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Chemical mechanical polishing (CMP) is a process that uses mechanical 
abrasive particles and chemical interaction in slurry to remove materials 
from the surface of films. With advancements in semiconductor device 
technology applying various materials and structures, SiO2 (silica) 
nanoparticles are the most chosen abrasives in CMP slurries. Therefore, 
understanding and developing silica nanoparticles are crucial for 
achieving CMP performance, such as removal rates, selectivity, 
decreasing defects, and high uniformity and flatness. However, despite 
the abundance of reviews on silica nanoparticles, there is a notable gap 
in the literature addressing their role as abrasives in CMP slurries. This 
review offers an in-depth exploration of silica nanoparticle synthesis 
and modification methods detailing their impact on nanoparticle 
characteristics and CMP performance. Further, we also address the 
unique properties of silica nanoparticles, such as hardness, size 
distribution, and surface properties, and the significant contribution of 
silica nanoparticles to CMP results. This review is expected to interest researchers and practitioners in semiconductor manufacturing and 
materials science.
Keywords: CMP (Chemical mechanical polishing), silica nanoparticles, synthesis, modification, surface functionalization, core-shell 
structure

1. Introduction
Chemical mechanical polishing (CMP) is a technique 

employed in the semiconductor fabrication process to re-
move material from the surface of films during integrated 
circuit (IC) manufacturing (Lee et al., 2022; Paik U. and 
Park J.-G., 2009). The process involves a chemical slurry 
and mechanical polishing by abrasive nanoparticles to 
achieve high planarity and smoothness on the film surface 
(Ein-Eli and Starosvetsky, 2007; Lee et al., 2016). IBM 
first developed and commercialized CMP in the late 1980s 
to planarize layers of silicon dioxide (SiO2) during the 
fabrication of microelectronics (Beyer, 2015; Fury, 1997). 
CMP has attracted attention as a key step in manufacturing 
integrated circuits, including microprocessors, memory, 
and logic devices, due to growing demand for higher inte-
gration densities and smaller device sizes, which require 

greater control over surface topography (Zwicker, 2022).
Fig. 1 illustrates the CMP process and the role of 

nanoparticles in CMP slurry (Mikhaylichenko, 2018; Seo, 
2021). A multiple platen design offers flexibility in pad 
materials, slurries, and conditioning processes, enabling 
high throughput and optimized polishing. Wafers are 
cleaned after CMP and transferred back to their boxes by a 
robotic arm. A slurry is applied to the polishing pad, and the 
wafer rotates on a custom CMP table, where mechanical 
and chemical actions remove imperfections. After several 
steps, the wafer becomes ultra-smooth and ready for subse-
quent fabrication stages (Srinivasan et al., 2015).

The slurry consists of stable suspensions of abrasive 
nanomaterials, such as Al2O3 (alumina), SiO2 (silica), and 
CeO2 (ceria), dispersed in water with prescribed chemicals 
(Armini et al., 2008; Feng et al., 2006; Parker, 2004). The 
choice of abrasive nanoparticles depends on the type of 
polishing required. Silica is an abundant, representative, 
and versatile particle that minimizes defects and scratches, 
improves planarity and uniformity, and increases removal 
rates and selectivity (Lee et al., 2015).

Interactions between particles in suspended media are 
related to dispersion stability of the particles. Agglomerated  
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particles in CMP slurry can cause surface defects,  
reduce the CMP removal rate, and damage neighboring 
patterns, resulting in lower selection ratio. In particular, 
aggregate particles larger than 1 μm in diameter are a lead-
ing cause of scratch defects on films (Armini et al., 2008; 
Lu et al., 2013; Seipenbusch et al., 2010; Shin et al., 2019). 
Van der Waals and electrostatic forces are critical factors 
influencing the cohesion and stability of particles in sus-
pended media. Van der Waals forces always act as an at-
tractive force between particles, and a system dominated 
by van der Waals forces results in particle agglomeration. 
The electrostatic force that acts as a repulsive force be-
tween two particles is the electrostatic force. In the aqueous 
system, the adsorbed ions on the nanoparticles determine 
the repulsive force between the particles. Ions distributed 
around the nanoparticle form an electric double layer 
(EDL) (Hayashi et al., 1995). The Coulomb force produced 
by an EDL is an electrostatic and repulsive force between 

particles of the same material; the thicker the EDL, the 
stronger the repulsive force between the particles and the 
weaker the agglomeration (Gun’ko et al., 1998). These 
forces can be controlled by adjusting the slurry chemistry, 
and nanoparticle engineering can help maintain a stable 
slurry, prevent particle agglomeration, and ensure a suc-
cessful polishing process.

Material removal occurs when abrasive particles and the 
substrate surface are in direct contact (Luo and Dornfeld, 
2003). Contact between abrasive particles and films also 
occurs when van der Waals and electrostatic forces domi-
nate the attraction, resulting in higher removal rates. Con-
trolling the attraction or repulsion between abrasive 
particles and the film surface is critical for improving re-
moval rates and selectivity. A model based on the contact 
mechanism has been proposed to explain the mechanical 
aspects of the material removal mechanism (Seo et al., 
2016b). According to the model, the greater the total  

Fig. 1  Schematic illustrations of a standard CMP tool highlighting the influence of nanoparticle properties in the slurry on the CMP process. Key 
factors, such as the dispersion stability of nanoparticle abrasives in the slurry, interactions between particles and the film, the nanoparticle’s elastic 
modulus and hardness, as well as their catalytic effects, are illustrated. These factors are crucial in determining the overall outcomes of CMP.
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contact area between the particle and the film, the greater 
the removal rate. Assuming all particles participate in ma-
terial removal, the particle-film surface contact area is cal-
culated as A ∝ C1/3 ⋅ d–1/3, where C is the concentration of 
abrasive particles, and d is the abrasive diameter (Basim et 
al., 2000). However, only abrasive particles larger than the 
gap between the polishing pad and the film surface (active 
particles) can contribute to material removal (Seo, 2021).

Another key property of nanoparticles can affect CMP 
performance. First, the catalytic effect of nanoparticles can 
improve the removal rate during metal CMP by enhancing 
the oxidation reaction (Lei et al., 2012; Wang et al., 2016). 
Second, the mechanical properties of the particles. The 
ability to control the elastic modulus can increase the re-
moval rate by enlarging the contact area with the film and 
reducing scratches and roughness (Chen et al., 2019; Mu 
and Fu, 2012). Moreover, improving the abrasive surface 
hardness is advantageous for achieving higher removal 
rates, especially when working with films with relatively 
high hardness and chemical stability, such as alumina, sili-
con carbide (SiC), and tungsten (Dai et al., 2020). There-
fore, careful selection and use of nanoparticles with these 
desirable properties can significantly impact the efficiency 
of CMP.

As the materials for the next generation of semiconduc-
tor devices become more diverse and the device structures 
more complex, the performance requirements for CMPs 
are becoming increasingly stringent. Silica nanoparticle 
abrasives, which can reduce defects and scratches, improve 
flatness and uniformity, and increase removal rates and se-
lectivity, are among the most popular materials. This re-
view of silica nanoparticles as CMP abrasives is organized 
in the following order: properties of nanoparticles that af-
fect CMP, silica particle synthesis methods and their prop-
erties, and finally, silica nanoparticle modifications such as 
surface functionalization, coating or doping with other 
materials, and core-shell structure formation to overcome 
the limitations of conventional synthesis methods.

