The anode and cathode contact resistance, RC,A and RC,C, respectively, can be ignored.

Figure 10. Plot of voltage vs. current in Jet-EPM point processing
with different electrolyte concentrations. Anodic oxidation occurs
under low voltages, and the average current density increases with
increasing applied voltage. Plasma is ignited when the voltage
exceeds a critical value (IEG: 200 µm). A higher electrolyte
concentration results in a lower ignition voltage. The inset shows an
example of the induced plasma illuminating the electrolyte jet.

plasma. To verify the element composition of the processed
surface, three distinct regions of (a) the unmachined surface
covered with an oxide film, (b) the isolated island and (c) the
machined surface, as shown in figure 15(c), were subjected to
EDS analysis. The obtained EDS spectra in figures 15(e)–(g)
show that all three regions consist of Si, C, and O elements
due to anodic oxidation. Regions 1 and 2 have nearly the same
element content. In contrast, the O content in region 3 is lower,
implying oxide removal by plasma during the machining pro-
cess. It is worth noting that the machined surface probably
oxidizes again at the end of machining because the power sup-
ply takes approximately 130 ms to turn off the voltage output
completely.

Furthermore, the chemical bonding states of the elements
in the processed area disclosed by XPS analysis (figure 16)
show that the Si–C bond that corresponds to the Si 2p peak
at 100.8 eV and the C 1 s peak at 283.4 eV appears exclus-
ively in region 3.We therefore deduce that the plasma removes

the oxide film in the machining area, exposing the underly-
ing substrate material SiC. On the other hand, peaks of both
the oxides SiO2 and SiOxCy appear in all three regions. The
nonstoichiometric silicon oxy-carbide (SiOxCy), with a bind-
ing energy peak located at 102.8 eV in the Si 2p spectrum
and 284.4 eV in the C 1 s spectrum, indicates an intermediate
oxide before forming SiO2 [32, 33]. Combined with the EDS
spectra, we conclude that the unmachined surface remains in
a complete oxidation state, which is hardly affected by the
plasma. However, both oxides (SiO2/SiOxCy) and the original
substrate material (SiC) exist in the machining area, indicating
that oxide film formation and local film removal occur simul-
taneously in the machining process and form pores.

In addition, a cross-section of the processed surface is pre-
pared by mechanical grinding and polishing to examine the
possible subsurface damage. Figure 17 shows the SEM image
of the cross-section. The process-affected layer is very thin.
Little or no cracking, recast layers, or heat-affected zones
are observed at the cross-section, indicating that no process-
induced subsurface damage occurs during the Jet-EPM
process.

Figure 18(a) presents another example of the machined sur-
face that shows exfoliation of the oxide film at the boundary
of the machined region. In addition, some scratch-like pat-
terns can be observed on the oxide film, which are probably
caused by the moving plasma. Figures 18(c) and (d) show
AFM images of the top surface (oxide film) and the lower sur-
face exposed after the oxide film is exfoliated, respectively.
According to AFM, the height difference between them is
approximately 200 nm. While oxide protrusions are observed
on the top surface, the lower surface exhibits more pits as a res-
ult of the removal of oxide protrusions. Furthermore, the EDS
spectra in figures 18(e) and (f) show that both surfaces con-
tain C and Si elements. In contrast, the top surface includes an
additional oxygen element, indicating that the lower surface is
the original SiC that has barely been oxidized.

4.6. Thermal and chemical characterization of plasma

Because of the thermodynamic nonequilibrium state, the gas
temperature of the plasma is challenging to evaluate. Addi-
tionally, the electrolyte flow affects the heat transfer between
the plasma and workpiece wafer. Therefore, as shown in
figure 19(a), we applied two thermocouples to accurately
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Figure 11. Influence of IEG on critical voltage for plasma ignition. (a) The measured average current density increases with decreasing IEG.
(b) A smaller IEG lowers the critical voltage and leads to easier plasma ignition.

