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Abstract: Low-temperature plasma polishing technology, by virtue of the plasma’s highly
ionized characteristics, can accurately remove tiny defects and impurities on the surface of chip
materials, improve the flatness and finish of chip materials, reduce mechanical damage and
subsurface damage, and has a high material removal rate. This paper reviews the application
status, advantages and limitations of plasma polishing technologies in the field of chip material
processing. The principles and applications of plasma-assisted polishing, plasma chemical
vaporization machining, plasma electrolytic processing-mechanical polishing and plasma
assisted selective etching are specifically discussed, and their advantages and limitations are
analyzed. Finally, the development of plasma chip-polishing technology is prospected, aiming
to provide a useful reference for the continuous improvement of chip manufacturing processes
and the future development of the microelectronics industry.

Keywords: low-temperature plasma polishing; plasma-assisted polishing (PAP); plasma
electrolytic processing-mechanical polishing (PEP-MP); plasma chemical vaporization
machining (PCVM); plasma assisted selective etching (PASE)

1. Introduction

As a core component of modern science and technology, chips have ideal
characteristics, such as high integration, high reliability, high speed and low power
consumption. With their excellent performance and continuously improved
manufacturing process, they play a vital role in the energy field. For example, in solar
cells, chip technology is used for power conversion, which greatly improves the
efficiency of photoelectric conversion [1]. In smart grids, chips are used for power
storage and regulation, realizing efficient management and optimization of power
systems [2]. In renewable energy systems, chips are used in battery management
systems to ensure the safety and efficient use of batteries [3,4]. In addition, chips also
support energy collection and energy management systems, improving energy
utilization and stability. In recent years, chips help to promote the development of the
clean energy field and provide strong support for achieving the goal of sustainable
development.

Chip materials are raw materials that constitute the basic structure of the entire
semiconductor chip. They need to be prepared into high-quality wafers to achieve the
key role of fixing and carrying [5]. With the increase in application demand and the
continuous development of science and technology, chip materials are also
continuously improved and innovated [6]. The development of chip materials has gone
through the following stages: the first generation is single-element semiconductors
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represented by silicon and germanium. Silicon-based semiconductors are widely used
in computers and other electronic products due to their excellent semiconductor
properties, high stability, high yield, low cost and mature processing technology. The
second generation is III-V compound semiconductors represented by gallium arsenide
(GaAs). Due to their high electron mobility and excellent optoelectronic properties,
they are suitable for 5G communications and optoelectronic devices (such as LEDs,
lasers, etc.). The third generation is wide-bandgap semiconductors represented by
gallium nitride (GaN) and silicon carbide (SiC) [7-9], which have a high breakdown
voltage, high thermal conductivity and other characteristics, and are suitable for radio
frequency (RF) devices in high-power and high-temperature environments [10-12].
The fourth generation is ultra-wide bandgap materials represented by diamond and
aluminum nitride and ultra-narrow bandgap materials represented by gallium
antimonide (GaSb). With their extremely high hardness and thermal conductivity, they
have good stability and durability in environments with high heat and high pressure.
From the initial chip raw materials to the final chip products, there are four process
flows: chip design, wafer production, chip packaging and chip testing. As chip size
continues to shrink and integration increases, the functions and circuits contained in
the chip become more complex, which puts more stringent requirements on its
preparation process [13—15]. During the wafer production process, multiple process
steps need to be precisely controlled, such as lithography, etching, polishing, doping
and thin film deposition, and these processes must be performed at micron or even
nanometer precision, which places extremely high demands on the surface quality of
the wafer bare die [16,17]. However, surface defects and roughness naturally form
during the wafer bare die production process and limit the further improvement of chip
performance. The wafer bare die preparation process mainly includes several key
steps: ingot growth, slicing, grinding, polishing and packaging [18], as shown in
Figure 1. First, a raw material is synthesized and grown into ingots at a high
temperature, which are then sliced and thinned by wire cutting. The marks and defects
left by cutting and other surface wear are then removed by grinding, and the internal
stress introduced during the slicing process is eliminated. Subsequently, the ingots are
polished to a high-quality surface state to ensure that there is no excess material or
defects on the surface of the wafer. Finally, they are vacuum-sealed and transported to
subsequent process scenarios. Among them, the polishing process can effectively
remove undesirable oxides and impurities on the surface, significantly reduce defects
on the wafer’s surface and achieve high-precision flatness and finish on the chip’s
surface, thereby improving the yield and device performance of the entire
manufacturing process. Problems such as material selectivity, surface damage and
polishing rate are often encountered during the polishing process. Therefore, the
development of efficient polishing technology has attracted much attention.
Low-temperature plasma is generated by gas ionization in the discharge space,
and a large number of active particles are generated through a series of physical and
chemical processes. Its unique properties make it extremely active at the microscopic
scale, laying the foundation for the application of plasma in the field of chip polishing
[19,20]. Low-temperature plasma polishing technology uses these active particles to
undergo physical and chemical reactions with the surface of the chip material. High-
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speed electrons can excite, ionize or break reaction molecules into free radical
fragments. lons and certain neutral atoms etch a substrate’s surface, and some neutral
atoms react chemically with free radicals on the surface of the substrate to form a
softening layer, which provides conditions for subsequent mechanical polishing.
Through plasma polishing, tiny defects and impurities can be removed to achieve fine

processing of a chip’s surface, thereby improving the surface quality and performance
of the chip [21].
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Figure 1. Chip applications, material development and wafer preparation process.

Low-temperature plasma polishing technology can not only remove nanoscale
defects and impurities by selectively etching a wafer’s surface, making the chip’s
surface smoother and flatter, but also significantly improve polishing efficiency and
reduce processing time, thus improving production efficiency. Compared with
traditional mechanical polishing, low-temperature plasma polishing causes less
damage to the subsurface of the chip, helping to improve the overall performance and
reliability of the chip. In addition, plasma technology can precisely control the
nanometer-scale roughness of the chip’s surface, which is crucial for improving the
integration of microelectronic devices. As a green and clean processing method, low-
temperature plasma polishing does not require the use of a large number of chemical
reagents, reduces the generation of harmful waste, and is environmentally friendly.
Although low-temperature plasma polishing technology has achieved remarkable
results, there are still some challenges, such as the complexity of precise control of
plasma processing machine tools and the synergistic improvement of the polishing rate
and quality. Therefore, in-depth research and technological innovation on low-
temperature plasma polishing technology are not only related to the optimization of
existing chip manufacturing processes but also propose new research topics for future
microelectronic device manufacturing.

Low-temperature plasma polishing technology has become an important research
direction in materials science and microelectronics manufacturing in the field of chip
material processing. Many researchers have conducted in-depth discussions on it and
published relevant review articles. Li et al. [22] introduced in detail several polishing
methods for single-crystal diamond, mainly direct and assisted polishing technologies
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based on various energy beams, such as laser polishing, ion beam polishing, and
plasma-assisted polishing and laser-assisted polishing, and highlighted the
characteristics and application scope of different methods. Geng et al. [23] reviewed
atomic-scale and near-atomic-scale polishing methods on flat and curved surfaces,
including chemical mechanical polishing, plasma-assisted polishing, catalyst
reference etching, valve cover polishing, elastic emission machining, ion beam
shaping, magnetorheological polishing and fluid jet polishing, discussed in detail in
terms of removal mechanisms, polishing systems and industrial applications. It can be
seen that existing reviews extensively covered various chip material polishing
technologies and discussed different technology types but did not deeply explore the
specific process principles and application scenarios of plasma-related technologies.
Furthermore, there was less emphasis on the analysis of process details and more on
the breadth and development trends of technology. In addition, existing reviews only
analyzed the effect of polishing technology in a single material, lacking systematic
comparisons of other chip materials.

From the perspective of various chip materials, this article mainly introduces the
application research progress of low-temperature plasma technologies in the field of
chip polishing, focusing on four low-temperature plasma polishing processes, and
reviews in detail the principles of different processes and their application in different
chip materials. Applications in plasma-polishing chips are analyzed and discussed, and
its advantages and existing limitations, are analyzed and discussed. Finally, the
development of the plasma polishing of chips is prospected. Compared with a review
that more broadly covers polishing technologies, this article helps readers understand
the advantages, disadvantages and control methods of these technologies in practical
applications by detailing key properties, such as the material removal rate and surface
roughness from each process. Four representative plasma polishing technologies
covering mainstream chip manufacturing needs were selected, demonstrating their
applicability to a variety of materials, such as silicon, silicon carbide, gallium nitride
and single-crystal diamond, and not only for multi-materials. The comprehensive
analysis of multiple processes lays a solid foundation and provides a useful reference
for the continuous improvement of chip manufacturing processes and the future
development of the microelectronics industry.