2. Nanoparticle properties and their impact 
on CMP

Nanoparticle abrasives in slurries can affect CMP results 
due to their dispersion stability, interactions between parti-
cles and film, elastic modulus and hardness, and catalytic 
effects (Fig. 1). Dispersion stability is closely related to 
interactions between nanoparticles (Kawaguchi, 2020). 
When there is a sufficient repulsive force between nanopar-
ticles, dispersion stability increases. A slurry with high 
dispersion stability prevents scratch defects caused by ag-
glomerated particles and contributes to improved planarity 
through uniform removal on the film surface and increased 
removal rates by enlarging the contact area (Choi et al., 
2004). Interactions between particles and films affect the 
number of active particles (Wang et al., 2022). Increasing 

the force between particles and films increases both the 
number of active particles and removal rate (Hwang et al., 
2008). This is also important for selectivity control in pat-
terned wafers (Seo et al., 2014). The elastic modulus and 
hardness of the particles are related to the removal rate and 
defects. Depending on the target film, particle design 
should consider whether the main issue is high defects or 
low removal rate (Kwon et al., 2013; Saka et al., 2008). The 
last catalytic effect refers to the effect of particles on the 
promotion of chemical reactions on the film surface (Wang 
et al., 2021). To improve the performance of CMP, it is 
necessary to understand and control these nanoparticle 
properties.

2.1 Interactions between nanoparticles in 
suspension

Between 1945 and 1948, two research teams, one led by 
Derjaguin and Landau in the Soviet Union and the other by 
Verwey and Overbeek in the Netherlands, independently 
proposed a theory regarding repulsion between charged 
particles in water (Ninham, 1999). This is now commonly 
referred to as the DLVO theory, after the initials of the four 
scientists involved (van Oss, 2008).

The DLVO theory suggests that the stability of a particle 
in solution depends on its total potential energy function 
(VT). The primary potential energy between two particles 
arises from the attractive van der Waals force (VA) and the 
electrostatic force (VR) from the electrical double layer. An 
extended DLVO theory, which incorporates the steric force 
(VS) due to adsorbed layers of polymers or surfactants, has 
been proposed to better explain the stabilization of colloi-
dal systems (van Oss, 2008). This can be represented by the 
equation:

VT = VA + VR + VS (1)

The van der Waals force is the attraction resulting from 
the instantaneous dipoles formed by temporary polariza-
tion of atoms and the induced dipoles caused by these in-
stantaneous dipoles (Fig. 2(a)) (Margenau, 1939). This 
force is always present in nanoparticles within a dispersion 
and becomes significantly stronger when the distance be-
tween particles decreases. The van der Waals force is a 
major reason for particle agglomeration. The equation for 
the van der Waals force between two spherical particles 
(Hamaker, 1937) can be expressed as
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where A is the Hamaker constant, s is the distance between 
the two particles, and R is the radius of the spherical parti-
cle. When the distance between two particles is small 
enough, as in Eqn. (3), the expression can be approxi-
mated. According to this equation, the larger are the parti-
cles, the shorter is the distance; and the higher is the 
Hamaker constant, the stronger is the van der Waals force. 
The Hamaker constant is determined by the dielectric con-
stant and refractive index of the nanoparticles and the dis-
persion medium (Bergström, 1997). The Hamaker constant 
is difficult to manipulate once the materials of nanoparti-
cles and medium are determined. Much research into in-
creasing dispersion stability has been directed toward 
increasing the repulsive forces rather than reducing van der 
Waals forces (Tolias, 2018).

Charges on particle surfaces can influence electrostatic 
forces. In an aqueous system, nanoparticles acquire charges 
based on pH (Serrano-Lotina et al., 2023). In acidic condi-
tions, they carry a positive charge, which gradually weak-
ens as the pH increases, and they carry a negative charge in 
alkaline conditions. A surface charge occurs because pro-
tons adsorb and bind to a particle surface under acidic 
conditions, generating a positive charge. A negative charge 
arises as the pH increases and hydroxide ions become more 
prevalent. In other words, the degree of surface charge de-
pends on the reactivity with protons or hydroxide ions.

When a particle acquires a surface charge by binding 
with a proton or hydroxide ion, counter ions are adsorbed 
to the exterior, forming an EDL, which consists of a Stern 
layer (the first layer strongly bound to the particle surface) 
and a diffusion layer outside of which ions are distributed 
(Fig. 2(b)). The two layers differ because the potential lin-
early decreases with distance in the Stern layer, where the 
particles are strongly bound (Lunardi et al., 2021). In con-
trast, in the diffusion layer, the effects of surface charge and 
thermal motion are considered together, resulting in para-
bolic potential behavior.

Each material has a pH at which the charge becomes 
zero, called the isoelectric point (IEP) (Seo et al., 2016a). 
The IEP varies by material, and it is important to under-
stand the IEP of each material and to select a pH that 
maintains sufficient electrostatic repulsive force. For exam-
ple, pure silica typically has an IEP of 2 to 3, and alumina 
has an IEP of 9 (Kosmulski, 2009). The IEP is inversely 
proportional to the electronegativity of the metal  
composing the oxide, with a higher electronegativity lead-
ing to a lower IEP (Bebieet al., 1998). Factors affecting IEP 
also include particle functional group and crystal facet 
number and impurity.

The steric force between particles is caused by the ad-
sorption of polymers (Fig. 2(c)). Steric forces can be 
largely divided into the force for volume restriction (ΔGVR) 

Fig. 2  Interactions between nanoparticles in CMP slurry according to DLVO theory: (a) van der Waals force, (b) electrostatic force, (c) steric force and 
(d) the potential as a function of the distance between two particles derived from their net potential. Reproduced from Ref. (Moore et al., 2015) with 
permission from the Royal Society of Chemistry.
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and the force by mixing energy (ΔGM). The former rep-
resents the repulsive force caused by the volume of the 
polymer, while the latter is caused by osmotic pressure due 
to the affinity between the solvent and the polymer as the 
polymer layers approach each other (Sedev and Exerowa, 
1999). When the adsorbed particles of the two polymers are 
separated by less than the distance between the polymer 
layers, a force due to ΔGM is generated. At this point, the 
relationship between the polymer and the solvent is import-
ant. In an effective solvent with a strong affinity between 
the polymer and the solvent, the solvent penetrates by os-
motic pressure and causes a repulsive force (Babchinand 
Schramm, 2012). When the two particles approach each 
other, a repulsive force is generated by ΔGVR.

The interaction between two particles, depicted in 
Fig. 2(d), is determined by the combined forces of van der 
Waals forces, the electrostatic force due to the EDL, and 
steric forces. If this value is positive, repulsive forces dom-
inate, resulting in higher dispersion stability. If it is nega-
tive, attractive forces dominate, and the particles 
agglomerate (Moore et al., 2015).

