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Abstract
This paper proposes a method for the rapid detection of subsurface damage (SSD) of SiC using
atmospheric inductivity coupled plasma. As a plasma etching method operated at ambient
pressure with no bias voltage, this method does not introduce any new SSD to the substrate.
Plasma diagnosis and simulation are used to optimize the detection operation. Assisted by an
SiC cover, a taper can be etched on the substrate with a high material removal rate. Confocal
laser scanning microscopy and scanning electron microscope are used to analyze the etching
results, and scanning transmission electron microscope (STEM) is adopted to confirm the
accuracy of this method. The STEM result also indicates that etching does not introduce any
SSD, and the thoroughly etched surface is a perfectly single crystal. A rapid SSD screening
ability is also demonstrated, showing that this method is a promising approach for the rapid
detection of SSD.
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1. Introduction

Single crystal silicon carbide (4H-SiC) is considered one of
the most promising third-generation semiconductor materials
with applications in many cutting-edge fields, including elec-
tronics, optics, and graphene growth [1]. 4H-SiC has many
excellent properties, such as a wide bandgap, low thermal
expansion coefficient, high specific stiffness, good size stabil-
ity, and high radiation resistance [2, 3]. Despite these advant-
ages, 4H-SiC is a typical difficult-to-machinematerial because
of its high hardness and strong chemical inertness [4, 5]. Fur-
thermore, subsurface damage (SSD) is more easily introduced
into this type of hard and brittle material during the machining
process. SSD impairs the mechanical, electronic, and optical
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properties of materials [6–8]. Thus, it is necessary to remove
all SSD for advanced applications.

As a typical difficult-to-machine material, the processing
of SiC wafers usually takes hours, especially the last pol-
ishing step, which removes all SSD introduced by previous
slicing, grinding, and lapping steps [9]. The typical material
removal rate (MRR) of SiC via the chemical mechanical pol-
ishing (CMP) method is ∼100 nm h−1 [10]. Moreover, this
process consumes a large amount of slurry, which can be toxic,
contaminative, and expensive [11, 12]. To minimize the dur-
ation of CMP, a precision measurement method of the SSD
layer thickness is indispensable.

SSD can be detected using destructive and nondestructive
methods. Destructive methods include taper polishing, cross-
sectional microscopy, and etching, while nondestructive meth-
ods include x-ray scanning, laser scattering, and ultrasonic
probing [13]. A nondestructive method can achieve in-process
detection and will not destroy the sample. However, the detec-
tion accuracy and efficiency are relatively low. Destructive
methods, in contrast, are more mature and have better reli-
ability and accuracy. Thus, this type of method is widely
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used in industry and academia at present [13]. The most
widely used destructive method is taper polishing, which is
based on removing the material to form a taper or dimple
that crosses the SSD layer to the damage-free matrix and
observing the revealed surface to measure the SSD thickness
[14]. To operate destructive SSD detection methods, a material
removal method that does not introduce new SSD is indispens-
able. Conventional methods that meet this demand have been
applied in SSD detection including CMP, chemical etching,
and magnetorheological finishing (MRF) [15–17]. For CMP,
the main drawback is the low MRR for SiC and the massive
consumption of slurry, which is expensive and toxic [10–12].
Chemical etching uses hydrofluoric acid (HF) solution, which
is hypertoxic. In addition, SiC does not react with HF at room
temperature because of its excellent chemical inertness [18].
Among the destructive methods, MRF is most widely used.
However, MRF often introduces Fe contamination into the
sample [19]. Moreover, the MRR is not very high for SiC, and
the general MRR is below 0.2 µmmin−1 [20]. To increase the
MRR of MRF, diamond abrasives are often used, which might
introduce new damage [21]. Furthermore, MRF needs to col-
locate with a subsequent etching step to open cracks [13]. This
etching step will be difficult for SiC because it is inert in all
known aqueous etching solutions at room temperature [18]. To
further develop the SSD detection technique, a novel SSD-free
material removal method is needed.