2. Chip polishing technologies

2.1. Traditional polishing technologies

With the continuous development of semiconductor technology, chip polishing
technology has also undergone a variety of process evolution and innovation.
Traditional chip polishing processes include mechanical polishing (MP), chemical
mechanical polishing (CMP), ultrasonic-vibration-assisted polishing (UVAP),
electrochemical-assisted polishing (ECAP), magnetorheological finishing (MRF),
photocatalytic mechanical polishing (PCMP) and ion beam polishing (IBP), as shown
in Figure 2. MP technology was born in the late 19th century and was widely used in
the early 20th century. It was first used for the surface treatment of optical and metal
materials and then gradually applied to the field of chip manufacturing. As the earliest
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polishing technology used in chip manufacturing, the basic principle of MP
technology is to grind a wafer’s surface with mechanical force and abrasives to remove
surface roughness and defects [24,25]. Mechanical polishing has the advantages of
simple operation and low cost but it also has problems, such as easy to cause stress
damage on the wafer’s surface and poor material selectivity, and so it was gradually
replaced by more advanced technologies. CMP technology was invented in the early
1950s and entered the semiconductor manufacturing process in the 1980s, becoming
one of the key planarization technologies in integrated circuit manufacturing. CMP
technology combines mechanical grinding and chemical reactions on the basis of
mechanical polishing. The chemical components in the polishing liquid (such as
hydrofluoric acid, hydrogen peroxide, etc.) react chemically with a wafer’s surface to
generate an easily removable soft layer [26,27]. At the same time, a polishing pad
contacts the softened surface under a certain pressure value and mechanically grinds
the surface under the action of rotation or reciprocating motion. Through the
synergistic effect of chemistry and mechanics, the flattening and the high-precision
polishing of a material’s surface are achieved [28,29]. CMP technology excels in
improving polishing accuracy and reducing surface damage. It can achieve a high
material removal rate (MRR of 500-5000 nm/h), low surface roughness (Ra of 0.5-2
nm) and good processing uniformity (uniformity of +2—-5%), and it is widely used in
modern chip manufacturing.

Traditional polishing techniques
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Figure 2. Conventional chip polishing technologies.
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Although CMP technology has been widely used in semiconductor
manufacturing and has achieved remarkable results, it still has some problems and
limitations [30]. The CMP process requires complex polishing slurries and polishing
pads, and the preparation of polishing slurries and the waste liquid treatment are
expensive. In addition, although CMP has good uniformity on large-area wafers, it is
still difficult to control uniformity at the microscale, especially when processing high-
aspect-ratio structures. With the continuous improvement of the complexity and
functional density of integrated circuits, multilayer interconnected structures have
become increasingly important. Although CMP can achieve a certain degree of
material selectivity, the selective removal of different materials in multilayer
interconnected structures remains a challenge. These problems have prompted
researchers to explore and develop new auxiliary polishing technologies to achieve
higher material removal rates, lower surface roughness and good processing
uniformity in order to replace or supplement the CMP process. UVAP was invented
in the 1970s and began to be used in the polishing of high-hardness materials (such as
ceramics and semiconductor materials) in the 1990s to improve material removal
efficiency and surface quality. UVAP can improve upon the problems of surface
damage and uniformity control that exist in the CMP process by introducing ultrasonic
vibration [31,32]. The high-frequency vibration generated by ultrasound can
significantly improve the fluidity and chemical reaction rate of the polishing liquid on
a wafer’s surface, promote the contact between the polishing particles and the
workpiece’s surface, reduce the effect of mechanical force and reduce surface damage,
thereby improving the polishing efficiency (MRR reaching 500-5000 nm/h) and
ensuring good surface quality (R. of 1-5 nm). ECAP was born in the early 20th
century, and it was applied in metal processing in the mid-20th century and gradually
applied to the precision polishing of semiconductor materials in the late 20th century.
ECAP technology uses electrochemical principles to produce anodic dissolution
during the polishing process and combines mechanical friction to remove material and
achieve surface polishing [33,34]. In the electrochemical process, the workpiece acts
as an anode and undergoes an oxidation reaction in the electrolyte, dissolving the
atoms on the surface of the material, which can achieve the selective removal of the
material. The mechanical action helps to remove the reaction products and uneven
parts on the surface, thereby obtaining a smooth surface (R, of 1-10 nm). MRF was
invented in the 1980s and began to be used for the precision polishing of optical lenses
and semiconductor wafers in the mid-1990s. It was rapidly applied and promoted due
to its high-precision processing effect. MRF uses a magnetic field to control the
rheological properties of the polishing liquid to achieve high-precision surface
polishing (R, of 0.1-2 nm) [35-37]. MRF can control the amount of material removed
at the nanometer level and is suitable for high-precision polishing of complex surfaces
[38], but its polishing rate is slow (MRR of only 100500 nm/h). PCMP was born in
the early 2000s and has been gradually applied to the processing of high-precision
optical surfaces and certain semiconductor materials in recent years. When a
photocatalyst used in PCMP is exposed to light, electron-hole pairs are generated.
These carriers migrate to the catalyst’s surface and react with water molecules or
organic matter to generate highly oxidizing free radicals. These free radicals accelerate
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the chemical reactions on a material’s surface, thereby improving polishing efficiency
(MRR reaching 500-2000 nm/h) [39,40]. In addition, photocatalytic reactions can also
reduce the use of chemical reagents and reduce environmental pollution. IBP was
invented in the 1960s and began to be used in the semiconductor and high-precision
optical fields in the late 1980s. It is suitable for processes with extremely high flatness
requirements. As a direct processing method, IBP can achieve highly selective and
high-precision surface polishing (R, reaching 0.1-1 nm) by regulating an ion beam to
precisely control the amount of material removed. It is suitable for processing high-
aspect-ratio structures and complex surfaces, but its material removal rate is low
(MRR of only 50-500 nm/h) [41]. The performance indicators of different polishing
processes are shown in Table 1.

Table 1. Performance indicators of different chip polishing processes.
Type of process Influencing factors  Material Average Treatment  Merits Shortcomings References
removal rate  roughness (R,, uniformity
(MRR, nm/h) nm)
Mechanical Mechanical force, 0.698-1.3 0.291-2 +10%-20%  Process is simple Surface damage is [24,42]
polishing (MP) abrasive particles and cost is low large and material
selectivity is poor
Chemical Mechanical force, 0.104-1.3 0.067-0.452 +2%—5% High efficiency, Process is complex, [26,27,31,43
mechanical chemical reactions, good surface cost is high, and waste —46]
polishing (CMP) slurry composition quality and good liquid disposal is
uniformity difficult
Ultrasonic- Ultrasonic frequency  0.96-3.57 0.083-1.448 +5%—-10% High removal rate  Process is complex [31,47]
vibration-assisted  and amplitude, with low surface and equipment cost is
polishing (UVAP)  polishing slurry damage high
Electrochemically ~ Voltage, current 3-10 0.1-0.5 +5%—15% Material selectivity ~Process is complex [33,34]
assisted polishing density, slurry is good, and surface and requires precise
(ECAP) composition damage is small control of
electrochemical
parameters
Magnetorheological Magnetic field 5.6-5.88 0.3-0.84 +1%-3% High precision, Process is complex [35,48]
finishing (MRF) strength, suitable for and cost of
magnetorheological complex surfaces magnetorheological
properties of fluid is high
polishing slurry
Photocatalytic Light intensity, 0.238-0.95 0.054-0.489 +5%—10% Environmentally Light sources and [39,49,50]
mechanical catalyst type, friendly, reduce use catalysts are required
polishing (PCMP)  polishing slurry of chemical and process is
reagents complex
Ion beam polishing Ion beam energy and - 0.1-0.804 +1%-3% High selectivity, Equipment cost is [41,51,52]
(IBP) dose, angle high precision, high, process is
suitable for high- complex, and
aspect-ratio processing time is
structures long

2.2. Plasma chip-polishing technologies

Although traditional chip polishing technologies can remove the raised parts of a
surface and make the surface reach the required flatness and smoothness, these
traditional polishing methods still have some limitations. Due to the high strength,
high hardness and chemical stability of the substrate, most treatment methods that rely
on surface oxidation have weak chemical reaction effects on the substrate, and the rate
of generating a softened layer is low, resulting in a low MRR. In addition, the use of
chemical reagents, such as polishing liquid and abrasives, also causes environmental
problems. Therefore, efficient and green low-temperature plasma polishing has
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attracted much attention. This emerging technique uses the highly active particles of
low-temperature plasma to finely process a chip’s surface, which is expected to
overcome many defects of traditional polishing processes and solve the problem of
inconsistency between processing quality and polishing efficiency.