2.2 Interactions between nanoparticles and film 
during CMP

When nanoparticles and film substrates interact in an 
aqueous system, the adhesion between them is influenced 
by van der Waals, electrostatic, and steric forces. These 
forces can either attract or repel particles from the surface, 
affecting the rate of removal. Measuring these forces di-
rectly can be difficult, but atomic force microscopy (AFM) 
can now gauge the net force between the particles and 
substrate (Kappl and Butt, 2002). AFM is a powerful tool in 
various research fields, including powder technology. It 
uses a probe with a sharp tip to scan the surface of a sample 
and detect the reflected laser beam to create an image 
(Shluger et al., 1994). An AFM instrument has a basic 
configuration, consisting of a micro-machined cantilever 
with a sharp tip, a piezoelectric scanner, and a photodiode 
detector (Fig. 3(a)). AFM can also be performed in liquid 
environments using a fluid cell (Dorobantu et al., 2009).

To apply AFM to force measurement, the probe or sam-
ple substrate is moved vertically (z-direction) to change the 
distance between the probe and the surface (Kappl and 
Butt, 2002). By attaching a colloidal nanoparticle at the end 
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Fig. 3  Analysis of particle-film interactions through force-distance curve measurements by AFM: (a) schematic of AFM equipment, (b) an AFM 
cantilever with colloidal particles attached, (c) force-distance curve measurement results using an AFM cantilever with colloidal particles attached, 
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of the pointed tip, the force-displacement curve between 
the particle and substrate can be obtained. For colloidal 
probes (Fig. 3(b)), spherical particles between 2 μm and 
40 μm in diameter are typically attached to the probe with 
an epoxy adhesive or hot-melt epoxy resin (Ralston et al., 
2005).

For the force in Fig. 3(c), the attraction between the 
surfaces is sensed. When the surfaces are in contact, the 
change in cantilever deflection is equal to the change in 
displacement, often represented by a linear region called 
the constant compliance region (Ishida and Craig, 2019). It 
is necessary to focus on the shape of the curve, which sud-
denly decreases or increases before re-entering the constant 
compliance region (Fig. 3(d)). When attraction is a strong 
function of separation, the instability of the cantilever often 
causes the surfaces to “jump in” to a contact (denoted by A 
and A’ in Fig. 3(c)). This occurs when the gradient of the 
interaction force with separation distance exceeds the 
spring constant of the cantilever. As the surfaces separate, 
adhesion may appear between them. In this case, the canti-
lever typically “jumps out” with zero interaction force, as 
represented by point B in the figure. This is the opposite 
effect of jumping in. If the system were applied to a repul-
sive force, the curve would instead bend to a positive value 
first before reaching the compliance region.

2.3 Mechanical properties of nanoparticles
AFM nano-indentation is an effective method to deter-

mine the elastic behavior of samples by analyzing force- 
displacement curves and nano-indentation data. Passeri et 
al. (2011) used AFM to measure the elastic modulus (E) 
and hardness of polyaniline films on glass substrates. 
Nowatzki et al. (2008) computed the E values of thin films 
using the thin-film Hertzian model. Song et al. (2008) as-
sessed the E values of PS, polymethylmethacrylate 
(PMMA) spheres, and PMMA/silica composites by apply-
ing an AFM force-volume technique and Hertz’s theory of 
contact mechanics (Table 1) (Chen et al., 2015a).

In AFM indentation tests, the shape of the indenter (can-
tilever tip) significantly influenced the calculated results. 
Indenters can be modeled in two geometries: spherical or 
conical (depicted in Fig. 4(a) and (b)). Eqns. (4) and (5), 
which are related to force, indentation, and Young’s modu-
lus, were utilized to compute the results, where F rep-
resents the indentation force, δ denotes the indentation 
depth, R is the tip radius, and α is the half-opening angle of 
the conical tip. The reduced modulus of elasticity (E*) can 
be calculated using E and ν for the sample and Et and νt for 
the AFM tip, as shown in Eqn. (6). If the elastic modulus of 
the indenter is much greater than that of the sample, E* can 
be simplified, as shown in Eqn. (7) (Chen et al., 2015a).
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Table 1  Core shell structure mechanical properties by the composition of particles. Reprinted with permission (Chen et al., 2015a). Copyright: (2015) 
Elsevier B.V.

Samples Core size [nm] Shell thickness [nm] E [GPa]

PS 200 — 2.01 ± 0.70

PS/SiO2 200 10 4.42 ± 0.27

PS/SiO2 200 15 5.88 ± 0.48

PS/SiO2 200 20 9.07 ± 0.94

PS 120 — 2.80

PS/CeO2 120 8 7.93

PS 120 12 8.25

PS 120 16 10.67

PMMA 367 — 4.3 ± 0.7

PMMA/SiO2 367 15 4.5 ± 0.7

PMMA/SiO2 367 30 10.3 ± 1.5

PP 200–500 — 1.3–2.8

Bulk PP — — 1.5–2.0

Bulk PS — — 2–5

Bulk SiO2 — — 75, 72

Bulk CeO2 — — 264.1
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Chen et al. (2015a) conducted experiments by depositing 
particles through spin coating on the substrate (Fig. 4(c)). 
They measured the modulus of the particles by contacting 
the tip at the location where the particle was located and 
measuring the F value according to the depth of indenta-
tion. Fig. 4(d) shows the force-distance curve of a spin-
coated deposit of nanoparticles on a substrate. Retract 
curve was fitted using the Hertzian model (using a spheri-
cal indenter), and as shown in this figure, the fitted curve 
was mainly consistent with the force-distance curve. This 
fitting allowed us to measure the elastic modulus of the 
nanoparticle using the force-distance curve.

There are several possible sources of error in calculating 
the elastic modulus, such as uncertainty in contact point 
determination and errors in kc measurement of AFM canti-
levers, surface and probe roughness, scanner and sample 
creep, and AFM photodetectors. Chen et al. (2015a) found 
that the substrate can also influence the measured mechan-
ical properties, causing some error in the results. Despite 

these sources of error, it is possible to measure the relative 
change in modulus for each particle under the same mea-
surement conditions.

2.4 Catalytic effect of nanoparticles
Kauffman proposed a model for CMP of tungsten and 

similar metals, in which the surface is oxidized to form a 
weak interface between the metal oxide and the metal (Lim 
et al., 2013; Tamboli et al., 1999). The abrasive attacks the 
weak interface to remove material. This model has been 
applied not only to tungsten, but also to metals such as 
copper, cobalt, and molybdenum, as well as materials with 
high hardness, including sapphire and SiC, to secure an 
adequate removal rate during polishing (Krishnan et al., 
2010).

To promote oxidation reactions on the surface of the 
material being polished, catalysts and oxidizing agents are 
essential. Metals (Ag, Fe) and metal oxides such as copper 
oxide (CuO, Cu2O), silver oxide (Ag2O), and iron oxide 
(Fe2O3, Fe3O4) can act as catalysts in the reaction that de-
composes the most commonly used CMP oxidizing agent, 
H2O2, to produce hydroxyl (OH) radicals (Kanungo, 1979; 
Xu et al., 2014). However, these particles do not ensure 

Fig. 4  Measurement of mechanical properties through force-distance curve measurements by AFM: Tip-particle surface contact models: (a) spherical 
indenter and (b) conical indenter. (c) AFM 2D image of nanoparticles deposited on the substrate. (d) Force separation curves and fitting curves ob-
tained from nanoparticles. Reprinted with permission from Ref. (Chen et al., 2015a). Copyright: (2015) Elsevier B.V.
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dispersion stability or achieve desirable polishing rates 
from a mechanical perspective (Guedes et al., 2009; Xu et 
al., 1998). Commonly used CMP abrasives such as silica, 
alumina, and ceria do not have any catalytic effects on oxi-
dation reactions. Research on the use of composites of  
catalyst-containing particles and abrasives in CMP will be 
discussed in detail later.