Plasma etching is generally considered an ‘ion-assisted
gas-surface chemistry mechanism’ process, and ion bombard-
ment is the main cause of plasma-induced damage. However,
damage induced by atmospheric pressure inductivity coupled
plasma etching (ICPE) can be very low. ICP can achieve a
higher etching rate under no substrate bias because of themuch
higher ion-to-neutral flux ratio and a much larger active spe-
cies production rate compared to capacitively coupled plasma
[22]. Furthermore, the incident energy for atmospheric ICP
can be even lower because of the short mean free path; thus,
the etching process is free of structural damage [23]. Recently,
the application of atmospheric ICP as a potentially efficient
machining method has been studied by many researchers. For
instance, reactive atom plasma technology by Fanara et al,
atmospheric pressure plasma polishing by Jin et al, and ICPE
by Dai et al have achieved SSD-free processing of fused silica
based on ICPE [24–26]. Furthermore, Dai et al discussed the
surface damage evolution of fused silica under ICPE and com-
pared it with that of the MRFmethod, implying that ICP could
be a promising method for SSD detection [26].

Precision detection of SSD using ICPE is difficult because
the etching spot is relatively large, in the range of centimeters.
The spread radicals reach an even larger area, resulting in
whole surface etching. Meanwhile, the deposition of fluoro-
carbon particles covers the original surface. It is imprecise
to measure the SSD thickness by comparing the last trace of
the SSD layer and the remainder of the surface. Meanwhile,
confocal microscopy for large areas loses accuracy because
of pixel-limited resolution [27]. In this study, a cover was
used to protect the raw surface and produce a shorter trans-
ition between the SSD-free matrix and the original surface.
The position of themaskwas optimized via plasma simulation.

SiC was chosen as the cover material considering that a highly
reactive and high-temperature plasma jet is needed to prevent
the introduction of new contamination. Furthermore, a demon-
stration of rapid SSD detection was performed to help under-
stand the influence of several lapping parameters.

2. Experimental setup

2.1. Materials

Single-crystal Si slices (40 × 40 mm) were used to study the
single spot etching behavior of ICP. Commercially available
on-axis sliced and epi-ready 4H-SiC wafers (SICC Co., Ltd,
Shandong, China) were used in this study, and the thicknesses
were 650 µm and 370 µm, respectively. The wafers were cut
into 10 × 10 mm slices. All experiments were conducted on
the Si (0001) face, which is the most commonly used face for
electronic device applications [28].

2.2. ICPE

The ICPE process was performed on the apparatus shown in
figure 1(a). A three-channel gas supporting system is connec-
ted to a quartz torch, which consists of three concentric tubes.
The inner tube is supplied with reactive gas, which is a mixture
of CF4 and oxygen in this case. The addition of oxygen can
greatly reduce the deposition of fluorocarbons on the surface
[29]. The second tube is supplied with pure argon at a flow rate
of 1.5 slm as the plasma ignition gas. The outer tube is supplied
with cooling gas, which is pure argon at a flow rate of 18 slm.
The bottom part of the quartz torch is placed concentrically
in an inductance coil. This inductance coil is connected to a
matcher, which is connected to radio frequency (RF) power
(27.12 MHz, 1000W). During operation, the RF power gener-
ates an RF changing electronic field in the center of the induct-
ance coil, which excites the gas passing through the coil and
transforms it into a dense plasma jet. The sample to be etched
is placed on a thermal insulation platform wafer holder that is
connected to a three-axis numerical control (NC) platform. As
shown in figure 1(b), the entire ICPE device is installed inside
an enclosed metal chamber with an electromagnetic interfer-
ence shielded window and connected to a ventilation system
to prevent possible health damage from electromagnetic radi-
ation and toxic exhaust.

2.3. The numerical simulation of atmospheric ICP torch

To have a better understanding of the temperature and velocity
distribution of the ICP jet, we did a numerical simulation of
atmospheric ICP torch conducted by COMSOL Multiphysics
5.4. In the case of atmosphere pressure, inductively coupled
plasma is assumed to be under local thermodynamic equi-
librium conditions. Hence, it can become a conductive fluid
through interactions with electromagnetic fields in the simu-
lation. Many assumptions were made to reduce the computa-
tional cost.