Figure 12. Change in the surface morphology of SiC with varying processing time by Jet-EPM (IEG: 200 µm).

measure the workpiece temperature. The thermocouples were
installed on the backside of the wafer processing area, which
enables simultaneous temperature measurement at two differ-
ent places. The measured temperature is approximately the
machining area temperature because the wafer is as thin as
350 µm. The obtained results in figure 19(b) show that both
temperatures rise rapidly once the machining is begun. As the
machining process stabilizes, the temperatures gradually reach
a constant value and no longer rise. A more significant current
density leads to a higher workpiece temperature, and the two
are approximately linearly related. This is likely to result from
the enhanced heat flux by more frequent discharge plasmas
and more significant Joule heating at larger current densities.
The maximum temperature of the machining center area does

not exceed 38.3 ◦C. Meanwhile, the temperature difference
between the two measured locations separated by 2 mm is
4.7 ◦C (figure 19(c)).

The plasma state can readily be analyzed using OES
measurement. The OES experiment uses a high electro-
lyte concentration of 20 wt.% because the plasma light
intensity is too weak to detect at low electrolyte concentra-
tions (e.g. 0.5–3 wt.%). The whole measurement system was
placed in the dark to prevent environmental light interfer-
ence (figure 20(e)). The plasma spectra obtained during Jet-
EPM with varying voltages ranging from 280 to 880 nm are
shown in figure 20(f). The emission lines of characteristic
atomic species were identified using the National Institute of
Standards and Technology (NIST) atomic spectra database.
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Figure 13. Influence of electrolyte concentration on the resulting SiC surface by Jet-EPM. A higher electrolyte concentration results in a
larger machined area due to a higher current density. (U: 260 V, t: 25 s, IEG: 200 µm).

Figure 14. Despite the plasma, an increase in electrolyte
concentration results in a linear rise in current density. The material
removal rate also linearly increases accordingly.

The notations I and II represent neutral and singly ionized
atoms, respectively. Accordingly, the plasma species contains
the elements Si, C, O, H, and Na, implying various origins,
including silicon oxide, carbon oxides, SiC base material, and
electrolyte. The continuum emission of OES can be ascribed to
bremsstrahlung radiation [34] and collision-radiative recom-
bination of electrons [35].

Meanwhile, the intensity of both the emission lines of char-
acteristic atomic species and the continuum emission increases
with increasing voltage (current density). The excitation and

de-excitation of the numerous Na atoms of the electrolyte
make the plasma appear a luminescent yellow. It is worth
noting that the luminous plasma at low electrolyte concentra-
tions (e.g. photos in figure 6) is white tinged with violet. The
violet luminescence comes from the extranuclear electronic
transition of Si and O atoms from the OES spectra. In addi-
tion, the white luminescence comes from the recombination
of bremsstrahlung and the collision-radiative recombination of
electrons.

Assuming the plasma in the process reaches a partial local
thermal equilibrium state, the plasma electron temperature can
be calculated using the following formula [36]:

Te =
Em (2)−Em (1)

k

[
ln
I(1)λ(1)gm (2)Amn (2)
I(2)λ(2)gm (1)Amn (1)

]−1

(4)

where Te is the plasma electron temperature, Amn is the spon-
taneous emission probability from the upper level (m) to the
lower level (n), Em is the energy of the upper level, 1 and 2
represent different spectral lines of the same element, k is the
Boltzmann constant, I is the measured emission line intens-
ity, λ is the wavelength, and gm is the statistical weight of the
upper level. In this study, the plasma electron temperature was
determined from the intensity ratio of Si II lines at 385.6 nm
and 412.8 nm (the same ionization stage). The relevant para-
meters for the calculation of Te are listed in table 2, which
is obtained from the NIST database. The calculated Te with
varying voltages is between 8000 and 8200 K, maintaining a
relatively stable value.
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Figure 15. Surface topography and chemistry resulting from Jet-EPM. (a)–(d) Local enlarged views of the machined surface at the
boundary and center; (e)–(g) EDS spectra of marked regions 1–3 (ω: 3 wt.%, U: 260 V, t: 25 s, IEG: 200 µm).

Figure 16. XPS spectra of the machined SiC surface in different regions corresponding to figure 15.
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Figure 17. Cross-section of the machined surface resulting from Jet-EPM. (ω: 2 wt.%, U: 260 V, t: 25 s, IEG: 200 µm).