3. Synthesis strategy for silica nanoparticles 
to improve CMP

The choice of abrasive plays a crucial role in the perfor-
mance of a CMP slurry, as slurry properties can vary 
widely depending on the synthesis method. Silica particles, 
which are a common component of CMP slurries, can be 
classified into two types: fumed silica, which is synthesized 
through a gas phase process, and Stöber (or colloidal) sil-
ica, which is synthesized through a liquid phase process 
(Hyde et al., 2016). Table 2 outlines the advantages and 
disadvantages of each type. Fumed silica offers a large 
surface area and an amorphous structure, but its irregular 
shape and wide particle-size distribution can lead to surface 
defects during polishing (Khan et al., 2004). By compari-
son, Stöber silica with uniform particle size and shape can 
result in more predictable polishing and fewer surface de-
fects (Ahn et al., 2004). However, its lower removal rate 
compared to fumed silica is still an issue that needs to be 
overcome (Kim et al., 2021). Ultimately, the choice be-
tween fumed and Stöber silica depends on the specific re-
quirements of the CMP, which may include desired 
material removal rate, selectivity, surface finish, and slurry 
stability.

3.1 Gas phase synthesis: fumed silica
Flame hydrolysis is a large-scale industrial process that 

generates silica with large surface area. Fig. 5(a) illustrates 
the flame hydrolysis setup for producing fumed silica. The 
synthesis reaction equations follow (Garrett, 2017; Hyde et 
al., 2016);

2H2 + O2 → 2H2O (8)

SiCl4 + 2H2O → SiO2 + 4HCl (9)

2H2 + O2 + SiCl4 → SiO2 + 4HCl (10)

Fumed silica is synthesized by combusting silicon tetra-
chloride (SiCl4) or other silicon-containing precursors in a 
hydrogen-oxygen flame (Khavryutchenko et al., 2001). 
The heat from combustion vaporizes the SiCl4, which then 
reacts with water vapor to form silica nanoparticles.

These primary particles coagulate through intergrowth 
in the flame and agglomerate due to cohesive forces during 
and after cooling. Silica is separated from the off-gas con-
taining hydrogen chloride (HCl) using filters or cyclones. 
The high-temperature residence time, along with the inter-
play of surface growth, coagulation, and sintering, deter-
mines the characteristics of the particles. These 
nanoparticles aggregate into chains and ultimately form a 
three-dimensional network structure, resulting in fumed 
silica (Fig. 5(b)) (Jin et al., 2019; Meled, 2011).

Fumed silica nanoparticles are an anhydrous material 
synthesized using gas-based dry processes, resulting in low 
concentration of surface silanol (Si–OH) groups. When 
silica nanoparticles are dispersed in aqueous solutions, the 
silanol groups on their surface can form hydrogen bonds 
with water molecules and develop a surface charge through 
reactions with H+ or OH– ions, which are potential deter-
mining ions. These reactions are the driving force for the 
good dispersion of nanoparticles. However, fumed silica 
can be challenging to disperse in water, and the rheological 
properties of the dispersion exhibit shear thinning behavior 
(Barthel et al., 2005; Kim et al., 2021; Liu and Maciel, 
1996). In static condition, the silanol groups on the surface 
interact weakly with fluids through hydrogen bonding, in-
creasing the viscosity of the fluid. In dynamic environment, 
even mild shear deformation can break the connection be-
tween fluid molecules and silica due to the relatively small 
number of silanol groups available for hydrogen bonding. 
This is a characteristic observed in fumed silica dispersions 
due to shear thinning, a decrease in viscosity under shear 
stress.

Table 3 lists the results of CMP on SiO2 layer using 
fumed silica-based slurry. The data indicate that the re-
moval rate increased as the particle size grew from 80.2 to 
138 nm (Kim et al., 2021). The increase in removal rate is 
due to the more frequent and direct interaction of the larger 
particles with the film surface and the larger penetration 

Table 2  Comparing the advantages and disadvantages of fumed silica and Stöber silica aspect to the CMP process.

Fumed silica Stöber silica

Advantages • Easy for mass production
• High purity
• Large surface area to volume
• High removal rate

• Monodisperse size distribution
• Regular and spherical particle shape
• High dispersion stability
• Lower surface defects and scratches

Disadvantages • Wide size distribution
• Irregular shape of the particle
•  Difficult to control secondary particle size and dispersion stability
• Causing surface defects and scratches

• Expensive precursor price
• Alcohol by-product
• Low removal rate
• Small surface area to volume
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volume. However, as the particle size exceeded 138 nm, 
the contact area decreased, gradually decreasing the re-
moval rate (Haba et al., 2003). That means the contact area 
becomes more dominant in the removal rate above a spe-
cific particle size than the penetration volume. Whether 
penetration volume or contact area is the dominant factor in 

the removal rate depends on the film and particle being 
polished and the process conditions (Basim et al., 2000). As 
shown in Table 3, for CMP of SiO2 layer with fumed silica, 
the contact area or penetration volume becomes the more 
important factor starting from 138 nm. Below 138 nm, the 
effect of the penetration volume is more dominant on the 

Fig. 5  (a) Schematic illustrations of fumed silica nanoparticle synthesis through gas-phase reaction for CMP slurry. Reprinted with permission (Hyde 
et al., 2016). Copyright: (2016) American Chemical Society. (b) TEM images displaying the morphologies of the fumed silica nanoparticles. Reprinted 
with permission from (Chen et al., 2022). Copyright: (2022) American Chemical Society. (c) Schematic illustrations of Stöber silica nanoparticle 
synthesis through liquid-phase reaction for CMP slurry. (d) TEM images displaying the morphologies of Stöber silica nanoparticles. Reprinted from 
Ref. (Sui et al., 2016) under the terms of the CC-BY 4.0 license. Copyright: (2016) The Authors, published by Springer Nature.

Table 3  CMP results using fumed silica-based slurry.

Size  
[nm]

Solid loading 
[%]

pH  
(Adjustor)

CMP pad Applied 
pressure [psi]

Removal rate 
[Å/min]

Roughness  
[nm]

Reference

140.9 12 10.5  
(NH4OH)

IC1000/subaIV 4 2600 Ra 0.29 (Kim et al., 
2021)

138.8 12 10.5  
(NH4OH)

IC1000/subaIV 4 2850 Ra 0.31 (Kim et al., 
2021)

 99.4 12 10.5  
(NH4OH)

IC1000/subaIV 4 1500 Ra 0.17 (Kim et al., 
2021)

 80.2 12 10.5  
(NH4OH)

IC1000/subaIV 4 1200 Ra 0.14 (Kim et al., 
2021)

156 10 10.5  
(NH4OH)

IC1400 4 1680 RMS 0.25 (Haba et al., 
2003)

220 15 10.1  
(KOH)

IC1000/subaIV 3  620 — (Estel et al., 
2010)

220 15 4.1  
(HCl)

IC1000/subaIV 3   80 — (Estel et al., 
2010)

220 15 3.0  
(HCl)

IC1000/subaIV 3   10 — (Estel et al., 
2010)
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removal rate change, and above 138 nm, the contact area is 
more dominant. However, CMP with particles penetrating 
the film can cause many defects in the post-CMP film, 
which is why the roughness increases with increasing size 
up to 138 nm.

