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Abstract: Single-crystal sapphire (α-Al2O3) has been widely used in semiconductor, optics, commu-
nication, national defense, and other fields. Before application, an ultra-smooth surface which is
scratch free and subsurface damage free is essential. Furthermore, the sapphire has unique quali-
ties such as significant rigidity and chemical stability, which make it extremely arduous to process.
Chemical mechanical polishing (CMP) is recognized as the final process to reduce the roughness and
eliminate surface defects of a sapphire surface. In this review, the materials and equipment used for
the chemical polishing of a sapphire wafer are summarized, and the surface nanoscale changes of
sapphire wafer are reviewed from the angles of regulating polishing-process parameters, composi-
tion of polishing slurry including that which is nano-abrasive, a pH regulator, a complexing agent,
and other additives, as well as hybrid CMP technologies. The outlook and future applications are
also summarized.

Keywords: single-crystal sapphire; chemical mechanical polishing; nanomaterials; surface roughness

1. Introduction

Semiconductor materials have provided a strong boost to the development of modern
science and technology, and their development have also promoted the development of
the world’s industries, industries that greatly enhance the productivity of society [1–3].
Semiconductor materials can be divided into silicon-based semiconductors and compound
semiconductors [4–6]. The global semiconductor chip market, dominated by silicon wafers,
is expected to exceed $772.03 billion by 2030 [7]. The main compound semiconductors are
gallium arsenide (GaAs), indium phosphide (InP), silicon carbide (SiC), gallium nitride
(GaN), and so on [8–11]. Among them, GaN, a promising material, has been widely used in
various photoelectric devices [11]. However, the growth rate of GaN single crystal is slow,
the crystal growth is difficult, and the cost is high [12]. Therefore, GaN single crystals cannot
be directly prepared, and heteroepitaxy can only be grown on other substrates. The most
common substrate for growing gallium nitride single crystals is sapphire wafer [12]. As an
anisotropic material, single-crystal sapphire (α-Al2O3) can be divided into C-, A-, R-, and
M-plane sapphire [13–15]. Diverse crystallographic planes possess distinctive performance,
and their application areas are also different. For instance, C- and M-plane sapphires
have been put to extensive use as light-emitting diode (LED) substrates, and particularly
C-planar sapphire substrates can grow GaN epitaxially, so they are extensively applied as
substrate materials for GaN-based LEDs [16–18]. A-plane sapphire is normally applied
as an optical window material, such as a window material for high-intensity lasers and
infrared devices [19,20]. R-plane sapphire is preferred for the heteroepitaxial deposition
of silicon, which is used to fabricate semiconductor, microwave, and microelectronic
integrated circuits [21]. To sum up, sapphire has splendid chemical, mechanical, and

Coatings 2023, 13, 2081. https://doi.org/10.3390/coatings13122081 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13122081
https://doi.org/10.3390/coatings13122081
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings13122081
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13122081?type=check_update&version=1


Coatings 2023, 13, 2081 2 of 26

optical unique properties, such as high temperature resistance, fast thermal conductivity,
high hardness, high light transmission, good chemical stability, etc. [22–24]. Therefore, as
shown in Figure 1, sapphire is heavily applied in communications, electronics, aerospace,
optics, biological engineering, and other high-end technical fields [25–27]. The preparation
process of sapphire wafers is similar to that of silicon carbide wafers, in that large-size and
high-quality single-crystal sapphire crystals are grown in a long crystal furnace [28], and
then processed into the final substrate through processes such as orientation, rod removal,
tumbling, wire sawing [29], double-sided polycrystalline diamond grinding, chamfering,
chemical–mechanical polishing (CMP), cleaning, and post-processing [30]. Among them,
the final surface quality of the wafer is determined by CMP. At present, sapphire wafer also
has many possible surface processing methods, such as femtosecond laser micromachining,
focused ion beam processing, laser interference lithography, and so on [31–33]. However,
the premise that sapphire wafer can be surface treated is so that the surface quality of the
sapphire substrate meets requirements. With the speedy evolution of the semiconductor
technique, the processing productivity and surface quality of sapphire substrates are subject
to higher requirements, including having high processing efficiency, an ultra-smooth wafer
surface, no defects, no damage, and a value of surface roughness (Ra) below the danami
level [34]. For example, sapphire substrates require a surface roughness (Ra) between 0.2
and 1 nm at a high material removal rate [34], whereas, in view of the significant rigidity,
brittleness, and chemical inertness of sapphire, there are two major problems of sapphire
CMP. First, the polishing efficiency of sapphire is too low, and the polishing time is too long,
which accounts for 70% of the total processing time [35]. Second, high surface roughness
and deep scratches caused by the grinding process are difficult to reduce and remove
quickly in the CMP step [36,37]. Therefore, it is a huge challenge to reach a satisfactory
CMP result. However, in the face of the increasing demand for sapphire wafer, the question
of how to solve the current problems in the sapphire CMP process is very important [35].

Coatings 2023, 13, x FOR PEER REVIEW 2 of 26 
 

 

material for high-intensity lasers and infrared devices [19,20]. R-plane sapphire is pre-
ferred for the heteroepitaxial deposition of silicon, which is used to fabricate semiconduc-
tor, microwave, and microelectronic integrated circuits [21]. To sum up, sapphire has 
splendid chemical, mechanical, and optical unique properties, such as high temperature 
resistance, fast thermal conductivity, high hardness, high light transmission, good chem-
ical stability, etc. [22–24]. Therefore, as shown in Figure 1, sapphire is heavily applied in 
communications, electronics, aerospace, optics, biological engineering, and other high-
end technical fields [25–27]. The preparation process of sapphire wafers is similar to that 
of silicon carbide wafers, in that large-size and high-quality single-crystal sapphire crys-
tals are grown in a long crystal furnace [28], and then processed into the final substrate 
through processes such as orientation, rod removal, tumbling, wire sawing [29], double-
sided polycrystalline diamond grinding, chamfering, chemical–mechanical polishing 
(CMP), cleaning, and post-processing [30]. Among them, the final surface quality of the 
wafer is determined by CMP. At present, sapphire wafer also has many possible surface 
processing methods, such as femtosecond laser micromachining, focused ion beam pro-
cessing, laser interference lithography, and so on [31–33]. However, the premise that sap-
phire wafer can be surface treated is so that the surface quality of the sapphire substrate 
meets requirements. With the speedy evolution of the semiconductor technique, the pro-
cessing productivity and surface quality of sapphire substrates are subject to higher re-
quirements, including having high processing efficiency, an ultra-smooth wafer surface, 
no defects, no damage, and a value of surface roughness (Ra) below the danami level [34]. 
For example, sapphire substrates require a surface roughness (Ra) between 0.2 and 1 nm 
at a high material removal rate [34], whereas, in view of the significant rigidity, brittleness, 
and chemical inertness of sapphire, there are two major problems of sapphire CMP. First, 
the polishing efficiency of sapphire is too low, and the polishing time is too long, which 
accounts for 70% of the total processing time [35]. Second, high surface roughness and 
deep scratches caused by the grinding process are difficult to reduce and remove quickly 
in the CMP step [36,37]. Therefore, it is a huge challenge to reach a satisfactory CMP result. 
However, in the face of the increasing demand for sapphire wafer, the question of how to 
solve the current problems in the sapphire CMP process is very important [35]. 