We combine the Navier–Stokes, heat, and Maxwell
equations to describe the motion of the conducting fluid in
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Figure 1. Experimental setup for ICP etching: (a) schematic
diagram; (b) photograph.

an electromagnetic field. The governing equations of the torch
model are summarized as follows:

The Navier–Stokes equations for laminar flow module:
Conservation of mass:

∇· (ρu) = 0 (1)

Momentum conservation equation:

ρ
∂u
∂t

+ ρ(u ·∇)u= ∇·
[
−pI+µ

(
∇u+(∇u)T

)
−2

3
µ(∇· u) I

]
+F (2)

F= j×B (3)

where ρ is the fluid density, u is the velocity vector, p is the
pressure,µ is the dynamic viscosity of the fluid, I is the identity
matrix, and F is the Lorentz force acting on the fluid.

The heat transfer equation for heavy particles:

ρCp
∂T
∂t

+ ρCPu ·∇T−∇ · (k∇T) = Q (4)

where Q is the heat source, T is the temperature, Cp is the spe-
cific heat capacity, k is the thermal conductivity.

Q=
∂

∂T

(
5kBT
2q

)
(∇T · J)+E · J+Qrad (5)

The first term represents the enthalpy transport, the second
term represents the joule heating, and Qrad is the volumetric
net radiation loss.

Maxwell equations were used to solve the magnetic field:

∇×H= J (6)

B=∇×A (7)

J= σE+ jωD+σV×B+ Je (8)

E=−jωA (9)

where H is the magnetic field, J is the plasma current density,
B is the magnetic flux density, A is the potential vector, σ is
the electrical conductivity, E is the RF electric field, ω is the
angular frequency, and D is the displacement current.

Equations (1)–(9) were solved by a finite element method
based on COMSOL software. The ICP torch is modeled to be
a fully axisymmetric configuration, which is shown in figure 2.
The ICP simulation uses the samemodel size and etching para-
meters as the experiment. The temperature of the quartz tube
and the temperature of the ambient air are assumed to be 300 K
under atmospheric pressure. The temperature data were col-
lected from the exposed upper surface of the SiC sample. The
velocity data were collected above the aforementioned surface
with a distance of 0.01 mm.

2.4. SSD screening demonstration

A set of samples was prepared using various lapping paramet-
ers to demonstrate the rapid SSD screening ability of the ICPE
method and to obtain the optimized lapping parameters for
a high MRR with low SSD thickness. Lapping experiments
were performed on the Si face of the epi-ready SiC substrate
using diamond lapping discs of 500–3000 grits. All experi-
ments were conducted using a metallographic grinding pol-
ishing machine from Laizhou Weiyi Experimental Machinery
Manufacture Co., Ltd. The detailed lapping parameters are lis-
ted in table 1.

2.5. Characterization and measurement

Optical emission spectrometry (OES, Ocean optics USE4000)
was used to determine the composition of radicals in the
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Figure 2. Schematic diagram of the geometry of the atmospheric
ICP torch model.

Table 1. Parameters used in the lapping of SiC.

Parameters Values

Lapping discs diameter 250 mm
Grit 500–3000 #
Pressure 50–200 kPa
Revolution speed 50–200 rpm
Time 2 min

plasma. Confocal laser scanning microscopy (CLSM, KEY-
ENCE VK-X1000) was applied to observe the morphology
change along the etching spot and measure the depth of
the SSD layer. Analytical balances (METTLER TOLEDO
XSR105) were used to measure the MRR via mass difference.
A profilometer (SURFCOM NEX 031) was used to meas-
ure the profile changes of the sample before and after ICPE.
Scanning electron microscopy (SEM, ZEISS merlin) was
employed to obtain more information about the surface mor-
phology of the sample. Scanning transmission electron micro-
scopy (STEM, Tecnai F30) was utilized to directly observe the
SSD layer and measure the depth as a comparison test. The
STEM sample was prepared by a focused ion beam (FIB, FEI
Helios 600i).