Fumed silica needs adequate electrostatic repulsive force 
for effective dispersion (Estel et al., 2010). Due to its low 
ion impurity content, the IEP of fumed silica falls between 
pH 2 and 3. As a result, fumed silica demonstrated high 
dispersion stability at pH 10, where the surface charge is 
high, but poor dispersion stability near its IEP at pH 3. This 
led to a high removal rate at pH 10, which can be attributed 
to the greater contact area between particles and the film 
substrate. In contrast, a low removal rate was observed at 
pH 4 due to the reduced dispersion stability.

Fumed silica offers several advantages, such as the abil-
ity to be synthesized in large-scale processes to high purity 
levels due to its nearly complete absence of ionic impuri-
ties, as well as the high hardness of the primary particles 
with few pores. In the early days of implementing CMP in 
semiconductor manufacturing processes, fumed silica- 
based CMP slurries were widely used, particularly for in-
terlayer dielectric CMP, to remove the SiO2 layer (Li et al., 
2010). However, excessive energy requirements and harsh 
reaction conditions, which produce toxic gases such as hy-
drogen chloride (HCl), reduced its usefulness in efficiency- 
minded and environmentally conscious societies (Croissant 
et al., 2020). Moreover, as semiconductor devices become 
ever smaller, the standards for defects and scratches are 
becoming more stringent. In conclusion, the shift from 
fumed silica to Stöber silica in CMP slurries for semicon-
ductor manufacturing reflects the industry’s increasing fo-
cus on environmental sustainability, energy efficiency, and 
the need for high-quality materials with better control over 
particle size, shape, and dispersion stability to meet the 
demands of ever-shrinking electronic devices.

3.2 Liquid phase synthesis: Stöber silica
The Stöber method named after Werner Stöber, is a sol-

gel process for synthesizing monodisperse spherical silica 
nanoparticles (Ibrahim et al., 2010). The method involves 
hydrolyzing and condensing alkoxysilane precursors such 
as tetraethyl orthosilicate (TEOS) or tetramethyl orthosili-
cate (TMOS) in the presence of water and alcohol solvents, 
usually under basic conditions. In 1968, Stöber et al. re-
ported the synthesis of spherical monodisperse silica 
nanoparticles using TEOS as the silicon alkoxide and an 
aqueous ethanol solution of ammonia and water (Stöber et 
al., 1968).

Fig. 5(c) is an illustration of particle synthesis mecha-
nism. Silica particles are made into nanoparticles through a 
two-step reaction: hydrolysis and condensation (Ghimire 
and Jaroniec, 2021). In hydrolysis the–OR around the sili-
con in alkoxysilane is changed to –OH, with an alcohol in 

the form of ROH as a byproduct. The alcohol byproduct is 
determined by the alkyl group of alkoxysilane. After the 
hydration reaction with Si(OH)4, condensation proceeds as 
water escapes (Selvarajan et al., 2020). The size and distri-
bution of the particles are affected by the reaction kinetics 
of the hydrolysis and condensation reactions, which are 
strongly influenced by the type of alkyl group of the alco-
hol and silicon alkoxide, the amount of base catalyst, and 
the temperature (Costa et al., 2003; Fernandes et al., 2019; 
Green et al., 2003; Plumeré et al., 2012). The technique 
allowed for the production of nanoparticles between 50 nm 
and 1 μm in diameter with a narrow distribution of spheri-
cal shapes (Fig. 5(d)). Silica synthesized with the Stöber 
method has inspired many research areas, including CMP 
slurries.

When synthesizing Stöber silica, the choice of alkoxysi-
lane precursor (e.g., TEOS or TMOS) can affect the reac-
tivity and overall properties of the synthesized nanoparticles. 
The alkyl in alkoxysilane acts as a leaving group during 
hydrolysis. The larger the molecular weight of the alkyl 
group serving as the leaving group, the slower the reaction 
rate (Costa et al., 2003). The hydrolysis reaction therefore 
proceeds in the order of methyl > ethyl > propyl. A slower 
hydrolysis reaction results in smaller particle size with a 
narrow size distribution, which helps create monodispersed 
particles. However, particles with slow reaction rate may 
lengthen the synthesis time and reduce reaction yields. In 
contrast, TMOS, which has higher reaction rate, leads to 
larger particles with a broader distribution. Due to its bal-
anced properties, TEOS is the most commonly used alkox-
ysilane for silica synthesis.

The high cost of TEOS has been a persistent issue with 
Stöber silica. Soh et al. (1999) developed a process for 
synthesizing TMOS at a significantly lower unit cost by 
reacting silicon and methanol under copper catalyst. As a 
result, research on synthesizing monodisperse silica with 
reduced manufacturing costs has been reported. One 
method involves controlling the molar ratio of water to 
TMOS (Anderson and Carroll, 2011). A higher water-to-
TMOS ratio accelerates hydrolysis and condensation reac-
tions, producing smaller particles with a narrow size 
distribution. Temperature also plays a role in particle size 
and distribution. Higher temperatures accelerate hydrolysis 
and condensation, leading to smaller particles with a nar-
row size distribution. Conversely, lower temperatures de-
celerate reactions, resulting in larger particles with a 
broader size distribution.

The type and concentration of catalyst (acidic or basic) 
used in the Stöber process can significantly affect hydroly-
sis and condensation reaction rates and, therefore the size 
and morphology of silica nanoparticles. Acidic catalysts 
(e.g., HCl) tend to produce smaller particles, while basic 
catalysts (e.g., ammonia) often result in larger particles 
(Ghimire and Jaroniec, 2021). Adjusting the catalyst  
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concentration allows control of reaction kinetics and tuning 
of particle size.

In summary, the chemical composition variables of the 
Stöber method, such as alkoxysilane precursor, catalyst, 
solvent, water-to-precursor ratio, temperature, and reaction 
time, can significantly affect the synthesis results. By con-
trolling these variables, researchers can tailor the size, 
shape, and properties of silica nanoparticles for various 
applications.

Stöber silica is synthesized in liquid phase reaction, has 
Newtonian behavior in its hydrophilic and rheological be-
havior due to the multiple silanol groups on its surface, and 
is highly dispersible. The IEP of silica synthesized using 
the sol–gel method can be affected by the washing process. 
Washing is used to remove residual reactants and impuri-
ties such as unreacted precursors, alcohols, and counter 
ions (Ibrahim et al., 2010). The IEP of silica is closely re-
lated to the presence of silanol groups on the surface and 
the adsorption of counterions (De Keizer et al., 1998; 
Srinivasan et al., 1994; Szekeres et al., 2002; Wells et al., 
2000). During the cleaning process, these counterions can 
be removed, changing the surface charge of silica particles 
and consequently the IEP. For example, if an ammonia 
catalyst remains on a silica particle, the IEP will shift to 
pH 4. This is because the positively charged ammonium 
ions remain inside the silica, making the surface charge 
positive.