Figure 18. (a) Surface morphology at the boundary of the machining region; (b) machined pit; (c) AFM image of the top surface of the
oxide film; (d) AFM image of the lower surface where the oxide film is exfoliated; (e) and (f) EDS analysis of the top and lower surface,
respectively. (ω: 0.5 wt.%, U: 260 V, t: 25 s, IEG: 200 µm).
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Figure 19. Thermal aspects of Jet-EPM. (a) Scheme of the in-process thermocouple temperature measurement of the workpiece in Jet-EPM.
(b) Influence of current density on temperature. (c) Temperature difference at different places (ω: 2 wt.%, U: 260 V, IEG: 200 µm).

Figure 20. OES analysis of the plasma. (a)–(d) Photos of plasmas at different voltages. (e) Scheme of OES measurement of plasma during
machining. (f) OES spectra under different voltage conditions. Here, a larger nozzle diameter of 0.72 mm is used to produce a more
significant plasma luminous region to facilitate the OES measurement. (ω: 20 wt.%, IEG: 600 µm).

Table 2. Theoretical parameters for electron temperature calculation.

Line λ (nm) Transition Em (eV) gm Amn (×107 s−1)

Si II 385.6 3s24p 2P◦ 3/2 → 3s3p2 2D 5/2 10.1 4 4.40
Si II 412.8 3s24f 2F◦ 5/2 → 3s23d 2D 3/2 12.8 6 14.9

Furthermore, for the non-hydrogen atomic emission line,
the full width half maximum (FWHM) of Stark broadening
∆λ1/2 is a function of the electron number density Ne and
electron temperature as [36]:

∆λ1
/
2

∼= 2ω

[
1+ 1.75× 10−4N

1
/
4

e A

×
(
1− 0.068N

1
/
6

e T
−1

/
2

e

)]
× 10−16Ne (5)

where ω is the electron impact width and A is the ion broad-
ening parameter, all given in [37]. ∆λ1/2 can be calculated
by fitting the selected waveform with the Voigt function (the
convolution of the Gaussian and Lorentzian distributions) and
deconvoluting the obtained function to extract the Lorentz
FWHM. Therefore, the electron density of the plasma can
be calculated by equation (5). We chose the spectral line
Si I (288.1 nm) least affected by the continuous spectrum
for analysis. As the voltage increases, the FWHM remains
unchanged. Therefore, the quantitative change in Ne is not
distinct, and the calculated electron density is approximately
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Figure 21. Schematic illustration of the material removal mechanism in Jet-EPM of SiC.

2.5 × 1015 cm−3–3 × 1015 cm−3, which satisfies the partial
local thermodynamic equilibrium state according to [36].

The slightly changed electron density indicates that the
ionization degree of the plasma is not enhanced. Therefore,
the increase in luminous intensity is due to increased plasma
volume (evidenced by figures 20(a)–(d)) rather than increased
plasma ionization degree. This law is in accordance with the
machined results in figure 13. With the voltage increase, the
plasma scale and processing range rise significantly.

4.7. Discussion of the material removal mechanism

As discussed above, discrete discharge occurs in Jet-EPM, res-
ulting in localized plasma reactions. The plasma consisting
of energetic and active particles features thermal and chem-
ical characteristics, which probably impact the workpiece
by heat-promoted evaporation, dissociation, ionization, and
chemical reactions with the workpiece material. Kumagawa
et al demonstrated the hydrogen etching of SiC and discussed
the hydrogen etching mechanism, which involves the forma-
tion of hydrocarbons by chemical reactions between C(s) and
hydrogen [38]. Therefore, in addition to the physical action,
the material removal in Jet-EPM of SiC possibly involves the
following plasma chemical reactions:

Thermal dissociation and decomposition: e∗ + SiC →
Si+ C+ e; SiC → Si+ C.
Oxidation: 2SiC+ 6H2O+ 12h+ → SiO2 + CO2 ↑

+ SiO+CO ↑+12 H+

C +O2 → CO/CO2.

Hydrogen reaction: Si+ nH2 → SiH2n

2mC+ nH2 → 2CmHn

mSiC+ nH2 → mSi+CmH2n.