3. Results and discussions

3.1. Plasma diagnostics

In this method, ICPE was the chosen approach for removing
materials from the substrate surface and forming a taper that
serves as the window for measuring the SSD depth. The ICPE
of SiC should be a pure chemical process without mechanical

force and, thus, does not introduce new SSD, ensuring accur-
ate SSD measurements. The process is based on the chemical
reaction expressed as equation (10) [30]:

SiC+mF+ nO→ SiFm+COn

+CFm (m= 1 to 4,n= 1 to 2). (10)

The reactive plasma must contain sufficient amounts of F
and O radicals to ensure that the reaction progresses. Thus,
plasma diagnostics of ICP were implemented before the etch-
ing operation. An optical photo of the ICP jet is shown in
figure 3(a). OES was used to confirm the presence of etch-
ing radical compositions in the plasma. OES data were col-
lected from the normal analysis zone of the ICP jet, and
the results are shown in figure 3(b). When CF4 was added
to the plasma, distinctive peaks corresponding to CFX and
the typical C2 swan system were observed [31–33]. The
peaks representing fluorine radicals are difficult to detect
because they overlap with the strong peaks of argon emis-
sions. However, the strong peaks of CFX and C2 prove the
sufficient dissociation of CF4, which generates a substantial
amount of fluorine radicals as another major product [34].
The atomic oxygen peaks at 777 nm and 844 nm repres-
ent the transitions O (3p5P→3s5S) and O (3p3P→3s3S),
respectively [35]. The OES results indicate that this ICP
jet contains abundant F and O radicals that are capable of
etching SiC.

3.2. Etching characteristics

The etching behavior of ICP was studied to make it a pre-
dictable tool for taper fabrication. Here, a 40 × 40 Si slice
was used to explore the profile change of ICP torch etching. A
single spot was etched on Si for 2 min. Optical photos of the
samples are shown in figure 4(a), where 1 is the as-received
sample, and 2 is the sample after single spot etching by ICP.
The size of the ICPE pits is approximately 3 cm. Since we
used an ICP torch with a diameter below 2 cm, the larger etch-
ing pits are due to the deflection of the plasma jet when it hits
the sample surface and the flow and diffusion of radical. The
cross-sectional profile of 1 and 2 along the diagonal is shown
in figure 4(b). The profile change exceeds the size of the etch-
ing pits and stretches to the entire surface. Because of reaction
consumption, a limited lifetime, and dilution by air, the con-
centration of etching radicals decreases as the distance from
the torch increases. Thus, the etching depth decreases along
the pit radius.

More detailed high magnification photos are shown in
figures 4(c)–(f). Figures 4(c) and (d) show areas A and B of
the etched sample, where A is the center of the etching pit
and B is the edge of the etching pit. The initial rough and
damaged surface cannot be observed in the CLSM image of
area A, implying a thorough etching of the SSD layer. The
opening of cracks can be observed in area B, suggesting that
less complete etching occurred at the edge of the pit due to
the lower concentration of etching radicals. Figures 4(e)–(f)
shows the area outside the etching pit. The yellow and gray
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Figure 3. (a) Optical photo of the ICP jet; (b) OES spectra of the ICP jet with and without CF4 addition.

Figure 4. (a) Optical photo of the ICP etching samples: 1. As-received sample, 2. Etched sample; (b) the cross-section profile alone the
diagonal of samples 1 and 2, respectively; (c)–(f) the CLSM image of area A–D in figure (a) respectively.

particles on the surface area should be the deposited fluoro-
carbon polymers [36]. This result could explain the profile
change outside the etching pits, where accumulated fluoro-
carbon polymer covers the initial surface. Furthermore, the
adsorption of deposited particles increases with decreasing
temperature, which has a consistent trend with the distance
from the heat source, i.e. the plasma center. Consequently, the
entire initial surface of the sample will be deformed, either
by etching from plasma or occlusion by deposition particles,
and it is impracticable to identify the raw surface after unob-
structed etching. Nevertheless, marking the position of the
raw surface is crucial in destructive SSD detection; hence,

a raw surface protective countermeasure is needed during
ICPE [13].

3.3. SSD detection

Masks of photoresist or deposited metal are often used
in the plasma etching process to protect certain areas.
In this study, a mask was used for that purpose. To
resist the high temperature and highly reactive radicals
from the ICP torch, a slice of 4H-SiC was used as the
mask.
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Figure 5. Schematic diagram of the SSD detection process.