Fig. 6 shows the results of CMP of SiO2 film as a func-
tion of pH using silica dispersion according to particle 
synthesis method. In the case of fumed silica slurry, the 
removal rate occurs at strong base conditions above pH 10, 
and the removal rate decreases as it approaches pH 3. This 
is because fumed silica with low dispersion stability is 
prone to agglomeration if sufficient electrostatic attraction 
is not maintained, and active particles are reduced due to 
small contact area. Compared with Stöber silica, fumed 
silica is harder from a mechanical point of view due to 
fewer pores and a higher surface area, and therefore has a 
higher removal rate compared with Stöber silica when it is 
highly dispersible (Estel et al., 2010). In the case of Stöber 

silica, the removal rate is also higher in acidic region, re-
sulting from the higher dispersion stability of Stöber silica 
compared to fumed silica. However, at high pH, the contact 
area decreases because the zeta potential of the film is as 
high as that of Stöber silica.

4. Modification of silica nanoparticles
Stöber silica is also utilized in metal CMP of tungsten 

and copper films, in addition to SiO2 films, due to its high 
acidity and ability to reduce scratches and defects. The 
slurry in which Stöber silica is dispersed contains chemical 
additives such as passivation agents, dispersants, inhibi-
tors, and removal-rate enhancers to improve the zeta poten-
tial of silica in acidic conditions or increase selectivity and 
removal rates (Lee et al., 2016). However, predicting and 
controlling reactions in a slurry system can be challenging, 
as these additives act simultaneously on the film and abra-
sive silica nanoparticles. Consequently, ongoing research 
aims to improve CMP performance by modifying existing 
silica particles and enhancing their surface properties.

As illustrated in Fig. 7, several strategies to improve 
CMP performance are available for modifying silica. One 
is to reduce scratches and roughness by coating the surface 
of silica on a relatively soft core, creating a core–shell 
structure (Fig. 7(a)) (Chen et al., 2015b). Another is to en-
hance the removal rate by coating a harder shell on the sil-
ica core (Fig. 7(b)) (Ma et al., 2018). Some particles 
exhibit improved reactivity by embedding particles with a 
chemically catalytic effect on the silica surface (Fig. 7(c)) 
(Sun et al., 2022). Other particles have a controlled zeta 
potential or improved chemical reactivity through the dop-
ing of other metals (Fig. 7(d)) (Bykov et al., 2021). Finally, 
the zeta potential of particles can be controlled by substitut-
ing surface functional groups or reducing friction force by 
adjusting the hydrophilicity or hydrophobicity (Fig. 7(e)) 
(Björkegren et al., 2017). These strategies are designed to 
optimize the properties of silica particles for CMP applica-
tions, leading to superior performance in semiconductor 
manufacturing.

4.1 Core–shell structure: silica shell
Films made of copper or SiO2, which are relatively soft, 

are susceptible to mechanical damage (Paik and Park, 
2009). The use of hard and large particles during polishing 
can increase defect density, surface roughness, and 
scratches (Guo et al., 2013). To address this issue, composite  
materials made of polymers and silica are being explored 
as an alternative to traditional silica nanoparticles. These 
composites have relatively low hardness, which makes 
them less likely to cause mechanical damage during polish-
ing. To reduce defects while maintaining removal rates, 
researchers have been investigating using organic/inor-
ganic core–shell composites (polymers as the core mate-
rial, with a silica coating on the surface) (Debnath and 

Fig. 6  SiO2 film removal rate as a function of pH in an abrasive-based 
slurry according to a silica synthesis method. Reprinted with permission 
from Ref. (Estel et al., 2010). Copyright: (2010) Springer Nature.
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Khatua, 2011). This approach has shown promise in reduc-
ing defects while maintaining the desired level of material 
removal. Overall, the development of new composite mate-
rials for CMP films can improve the efficiency and quality 
of polishing processes while reducing the risk of damage to 
the finished materials.

When organic–inorganic composites are used as abra-
sives in CMP, polystyrene (PS) and PMMA are mainly 
used as core materials. PS and PMMA offer controllable 
properties, as they can produce particles of various sizes 
and shapes depending on the conditions required in CMP 
(Lee, 2000). Using PS and PMMA is relatively inexpen-
sive, and both are widely available polymeric materials, 
helping reduce process costs. PS and PMMA are chemi-
cally and thermally stable, making them suitable for most 
process environments, and this stability contributes to high 
yields and quality in CMP processes. When organic materi-

als such as PS and PMMA are combined with inorganic 
materials, the interaction between abrasive particles in-
creases, and the flexibility of the organic material improves, 
resulting in enhanced abrasive effects (Chen et al., 2016).

Chen et al., (2014) experimented with measuring modu-
lus of PS/silica core–shell nanocomposites using AFM. 
They functionalized the surface of a 450 nm PS particle 
with azodiisobutyramidine dihydrochloride and allowed it 
to react with TEOS to coat a 10 nm SiO2 shell. As a result, 
the Young’s modulus of the PS particle, originally 2.85 GPa, 
increased by a factor of approximately 1.8, to 5.1 GPa, 
when it became a composite. Considering that the Young’s 
modulus of bulk SiO2 is approximately 70 GPa, the PS/
silica composite is clearly a relatively soft abrasive. Zhang 
et al. (2019) reported that the value of the Young’s modulus 
increased as the thickness of the SiO2 shell increased. 
When performing CMP on SiO2 films with core–shell  

Fig. 7  Classifying silica abrasive surface modifications to improve CMP properties. (a) Core-shell structure of silica shell. Reprinted with permission 
from Ref. (Chen et al., 2015b). Copyright: (2015) Springer Nature. (b) Core-shell structure of silica core. Reprinted with permission from Ref. (Ma et 
al., 2018). Copyright: (2018) Elsevier. (c) Silica doped with other elements. Reprinted permission from Ref. (Sun et al., 2022). Copyright: (2022) Else-
vier. (d) Silica dot-coated with other materials. Reprinted with permission from Ref. (Bykov et al., 2021) under the terms of the CC-BY 4.0 license. 
Copyright: (2021) The Authors, published by De Gruyter. (e) Surface functional group substituted silica. Reprinted with permission from Ref. 
(Björkegren et al., 2017). Copyright: (2017) Elsevier.
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particles, the root mean squared value decreased from 
0.48 nm to 0.37 nm compared with silica particles of the 
same size. This reduction can be attributed to the lower 
Young’s modulus of the nanoparticles compared to that of 
the silica particles, resulting in a decreased volume in-
dented during CMP and improved contact area.

Chen et al. (2017) compared solid silica and mesoporous 
silica coatings on PS surfaces. When coating approxi-
mately 200 nm PS particles with 30 nm silica shell, the 
mesoporous silica shell exhibited similar roughness of 
0.22 nm and 0.25 nm, respectively, compared with the 
solid silica shell. The removal rate was 123 nm/min for 
mesoporous silica shell and 47 nm/min for solid silica 
shell, which can be explained by the higher contact area 
offered with mesoporous silica compared to solid silica.

4.2 Core-shell structure: silica core
Compared with silica, using silica nanoparticles in CMP 

for materials with high hardness can be challenging, as an 
adequate removal rate may be difficult to achieve. How-
ever, harder particles also tend to have reduced dispersion 
stability and can be damaged by scratches (Lei and Zhang, 
2007). As a result, researchers have been attempting to 
create particles with both good dispersion stability and ac-
ceptable removal rate by coating a silica core with other 
materials with greater hardness (Dai et al., 2020; Lei and 
Zhang, 2007). This approach combine the advantages of 
both components, resulting in an improved abrasive for 
CMP applications involving harder materials. Table 4 
summarizes the CMP results for composite particles with 
different core-shell structures using silica as core material.