 
Figure 1. Classification and applications of single-crystal sapphire. (A) GaN-based LED. Adapted 
with permission [16]. Copyright 2017, American Chemical Society. (B) Light-emitting diode. 
Adapted with permission [25]. Copyright 2018, Elsevier B.V. (C) High-intensity lasers. Adapted 

Figure 1. Classification and applications of single-crystal sapphire. (A) GaN-based LED. Adapted
with permission [16]. Copyright 2017, American Chemical Society. (B) Light-emitting diode. Adapted
with permission [25]. Copyright 2018, Elsevier B.V. (C) High-intensity lasers. Adapted with permis-
sion [19]. Copyright 2021, American Chemical Society. (D) Ultrasonic-imaging-assisted LITT using
sapphire needles. Adapted with permission [26]. Copyright 2018, Elsevier B.V.
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Walsh et al. put forward the concept of CMP in 1965 [38]. CMP has become a globally
recognized flattening technique, which can generate explanate surfaces without blem-
ishes [39–44]. In the process of CMP, the material to be polished is fixed on the polishing
head, and it is fully in contact with the polishing cushion by applying appropriate stress to
the polishing head (Figure 2) [45]. Then, the polishing head and polishing disc are rotated
at a certain speed and direction under the drive of the motor, and the polishing slurry is
added to the polishing cushion with an appropriate flow rate through a feeding system of
the polishing machine, which is evenly distributed to the entire polishing cushion using
centrifugal force. The chemical reagents in the polishing slurry will soften the polished
material to produce a softer film layer, which is then removed using mechanical friction, so
that effective polishing is achieved through the repeated film-forming mechanical removal
process. At the end of polishing, the polished material is cleaned, and finally the material
with an ultra-precise surface is prepared. According to the polishing process, the CMP
polishing system is composed of polishing equipment and polishing consumables, among
which the polishing consumables are composed of a polishing pad, polishing slurry, and
post-cleaning fluid. Polishing slurry is constituted of abrasives, oxidizers, pH adjusters,
surfactants, and dispersants [46]. Among them, abrasives are the nanomaterials used in
sapphire CMP, which can be divided into nano-silicon oxide (SiO2), nano-cerium oxide
(CeO2), nano-alumina (Al2O3), and so on [47]. Therefore, there are many factors affecting
the polishing efficiency of sapphire: from the perspective of polishing equipment, there are
factors such as polishing pressure and polishing speed; from the perspective of polishing
materials, there are various affects such as the type of abrasive and various additives in
polishing slurry and so on. Therefore, many researchers are constantly looking for methods
to boost the polishing efficiency and superficial mass of sapphire from the above factors.
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In this review, we highlight the latest advances in CMP technology in sapphire wafers
and summarize and analyze the mechanism of sapphire CMP polishing. Based on the
composition of the sapphire CMP polishing system, a strategy to improve the efficiency
of sapphire CMP polishing was proposed (Figure 2). Specifically, the first method is to
improve the polishing pressure and speed by adjusting the parameters of the polishing
equipment to improve the pressure on the wafer and the rotation speed of the polishing
disc; in general, with the increase of pressure and rotational speed, the polishing rate of
the sapphire will increase. The second method is to appropriately increase the hardness of
the abrasive; with the increase of abrasive hardness, it is easier to grind off the hydrated
layer of the sapphire surface, thereby improving the polishing rate. The third method
is to change the size and concentration of the abrasive under the same conditions; with
the increase of size and concentration of the abrasive, the effective abrasive contact with
sapphire will increase, so the polishing rate will also increase. The fourth method is to
change the shape of the abrasive; in general, an irregular abrasive shape will be more
in contact with the sapphire than the spherical abrasive under the same conditions, so
it will also improve the polishing rate. The fifth method is the construction of mixed
abrasives, mixed abrasives will combine the advantages of different abrasives to achieve a
good polishing effect. The sixth method is to change the pH value of the polishing slurry
by adjusting the amount of pH regulator. The pH value affects the polishing rate of the
sapphire by changing the zeta potential of the abrasive and the formation of the hydration
layer on the sapphire surface. Generally speaking, the polishing rate of the sapphire will be
higher under alkaline conditions. The seventh method is to change the type of chelating
agent; chelating agent combines with the hydration layer formed on the surface of the
sapphire to form a chelate which is soluble and easily worn by abrasive to improve the
polishing efficiency of sapphire. The eighth method is to add other additives, such as metal
salts, surfactants, or other catalysts; the addition of additives will change the chemical
action between the abrasive and sapphire, thereby improving the polishing efficiency. The
ninth method is the introduction of new polishing auxiliary processes, such as ultrasonic
assistance, gas assistance, and a double-sided polishing process, the introduction of new
auxiliary processes can further improve the polishing efficiency. Ulteriorly, we look for-
ward to the future development direction of sapphire CMP polishing technology. It is
hoped that it can provide research ideas for researchers to further develop more efficient
sapphire CMP.

2. The Mechanism of Sapphire Polishing

From the above introduction, sapphire has A-, C-, M- and R-plane four-crystal planes
(Figure 3) [48]. According to the research of Cao et al., C-plane sapphire had the lowest
bond energy due to the smallest spacing between adjacent crystal faces [48]. The lower the
binding energy, the easier the material could be removed. The experimental consequences
also displayed that under the same conditions, the MRR of the C-surface sapphire was
5.93 nm/min, the Ra was 0.307 nm, and the polishing effect was the best.