The entire rapid SSD measurement process is listed as fol-
lows: (a) ICP is ignited as described in section 2. (b) As
illustrated in figure 5, the SiC sample for the SSD measure-
ment is partially covered by a smaller piece of SiC to pro-
tect a portion of the original surface as a reference plane
to measure the SSD depth. (c) The covered sample is then
moved directly under the ICP flame by the three-axis NC
platform and etched for 2 min. (d) After etching, the SiC
cover is released, and the etched SiC sample is cleaned with
DI water and alcohol. (e) After cleaning, the etching pro-
file is observed via CLSM. The depth of the SSD layer is
obtained by comparing the vertical distance between the pro-
tected original surface (z1) and the last trace of the SSD
layer (z2).

A taper that gradually deepens is needed to observe the
SSD depth successfully. Considering the ease of CLSM
operation and avoiding stitching measurement to ensure
accuracy, the lateral length of the taper should be con-
trolled within 100 µm. Moreover, the etching rate should
increase along the exposed sample surface and cover the
100 µm observation zone mentioned above. The etch-
ing rate is governed by the Arrhenius equation listed in
equation (11):

v= nFAexp

(
−Ea
RT

)
(11)

where nF is the concentration of fluorine radicals on the sur-
face,A is the pre-exponential factor,Ea is the activation energy
of the etching reaction, R is the universal gas constant, and
T is the absolute temperature of the sample surface. For this
specific reaction, A, Ea, and R are constant values. Thus, we
only need to study the temperature and radical concentra-
tion. According to figure 4, the lateral distance between the
plasma center and the sample (dp–s) significantly affects the
etching behavior. Hence, we studied the influence of dp–s on
these two factors that affect the etching rate using COMSOL
Multiphysics.

Figures 6(a)–(c) show the temperature simulation of the
etching process for three sample positions in which dp–s equals
0.5 mm, 5 mm, and 9 mm, respectively. Figure 6(d) shows the
temperature of the observation zone, which is on the surface
of the sample and ranges from the mask boundary to the

exposed part of the sample 100 µm away horizontally. With
increasing dp–s, the sample moves to the edge of the plasma,
and the temperature gradually decreases. However, the tem-
perature of each sample is uniform, fluctuating within 1 ◦C.
This result might be due to the excellent thermal conduct-
ivity of SiC. Thus, the etching rate difference due to tem-
perature change can be neglected. As the calculation of the
reactive radical concentration on the surface can be complic-
ated, we studied the flow rate of the plasma as an approx-
imation to facilitate the investigation. Figures 6(e)–(g) show
the simulation of the flow rate of the three experiments. The
flow rate on the sample surface should be zero. Here we
chose the flow rate from the area 10 µm above the obser-
vation zone, the aforementioned indicator of the flow condi-
tion near the surface, and the data are plotted in figure 6(h).
The velocity variation increases with dp–s. A larger flow rate
change induces a larger etching rate difference. Accordingly,
the sample stack should be placed in the outer region of
the plasma, and dp–s = 9 mm was used in the subsequent
experiments.

ICPE for SSD measurement was conducted on the Si face
of the SiC sample with an SiC cover and dp–s = 9 mm.
The morphology changes before and after etching are shown
in figure 7. The lapped SiC surface (figure 7(a)) shows an
actinomorphic trajectory pattern, which is caused by the peri-
odic eccentricity lapping process [37]. Figure 7(b) shows the
same sample after SSD reveals etching. The left part is the
covered area, where no visual difference can be observed. The
right part is the etched area, where a glazed surface implies
the removal of the damaged layer. A distinctive boundary is
observed between the covered and etched areas. Figure 7(c)
is a schematic of the etching boundary area, which is marked
by the red rectangle in figure 7(b). The red arrows 1–3 rep-
resent the covered area, transition etched area, and through-
out etched area, which are shown in figures 7(e)–(g), respect-
ively. Figure 7(d) is the SEM image of the original surface.
No discrepancy can be observed within the area of the etched
SiC sample under the protection of the SiC cover (figure 7(e)),
which indicates that the SiC cover efficiently suppresses the
etching of SiC beneath it. Thus, the surface under the SiC cover
can be used as a reliable initial reference plane for measur-
ing the thickness of the SSD layer. Figure 7(f) shows the area
near the edge of the SiC cover, where radical flow can reach
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Figure 6. (a)–(d) Temperature simulation of the ICP torch, the color legend of (a)–(c) is shown to the right of (c); (e)–(h) flow velocity
simulation the ICP torch, the color legend of (e)–(g) is shown to the right of (g).