Dai et al. (2020) coated SiC on a silica surface and ap-
plied a core-shell composite for CMP of a sapphire film 
with a high Mohs hardness of 9.0. SiC has Mohs hardness 
of 9 to 9.5, which enhances the mechanical properties of 
silica. Moreover, silica’s high zeta potential under basic 
conditions gives it superior dispersion stability compared 
with SiC particles. In their experiments, SiC had a zeta 
potential of –44.6 mV at pH 10, while the silica-SiC com-
posite had a zeta potential of –68.8 mV. Consequently, the 
removal rate was approximately double that of silica and 
1.8 times that of SiC, and the respective roughness values 
were 1.9 nm and 1.97 nm for silica and SiC. The core–shell 
composite achieved a roughness of 1.52 nm.

Lei and Zhang (2007) coated alumina on silica surface to 
increase the polishing rate and flatness of nickel phospho-
rus (NiP). Alumina particles had a zeta potential of 
–40.8 mV, whereas silica–alumina composite achieved 
greater dispersion stability at –60.1 mV. In this experiment, 
while the polishing rate was lower for the core-shell com-
posite compared with alumina, the roughness decreased by 
approximately 33 %.

Ding et al. (2022) employed a silica-diamond composite 
for ZrO2 CMP. In this case, a core-shell composite using 

silica as the core had a higher zeta potential compared with 
a nanodiamond, ranging from –35 mV to –55 mV, leading 
to improvements in both removal rate and roughness, as 
confirmed by CMP results.

Although the same silica material was used in other 
core–shell composites, one study compared solid silica and 
core–shell particles coated with mesoporous silica on solid 
silica (Chen et al., 2018). Mesoporous silica has larger 
contact area than solid silica but mechanically weaker. To 
enhance the mechanical strength and increase the contact 
area, core–shell structure was adopted, which resulted in an 
improved removal rate.

4.3 Metal doped silica nanoparticles
Increasing the absolute value of zeta potential of silica 

can further enhance its dispersion stability. Metal-doped 
silica modification can maintain the spherical shape of sil-
ica while shifting its IEP. Silica is a material in which Si4+ 
ions form covalent bonds with oxygen (Tao et al., 2010). 
Doping or substituting the Si4+ site with metal ions carrying 
a 3+ charge increases the negative zeta potential of silica 
and shifts the IEP toward the acidic range, or even gives it 
a negative charge throughout the entire pH range. This al-
lows for high dispersion stability in the challenging pH 2–3 
range of silica’s IEP, making it suitable for use in CMP 
slurries. The conditions for metals used in silica doping 
require the metal ions to be similar in size to silicon ions 
and carry a charge lower than 4+.

Doping with Sm3+, Nb3+, Al3+, Fe3+, and Co3+ ions, 
which meet these criteria has been reported (Lei et al., 
2019; Liu and Lei, 2017; Ma et al., 2015; Sun et al., 2022). 
Silica doped with these ions maintains smooth surface and 
has higher zeta potential than un-doped silica, resulting in 
higher dispersion stability. While it is theoretically possible 
to dope with ions carrying a charge higher than Si4+ to 
achieve positive charge, there are no reports of this being 
accomplished. The size of ions carrying 5+ charge is pre-
sumably not suitable for silica doping.

In a report on silica doped with Fe3+ ions, Sun et al. 
(2022) clarified the conditions and mechanism for synthe-
sizing doped silica. Silica dissolves as tetrahedral Si(OH)4 
in highly alkaline conditions at high temperatures (Niibori 
et al., 2000). At the same time, metal hydroxides with sim-
ilar tetrahedral structure can replace vacant Si(OH)4 sites. 
According to Sun et al. (2022), the synthesis of pH is cru-
cial in this reaction and proceeds under conditions in which 
Si(OH)4 can dissolve. Fig. 8 illustrates Fe3+ ion doping and 
coating as a function of pH. At pH 11, the silica surface 
dissolves as Si(OH)4, and Fe3+ exists as Fe(OH)4

–, allowing 
the doping reaction to proceed. In contrast, at pH 5, 
Si(OH)4 dissolution rarely occurred, and iron hydroxide 
coated the silica surface.

Using such reactions, researchers synthesized silica par-
ticles with various metal-ion doping and high dispersion 
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stability. These particles were applied in CMP to achieve 
higher removal rates and planarity. This method modifies 
silica properties without significantly altering its mechani-
cal properties.

4.4 Metal compound dot-coated silica 
nanoparticles

Silica nanoparticles are chemically unreactive, and it is 
unrealistic to expect a catalytic effect from silica alone in 
CMP (Eppler et al., 2000). However, silica can serve as 
template for highly reactive catalysts. In other words, by 
coating the surface of silica particles with highly reactive 
catalysts, it is possible to synthesize abrasives with cata-
lytic effects and apply them to CMP (Giraldo et al., 2007; 
Janaun and Ellis, 2011).

Zhang et al. (2017) investigated the use of an Ag2O– 
silica composite to enhance the removal rate of sapphire 
CMP. Ag+ in Ag2O acts as a catalyst to react Al2O3 with 
SiO2, forming aluminum silicon oxide (AlxSiyO). The rela-
tively weak AlxSiyO on the sapphire surface can be easily 

removed by silica abrasive, ensuring a high removal rate in 
the hard sapphire CMP. Yin et al. applied MgO-doped silica 
as a more affordable alternative to expensive Ag2O to im-
prove the removal rate of sapphire CMP. Adding MgO un-
der alkaline conditions causes the Al–O–Al chemical 
bonds to break more easily, and the formed softening layer 
is more easily removed from the surface. At the same time, 
reactions of MgO with the sapphire substrate surface pro-
duced MgAl2O4. The reaction products of H2O, MgO, 
SiO2, and Al2O3, such as Al2Si2O7–2H2O, MgAl2O4, and 
the softening layer of Al2SiO5, can be easily removed by 
mechanical action.

Kang et al. (2010) studied silica-containing iron metal 
for CMP of tungsten. In this process, H2O2 was added to 
form WO3 on the tungsten surface. The metal catalyst de-
composed H2O2 through Fenton reaction, generating highly 
reactive OH radicals. The iron metal on silica surface acted 
as a catalyst for decomposing H2O2. Kang et al. reported 
achieving the same level of CMP performance by compar-
ing two cases: one in which iron ion was added as an  

Table 4  CMP results using core-shell composite abrasive.

Core Shell pH CMP equipment CMP pad Substrate Removal 
rate

Roughness Reference

Silica — 10 UNIPOL-1502 
(Kejing Co. Ltd.)

Polyurethane pad  
(DOW Chemical)

Sapphire 0.15 μm/h Ra: 1.90 nm (Dai et al., 2020)

SiC — 10.5 UNIPOL-1502 
(Kejing Co. Ltd.)

Polyurethane pad  
(DOW Chemical)

Sapphire 0.17 μm/h Ra: 1.97 nm (Dai et al., 2020)

SiC Silica 10.5 UNIPOL-1502 
(Kejing Co. Ltd.)