In view of the different characteristics of various low-temperature plasma chip
polishing technologies, the different application levels of plasma are reviewed in this
section and related technologies, which were plasma-assisted polishing (PAP), plasma
electrolytic  processing—mechanical polishing (PEP-MP), plasma chemical
vaporization machining (PCVM) and plasma assisted selective etching (PASE), are
claborated. Among them, PAP and PEP-MP belong to auxiliary polishing
technologies, which directly modify a substrate’s surface through plasma or generate
a softening layer through plasma electrolysis reaction, and then complete the treatment
through mechanical polishing; PCVM and PASE belong to direct polishing
technologies, which use the etching effect of plasma to directly complete the substrate
treatment without the need for subsequent mechanical polishing process. The
classification and principle of low-temperature plasma polishing technologies are

shown in Figure 3.
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Figure 3. Classification and principles of plasma polishing technologies.
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In addition, there are other plasma polishing technologies in the field of chip
polishing, such as plasma-assisted cluster magnetorheological polishing (PACMP)
and reactive atomic plasma processing (RAMP). PACMP technology combines
plasma-assisted and magnetorheological polishing to achieve the micro-machining of
a material’s surface under precise control. This technology helps to improve
processing accuracy and reduce surface defects in the chip manufacturing process,
especially for micro-nanostructure surfaces with complex shapes. RAMP technology
introduces highly reactive atomic plasma for the chemical removal of materials. It is
suitable for scenarios that require high selectivity and low damage in chip
manufacturing and can more effectively achieve material removal and fine patterning.
This article focuses on the four technologies of PAP, PEP-MP, PCVM and PASE,
mainly based on their wide application in chip manufacturing and the depth of research
in existing literature. These four technologies have excellent performance in material
removal rate, surface finish, processing efficiency, etc., and they are representative.
They also have high technical maturity, covering different application scenarios, and
can reflect the current development status and mainstream trends of low-temperature
plasma polishing technology.

2.2.1. Plasma-assisted polishing (PAP)

PAP was first proposed by Yamamura et al. [53] in 2010. This technology
combines plasma surface modification with mechanical polishing. It uses high-energy
and high-activity particles generated by plasma to modify a substrate’s surface,
combined with the mechanical polishing process to achieve a high-efficiency and low-
damage polishing effect.

(1) Principle of PAP technology

Chip materials can mainly include the following: silicon (Si), silicon carbide
(SiC), gallium nitride (GaN), aluminum nitride (AIN) and single-crystal diamond
(SCD). These materials have different application scenarios and requirements in chip
manufacturing. Therefore, the principles of the PAP process used for different
materials are also different, as shown in Table 2.

Table 2. PAP process for different substrate materials.

Base material Surface hardness (HV) Plasma working gases Processing principle References
Silicon (Si) ~1150 Hydrogen or fluorine-based Silicon hydride or silicon [54]
gases fluoride is formed on
substrate’s surface
Silicon carbide (SiC) ~2500 Hydrogen-containing or Carbides or oxides are [54-57]
oxygen-containing gases produced on surface of
substrate
Gallium nitride (GaN) ~1400 Chlorine or fluorine gases GaN or GaN is formed on [58]
substrate’s surface
Aluminum nitride (AIN) ~2100 Fluorine gases Aluminum fluoride is generated [57]
on substrate’s surface
Single-crystal diamond ~10,000 Oxygen-based gases Oxidation of surface of [25,59-61]
(SCD) polished plate

For materials with high hardness, such as Si, SiC, GaN, and AIN, plasmas that
are oxygen-based, fluorine-based or chlorine-based are usually used to modify the
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materials’ surface. During the modification process, a chemical reaction occurs on the
surface of the substrate to form a softened layer. The hardness of the newly formed
softened layer is much lower than the surface hardness of the original substrate. The
substrate’s surface is subsequently mechanically polished using soft abrasives. Since
SCD has extremely high hardness and chemical stability, its polishing process is very
challenging. Based on this, the PAP process of SCD takes a different approach. The
removal mechanism of SCD in PAP is via the plasma-induced oxidation of the
polishing plate’s surface, the chemical reaction of the contact interface, and the wear
of the contact interface. The plasma generates ‘O or ‘OH free radicals, and the
polishing disc is treated to form a modified polishing interface on its surface. When
the modified polishing disc interacts with the rotating diamond’s surface, a chemical
reaction occurs to form a composite chemical bond, and C atoms are removed under
shearing action, thereby achieving the purpose of polishing.
. Higher-hardness substrates

When polishing higher-hardness substrates (such as Si, SiC, GaN and AIN),
plasma is usually used to modify the surface to form a softening layer. The core of this
process is that high-energy particles of plasma can undergo a series of physical and
chemical reactions with the surface of the material. The softened layer formed is more
easily removed by subsequent mechanical polishing. The chemical modification of the
plasma and the friction removal of the polishing plate are carried out simultaneously,
thereby obtaining a smooth surface at the atomic level without damaging the
substrate’s surface. For different substrate materials, different types of gases are doped
in the plasma working gas to control the reactions occurring on the surface and the
types of softening layer products ultimately generated.

For example, Deng and Yamamura [54], Deng et al. [55], and Ji et al. [56] used
SiC as the substrate and irradiated its surface with atmospheric-pressure helium
plasma containing water vapor or oxygen, as shown in Figure 4a. The free radicals in
the plasma reacted with the SiC substrate’s surface atoms, oxidizing the surface into a
softened layer of about 80 nm thick composed of silicon dioxide (SiO;) and Si-C-O
bonds and reducing hardness from 37.4 + 0.5 GPato 4.5 = 0.8 GPa. Ceric oxide (CeO)
was then used as an abrasive to remove the modified layer by mechanical polishing,
resulting in an MRR of about 80 nm/h, as shown in Figure 4b. Finally, an atomically
smooth surface with a step structure was obtained, and surface roughness reached the
subnanometer level without introducing scratches or crystallographic subsurface
damage by using soft cerium abrasives (Figure 4c¢). Sun et al. [57] used AIN as a
substrate and treated the surface with low-pressure argon mixed with carbon
tetrafluoride plasma. The experimental setup is shown in Figure 4d. After 2 h of
treatment, the substrate’s surface was fluorinated and modified into aluminum
fluoride, greatly reducing surface hardness. The surface was then polished using
ceramic-bonded diamond as an abrasive, as shown in Figure 4e. During the polishing
process, aluminum fluoride was removed, and a smooth AIN substrate’s surface with
surface roughness S, of 3 nm and an MRR of 500 nm/h was obtained. Deng et al. [58]
irradiated a GaN substrate’s surface with atmospheric CF,4 plasma for 30 min and
fluorinated the surface into a soft modified layer of GaF;, significantly reducing
surface hardness from 22.7 GPa to 13.9 GPa. Subsequently, CeO, was used as a

10
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mechanical polishing abrasive to mechanically polish the fluorinated and modified
GaN substrate’s surface. The overall process is shown in Figure 4f. No scratches were
introduced after the plasma-assisted polishing of the GaN substrate’s surface, and a
very uniform stepped structure was obtained (S;: 0.67 nm, Sq: 0.08 nm).
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substrate’s surface before and after PAP treatment [55]; (d) PAP treatment of AIN wafer [57]; (e) AIN wafer’s surface
before and after PAP treatment [57]; (f) PAP treatment mechanism of GaN substrate [58].

. Very-high-hardness substrate (SCD)

An SCD substrate is usually treated indirectly by modifying the polishing plate
with oxygen-based plasma. Therefore, the polishing plate’s material has an important
influence on the polishing effect. Peguiron et al. [59] found that when quartz glass was
used as a polishing plate, and silicon dioxide and single-crystal diamond were ground
together, Si-C bonds and O-C bonds with higher strength than C-C bonds were
generated at the single-crystal diamond/silicon dioxide interface. Through the
adsorption between Si-C bonds and the relative movement between the polishing plate
and the single-crystal diamond, C atoms were removed, thereby polishing the single-
crystal diamond. Based on this, Yamamura et al. [60] used argon plasma containing
water vapor to treat quartz glass polishing plates. During the polishing process, the
silicon atoms removed from the surface of the quartz glass were quickly oxidized and
supplemented by O atoms generated by the plasma. Through plasma irradiation, the

11



Clean Energy Science and Technology 2024, 2(4), 263.