The above research is only an experimental and simple theory to prove that the pol-
ishing rate of different crystal planes of sapphire is not the same, however, its polishing
mechanism has not been further studied. Zhu et al. considered that one of the reasons
for the polishing anisotropy of the C-, A-, and M-plane of sapphire was that no hydration
layer was formed during the polishing process of A- and M-plane sapphire [36]. However,
the diaspore [AlO(OH)] hydration layer was formed on the surface of the C-plane sap-
phire. Haas’s experiments had proved that at high temperature and pressure, the epitaxial
growth of diaspore occurred on the surface of the corundum substrate, but not on other
planes [36]. The reason could be attributed to the topotactical relationship between α-Al2O3
and diaspore, both of which were hexagonal and close packed [36]. In other words, the
coordination number of aluminum ions was six for both α-Al2O3 and diaspore, while in all
other forms of alumina and aluminum hydrates the coordination numbers of aluminum
ions were mixtures of six and four. Whereas gibbsite and boehmite were cubic [36]. When
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the abrasive and hydration layers came into close contact under polishing pressure and
shearing, they adhered to each other. Further shearing might allow the particles to “tear”
the bound hydrated layer and even promoted further removal of the particle front. In
a study by Shi and Zhou et al., aluminum (Al) atoms and oxygen (O) atoms formed the
Al-O layer in sapphire crystal, so the sapphire was assembled through a periodic stacking
sequence of Al-O layers (Figure 4A) [49–52]. The AFM data showed that the C-plane
sapphire presented an atomic step–step morphology, and the average height of the terrace
was 0.22 nm, which was the same as the theoretical thickness of the Al-O layer (0.216 nm)
(Figure 4B,C) [51]. During sapphire CMP, the hydration layer was formed on the surface of
the terraces as shown in Formulas (1) and (2), which was then removed using an abrasive
with the help of mechanical force.
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Therefore, the abrasive plays a decisive role in the effect of the sapphire CMP. Sapphire
polishing slurry can be divided into Al2O3-based and SiO2 sol-based polishing slurry based
on its different abrasives, and the polishing mechanism of these two kinds of polishing
slurry is different. According to the above research, when the abrasive is Al2O3, Al2O3
can hydrate in a similar way to sapphire because they have the same crystal structure [48].
Adhesion occurs when two surfaces are in close contact under polishing pressure and
shearing. In the meantime, the irregular parts and hydration layers on the sapphire surface
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was mechanically split and wiped off on account of the irregular shape and large size
of Al2O3.
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Al2O3 + H2O = 2AlO(OH) (1)

Al2O3 + 3H2O = Al(OH)3 (2)

2SiO2 + H2O + 2AlO(OH) = Al2Si2O7·2H2O (3)

2SiO2 + Al(OH)3 + AlO(OH) = Al2Si2O7·2H2O (4)

2SiO2 + 2H2O + Al2O3 = Al2Si2O7·2H2O (5)

(SiO2)x + 2H2O = (SiO2)x−1 + Si(OH)4 (6)

Si(OH)4 + 2Al3+
sur + H2O = Al2SiO5 + 6H+ (7)

Si(OH)4 + 2AlO−
sur = Al2SiO5 + 2OH− + H2O (8)

When the abrasive is silica sol, most researchers believe that silica reacts with the
sapphire or the hydrated layer on the surface of the sapphire to form a soft layer (mainly
Al2Si2O7·2H2O), as shown in the Formulas (3)–(5) above [52,53]. Then, the silica particles
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remove the material from the wafer surface through the chemical-bond tension created by
their mechanical movement. However, Vovk et al. believed that silica abrasives undergo
a chemical reaction, as shown in Formulas (6)–(8), in which a layer of Al2SiO5 aluminum
silicate at a thickness of 20.5 nm was formed on the surface of sapphire during the CMP
process, which was then removed using silica abrasives [54]. Yu et al. also demonstrated the
formation of Al2SiO5 [55]. All in all, regardless of the compound formed by silica sol and
alumina, the recognized mechanism is that at the interface between the abrasive and the
sapphire, the solid–solid reaction between the sapphire and the abrasive will occur, forming
a soft layer, which is conducive to the removal of the sapphire. Under these circumstances,
SiO2 performs two functions: The first is that SiO2 reacts with sapphire to produce new
adhesion on the sapphire surface. The second is to separate and wipe off the new adhesion
on the sapphire surface [53]. In summary, the removal mechanism of sapphire is shown in
Figure 5.
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3. The Methods to Boost the Sapphire CMP Efficiency Productivity

According to the composition of the sapphire CMP polishing system, the processing
efficiency and surface quality of sapphire CMP can be improved from both the mechanical
and chemical aspects. From the mechanical aspect, it is necessary to improve the polishing
process, such as by increasing the polishing pressure and polishing speed, and from the
chemical aspect it is necessary to optimize the composition of the polishing slurry. For
example, by changing the hardness, size, and morphology of abrasives, constructing
composite abrasives, changing the pH value of polishing slurry, changing the complexing
agent of polishing slurry, and adding other additives. In addition, another method that
could be used is the introduction of new polishing auxiliary processes, such as ultrasonic-
assisted polishing or gas–liquid-assisted polishing.

3.1. Optimizing Polishing-Process Parameters

It is well known that Preston’s empirical formula has been applied to explain the MRR
property of CMP [56].

MRR = kPV (9)

where k is Preston’s constant resting with the chemical and mechanical sides of the process,
P is polishing stress, and V is polishing speed [56–59].
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Therefore, the removal rate of sapphire is positively correlated with the downforce and
speed of the equipment. Many researchers have also proved that polishing pressure and
rotational speed have important effects on the performance of CMP [53,56,60–66]. Table 1
lists the influence of polishing pressure and rotational speed on the polishing efficiency of
sapphire in some of the literature [53,56,60–65]. The quality of the finished surface will be
affected by altering the polishing parameters. For instance, Zhang et al. used silica-based
slurry to explore the effects of polishing pressure and rotational speed on the MRR and
Ra of the sapphire substrate, and the results were shown in Figure 6A [53]. In the range of
pressure and speed researched, MRR increased with the increase of pressure and speed,
while Ra decreased first and then increased. When the pressure was 5 psi and the speed
was 100 rpm, the lowest surface roughness and medium MRR were obtained. Xu et al.
studied the effects of parameters including the downforce and rotational speed on sapphire
polishing (Figure 6B) [60]. The experimental results showed that when the downforce was
7 psi, chemical corrosion and mechanical wear were dynamically balanced, and a high
MRR and the lowest roughness could be obtained. Zhang et al. also explored the effects
of pressure and rotational speed on sapphire CMP, and the results showed that with the
increase of rotational speed Ra dropped to the lowest value of 0.56 nm and then rose again
(Figure 6C) [62]. At the same time, MRR displayed a linear downward trend at first, and
finally increased to the highest value, which was 1.795 µm/h. With the increase of pressure,
MRR increased linearly, with a peak value of 2.059 µm/h. Ra first decreased to the lowest
0.548 nm and then increased. From the above research, it can be seen that the processing
efficiency and surface quality of sapphire can be effectively improved by increasing the
pressure and speed appropriately.

Table 1. The influence of polishing pressure and rotational speed on the polishing efficiency
of sapphire.