Figure 7. The optical photo of the (a) as received lapping SiC and (b) etched SiC; (c) the schematic diagram of the etching boundary in (b);
SEM micrograph of (d) as received sliced SiC surface; (e) area 1 under the protection of SiC cover after etching; (f) area 2 near the
boundary of SiC cover and (g) area 3 without the protection of SiC cover.
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Figure 8. (a) the CLSM image of the etched slope of the sliced SiC sample; (b) the cross-sectional profile along A–A′; (c) the 3D image
of (a).

and react with the sliced SiC sample surface. Meanwhile, the
edge of the SiC cover confines the radical flow from some
directions; thus, the SSD layer is only partially removed.
Many cracks are revealed by the plasma etching, suggesting
that the revealed plane is inside the SSD layer. Figure 7(g)
shows the surface of the sliced SiC sample far from the pro-
tection of the SiC cover. Without any protection, the SSD
layer is fully etched. Cracks completely vanish on the sur-
face, indicating that the surface is damage-free [13]. The island
structure remaining on the surface is caused by the uneven
etching rate between the damaged layer and damage-free mat-
rix [38]. ICPE in this part crossed the bottom of the SSD
layer.

To measure the vertical distance between the original sur-
face and the bottom of the SSD layer, CLSM was employed,
and the results are shown in figure 8. The 2D CLSM image is
shown in figure 8(a), and the 3D image is shown in figure 8(c).
A very clean taper was formed via ICPE. For figures 8(a)
and (b), the left side of the SiC sample exploded under ICP,
while the right side was under the protection of the SiC cover.
The right side retained its original morphology, suggesting
that no etching occurred in this area, which agrees with the
SEM result in figure 7(e). The left side underwent etching of
dense ICP, and the original morphology was totally removed.
A slope structure caused by the partial protection of the SiC
cover edge links the original surface and deeply etched area.
A gradual reduction in crack density can be observed along
the taper, analogous to that of the MRF taper method, rep-
resenting thinning of the SSD layer [39]. The deepest crack
disappears in the bottom of the SSD layer. After that spot, all
SSDs were removed, and only perfect SiC remained. A cross-
sectional profile was extracted along the last crack trace, as
depicted in figure 8(b). The blue rectangle in figure 8(b) indic-
ates the position of the last crack. The vertical distance to the
original surface is 1.128 µm, which is also the depth of the
SSD layer. figure 8(b) also demonstrates that the total etching
depth is approximately 4 µm, which is more than three times

the measured SSD layer thickness. In this case, the etching
depth is sufficient to penetrate the SSD layer, suggesting that
the result is accurate.

To further confirm the accuracy of the SSD measure-
ment, FIB was used to cut a cross section of the etched
sample, and STEM was employed to directly observe the
SSD layer. Figure 9(a) shows the area under the protec-
tion of the SiC cover: Cracks, stress and amorphous lay-
ers can be clearly observed. The depth of the SSD layer is
approximately 1.06 µm, which matches the ICPE sample.
Higher magnification images of areas A and B are shown in
figures 9(b) and (c), which represent the typical crack region
and deformed region of the SSD layer. The cross section of
the part where SSDs are fully removed by ICPE is depic-
ted in figure 9(d). A visually uniform SiC interface was
observed, indicating that the SSD layer was removed. The
high resolution transmission electron microscope (HRTEM)
of the interface region shown in figure 9(e) further proves
this point. Perfectly crystalline 4H-SiC was observed imme-
diately below the interface, and the image corresponds to
the <11-20> face of 4H-SiC [40]. This result proves that
only single crystal 4H-SiC remained on the crack-free sur-
face formed by ICPE, and no new SSD was introduced. The
selected area electron diffraction (SAED) pattern in figure 9(f)
shows a typical diffraction pattern along the [11–20] zone
axis of 4H-SiC, which agrees with the HRTEM image and
further supports the good crystallinity of the remaining sub-
strate [41]. The results demonstrate that ICPE of SiC is a
rapid, SSD-free method that produces accurate SSD meas-
urements, making it a promising approach for SSD detection
of SiC.