Meanwhile, the plasma distribution, which is discontinu-
ous in space, determines the material removal. The plasma
preferentially forms at concentrated electric field locations
and is significantly influenced by the electrolyte flow field.
The material removal mechanism is depicted in figure 21.
The oxide film’s formation and field-induced breakdown occur
simultaneously or alternatively on the workpiece surface in a
plasma-electrolyte mixed environment. The oxide breakdown
results in localizedmicrodischarge plasma, producing heat and
various active species in the plasma, e.g. e∗, H, and O. The
localized microdischarge plasma can thermally remove the
material surface by evaporation, sublimation, and decomposi-
tion, producing porosity. Meanwhile, plasma dissociation and
chemical reactions enable etching and oxide film exfoliation.
Due to the random dynamic distribution of discharge plasma
and the influence of the fluid flow, the machined surface tends
to exhibit a microroughness.

4.8. Micropatterning with scanning Jet-EPM

Scanning Jet-EPM by traversing the jet over the workpiece
along a straight-line path was performed to investigate the bulk
micromachining capability of Jet-EPM. As shown in figure 22,
single-path scanning at a traverse rate of 0.1 mm s−1 results in
little and uneven material removal (figure 22(b)). A large part
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Figure 22. (a) Illustration of scanning Jet-EPM. (b)–(d) The resulting SiC surface with different scanning times. The insets indicate the
corresponding cross-sectional profile of the machined grooves. (IEG: 200 µm, v: 0.1 mm s−1, U: 260 V, ω: 2 wt.%).

of the unmachined surface can be observed, and the machined
area presents a microscale dendritic structure. Again, this res-
ult proves that the plasma formed on the workpiece surface
is discrete and uneven, causing nonuniform material removal.
On the other hand, increasing the scan times can enhance
the material removal and result in a deep groove with a near
Gaussian-type cross-section profile (figures 22(c) and (d)).
Meanwhile, the surface morphology is in agreement with that
of stationary Jet-EPM.

5. Conclusion

Anovel Jet-EPMmethod has been developed to process chem-
ically inert and passivating materials. The distinct process
characteristics of Jet-EPM are presented through machining
experiments on 4H-SiC. Discussions are made from thermal,
chemical, and fluid-dynamic considerations to elucidate the
process mechanism. Our key findings are summarized as
follows:

(a) The electrochemical jet process evolves from anodic
oxidation to an electrolytic plasma regime with increas-
ing electrode potential. Discharge plasma is ignited at the
jet-impinging area by breaking down the oxide film and
electrolytic gaseous layer at the workpiece interface when
the field strength exceeds the critical value. Three crucial
factors affecting the critical voltage are the interelectrode

gap, electrolyte concentration, and material properties of
the oxide.

(b) The jet-electrolytic plasma glows continuously once
ignited, showing self-sustaining discharge characterist-
ics. The plasma luminescence originates from different
regimes, including evolved oxygen ionization, oxide film
breakdown, and electrolyte vapor ionization in a time
series. The plasma readily removes the oxide film and
the underlying substrate by evaporation, erosion, and
etching via plasma-physical/chemical reactions. Mater-
ial removal involves an alternative or simultaneous sur-
face oxidation and oxide breakdown process. The mater-
ial removal exhibits discontinuous and radial distribution
characteristics, implying a spatially discontinuous distri-
bution of transient microdischarge plasma caused by radial
jet flow.

(c) In Jet-EPM, the current density increases linearly with
increasing electrolyte concentration or reduction of IEG,
implying that the plasma is approximately equivalent
to a voltage-regulator diode. Increasing the voltage res-
ults in a larger diameter of the plasma discharge region
(light-emitting area), accompanied by a higher machin-
ing rate. Additionally, the temperature of the machining
area increases, indicating an enhanced microdischarge fre-
quency with increasing potential.

(d) The steady temperature of the machining area does
not exceed 40 ◦C. Furthermore, SEM cross-sectional
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observation reveals no process-induced subsurface dam-
age layer, indicating that Jet-EPM is a quasi-cold process.

The effectiveness of the Jet-EPM technique is verified on
other inert materials, such as Ti, Nb, and Si, demonstrating
the universality of the method. Further work is necessary to
improve the surface microroughness resulting from Jet-EPM.
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