Pressure (psi) Rotational Speed
(rpm) MRR (µm/h) Ra (nm) Ref.

1, 3, 5, 7 100 MRR increases with
increasing pressure

With the change of pressure, it decreases
first, reaches the minimum at 5 psi, and

then increases
[53]

5 75, 100, 125, 150 MRR increases with
increasing rotational speed

With the change of rotational speed, it
decreases first, reaches the minimum at

100 rpm, and then increases
[53]

5 75, 100, 125, 150 MRR increases with
increasing rotational speed / [56]

5, 7, 9, 11 60 MRR increases with
increasing pressure

With the change of pressure, it decreases
first, reaches the minimum at 7 psi, and

then increases
[60]

3.2, 4.17, 5.13, 6.09 10, 20, 30, 40
MRR increases with

increasing pressure and
rotational speed

With the change of pressure and
rotational speed, it decreases first, reaches

the minimum, and then increases
[61]

4.06, 5.15, 5.8, 6.5 / MRR increases with
increasing pressure

With the change of pressure, it decreases
first, reaches the minimum, and

then increases
[62]

/ 60, 70, 80, 90

With the change of
rotational speed, it

decreases first, reaches the
minimum, and
then increases

With the change of rotational speed, it
decreases first, reaches the minimum, and

then increases
[62]

2.47, 3.39, 5.04, 6.54,
8.27, 10.01 40 MRR increases with

increasing pressure / [63]

6.54 20, 30, 40, 50, 60 MRR increases with
increasing rotational speed / [63]
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Table 1. Cont.

Pressure (psi) Rotational Speed
(rpm) MRR (µm/h) Ra (nm) Ref.

3, 5, 7, 10 /

With the change of
pressure, it increase first,

reaches the minimum, and
then increases

With the change of pressure, it decreases
first, reaches the minimum, and

then increases
[64]

1.4, 2.1, 2.8, 3.49, 4.2 / MRR increases with
increasing pressure

With the change of pressure, it decreases
first, reaches the minimum, and

then increases
[65]
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3.2. Optimizing the Composition of the Polishing Slurry

The change of abrasives and other additives in the polishing slurry is an important
factor affecting the chemical reaction of sapphire CMP. Therefore, many scholars have
conducted in-depth research on the composition changes of polishing slurry to improve
the MRR and surface quality of sapphire CMP.
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3.2.1. Changing the Hardness of the Abrasive

The abrasives used for sapphire polishing are mainly diamond, Al2O3, SiO2, boron
carbide (B4C), etc. [36,67–73]. Prior to the use of abrasives, it is valuable to understand the
formation mechanism of abrasive nanoparticles. For example, the synthesis mechanism of
Al2O3 and SiO2 nanoparticles is such that with the increase of temperature, the oxidation
phase nanoparticles in their metal salts will nucleate and grow, thereby producing the
final nanoparticles [74]. In the study of Zhu et al., they found that hard abrasives (such
as single-crystal and polycrystalline diamond, α-Al2O3 and γ-Al2O3) could improve the
MRR of sapphire, but the Ra of sapphire after polishing was high [36]. In contrast, the Ra
of sapphires after polishing with soft abrasives (such as SiO2) was lower, but the MRR
of sapphires also was lower. Furthermore, they studied the effect of different-hardness
abrasives on sapphire CMP more comprehensively, and the results as shown in Table 2,
which revealed that in the case of the same abrasive size, harder abrasives do not necessarily
lead to faster material removal and better surface finish [67]. Abrasives with hardness equal
to or less than sapphire, such as α-Al2O3 and γ-Al2O3, obtained the best surface finish
and the highest material-removal efficiency. In the findings of Xiong et al., they found
that under the same conditions the Ra of SiO2-abrasive-polished sapphire was lower than
that of silicon carbide (SiC) and Al2O3 [70]. It can be seen from the above research, due to
the high hardness of Al2O3, B4C, and diamond abrasives, its grinding force on sapphire
is strong, and the MRR of sapphire is high. But, they can easily leave deep scratches on
the surface of the sapphire, which seriously affects the surface quality of the polished
sapphire piece. The hardness of SiO2 is small; when the SiO2 is used as an abrasive, the
MRR and Ra of sapphire is low. All in all, considering that SiO2 has the characteristics of
easy synthesis, good dispersion, easily modifiable, and, at the same time, when SiO2 is
used as an abrasive the surface state of sapphire is excellent after polishing, and it is not
easy to produce scratches and other defects, so SiO2 is most often applied to the CMP of
sapphire as an abrasive [75].

Table 2. The MRR, surface finish, and scratch depth of various abrasives on sapphire CMP in ref. [67].

Abrasive Size (µm) Mohs Hardness MRR of Sapphire (mg/h) Ra (nm) Scratch (nm)

Monodiamond 0–0.25 10 0.22 ± 0.04 2.3 12
Polydiamond 0–0.25 10 0.13 ± 0.02 0.5 2

α-Al2O3 0.16 9 0.47 ± 0.08 0.4 0.8
α-Al2O3 0.2 9 0.43 ± 0.08 0.3 0.8
γ-Al2O3 3 8 0.2 ± 0.04 1.0 1

Silica 0.2 7 0.11 ± 0.03 0.4 1.0
ZrO2 0.4 6.5 0.13 ± 0.01 0.4 1.0
CeO2 0.64 6 0.00 ± 0.01 16 30

3.2.2. Changing the Particle Size and Concentration of the Abrasive

It is not only the type of abrasive that will affect the polishing effect of the polishing
material, but the sapphire CMP efficiency will also be affected by altering particle size and
concentration [68,76–84]. Table 3 lists the influence of particle size and the concentration of
the abrasive on the polishing efficiency of sapphire in some of the literature [68,77–84]. For
instance, Wang et al. used SiO2 abrasive with particle sizes of 20, 50, 80, and 100 nm for
CMP on sapphire, and found that the MRR of sapphire appeared as a linear relationship
with silica diameter and increased steeply from 2.02 µm/h to 3.64 µm/h with particle size
increasing from 20 nm to 100 nm (Figure 7A) [68]. When the particle size is 100 nm, the
MRR increased from 0 to 4.97 µm/h with the increase of concentration from 0 to 40 wt%.
Zhang et al. investigated the influence of the particle size and concentration of silica sol
on sapphire CMP [77]. In general, MRR is strongly dependent on abrasive concentration,
but also changes with particle size. Figure 7B disclosed that the larger the concentration,
the greater the sapphire MRR. It indicated that the large concentration aggrandized the
chance of touching among effective abrasives and the sapphire. With the larger abrasive
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size, the MRR aggrandized first and then declined, manifesting that the aggrandizing of the
abrasive size could enhance the contact acreage between the abrasive and the sapphire, but
the larger the size the faster the decline in touch. All in all, changing the concentration and
particle size of the abrasive can indeed improve the polishing efficiency of the sapphire.