Polyurethane pad  
(DOW Chemical)

Sapphire 0.31 μm/h Ra: 1.52 nm (Dai et al., 2020)

Alumina — 9–10 SPEED-
FAM-16B-4M 
(SPEEDFAM Co. 
Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

NiP 540 nm/min Ra: 0.7 nm (Lei and Zhang, 
2007)

Alumina Silica 9–10 SPEED-
FAM-16B-4M 
(SPEEDFAM Co. 
Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

NiP 440 nm/min Ra: 0.45 nm (Lei and Zhang, 
2007)

Silica — 10 UNIPOL-1000S 
(Kejing Co. Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

ZrO2 0.142 μm/h Ra: 2.49 nm (Ding et al., 2022)

Nano 
diamond

— 10 UNIPOL-1000S 
(Kejing Co. Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

ZrO2 0.91 μm/h Ra: 9.92 nm (Ding et al., 2022)

Nano 
diamond

Silica 10 UNIPOL-1000S 
(Kejing Co. Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

ZrO2 1.062 μm/h Ra: 2.26 nm (Ding et al., 2022)

Silica  
(solid)

— 8 TegraForce-1/
TrgraPol-15 
(Struers)

Porous polyure-
thane pad  
(MD-Chem)

SiO2 137 μm/min RMS: 
0.343 nm

(Chen et al., 2018)

Silica  
(solid)

Mesoporous 
silica

8 TegraForce-1/
TrgraPol-15 
(Struers)

Porous polyure-
thane pad  
(MD-Chem)

SiO2 269 nm/min RMS: 
0.203 nm

(Chen et al., 2018)
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additive, and another where iron metal–silica composite 
was applied. To address the issue of poor dispersion stabil-
ity of silica in the acidic region of pH 2, where iron metal- 
silica is typically applied, Kim et al. (2017) proposed a 
CuO–silica composite that can be utilized at pH 6. CuO can 
decompose H2O2 through Fenton-like reaction, which also 
occurs in neutral regions. They reported the successful use 
of silica particles with CuO catalyst.

4.5 Functionalization of surfaces on silica 
nanoparticles

Surface functionalization of silica nanoparticles involves 

altering the particle surface properties of silica by attaching 
specific functional groups or molecules. This process is 
crucial in enhancing the attributes of silica nanoparticles 
for a range of applications, such as drug delivery, sensors, 
catalysis, and environmental remediation (Nayl et al., 
2022). CMP is often employed to enhance surface charge, 
control adsorption to passivation agents or films, and man-
age friction (Seo, 2021).

Silane coupling agents such as organosilanes are com-
monly used to functionalize silica nanoparticle surfaces 
(Karnati et al., 2020). These molecules possess a reactive 
silicon-containing group (e.g., alkoxysilane or chlorosilane)  

Fig. 8  Schematic from mechanistic perspective of pH-dependent doping and coating of Fe on silica surfaces. Reprinted with permission from Ref. (Sun 
et al., 2022). Copyright: (2022) Elsevier B.V.

Fig. 9  (a) Reaction mechanism for the surface modification of silica nanoparticles using silane coupling agent. (b) Effect of pH on hydrolysis and 
condensation rates. Reprinted with permission from Ref. (Gutiérrez-Climente et al., 2021). Copyright: (2021) The Royal Society of Chemistry. (c) The 
structure of silica surface functional groups upon partially or fully hydrolyzed organosilane (APTES).
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Table 5  Organosilane coupling agents for improving properties of silica nanoparticles.

Classifica-
tion

Chemical name Molecular structure Properties Reference

Amino 
silanes

(N,N-Dimethyl-3-aminopropyl)trimethoxysilane Increased interac-
tion with surfac-
tants

(Wang et 
al., 2019)

3-aminopropylsilane IEP shift (Increas-
ing positive 
charge)

(Wang et 
al., 2019)

Epoxy 
silanes

3-Glycidoxypropylmethyldimethoxysilane Improving adhe-
sion to film

(Pan et al., 
2016)

2-(3,4-Epoxycyclohexyl)ethyl]trimethoxysilane Improving adhe-
sion to film

(Pan et al., 
2016)

Acryl 
silanes

3-Acetoxypropyltrimethoxysilane Supplying electro-
philic reaction sites

(Göppert et 
al., 2023)

3-Methacryloxypropylmethyldiethoxysilane (Göppert et 
al., 2023)

Vinyl 
silanes

Vinyltrimethoxysilane Supplying nucleo-
philic reaction sites

(Nasab and 
Kiasat, 
2016)

Triethoxyvinylsilane (Nasab and 
Kiasat, 
2016)

Vinyl tris(2-methoxyethoxy) silane (Nasab and 
Kiasat, 
2016)

Phenyl 
silanes

Diphenyldimethoxysilane Increased interac-
tion with surfac-
tants

(Chen et 
al., 2004)

Phenylmethyldimethoxysilane (Chen et 
al., 2004)

Alkyl 
silanes

Isobutyltriethoxysilane Improving hydro-
phobic properties
Decreasing friction 
force

(Wang and 
Zhang, 
2020)

n-Hexadecyltrimethoxysilane (Wang and 
Zhang, 
2020)

Dodecyltrimethoxysilane (Wang and 
Zhang, 
2020)

Triethoxyoctylsilane (Wang and 
Zhang, 
2020)
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that can bind to the silanol groups present on the silica 
surface, and an organic functional group (e.g., an amine, 
thiol, or carboxyl) capable of reacting with other molecules 
or biomolecules (Franz and Wilson, 2013). By selecting 
appropriate silane-coupling agent, various functional 
groups can be introduced onto the silica surface. Fig. 9(a) 
depicts the reaction between organosilane and silanol 
groups on the surface of silica nanoparticle. Initially, the 
organosilane reacts with water and undergoes hydrolysis to 
form hydroxyl groups, and then the functional groups of 
the organosilane are exposed on the silica surface as the 
hydroxyl groups condense on the silanol groups on the sil-
ica surface (Li et al., 2021).

For successful functionalization, it is crucial to ensure 
that no particles form due to condensation between orga-
nosilanes. Fig. 9(b) depicts the rate of hydrolysis and con-
densation reactions depending on pH (Gutiérrez-Climente 
et al., 2021; Chiriac et al., 2010). In highly acidic or basic 
conditions, in which both reaction rates are high, organos-
ilanes react primarily with each other, leading to particle 
formation (Argekar et al., 2013). However, at a neutral pH 
of 7, the reaction rate is too slow, resulting in partial hydro-
lysis (Fig. 9(c)), with bridging between methoxy groups. 
The functionalization reaction is therefore typically carried 
out in a slightly acidic environment of pH 4–6. Table 5 
categorizes organosilanes and summarizes the properties of 
silica during functionalization. For complete hydrolysis 
through functionalization reaction of each organosilane, it 
is essential to control the concentration of organosilanes 
and temperature, taking into account the number of silanol 
groups on the silica nanoparticles.

5. Conclusion
Silica nanoparticles are used extensively in CMP, and 

their performance can be improved through modification 
techniques such as surface functionalization, core–shell 
structure formation, coating or doping with other metal at-
oms. These particles reduce defects and scratches, improve 
flatness and uniformity, and increase the removal rate and 
selectivity. The careful selection and utilization of nanopar-
ticles with these properties therefore has significant impact 
on the efficiency of CMP. This review offers valuable infor-
mation on how to improve the quality of products and re-
duce costs in the semiconductor industry. The development 
of silica nanoparticles is currently an important area of re-
search. Different synthesis methods were applied to CMP 
slurries and their properties were investigated. Further 
study of their properties and synthesis methods will be of 
great help in creating better products in semiconductor in-
dustry.
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