3.4. Rapid SSD screening demonstration

The ability of the ICPEmethod to rapidly and accurately detect
the thickness of the SSD layer enables us to quickly screen
and find the optimal lapping parameters. Here, we demonstrate
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Figure 9. Subsurface investigation performed by STEM: (a)–(c) STEM images of the as-ground SiC surface, obtained with different
magnifications; (d) STEM image of the ICP etched SiC surface; (e) HRTEM image of the ICP etched SiC surface; (f) selected area electron
diffraction pattern of the ICP etched SiC surface.

Table 2. Lapping parameters for SSD detection.

# Pressure (kPa)
Granularity
(mesh #)

Revolution
velocity (rpm)

1 50 1000 150
2 100 1000 150
3 150 1000 150
4 200 1000 150
5 50 500 150
6 50 1000 150
7 50 2000 150
8 50 3000 150
9 50 1000 50
10 50 1000 100
11 50 1000 150
12 50 1000 200

this rapid screening ability using ICPE to study the influence
of lapping parameters, including granularity, lapping pressure,
and revolution velocity. Twelve sets of samples were lapped
using the parameters listed in table 2.

With the assistance of rapid ICPE, only 2 min of etching are
needed to reveal the SSD layer of each sample.Meanwhile, the
system operates in an atmospheric environment, which elimin-
ates time-consuming vacuum process in normal plasma etch-
ing. In addition, this method does not require a subsequent

etching step for opening cracks, which is indispensable for the
traditional MRF method. Furthermore, the NC platform can
load multiple samples. The entire SSD revelation process for
12 samples is completed within 30 min.

Figure 10(a) shows the influence of lapping pressure on
the MRR and SSD of the SiC sample (sample number 1–
4). MRR increases linearly with increasing pressure. How-
ever, the SSD changes at a much lower rate because the
gap between the sample and diamond disc decreases with
increasing lapping pressure. The number of abrasive particles
that undertake the load also increases, so the contact pres-
sure remains constant. This causes the relevant SSD thick-
ness to remain constant [42]. However, the MRR increases
quickly as the number of effective abrasive particles increases.
Granularity has a similar influence over the MRR and SSD
layers (sample number 5–8), as shown in figure 10(b). This
is because grain size directly affects the cut depth of each
grain. In figure 10(c), representing sample number 9–12, the
MRR increases with the revolution velocity because a higher
cutting speed removes more material in unit time. However,
if cut depth remains the same, no obvious change trend of
SSD can be observed, which means that SSD is not sens-
itive to lapping revolution velocity. In summary, granular-
ity has the greatest effect on SSD thickness, followed by
pressure. Revolution velocity has no clear influence on SSD
thickness.
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Figure 10. Influence of (a) pressure (sample number 1–4),
(b) granularity (sample number 5–8), and (c) revolution velocity
(sample number 9–12) on SSD and MRR of SiC.

4. Conclusion

Atmospheric ICPE, an SSD-free material removal method,
was used to perform rapid SSD detection of SiC. The plasma
diagnosis and etching behavior study showed its capability
for fast material removal. Plasma flow simulation was used
to optimize the etching position, and rapid SSD detection

finished within 2 min. As confirmed via STEM, the ICPE pro-
cess did not introduce new SSD, and the SSD layer thick-
ness determined by STEMmatched well with that of the ICPE
method. A demonstration of rapid scanning was demonstrated
on 12 samples to study the influence of lapping parameters on
SSD. The results indicate that ICPE is a promising SSD detec-
tion method. It is rational to further propose that by altering
the composition of the etching gas, ICPE could be a general
method for SSD detection in a wide range of materials.
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