MRR increased from 0.095 um/h to 2.1 um/h, which is 20 times that without plasma
irradiation.

Luo et al. [61] developed an inductively coupled plasma (ICP) device to modify
a silica polishing plate and also achieved SCD polishing, as shown in Figure 5a. The
ICP produced a large number of -OH radicals, which attached to the surface of the
silica polishing plate. The modified polishing plate transferred -OH to the surface of
the single-crystal diamond. The high-temperature plasma rapidly raised the
temperature of the contact interface between the silicon wafer and the single-crystal
diamond to several hundred degrees Celsius, providing sufficient activation energy for
repairing chemical bonds. The -OH underwent dehydration and condensation
reactions at the polishing interface to form chemical bonds, such as C-C, C-O, Si-O
and C-O-Si, as shown in Figure 5b. Three main strong peaks of Cls, Ols and Si2p
were detected via X-ray photoelectron spectroscopy (XPS) on the polished single-
crystal diamond’s surface. The chemical bonds corresponding to the areas of the three
main strong peaks, as shown in Figure 5c, were consistent with the chemical bonds
described in the material removal mechanism diagram in Figure 5b. Since silica is
softer than single-crystal diamond, the silicon fragments that peeled off during the
grinding process adhered to the surface of the single-crystal diamond. Therefore, Si-
Si and Si-O bonds were also detected on the polished single-crystal diamond’s surface.
Generally, the Cls region determines changes in the surface chemical properties
during the polishing process of single-crystal diamond. According to Figure 5c, the
binding energy of the C-C bond was relatively weak. In addition, -OH easily adsorbed
on the protrusions of the single-crystal diamond’s matrix, and the bond energy at this
position was relatively weak, so the protrusions can be easily removed by the chemical
mechanical action. Therefore, the C atoms on the surface of the single-crystal diamond
are removed under the shear friction between the two surfaces.

The subsequent mechanical polishing process in the PAP process also relies on
the mechanical polishing process. Since MP may cause scratches or damage on the
processed surface, Luo et al. [25] observed the surface morphology of SCD after
polishing with quartz glass as the polishing plate, as shown in Figure 5d. After 3 h of
plasma-assisted polishing, a very low surface roughness Sq was obtained, which was
0.14 nm, but many scratch-like structures were still observed on the SCD’s surface.
Therefore, a sapphire plate was selected as the polishing plate, and it was found that
the surface was scratch-free after polishing, with Sq of 0.13 nm, as shown in Figure
Se. Hence, for SCD polishing, sapphire was found to be more suitable as a polishing
plate than quartz glass. This was because the sapphire polishing disk became
superhydrophilic under plasma irradiation, and Al-OH bonding groups were generated
on the surface. Subsequently, C atoms on the SCD’s surface reacted with hydroxyl
groups on the polishing plate’s surface to form C-O-Al. The chemical bonds generated
by this reaction reacted with the quartz glass plate and the single-crystal diamond’s
surface to form C-O-Si bonds. Si-O bonds and O-C bonds were easier to remove,
which was beneficial for the subsequent mechanical removal of carbon atoms on the
single-crystal diamond’s surface through the relative movement between the single-
crystal diamond and the polishing plate, as shown in Figure 5f.
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(2) Effects of different process parameters on PAP

PAP technology achieves precise polishing by irradiating a workpiece’s surface
with plasma and then mechanically polishing it. However, the polishing effect of PAP
is affected by a variety of process parameters, which are mainly divided into front-end
plasma modification effect control and back-end mechanical polishing control.

In the plasma modification process, RF power is usually used to generate high
uniformity, high density and high activity plasma. Generally speaking, the higher the
density of active particles contained in the plasma, the resulting MRR will be higher.
Therefore, increasing the density of active species in plasma is the focus of
researchers. Ji et al. [56] found that, when using water vapor as the reactive gas, the
MRR of a SiC substrate’s surface was significantly higher than when using O, as the
reactive gas. Comparing the plasma emission spectra of the two (Figure 6a), water
vapor as the working gas generated -OH radicals with high intensity (oxidation
potential of 2.80 eV) after ionization, which was stronger than -O radicals generated
by O, ionization (oxidation potential of 2.42 eV), indicating a higher oxidation ability.
So, the MRR when using water vapor as the reactive gas was higher than the MRR
when using O as the reactive gas.

Mechanical polishing, as the back-end link of plasma modification, directly
determines the polishing effect and product quality. The process parameters that affect
mechanical polishing are mainly mechanical polishing pressure and sliding speed.
Mechanical polishing pressure determines the contact form between a polishing disk
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and a substrate, and sliding speed determines the contact frequency between the
polishing disk and the substrate. Taking SCD as an example, Liu et al. [62] found that
the surface roughness of the substrate after polishing was different under different
mechanical polishing pressures. Under a low polishing pressure (62.5 kPa), the
material removal followed the conventional mechanism, the isotropic removal effect
was dominant, and the average surface roughness S, after polishing was about 0.30
nm; under a high polishing pressure (350.0 kPa), the contact area between the SCD
substrate and the polishing plate was converted into graphite due to the high
temperature and high pressure. At the same time, the shear force generated by the
relative rotation of the SCD substrate and the polishing plate separated the newly
generated non-diamond layer from the surface, as shown in Figure 6b. In this process,
the protruding area on the SCD substrate was preferentially graphitized and separated,
resulting in a smooth surface. The average surface roughness Sq after polishing was
about 0.55 nm. In addition, the polishing disk rotation speed had no significant effect
on the surface quality of the SCD processed by PAP. The MRR increased with the
increase in polishing pressure and rotation speed, as shown in Figure 6c¢. The
maximum MRR reached 5.3 wm/h, which was achieved by increasing the scratching
frequency between the polishing plate and the SCD substrate.
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under different polishing mechanical pressures [62]; (¢) Variation of MRR with polishing pressure and rotational
speed [62]; (d) Surface quality with different polishing times [25].
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In addition, plasma irradiation will introduce some small peaks and valleys, and
the mechanical grinding action of a polishing disk will also leave scratches on a
substrate’s surface. Therefore, in the early stage of the polishing process, the
substrate’s surface is rough. When the polishing time is long enough, the polishing
quality of PAP can meet usage requirements. Luo et al. [25] studied the change in the
surface roughness of an SCD substrate with polishing time in PAP. Under 40 min, the
surface roughness of the substrate was greater than 30 nm, as shown in Figure 6d.
When the polishing time reached 120 min, surface roughness S, of the SCD reached
0.86 nm. This shows that polishing time has a significant effect on the polishing quality
in PAP. When the polishing time is sufficient, the surface accuracy of a substrate can
meet the requirements.

(3) Summary

During the PAP process, chips of different materials all use high-energy and
highly active particles of plasma to modify or soften the material’s surface, so the PAP
process is widely applicable. The specific process varies according to the chemical
properties of the material and the type of plasma used, but the overall goal is to further
remove surface defects and roughness through mechanical polishing after plasma
treatment to obtain a surface with high flatness and finish.

Although CMP provides low-damage treatment, its resulting MRR is too low. In
addition, the obvious anisotropy of the CMP material removal process leads to a weak
flattening ability at the atomic scale. In contrast, in the PAP treatment of substrates
except SCD, the use of a large amount of chemical reagents is avoided and the
pollution to the environment is reduced; when the PAP treatment of SCD, the plasma
in PAP only modifies the polishing plate, and material removal mainly depends on the
chemical reaction and wear at the contact interface between the polishing plate and the
diamond. Therefore, PAP combines the advantages of MP and CMP to achieve
efficient and high-quality surface polishing.

Although PAP technology has shown many advantages in chip material
processing, its large-scale application still faces some challenges, such as the stability
of the plasma source, optimization of process parameters, equipment cost and
integration of plasma processing and mechanical polishing. Future research will focus
on improving the stability and efficiency of PAP technology and exploring new
plasma sources and process parameters to achieve more efficient and precise polishing
of a chip material’s surface.

2.2.2. Plasma electrolytic processing-mechanical polishing (PEP-MP)

PEP is a special electrochemical polishing process under high-voltage and salt
solution conditions. As an innovative polishing technology, PEP is widely used in the
field of metal polishing. It can make a metal’s surface smooth and shiny in a short
time, making it more corrosion-resistant [63,64]. In 2021, Ma et al. [65] proposed a
new PEP-MP technology that combines PEP with MP. This technology uses the PEP
process to form a softened layer on a substrate’s surface, which is then removed by
MP to achieve the surface polishing of the chip material.