Table 3. The influence of particle size and concentration of abrasive on the polishing efficiency
of sapphire.

Abrasive Size (nm) Concentration (wt%) MRR (µm/h) Conclusion Ref.

colloid silica 20, 50, 80, 100 20 2.02–3.64

With the increase of
size and concentration

of abrasive, the
sapphire MRRs

increase.

[68]
colloid silica 100 0–40 0–4.97 [68]
colloid silica 30, 60, 80, 100, 120, 140 10–30 / [77]
colloid silica 20–60 0–70 / [78]
colloid silica 20, 30, 40, 50, 60 / / [79]
mixed sol of
SiO2-Al2O3

20–30 SiO2 is 33, Al2O3 is
0–2.5 6–11.25 [80]

colloid silica 20, 55 / 0.42, 1.42 [81]

colloid silica 40, 72, 82.5 / 0.36, 0.56, 0.39 at 400
g/cm3 pressure [82]

colloid silica 40 6, 20, 40 wt% 0.36, 0.86, 1.23 [82]
silica particle / 5–40 wt% 0.3–1.38 [83]
colloidal silica 80 2–12 wt% 1.25–2.027 [84]
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3.2.3. Changing the Morphology of Abrasive

To enhance the polishing performances of silica sol, many researchers have carried
out abundant studies on nonspherical silica [75,85–88]. For instance, Dong et al. syn-
thesized chain-shaped irregular SiO2 using the chain structure of PEG200 and many
oxygen-functional groups [75]. The MRR of irregular silica nanoparticles increased by
58.7% compared to that of spherical silica nanoparticles. In addition, they synthesized
potato, chain- and flower-shaped irregular SiO2 nano abrasiades (ISNAs) using a nickel-ion-
induced effect growth method [86]. During the CMP process, the touch acreage between
sapphire and ISNAs aggrandized, the solid state reaction aggrandized, and MRR increased
by 22.72%. Non-spherical SiO2 as an abrasive is able to enhance its polishing performance
and expand its application potential. Xu et al. used a fresh dual-system microemulsion
template means to prepare a single irregular-flower-shaped SiO2 abrasive to replace the
traditional spherical SiO2 (Figure 8A) [87]. According to CMP tests, under 6% concentra-
tion, the MRR of flower-like silica was 217.4% of spherical SiO2 (Figure 8B). The Ra value
was also lower (Figure 8C). The mechanism of the flower-like silica to enhance the buffing
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efficiency was that its anomalous morphology enhanced the effective contact with the
sapphire (Figure 8D). In summary, the non-spherical SiO2 has a higher MRR to sapphire
than that of traditional spherical SiO2, because the contact area between non-spherical SiO2
and sapphire is increased, which leads to more solid-phase chemical reactions between the
abrasive and sapphire [87]. There are two disparate synthetic processes for nonspherical
silica. The first is to link several spherical SiO2 into dumbbell or thready-shaped SiO2;
the second is to synthesize individual nonspherical silica particle [85–88]. The former is
widely used in the research of improving the CMP of sapphire due to its ease of synthesis,
while the individual particle surface morphology of the latter is extremely irregular and
the preparation means are complex, which was not put into use.
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3.2.4. Constructing Composite Abrasives

At the moment, chemical modification of abrasives has been certified to be resultful in
enhancing the CMP performance of sapphire [89–109]. Table 4 demonstrates the influence of
the composite abrasives on the polishing efficiency of sapphire [89–92,98–100,105]. Typically,
in the work of Lei’s research group, they doped metal ions such as Co/Fe/Cu/Ni/Zn in
SiO2 to form metal-doped SiO2 composite abrasives, and found that solid chemical reactions
occurred on the surface of sapphire during the grinding process of composite abrasives and
sapphire [94–98]. The intermediate layer such as CoAl2O/AlFeO3/Al2CuO4/NiAl2O4/
Al2ZnO4 was formed and was easy to be removed. Under the same conditions, composite
abrasives exhibited higher MRR and lower Ra than pure SiO2 abrasives in CMP of sapphire
substrates. In addition to metal ion doping, Zhou et al. constructed a PS@CeO2/DND
compound abrasive [99]. Under the same conditions, the MRR of sapphires polished with
compound abrasives were 10%–20% higher than of onefold abrasive. The elevation in CMP
efficiency could be put down to the synergistic effect of the active CeO2 abrasive, the large
rigidity of DND, and the large resilience of PS balls. Furthermore, Wang et al. first proposed
a novel branched-chain inorganic polyelectrolyte (polymerized ferric aluminum zinc mag-
nesium silicate (PSMFAZ)) as an effective binder to modify colloidal SiO2, and constructed



Coatings 2023, 13, 2081 13 of 26

a PSMFAZ-SiO2 composite abrasive (Figure 9A) [100]. When the composite abrasive was
used in the CMP of sapphire, due to the adhesion of an inorganic polyelectrolyte to the
surface of colloidal SiO2, the electrostatic repulsion between the particles was reduced,
and the contact between the abrasive and sapphire was increased according to the Al XPS
(Figure 9B). Therefore, the soft layer formed by the chemical reaction could be quickly re-
moved, and the chemical–mechanical collaborative process was optimized, thus obtaining
a higher MRR (Figure 9C). The results showed that the MRR of the sapphire wafer was
increased by 23.76% compared with pure silica sol (Figure 9D). Furthermore, Wang et al.
prepared Al2O3-SiO2 core–shell nanoparticles, and then coated polyelectrolyte (PSMAZ)
on the surface using electrostatic adsorption to obtain a PSMAZ-Al2O3/SiO2-composite
abrasive [101]. Due to the good dispersion of composite abrasives, which accelerated the
mechanical removal process in sapphire CMP, the MRR of composite abrasives was 30%
higher than that of pure Al2O3 abrasives. All in all, the modification of abrasive parti-
cles mainly includes metal ion doping, the construction of binary or ternary composite
abrasives, polymer adhesion, and so on. Compared with a single abrasive, the composite
abrasive has a higher MRR and lower Ra for sapphire.

Table 4. The influence of the composite abrasives on the polishing efficiency of sapphire.

Composite
Abrasives The Changing Trend of MRR The Changing Trend of Ra Conclusion Ref.