(1) Principle of PEP-MP technology

PEP-MP is divided into two processes, which are plasma electrolysis and

mechanical polishing, as shown in Figure 7a. The surface of a chip material is
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modified into a relatively soft oxide layer by plasma electrolysis treatment and then
mechanically removed using a soft abrasive. Since the hardness of a soft abrasive is
lower than that of a substrate material’s surface, only the softened layer will be
removed during the mechanical polishing process, causing no scratches or damage to
the substrate’s surface.

The oxide layer
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Figure 7. (a) Plasma electrolytic treatment and polishing process [65]; (b) Plasma
electrolytic treatment device [65]; (¢) Micro-schematic diagram of plasma oxidation
process of SiC electrolytes [66].

Ma et al. [65] used PEP-MP for the plasma electrolysis treatment and mechanical
polishing of the oxide layer of a microcrystalline 4H-SiC substrate’s surface. First, the
surface of the single-crystal 4H-SiC substrate was modified by PEP treatment into a
soft oxide layer mainly composed of silicon dioxide. The device is shown in Figure
7b. The overall device consisted of a power supply, an electrolyte, a cathode, a single-
crystal 4H-SiC anode, and an insulating glass electrolytic cell. When the system was
charged with an appropriate current, the instantaneous short circuit of the system
caused electrolytes at the position in contact with the workpiece to evaporate,
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generating a gas envelope composed of water vapor to wrap the part and isolate the
part from the electrolyte [66]. Under the action of a high electric field, electrons at the
interface of the electrolytes and the gas envelope were accelerated instantaneously,
gaining enough speed and energy to rush to the surface of the part. Then, the electrons
collided directly with water vapor molecules in the gas envelope to release other
electrons. These electrons hit other water vapor molecules to form an electron
avalanche. After that, the flow of electrons and ions formed a conductive channel
connecting the surface of the part to the electrolyte. The channel is filled with high-
temperature plasma, called a plasma gas layer, as shown in Figure 7¢. This process
also brought about complex physical and chemical effects, including the generation of
ultraviolet rays, shock waves and ultrasonic cavitation. Active substances, such as
hydroxyl radicals (+OH), oxygen radicals (-O), hydroperoxide radicals (-HO>), H>O;
and Os, were produced by chemical reactions. Active substances ‘OH, O and -HO>
bombarded the surface of the part through the discharge channel and reacted to form
an oxide film. The active substance -‘OH has a strong oxidizing property (oxidation
potential of 2.8 €V), but it is very unstable. Some -OH reacted to produce water and
oxygen, and some ‘OH reacted with the single-crystal 4H-SiC substrate to produce
silicon dioxide.

Around the scratch and pit regions, a large number of covalent bonds formed
between carbon atoms and adjacent silicon atoms were broken, resulting in a large
number of dangling bonds, free electrons and holes. Therefore, the scratch and pit
regions had a high density of available charge carriers, which greatly improved the
conductivity of these regions, leading to preferential oxidation of these regions. At the
same time, the plasma gas layer had different thicknesses at the protruding and
recessed positions of the substrate, resulting in a higher current density at the
protruding positions, which obtained a higher oxidation rate [67]. Therefore, the MRR
from mechanical polishing after plasma electrolysis treatment was higher, leading to
a rapid smoothing effect.

(2) Effects of different process parameters on PEP-MP

Due to the presence of a water vapor gas envelope near the anode, the discharge
between the anode and the electrolyte is a gas discharge. Therefore, its discharge mode
is crucial for the formation of the softening layer. Ma et al. [65] distinguished three
main discharge types based on the current, as shown in Figure 8a: Townsend
discharge (B-C), glow discharge (D-E) and arc discharge (G-H). In addition, there are
four transition zones: non-self-sustaining discharge zone (A-B), subnormal glow
discharge (C-D), abnormal glow discharge (E-F), and transition to arc (F-G). By
adjusting different discharge modes and observing the final polishing effect, it was
found that after the oxide layer was formed in the E-F region, an ultra-smooth surface
was obtained but its MRR was low; while in the F-G region, a high MRR was obtained.
There were more surface pits caused by arc discharge, indicating that the discharge
modes corresponding to these two regions were not suitable for the surface softening
of chip materials. In the abnormal glow discharge region (E-F), dU/dI > 0, while in
the region of the transition to the arc (F-G), dU/dI < 0. Therefore, there must be a
region near F where dU/dI approached 0. The gas ionization rate and plasma
generation rate in this region were just suitable for semiconductor surface softening.
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While ensuring surface quality, a high MRR can be obtained. This region is called the
micro-arc plasma discharge region. By adjusting plasma discharge parameters to
maintain the oxide layer’s formation in the micro-arc plasma discharge region, the SiC
substrate’s surface was oxidized to SiO», and its surface hardness decreased from the
initial 2891.03 HV to 72.61 HV. The thickness of the oxide layer was about 2 pm, as
shown in Figure 8b. Comparing the three-dimensional morphology of samples before
and after the PEP-MP treatment, it was found that there were many deep scratches,
pits and peaks on the surface of the sample before treatment, and its surface roughness
was poor (S, of 607 nm and R, of 64.5 nm); after polishing, the deep scratches, pits
and peaks basically disappeared, and S, was 60.1 nm and R, was 8.1 nm, as shown in
Figure 8c. The calculated MRR from PEP-MP was about 21.8 pm/h, indicating that
PEP-MP is an efficient chip surface polishing technology.
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Figure 8. (a) Surface morphology under different discharge modes [65]; (b)
Hardness of oxide layer formed by plasma electrolysis processing decreased
dramatically [65]; (¢) Three-dimensional morphology of samples before and after
plasma electrolysis processing and mechanical polishing treatment [65].

(3) Summary

As an emerging polishing technology, PEP-MP exhibits an ultra-high MRR and
significantly improves polishing efficiency. Different from the alternating cycle of
plasma treatment and mechanical polishing in PAP technology, PEP-MP implements
a process of plasma electrolytic treatment followed by mechanical polishing.
However, the continuous growth of the softening layer may lead to poor surface
quality. Hence, further research is required on the control mechanism of the growth of
the interface softening layer. At present, in the field of chip materials, PEP-MP is only
applied in SiC, and its application scope needs to be broadened in the future. In
addition, studies have shown that ultrasonic vibration can promote the plasma
oxidation effect on a workpiece’s surface and has been used in the field of plasma
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electrolytic polishing of metal parts [68]. This technology can also be integrated into
PEP-MP to further improve polishing efficiency.

2.2.3. Plasma chemical vaporization machining (PCVM)

Unlike PAP and PEP-MP, which use plasma to modify a substrate’s surface to
form a softening layer, PCVM uses active species generated in the plasma to directly
react with the substrate to generate gaseous products, which is a gas-phase chemical
etching method. Since the subsequent mechanical polishing process is omitted, PCVM
has a higher polishing efficiency and is suitable for efficient and fast processing.

(1) Principle of PCVM technology

PCVM is a direct polishing technology that uses the high-energy characteristics
of plasma to etch a material’s surface, thereby achieving high-precision material
removal and surface modification [69]. This technology uses the high-energy active
particles generated by plasma to trigger a series of chemical reactions on the material’s
surface, converting the solid material into volatile gaseous products, thereby removing
the surface layer of the material. In these reactions, the high-temperature
characteristics of the plasma can not only dissociate the gas to generate highly active
atoms (such as fluorine, chlorine, oxygen and hydrogen) but also reduce the activation
energy of the reaction and enhance the material removal rate. The high-temperature
environment also promotes the exothermic reaction, allowing products (such as SiF4,
SiCls, CO; and CO) to escape quickly, thereby improving the surface cleaning effect
and processing efficiency. This high-temperature characteristic combined with the
exothermic reaction mechanism enables the plasma polishing technology to remove
materials efficiently and with low damage at the nanometer level. Like PAP, PCVM
has a strong selectivity for reactive gases. For different substrate materials, appropriate
reactive gases need to be selected, as shown in Table 3.

Table 3. PCVM process for different substrate materials.

Base material Reactive gases Basal surface reactions Reaction enthalpy (kJ/mol) Reference
Silicon (Si) Fluorine gases (e.g., SFe, CF4) Si+4F—SiF4 —-1615 [69]
Silicon carbide (SiC) Chlorine gases (e.g., Cl2) SiC+2ClL—SiCls+C —657 [70]
C+0—CO -110
C+20—-CO2 -394
Fluorine gas (e.g., SFs, CF4) Si+4F—SiF4 —-1615 [71]
C+0—CO -110
C+20—CO2 -394
Gallium nitride (GaN) Chlorine gases (e.g., Cl2, BCls) 2GaN+3Cl.—2GaCl; +N2 -950 [70]
2GaN+3BCl3—2GaCls +3BN =530
Diamond (SCD) Oxygen (O2) or hydrogen (H2) C+O—CO —-110 [72]
C+20—-CO2 -394
C+4H—CH4 —74.8

Yamamura et al. [71] introduced an inert gas (He) and a reactive gas (CFs+ Oy)
into a reaction system, which generated plasma through high-frequency electric field
excitation to polish and remove a SiC substrate’s surface using active free radicals
generated in the atmospheric-pressure plasma, as shown in Figure 9a. The inert gas
provided the necessary active environment for exciting the reactive gas, and the
excited reactive gas produced particles with extremely high chemical activity. These
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highly active particles reacted chemically with atoms on the surface of the SiC
substrate to generate volatile compounds, such as silicon tetrafluoride (SiF4) and
carbon dioxide (CO,). In addition, the reaction was a highly exothermic reaction, and
the generated gaseous products were stable. In addition, the high temperature in the
plasma helped to decompose fluorine compounds (such as CF,) and generate highly
active fluorine atoms, which reacted quickly with silicon, thereby improving removal
efficiency. While the gaseous compounds were generated, these gases were
continuously released, thereby achieving effective material removal, with an MRR of
up to 1.8 um/min.

For a GaN substrate, chlorine-based gases are usually used as working gases
instead of fluorine-based gases. Because the boiling point of the reaction product GaFs
when using fluorine-based gas is about 1000 °C, the reaction product will not
evaporate but remain on the substrate’s surface, inhibiting the etching reaction and
deteriorating the surface flatness after etching; when using Cl,, the boiling point of
GaCls is about 201 °C. By heating the substrate above its boiling point, the reaction
product easily evaporates from the substrate’s surface. Moreover, this reaction is an
exothermic reaction. The high temperature of the plasma makes the chlorination
reaction of the GaN substrate’s surface more rapid, and nitrogen is generated as a by-
product. Since chlorine atoms are extremely active at high temperatures, this chemical
reaction is significantly accelerated under plasma-assisted conditions, thereby
effectively removing the surface of the GaN substrate. Therefore, Cl, has been selected
as the reaction gas for etching GaN substrates, and inert gas (such as He) has been
used to generate and maintain a stable plasma at atmospheric pressure. Nakahama et
al. [70] successfully achieved the etching of a GaN substrate’s surface by mixing He
with Cl,. As shown in Figure 9b, the MRR reached up to 9.1 um/min, but the diameter
of the processed area was only 4—5 mm.
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Figure 9. (a) PCVM treatment of SiC substrate [71]; (b) PCVM treatment of GaN substrate [70].
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(2) Effects of different process parameters on PCVM

PCVM uses active species generated in plasma to directly react with a substrate
to generate gaseous products. Therefore, increasing the content of active species in
plasma to obtain a larger MRR has become the focus of researchers.

On the one hand, the content of active species in plasma can be increased by
increasing the partial pressure of the reactive gas in the plasma. Yamamura et al. [71]
found that the MRR of a SiC material increased with the increase in the O»/(O2+ CF4)
ratio, as shown in Figure 10a. When the ratio of O, and CF4 was uniform, the MRR
reached a maximum value of 1.8 um/min. This was because SiC is not easily etched
under the action of pure fluorine free radicals. After the introduction of oxygen, the
SiC substrate’s surface first underwent an oxidation reaction to generate SiO, and CO».
The generated SiO; reacted with fluorine free radicals to further generate SiF4 and O,,
thereby promoting the removal of material. Nakahama et al. [70] found that the
removal depth of a GaN material increased with the increase in Cl, partial pressure, as
shown in Figure 10b. When the Cl, concentration was 2%, the removal depth was
much greater than that at other concentrations. Therefore, a flow field disturbance was
formed by rotating the high-voltage electrode to effectively provide a large amount of
Cl; to the plasma area so that the reaction gas in the plasma area was effectively
replenished.

On the other hand, the plasma ionization degree and energy density can be
increased by increasing the power of the plasma excitation power supply. By
increasing RF voltage, the electric field strength in the plasma is enhanced, thereby
increasing the kinetic energy of the charged particles. The increase in the average
energy of the plasma can enhance ion bombardment intensity and the density of active
particles, which can effectively activate the substrate’s surface, thereby improving the
chemical reaction activity of the material and ultimately accelerating the increase in
the MRR under high-power conditions. Sano et al. [69] compared the effects of
different RF powers on the MRR of Si and SiC substrates and found that the MRRs of
both increased with increasing RF power, as shown in Figure 10c. The MRR of the
Si substrate increased almost linearly, while the MRR of the SiC substrate increased
at a higher rate at a higher RF power. This was because the SiC substrate had a higher
chemical stability and a more complex crystal structure than those of the Si substrate,
so its reactivity to plasma was lower than that of silicon. At a lower RF power, more
energy was required to break SiC’s chemical bonds. As the RF power increased, more
energy was used to activate the chemical bonds, resulting in an increase in the MRR
at a higher power.

In addition, when the etching rate is increased by increasing the plasma power,
the thermal stress caused by the local temperature increase may cause a substrate to
crack. Nakanishi et al. [72] found that when the temperature of a local area of a wafer
increased due to the increase in power, the depth and width of the etch pit also
increased, and the uneven substrate temperature led to a decrease in polishing quality,
as shown in Figure 10d. Therefore, in the PCVM process, uniform heating of a
substrate is an effective technology to improve its MRR and polishing quality. Ueda
et al. [73] found that with the increase in the surface temperature of a quartz wafer, the
He/CF4/O; plasma etching rate increases exponentially, and the removal depth at 80 °C
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was 1.5 times that at 40 °C, as shown in Figure 10e. Through the activation of the
plasma, He/CF4/O; dissociated into highly active fluorine atoms and oxygen atoms,
which reacted chemically with the wafer’s surface to generate volatile products.
Among them, fluorine atoms reacted with silicon atoms on the quartz’s surface to
generate SiF4, and oxygen atoms combined with carbon that may remain on the surface
to generate CO,. The volatility of these products proved that the removal process of
quartz crystals in the PCVM process was chemically reactive. This reactivity ensured
the efficient removal of materials and verified the reactive nature of the PCVM
process. Furthermore, the change in the etching rate as a function of temperature
follows the Arrhenius law, as shown in Figure 10f. When combining the properties of
the reactants with the characteristics of the reaction products, the chemical reactivity
in the removal process was further verified, which shows that the removal reaction of
quartz crystals by PCVM is a chemical reaction.

(a) (b)
20 5000
= o
=1 02
= 1000 - = o soomy..
g1s L Y] e
£ ° E § o
= o = L]
3 53000 ::
r;]o o o e 1 2 ) a s &
: .:_.: Distance (mm)
z g 2000 i
5 g z
aé[»s o o g b 1000
g o 1000 f 4
= 0123484
I anCe ()
00 0 04 06 0.8 10 0.0 05 1.0 1.5 20 25
OL(CF+0)
HCEHO) Cl; concentration (%)
(c) (d)
70 14 . 70
osi Q "2
60 I @ SiciSilface) I 12 r 60 :
% 50 =10 | & =50 *
2 3 . =
2 a0 [®) = 8T I = 40 i
:f a0 % 6 L :‘:: 30 '
; 20 1 | 1 a 4 r 3 20 $
= le] .nu. [ ]
) : . ! 2 r * 0r 9 |
M (110) .Hmn ' i . " =
Y o 0 0
0 00 1000 1500 2000 100 150 200 250 100 150 200 250
RI power (W) Processing temperature [°C] Processing temperature [°C]
130 i 5.0
(e) ey
120 F
o
~ 110}
ﬂi 100 =
) =
E of E
£ y=44,00] e00125¢
L]
70
60 4 L 40 N . ;
30 50 70 90 2.8 2.9 3.0 3.1

Wafer surface temperature (°C) 1000°T (/K)

Figure 10. (a) SiC substrate’s MRR with O,/(O, + CF4) change [71]; (b) GaN substrate’s removal depth with Cl,
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(3) Summary

Since no mechanical contact is required, PCVM avoids stress and deformation
that may be introduced in mechanical polishing. Moreover, PCVM only relies on the
chemical reaction on a substrate’s surface and has no physical etching effect.
Therefore, it is suitable for precision machining with extremely high surface
requirements. Compared with chemical mechanical polishing, PCVM reduces the
dependence on chemical reagents and reduces the risk of environmental pollution.