Ag-doped
colloidal silica

MRR increases with the increase of
Ag+ doping amount

With increase of Ag+ doping
amount, Ra decreases first,
reaches the minimum, and

then increases
In the polishing process, the

doping of metal ions can
accelerate the solid-state

reaction between the abrasive
and the sapphire, thereby
increasing the MRR and

reducing the Ra of sapphire

[89]

Sm-doped
colloidal silica

MRR increases with the increase of
Sm3+ doping amount

With increase of Sm3+ doping
amount, Ra decreases first,
reaches the minimum, and

then increases

[90]

CeO2-doped
colloidal SiO2

MRR increases with the increase of
CeO2 doping amount

Ra decreases with increase of
CeO2 doping amount [91]

Ti-doped
colloidal SiO2

MRR increases with the increase of
Ti doping amount

Ra decreases with increase of
Ti doping amount [92]

Zn-doped
colloidal SiO2

With increase of Zn(OH)2 doping
amount, MRR increases first,
reaches the maximum, and

then decreases

With increase of Zn(OH)2
doping amount, Ra decreases

first, reaches the minimum,
and then increases

[98]

PS@CeO2/DND
MRR for PS@CeO2, PS@DND and
PS@CeO2/DND reached 1.2, 1.6

and 1.7 µm/h, respectively

Ra for PS@CeO2, PS@DND
and PS@CeO2/DND reached

1.25, 0.63 and
0.52 nm, respectively

Under the combined action of
super hard diamond particles,

chemically active abrasive
CeO2 and elastic PS balls,
PS@CeO2/DND has good

CMP performance

[99]

PSMFAZ-SiO2

With increase of PSMFAZ doping
amount, MRR increases first,
reaches the maximum, and

then decreases

With increase of PSMFAZ
doping amount, Ra decreases

first, reaches the minimum,
and then increases

The addition of PSMFAZ
reduces the electrostatic

repulsion between particles
and increases the contact

between sapphire and abrasive,
thus obtaining a higher MRR

[100]

γ-Al2O3/SiO2

With increase of SiO2 doping
amount, MRR increases first,
reaches the maximum, and

then decreases

With increase of SiO2 doping
amount, Ra decreases first,
reaches the minimum, and

then increases

After the introduction of silica,
the hydration of

gamma-alumina is prevented,
and the removal amount

is increased

[105]
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MRR with PSMFAZ concentration in abrasive [100]. Adapted with permission. Copyright 2019,
Elsevier B.V.

3.2.5. Changing the pH of the Slurry

The pH value of the slurry also markedly affects the MRR and Ra of sapphire in the
CMP course. In general, when the pH of the slurry changes, the zeta potential and size of
the abrasive will change. The formation trend of the hydration reaction layer also changes
with pH value. It is well known that nitric acid (HNO3), potassium hydroxide (KOH),
sodium hydroxide (NaOH), and strontium hydroxide (Sr(OH)2) are often used as inorganic
alkaline pH regulators [77,110–113]. The FA/O chelating agent, aminopropanol (AMP)
and sodium metasilicate (SMSN) are organic base pH regulators [114,115]. As we all know,
Al2O3 is an amphoteric oxide that will react with acids or bases. However, sapphire is
a kind of ceramic Al2O3, which is not easy to etch using acid and alkali, so the reaction
between acid or alkali and sapphire is very sluggish [116]. The acid or base reaction is
shown in Equations (10)–(15). Under acidic conditions, the surface of sapphire is positively
charged and covered by Al3+ and Al-OH species. Under alkaline conditions, the surface
is negatively charged and covered with Al-OH and AlO2

− species. Generally speaking,
the acid polishing is easy to cause corrosion and damage to the equipment, so alkaline
polishing is generally prepared with an alkaline pH regulator.

Al2O3 + 6H+ = 2Al3+ + 3H2O (10)

Al(OH)3 + 3H+ = Al3+ + 3H2O (11)
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AlO(OH) + 3H+ = Al3+ + 2H2O (12)

Al2O3 + 2OH− = 2AlO2
− + H2O (13)

Al(OH)3 + OH− = AlO2
− + 2H2O (14)

AlO(OH) + OH− = AlO2
− + 2H2O (15)

Table 5 summarizes the effect of a pH regulator on the polishing efficiency of sap-
phire [110–114]. For instance, Yin et al. used Sr(OH)2 to adjust the pH value of the polishing
solution [113]. According to XPS and XRD data, compared with the traditional KOH pH
regulator, Sr(OH)2 could promote the break of Al-O-Al chemical bonds in sapphire, and
form SrAl2Si2O8 and SrAl2O4 interlayers that could be easily removed (Figure 10A,B). As a
result, the MRR of sapphire was higher when the pH regulator is Sr(OH)2 (Figure 10C,D).
Wang et al. mixed macromolecular FA/O chelating agents with KOH as a novel pH regu-
lator [114]. Figure 10E uncovered that the MRR of sapphire was first enhanced and then
declined with the increase of the mixed base volume, and Ra changed in reverse situation.
Because the atomic structures of c-plane and r-plane sapphires were disparate, the difficulty
and thickness of the hydrated layer form on sapphire were disparate. Under the same
conditions, the MRR of c-plane and r-plane sapphires were 3.23 µm h−1 and 0.607 µm h−1,
respectively, and the Ra were 0.226 nm and 0.309 nm, respectively (Figure 10F,G).

Table 5. The effect of pH regulator on the polishing efficiency of sapphire.

pH Conditioning
Agent

The Changing Trend
of MRR

The Changing Trend
of Ra Conclusion Ref.

KOH, HNO3

As the pH increases,
from acidic to basic, the

MRR gradually
increases until it

is saturated

Ra has barely changed

When pH changes, the MRR of sapphire is
mainly affected by the change of Zeta

potential of abrasive and hydration layer
formed in sapphire. Due to electrostatic

attraction, more abrasives are involved in
the polishing process under acidic

conditions, which increases the MRR
under acidic conditions. Under alkaline

conditions, the surface of sapphire is more
likely to form a hydration layer, so the

MRR of sapphire under alkaline
conditions is higher

[110]

KOH

Under basic conditions,
MRR increased with

the increase of
pH value

Ra decreases with
increase of
pH value

The higher the pH value, the thicker the
hydration layer formed on the sapphire

surface, and the faster the sapphire
removal rate

[112]

Sr(OH)2

With increase of pH
value, MRR increases

first, reaches the
maximum, and
then decreases

/

Sr(OH)2 can not only condition the pH of
the polishing liquid, but also hydrate with

the sapphire, promoting the chemical
reaction between the slurry and the

sapphire substrate

[113]

FA/O and KOH
When the volume ratio
of FA/O to KOH is 1:20,
the MRR is the highest

When the volume ratio
of FA/O to KOH is 1:20,

the Ra is the lowest

When the mixed base of the organic base
and KOH is used as a pH regulator, the
strong base can maintain the alkaline

environment, enhance the stability of the
slurry, the organic base can precipitate

OH− precipitate, and the reaction product
can be removed in time, resulting in the

reduction of MRR

[114]
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group in the complexing agent could be complexed with the surface of Al2O3 to form a C-
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Figure 10. (A) XRD analysis of polished sapphire with unblended and blended Sr(OH)2 fluid.
(B) XPS analysis of element Sr after polishing using Sr(OH)2 blended fluid. The influence of the pH
value regulated by KOH (C) and Sr(OH)2 (D) to the MRR of sapphire in a/r/c plane [113]. Adapted
with permission. Copyright 2019, Electrochemical Society. (E) When the pH was 10, the variation of
MRR and Ra with the volume ratio of mixed alkali. Ra of c-plane (F) and r-plane (G) sapphires with
mixed base volume ratios of 1:20 and 1:10, respectively [114]. Adapted with permission. Copyright
2017, Electrochemical Society.