Comparing the MRRs from different processes, it has been found that the MRR
from PCVM is much higher than those from PAP and PEP-MP. However, it is
necessary to compare the processing time of a substrate of the same size to evaluate
the practicality of PCVM. For PAP and PEP-MP, large-area substrates can be
processed at the same time, while PCVM is limited by the size of the plasma electrode
and can only complete the processing within a limited area. Although its MRR is high,
it takes longer to process large-area substrates. Therefore, the development direction
of PCVM is to expand the electrode’s size and optimize the electrode’s shape to
generate large-area uniform plasma to process large-area substrates to shorten the
processing time. In addition, accurately controlling the energy distribution and range
of action of plasma and adjusting the process parameters when processing different
materials to pursue better surface quality are also challenges faced by large-scale
applications of PCVM.

2.2.4. Plasma assisted selective etching (PASE)

With the rapid development of the semiconductor industry, especially integrated
circuit manufacturing technology, although PCVM technology can achieve efficient
material removal, the challenges faced by PCVM increase when the etching rate and
etching depth need to be precisely controlled and surface roughness requirements are
high. In response to this situation, Fang et al. [74] proposed PASE technology in 2020
as a new polishing method for chip materials.

(1) Principles of PASE technology

The PASE process uses atmospheric-pressure inductively coupled plasma (ICP)
for processing because it provides an environment of high-temperature and high-
density free radicals, which is crucial for accelerating the chemical reaction of atoms
on a substrate’s surface and improving the material removal rate. These characteristics
of ICP help to achieve a uniform etching effect, and by adjusting the ratio of RF power
and gas flow, the etching process can be precisely controlled to ensure the
controllability and adaptability of the process. In addition, the strong compatibility of
ICP technology with existing semiconductor manufacturing processes enables PASE
technology to be quickly integrated into existing production lines, providing an ideal
plasma source for efficient and high-quality silicon wafer polishing.

PASE uses high-energy particles (mainly ions and free radicals) in plasma to
react chemically with the surface of a material, thereby selectively removing the
surface material, which is the same as the reaction principle in PCVM. For different
substrate materials, different reaction gases are selected according to the chemical
reaction that can occur on the substrate’s surface. In addition, in PCVM, helium is
usually used as the working gas to ensure the generation and stability of plasma; while
in PASE, due to the high energy density of ICP, argon can be selected as the working
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gas, and so there is physical etching occurring at the same time during the processing
process. PASE combines physical etching and chemical reactions with high selectivity
and precision.

For processing Si substrates, Fang et al. [75] achieved surface polishing by using
a self-designed PASE device, as shown in Figure 11a. The torch tube of the device
adopted a combined structure, which was divided into two layers: the inner layer was
mainly used to introduce the reaction gas (mainly CF4 and O>) and the auxiliary gas
(Ar), and the outer layer was responsible for the introduction of the cooling gas (Ar).
When the auxiliary gas entered the torch tube, the ignition device discharged the gas
to generate seed electrons. The argon gas carrying the seed electrons then flowed into
the induction coil area, and the RF power supply was coupled through the matcher and
input into the coil. The seed electrons in the auxiliary gas were accelerated in the
induction coil area and interacted with the argon atoms, eventually causing the argon
gas to ionize and form plasma. Subsequently, the reaction gas was introduced into the
plasma and decomposed to produce fluorine atoms using the principle of chemical
reaction. These fluorine atoms reacted with silicon atoms on the surface of the single-
crystal silicon, thereby achieving material removal. Specifically, the original surface
of the polished single-crystal silicon wafer was usually rough and had many
protrusions. There were various silicon atoms with dangling bonds on the surface of
these protrusions, and the number of dangling bonds ranged from one to three.
Through computational analysis, it was found that silicon atoms with different
numbers of dangling bonds had different priorities during the etching process. Silicon
atoms with more dangling bonds required lower activation energy to form SiF4
molecules. Therefore, single-crystal silicon atoms with three dangling bonds had the
highest chemical reactivity and preferentially combined with chemically reactive
fluorine atoms in the plasma, as shown in Figure 11b. As this selective etching process
proceeded, the bumps on the rough surface of the single-crystal silicon gradually
smoothed out.

For processing GaN substrates, Zhang et al. [76] also used the above-mentioned
device, with CF, as the reaction gas and Ar as the auxiliary and cooling gas to achieve
efficient and damage-free polishing of the substrate’s surface, as shown in Figure 11c.
After the PASE treatment, surface roughness S, was reduced from 135.8 nm to 0.527
nm, and the MRR reached 93.01 pm/min. PASE also exhibited selective etching when
treating GaN. For the GaN substrate, its rough surface was composed of many atomic
steps, in which the atoms can be divided into step edge atoms and step surface atoms.
Due to the different bond states of these atoms, the chemical activity of these atoms
also showed differences, resulting in different removal rates of different atoms. The
horizontal etching rate was higher than the vertical etching rate, resulting in the
planarization of the GaN substrate’s surface, as shown in Figure 11d.

For processing SCD substrates, Liu et al. [77] used O as the reaction gas and Ar
as the auxiliary and cooling gas, and they selectively etched carbon atoms on the
surface of single-crystal diamond (SCD) through active oxygen radicals generated by
ICP to finally obtain an atomic-scale smooth surface. The MRR reached up to 56.533
um/min, and surface roughness S, was stable at about 0.5 nm. During the polishing
process, active oxygen radicals preferentially removed carbon atoms with more
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dangling bonds on the SCD’s surface. Since there were three carbon atoms with
dangling bonds, only one C-C bond needed to be broken to form a carbon oxide
molecule. Therefore, active oxygen radicals tended to react with carbon atoms with
three dangling bonds first. Once a CO/CO; molecule was formed, it separated from
the wafer’s surface and one carbon atom was removed. Due to the different number of
dangling bonds of different carbon atoms on the SCD’s surface, the removal priority
of carbon atoms was different. As the PASE process proceeded, the surface of the SCD
underwent several steps to remove carbon atoms with different priorities to eliminate
the non-equilibrium state. Finally, all carbon atoms on the SCD’s surface had the same
bonding state and an atomically balanced and smooth surface form, as shown in
Figure 11e.
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Figure 11. (a) Treatment of Si substrate by PASE device [75]; (b) Selective etching process on surface of Si substrate
[75]; (¢) Treatment of GaN substrate by PASE device [76]; (d) Selective etching process on surface of GaN substrate
[76]; (e) Selective etching process on surface of SCD substrate [77].

(2) Impact of different process parameters on PASE technology

PASE also relies on active species in plasma to complete substrate polishing.
Therefore, increasing the plasma active species content and energy density is the key
to achieving a high MRR. Zhang et al. [76] found that when processing a GaN
substrate, the sample’s surface temperature and C; radical peak intensity increased
with the increase in RF power, as shown in Figure 12a. A high RF power increased
the energy of the plasma, accelerated the dissociation of CFs and increased the
concentration of F radicals. When the RF power was low, the surface temperature was
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too low to allow reaction products to volatilize and escape from the surface. The
etching products were deposited on the substrate’s surface, inhibiting the continuation
of the reaction. In addition, an increase in the CF4 flow rate led to an increase in the
peak intensity of C, radicals, as shown in Figure 12b, indicating that the degree of
dissociation of CF4 molecules increased with the increase in the flow rate, thereby
increasing the concentration of F radicals in the plasma. However, if the CF4 flow rate
was too large, it may lead to an excess concentration of radicals in the plasma. The
MRR from PASE increased with the increase in surface temperature and the CF4 flow
rate, as shown in Figure 12c. Liu et al. [77] found that the concentration of active
oxygen radicals in the plasma increased with the increase in the O, flow rate when
processing SCD, as shown in Figure 12d. These highly active oxygen radicals reacted
with carbon atoms on the surface of SCD to form CO or CO,, thereby improving the
MRR. However, too high of an O, flow rate may cause overheating or over-etching of
the SCD’s surface, affecting the surface quality.
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In addition, due to the particularity of the ICP device structure used in PASE, the
distance between the plasma torch and the substrate also affects the processing. Fang
et al. [74] and Fang [75] adjusted the distance between the plasma torch and the wafer
and found that when the distance was less than 15 mm, the MRR showed an upward
trend with the increase in the distance. This phenomenon can be attributed to the fact
that the operation was carried out in an atmospheric environment, and the oxygen in
the air helped to promote the plasma etching process. However, during the polishing
process, the flow of argon gas as a cooling gas caused some interference with the
oxygen in the atmosphere that participated in the etching reaction. When the torch was
close to the wafer’s surface, the argon gas formed a certain barrier to oxygen, limiting
the role of oxygen in the atmosphere in the plasma, resulting in a decrease in the MRR.
When the distance exceeded 15 mm, the MRR began to decrease. Although the oxygen
in the air could fully participate in the reaction, the increase in the distance between
the plasma and the sample caused the temperature of the etching reaction area to
decrease, thereby slowing down the etching reaction rate. In addition, due to the
limited lifetime of the active particles in the plasma, the concentration of the active
particles participating in the reaction also decreased with the increase in distance,
which further led to a decrease in the MRR. Therefore, under the combined effect of
multiple factors, the increase in the distance between the plasma torch and the sample
caused the material removal rate to show a trend of first increasing and then
decreasing, as shown in Figure 12e.