3.2.6. Changing the Complexing Agent

In CMP, material removal is achieved through a combination of chemical and me-
chanical actions. On various occasions, if the removable substance cannot be taken away
from sapphire in time, it will adhere to the surface of sapphire, thus affecting its buffing
quality. Complexing agents can trap residual metal cations on the surface of sapphire
wafers and carry the ions away from the polished surface in the form of soluble complexes.
Complexing agents are key chemical components in CMP slurry. At present, the main
CMP complexing agents are sorbitol, triethanolamine (TEA), sodium gluconate (Gluc),
ethylenediamine tetraacetic acid (EDTA), 1, 2-dimethyl-3-hydroxy-4-pyridine (DHPO), and
other compounds with hydroxyl or carboxyl groups [62,117–122]. Table 6 shows the effect
of the complexing agent on the polishing efficiency of sapphire [117–120]. For example,
Xie et al. developed the environmentally friendly polishing slurry using sorbitol or TEA as
coordination agents to solve the hazards of traditional additives to operators and the envi-
ronment [62]. The chelating agent in the polishing slurry chelated with Al(OH)4

− ions on
the sapphire surface to form a soluble complex, which increased the removal of Al(OH)4

−

ions. Qu et al. investigated the effect of the hydroxy–carboxylate complexing agent on
m-plane sapphire CMP [118]. As shown in Figure 11A, during the polishing procedure,
Al(OH)4

− ions were formed on the sapphire surface, which would be chelated with sodium
gluconate(Gluc) to shape the Al(OH)4

−/Gluc− chelate. This chelate was solvable and
easily wiped off with abrasives, thus enhancing the MRR of the sapphire. As a consequence,
the MRR of the m-plane sapphire was elevated to 5.358 µm h−1, which was 50% lager than
that of the baseline fluid, and the surface root-mean-square roughness was minished to
0.172 nm (Figure 11B,C). Zhang et al. investigated the influence of different complexing
agents, namely sodium oxalate (Na2C2O4), aminotriacetic acid (NTA), ethylenediamine
tetraacetic acid disodium (EDTA-2Na), and diethyl triamine pentaacetic acid (DTPA) on
alumina slurry in sapphire CMP [119]. It was assumed that the carboxyl group in the com-
plexing agent could be complexed with the surface of Al2O3 to form a C-O-Al bond, which
increased the spatial resistance between molecules and improved the dispersion of Al2O3
(Figure 11D). When the number of carboxyl groups in the molecule increased to four or
more, there were still redundant active sites. During the polishing process, this additional
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active site might be complexed with Al(OH)3 on the sapphire surface to form a softened
C-O-Al structure, which was more easily removed using Al2O3 particles in the polishing
slurry during the polishing process. However, when the number of carboxyl groups in the
complexer molecule was increased to five (DTPA), a DTPA molecule could be complexed
with several Al2O3 particles, resulting in a higher attraction than the steric resistance. In
theory, the larger the molecular weight, the longer the molecular chain formed, and the
stronger the spatial resistance and even bending and winding, resulting in agglomeration
between particles, further resulting in a decline in polishing rate. The results showed
that with the increase of the carboxyl group number in the complexing agent, the MRR of
sapphire increased first and then decreased (Figure 11E). When the complexing agent was
EDTA-2Na (carboxyl group number is four), the removal rate of the sapphire could reach
about 4.0 µm/h, which was 52% higher than that without the complexing agent, and the
surface roughness of the sapphire was 0.96 nm, which was 51% lower than that without
the complexing agent (Figure 11F).

Table 6. The effect of a complexing agent on the polishing efficiency of a sapphire.

Complexing Agent The Changing Trend of MRR Conclusion Ref.

Sorbitol /

The Al(OH)4
− ions formed on the

sapphire surface chelate with the
chelating agent to form chelates. Chelates
are soluble and easily removed from the

sapphire surface by abrasives, so the
MRR of a sapphire can be increased

[117]

PT, Cit, Gluc With the addition of PT, Cit, and Gluc,
MRR increases first and then decreases [118]

NaAc, Na2C2O4, NTA,
EDTA-2Na, and DTPA

MRR first increased and then decreased
with the increase of carboxylic acid in the

complex agent
[119]

Chitosan oligosaccharide

With the increase of chitosan
oligosaccharide doping amount, MRR

increases first, reaches the maximum, and
then decreases

[120]
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diagram of M-plane sapphire CMP. (C) the surface roughness of slurry polished wafers after opti-
mization [118]. Adapted with permission. Copyright 2023, Elsevier B.V. (D) chelating formulas
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between complexing agents and Al2O3 particles: Na2C2O4, NTA, EDTA-2Na, and DTPA, respectively.
MRR (E) and Sa (F) changes with the number of carboxyl groups in the complex agent [119]. Adapted
with permission. Copyright 2023, Elsevier B.V.

3.2.7. Other Additives

In addition to the above abrasive, complexing agents and pH regulators, and other
components of the polishing slurry such as surfactants, oxidants, catalysts, etc., will also
impact the MRR and Ra of sapphire [77,123–132]. For instance, surfactants have multiple
properties such as adhesion and osmosis, which can dramatically alter the interface proper-
ties of the solution. For instance, as demonstrated in Figure 12A, Zhao et al. added anionic
surfactants to the fluid to wrap silica sol, so that particles appear in the mutually exclusive
state rather than gathering [126]. Meanwhile, surfactants also had a tutelar effect on the de-
pression of sapphire. The experimental results demonstrated that the MRR of the sapphire
was influenced by the amount of surfactant (Figure 12B). Zhang et al. researched the effect
of the type of metal salt on sapphire CMP [77]. As shown in Figure 12C,D, in addition
to fluoride, most alkali metal salts and halides could be used as polishing accelerators to
improve the MRR of sapphire, because the double electric layer of colloidal silica particles
could be densified with enhanced ion concentration in the fluid, and, consequently, abra-
sives gathered. Hence, within a particular concentration scope, the MRR enhanced with
the increase of metal salt concentration. However, when the concentration of metal salt was
too large, the abrasive accumulation was too serious and the MRR would decline. Lu et al.
added K2S2O8 catalyst in the polishing fluid, which could react with a sapphire surface to
elevate the polishing effect of sapphire. The consequences manifested that the MRR of c-,
a-, and r-plane sapphire were as high as 8.235 µm h−1, 3.314 µm h−1, and 3.053 µm h−1,
respectively [130]. Xu et al. found that when non-precious metal material Fe-NX/C was
used as a catalyst, the MRR of sapphire during the CMP process in SiO2-based polishing
slurry could be increased by 15.44% (Figure 12E) [131]. On the basis of the above, they also
developed a new iron-based catalyst SoFeIII, which significantly improved the removal rate
of sapphire, with a removal rate of 7.21 µm/h, which was 1.66 times the removal rate of
catalyst-free paste (Figure 12F) [132].