(3) Summary

At this stage, PASE technology shows high selectivity, high precision, multi-
material adaptability and stability, and it has been widely used in a variety of
semiconductor materials, such as silicon, gallium nitride and diamond. By optimizing
gas mixing and process parameters, nanometer-level etching accuracy has been
achieved. However, with the continuous advancement of chip manufacturing
technology, PASE technology faces new challenges and development directions. The
development of PASE technology will focus on improving the etching rate and
uniformity, continuing to optimize the plasma source and process parameters, further
shortening the processing time, improving production efficiency and ensuring
consistent etching quality for large-area wafers. With the development of
heterogeneous integration technology, PASE needs to adapt to the etching of more
types and more complex structures of materials to ensure high selectivity and high-
precision etching of different materials and structural layers. In terms of environmental
protection, PASE technology will develop in the direction of green environmental
protection via studies on the use of more environmentally friendly process gases, the
reduction of the use and emission of harmful gases and the reduction of the impact on
the environment. In addition, by optimizing the plasma source and process parameters,
energy consumption can be reduced to achieve a greener and more energy-saving
etching process. In addition, intelligence and automation will become important
development trends of PASE technology in the future. Introducing artificial
intelligence and machine learning technology can help realize the intelligent control
of the plasma etching process and further improve etching accuracy and process
stability. Furthermore, highly automated plasma etching production lines can be
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developed to achieve full automation from the process parameter setting to the etching
process for improving production efficiency and quality consistency.

2.3. Comparison of plasma chip-polishing technologies

In modern manufacturing, plasma polishing technology has attracted widespread
attention due to its superior surface treatment capabilities. The choice of polishing
technology directly affects the surface quality and final performance of products. In
Table 4, the above-mentioned four main plasma polishing technologies are compared
and summarized.

Table 4. Comparison of plasma-related chip-polishing technologies.

Type of process Material removal rate (MRR, pm/h)  Surface roughness (Sq, nm) References
Plasma-assisted polishing (PAP) 0.06-2.1 0.08-2.40 [25,54-62]
Plasma electrolytic processing-mechanical 2.3-21.8 0.23-0.81 [64]
polishing (PEP-MP)

Plasma chemical vaporization machining ~ 100-550 0.80-0.92 [69,71]
(PCVM)

Plasma assisted selective etching (PASE)  3391.98-5580.60 0.60-0.74 [75,76]

PAP and PEP-MP are indirect processing technologies, which use plasma
treatment first and then mechanical polishing, and both can treat a large area of a
substrate at the same time. PAP is a technology that alternates direct plasma
modification of a substrate’s surface and mechanical polishing. The advantage of PAP
technology lies in its precise surface treatment and less damage to the base material.
However, PAP has certain difficulties in uniformly processing complex shapes. PEP-
MP adopts the process of plasma electrolytic treatment first to generate a softening
layer, followed by mechanical polishing. The significant advantages of PEP-MP are
its high removal rate and ability to handle complex-shaped surfaces. However, the
continuous growth of the softening layer may lead to poor surface quality. In addition,
the current application of PEP-MP mainly focuses on SiC materials, and hence its
application scope needs to be broadened.

As direct plasma processing technologies, PCVM and PASE have MRRs that are
several orders of magnitude higher than those of indirect processing technologies.
However, their processing area is limited, which results in a longer processing time
for large-area substrates. PCVM technology has a wide range of applications, but the
equipment is complex and has high safety requirements for gas treatment. PASE uses
the etching effect of ICP plasma to complete the treatment of a substrate. Its advantage
lies in selective etching and is suitable for surface treatment of a variety of materials.
However, accurately controlling the energy density of plasma and the reaction process
on a substrate’s surface to surpass the surface roughness accuracy achieved by indirect
processing technology is still a key issue that PVCM and PASE need to solve.

3. Summary and outlook

With the rapid development of semiconductor technology, chip polishing
technology is also undergoing constant innovation and optimization. As traditional

28



Clean Energy Science and Technology 2024, 2(4), 263.

processes, MP and CMP have gradually shown their limitations in removing micro-
scale defects and impurities. In response to these problems, researchers have
developed a variety of plasma polishing technologies, such as PAP, PEP-MP, PCVM
and PASE, in order to achieve more efficient and finer surface treatment effects.
Although traditional polishing technologies can remove the raised parts of a surface
and make the surface reach the required flatness and smoothness, these methods
gradually reveal their limitations when facing the removal of micro-scale defects and
impurities, such as mechanical grinding causing surface scratches and subsurface
damage, thereby affecting the integrity and service life of a material’s surface, as well
as a low material removal rate, which requires longer processing time and leads to
reduced production efficiency.

Low-temperature plasma technology with efficient processing and green
environmental protection has brought a new breakthrough in chip surface treatment.
The highly ionized characteristics of low-temperature plasma enable it to interact with
a chip’s surface, accurately remove tiny defects and roughness on the chip’s surface
and improve the flatness and finish of the chip. Compared with traditional chip
polishing technologies, low-temperature plasma technology can reduce mechanical
damage to a chip’s surface, will not introduce sub-surface damage and has a higher
material removal rate. It can complete the chip polishing process in a shorter time and
improve production efficiency.

Based on the traditional chip polishing process, the PAP process uses plasma to
replace other technologies for generating a softening layer, and then it uses mechanical
polishing to remove it, thereby achieving a flat surface. PAP reduces the use of a large
number of chemical reagents and is used in the field of surface polishing of various
chip materials. In the future, the development of high-activity plasma sources, as well
as research on coupling with mechanical polishing processes, should be strengthened
to improve the stability and efficiency of PAP to achieve efficient and accurate surface
treatment. In the PEP-MP process, PEP is widely used in the field of surface polishing
of metal parts, but it is less studied in the field of surface polishing of chip materials.
In the future, it is necessary to broaden its application scope and deepen the research
on the growth mechanism of its softening interface layer in order to achieve more
precise regulation. PCVM eliminates the process of mechanical polishing and is used
for efficient and fast processing of a chip material’s surface. Due to the limited
processing area of a plasma source, PCVM takes longer to process large-area
substrates. Therefore, it is necessary to develop a large-area, high-stability, and high-
uniformity plasma source to achieve large-scale applications. The PASE process is
based on the principle of selective etching and can achieve highly selective and precise
surface rapid processing. In the future, by introducing various technologies, such as
intelligent control, more precise control of plasma process parameters can be achieved
to achieve uniform processing of large-size substrates.

If low-temperature plasma technology can be combined with other disciplines,
such as nanomaterials science and surface engineering, new polishing mechanisms
and methods may be generated and significant progress may be made: with the support
of nanomaterials science, plasma polishing processes may develop more precise
material removal mechanisms, achieve a high degree of control over microstructures
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and achieve nanoscale surface processing with higher precision and low damage; with
the support of surface engineering technology, the surface of a polished chip material
may have functional characteristics, such as low roughness and high bonding strength,
in addition to improving the overall performance and expanding the scope of
application. Furthermore, the interdisciplinary combination will help promote the
industrial application of low-temperature plasma technology in the chip industry,
develop low-cost and high-efficiency equipment and provide new technical support
for high-end manufacturing.

The application of low-temperature plasma in chip polishing is expected to push
the manufacturing of microelectronic devices further toward the nanoscale, achieving
higher integration and lower power consumption. Also, with the development of
emerging technologies, such as quantum computing and artificial intelligence, the
requirements for chip performance and manufacturing processes will become more
stringent, which will make the role of low-temperature plasma technology in chip
manufacturing more critical, and this is expected to help the global electronics industry
achieve a higher level of competitiveness and innovation.
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