3.3. Introducing Other Polishing Processes

Although researchers have continuously elevated the machining efficiency and surface
quality of sapphire by improving the polishing-process parameters or the composition
of the polishing slurry, the time cost is still very high, and the surface quality is difficult
to improve. Therefore, the development of new sapphire-polishing technology is still a
top priority. At present, many researchers are exploring how to introduce new processes
into sapphire CMP to improve the CMP efficiency of sapphire. Among them, ultrasonic
(UV)-assisted CMP is currently the most commonly used technology to assist in improving
sapphire CMP [133–137]. For instance, Xu et al. employed conventional CMP and an
ultrasonic bending vibration (UFV) assisted CMP (UFV-CMP) to polish sapphire substrates
under different pressures, respectively (Figure 13A) [134]. UFV-CMP endowed traditional
CMP equipment with ultrasonic processing functions. The MRR of UFV-CMP was twice as
large as that of traditional CMP. The surface roughness of the polished sapphire substrate of
UFV-CMP is 0.83 Å. Zhou et al. proposed a novel model of MRR to explore the mechanism
of sapphire UA-CMP [137]. It contained two modes, namely two-body wear and abrasive
impact. The experiments manifested that when the revolving speed elevated from 40 to
80 r min−1, the MRR elevated by about 63%. The Ra after polishing was declined from
0.10 nm to 0.07 nm. Xu et al. used gas–liquid-assisted chemical–mechanical polishing
(GLA-CMP) instead of traditional CMP to improve the surface polishing efficiency of
sapphire wafers (Figure 13B) [35]. The experimental results showed that the removal rate
of sapphire by the GLA-CMP process was 77.6 nm min−1, which was 10.23% higher than
that using the traditional CMP process. Under normal circumstances, what we call CMP
refers to the single-sided CMP, that is, only one side of the sapphire is polished. However,
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single-sided CMP usually has the problem of a low polishing rate, so some researchers
have proposed the introduction of double-sided CMP into the sapphire CMP process, and
it has been proved that the working efficiency of double-sided CMP is higher than that
of single-sided CMP [138,139]. For instance, Li et al. explored the working efficiency of
dual-sided CMP of sapphire, and the results showed that the MRR and Ra of dual-sided
sapphire CMP were significantly superior to that of single-sided CMP under the same
parameters (Figure 13C) [139]. Compared with single-sided CMP, the MRR of dual-sided
sapphire CMP was improved by 14.016 nm/min, and better surface quality could also be
obtained under higher polishing pressures.
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Figure 12. (A) Surfactant distribution on sapphire surface. (B) Relation between MRR of r-plane
sapphire and surfactant concentration [126]. Adapted with permission. Copyright 2018, Electrochem-
ical Society. (C) Relation between MRR of sapphire and concentration variations of three halogen
salts. (D) The variation of sapphire MRR with the concentration of metal salt [77]. Adapted with
permission. Copyright 2017, Electrochemical Society. (E) Dependence of the sapphire removal rate on
the Fe-Nx/C concentration in the suspension (unit: %, compared with the MRR using catalyst-free
polishing slurry) [131]. Adapted with permission. Copyright 2015, Elsevier B.V. (F) Sapphire MRR
with catalyst drying at different temperature [132]. Adapted with permission. Copyright 2018,
Elsevier B.V.
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4. Summary and Outlook

As shown in this review, the research and application of sapphire CMP has shown a
booming trend with the passage of time. Owing to the rapid development of semiconductor
technology, higher requirements are being put forward for the machining efficiency and
surface quality of sapphire. For example, the sapphire used for the LED substrate requires
its surface roughness to be between 0.2–0.5 nm after polishing [34]. However, it is still
a tremendous challenge to obtain a satisfactory chemical–mechanical polishing result in
view of the significant rigidity, brittleness, and chemical inertness of sapphire. This paper
reviews the recent research progress of sapphire CMP, including the mechanism of sapphire
CMP, and how to elevate the efficiency of sapphire CMP. According to the composition
of the sapphire CMP polishing system, the processing efficiency and surface quality of
sapphire CMP can be improved for both the mechanical and chemical aspects. For the
mechanical aspect, it is necessary to improve the polishing process, such as by optimizing
the polishing pressure and polishing speed. For the chemical aspect, it is necessary to
optimize the composition of the polishing liquid. For instance, changing the hardness, size,
and morphology of abrasives, constructing composite abrasives, changing the pH value of
polishing slurry, changing the complexing agent of polishing slurry, adding other additives,
and introducing new polishing auxiliary processes, such as ultrasonic-assisted polishing
or gas–liquid-assisted polishing process. We expect that the findings of this review will
drive the further development of sapphire CMP. To better develop advanced sapphire CMP
processes, the following pressing issues must be considered:
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1. The change of polishing parameters will influence the polishing efficiency of sapphire
CMP, but the mechanism by how polishing parameters affect the effect of sapphire
CMP is still controversial.

2. The deep mechanism of the influence of abrasive hardness, and particle size and
concentration on sapphire CMP has not been fully explored, and the interaction
mechanism between the abrasive and sapphire is still controversial.

3. The mechanism of interaction between other components such as surfactants, oxidants,
and chelating agents in the polishing fluid and sapphire needs to be further explored.
Only in this way, we can clearly understand the role of each component in the sapphire
CMP, and better configure the polishing slurry.

4. New and simple polishing supplementary means should be introduced into the
CMP process of sapphire to improve the polishing efficiency and polishing quality
of sapphire.

In summary, based on in-depth research and the emergence of higher demand, sap-
phire CMP has received more and more attention in the literature. However, we still have
many challenges to resolve. We hope that the literature review on the progress of the
sapphire CMP process will be helpful to the further development of the sapphire CMP
process in the future.
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