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Abstract: The use of surfactants is crucial in the chemical–mechanical polishing fluid system for
silicon wafers. This paper examines the impact of the functional group structure of polyoxyethylene-
based nonionic surfactants and the variation in the polyoxyethylene (EO) addition number on
the polishing performance of monocrystalline silicon wafers, to achieve the appropriate material
removal rate and surface quality. The results demonstrated that the straight-chain structure of
fatty alcohol polyoxyethylene ether (AEO-9) exhibited superior performance in wafer polishing
compared to octylphenol polyoxyethylene ether (OP-9) and isoprenol polyoxyethylene ether (TPEG)
and polyethylene glycol (PEG). By varying the number of EO additions of AEO-type surfactants, this
study demonstrated that the polishing performance of monocrystalline silicon wafers was affected
by the number of EO additions. The best polishing effect was achieved when the number of EO
additions was nine. The mechanism of the role of polyoxyethylene-type nonionic surfactants in silicon
wafer polishing was derived through polishing experiments, the contact angle, abrasive particle size
analysis, zeta potential measurement, XPS, and other means of characterization.

Keywords: monocrystalline silicon wafer; chemical–mechanical polishing; polyoxyethylene-based
nonionic surfactant; structure; polishing mechanism

1. Introduction

The semiconductor industry is rapidly developing, leading to increasingly high per-
formance and precision requirements for devices. Despite the emergence of third- and
fourth-generation semiconductors, over 90% of current semiconductor devices and inte-
grated circuits still use silicon wafers as the substrate material [1–3]. In semiconductor
process engineering, chemical–mechanical polishing is the only technology recognized
for achieving the global flattening of the wafer surface [4–7]. The process of polishing
monocrystalline silicon wafers involves three main stages: rough polishing, medium pol-
ishing, and fine polishing. Rough polishing could increase the removal rate to quickly
eliminate the damaged layer on the surface of silicon wafers. Intermediate polishing fur-
ther removes surface damage and reduces surface roughness. Fine polishing is intended
to completely remove the damaged layer on the surface, control surface micro-defects,
and obtain a smooth and clean surface for subsequent processing [8]. Surfactants are a
crucial component of the polishing solution in the chemical–mechanical polishing (CMP)
process [9–13].

Nonionic surfactants were widely researched and applied due to their ability to mix
well with other types of surfactants. They are difficult to strongly adsorb on solid surfaces,
easy-to-clean, and stable with good compatibility. Xu et al. [14] discovered that nonionic
surfactant fatty alcohol polyoxyethylene ether (AEO) could form a protective layer on
the surface of Cu wafers and abrasive grains, improving the surface quality of the wafers
after polishing. Similarly, Yang et al. [15] observed the strong surface activity of two
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additives, AEO-9 and O-20, during the silicon wafer polishing process. Qu et al. [16]
discovered that the use of surfactants in the polishing solution aided in the elimination of
abrasive particles from the surface of the wafer. Song et al. [17] discovered that the nonionic
surfactant polyethylene glycol improves the surface quality of wafers after polishing in
wafer polishing. Zhao et al. [18] demonstrated that cationic surfactants polyvinyl amide and
AEO can inhibit the flocculation of abrasive grains and reduce scratches on the wafer surface
during the adsorption of silica sol abrasive grains. Zhang et al. [19] discovered that the
inclusion of FA/O nonionic surfactants could considerably decrease the surface roughness
of the wafer after CMP polishing. Song et al. [20] researched the use of surfactants in the
post-CMP cleaning of Cu and found that the addition of nonionic surfactant AEO-9 can
enhance the cleaning effect.

Previous research has demonstrated the significance of surfactants in the polishing of
silicon wafers. However, the impact of polyoxyethylene-type nonionic surfactant structures
on silicon wafer polishing is less studied. In this study, the role of six different surfactants
was investigated, four of which were polyoxyethylene-type nonionic surfactants with
different functional group structures, and the other two were AEO surfactants with different
EO additions. The pH of the polishing solution exerts a significant influence on the
performance and characterization outcomes of wafer polishing. In this paper, a pH of 10.5
was selected as the base condition, based on previous findings and the literature [21,22]. It
was demonstrated that the addition of surfactants employed in this study does not affect
the pH of the polishing solution. The effect of the surfactants on both the polishing solution
and the surface of silicon wafers was determined by polishing experiments, contact angle
measurements, electrochemical tests, particle size measurements, surface characterization,
X-ray photoelectron spectroscopy (XPS), friction and wear experiments, and zeta potential
measurements.

2. Materials and Methods
2.1. Chemical and Materials

Colloidal silicon dioxide (average diameter ~40 nm, 40% aqueous suspension, Shang-
hai Yingzhi Grinding Corp, Shanghai China) was used as an abrasive for CMP polishing
experiments on monocrystalline silicon wafers. The wafers used were four-inch monocrys-
talline silicon wafers provided by Suzhou DeliYuan Electronic Technology Co. (Suzhou,
China). They had a thickness of approximately 700 µm, were N-type doped, crystalline
<111>, and had a TTV of ≤5 µm and a Warp of ≤30 µm. Tetramethylammonium hydroxide
(TMAH) from Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai China) was
used as the pH adjuster. The surfactants used were fatty alcohol polyoxyethylene ether
(AEO-7, AEO-9, AEO-25; 99%), octylphenol polyoxyethylene ether (OP-9; 99%), polyethy-
lene glycol (PEG; 99%), and isopentenyl alcohol polyoxyethylene ether (TPEG; 99%), all
supplied by Shandong Yusuo Chemical Technology Co. (Heze, China). Figure 1 displays
the molecular structures of AEO-9, OP-9, and TPEG.

All of the commonly used surfactants contain one or more functional groups. AEO-9
has a high ether bond (-C-O-C-) and a hydroxyl group (-OH) as well as a long carbon chain.
OP-9 has a high ether bond (-C-O-C-) and a hydroxyl group (-OH) as well as a benzene ring.
TPEG has a high ether bond (-C-O-C-) and a hydroxyl group (-OH) as well as a double
bond. PEG has only a high ether bond (-C-O-C-) and hydroxyl group (-OH).

2.2. Preparation of CMP Slurry

The commercial silica sol was diluted with deionized water to reduce the SiO2 concen-
tration to 0.3%. Next, 0.003% of the surfactant was added, followed by adjusting the pH to
10.5 using tetramethylammonium hydroxide (TMAH). Then, the usable polishing solution
was obtained.
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Figure 1. Chemical structures of various surfactants applied in this research, including (a) AEO-9,
(b) OP-9, (c) TPEG, and (d) PEG.

2.3. CMP Experiments

The polishing experiments of monocrystalline silicon wafers were conducted using
Polyurethane polishing pads (SUBA600, Shenzhen Fangda Grinding Technology Co., Ltd.,
Shenzhen, China) on a desktop polishing machine (SG0031 portable polishing machine,
Shenzhen Weikanghua Machinery Co., Ltd., Shenzhen, China). Before CMP, the silicon
wafer surface was cleaned with 0.1% hydrofluoric acid to remove the oxide layer. The
primary polishing parameters are listed in Table 1. Each experiment set in the CMP trials
was repeated three times to ensure result accuracy.

Table 1. Si CMP process parameters.

Process Parameters Value

Polishing time 20 min
Pad rotation speed 45 rpm

Wafer rotation speed 40 rpm
Slurry feed rate 200 mL/min

Pressure 2 psi

After polishing, the wafer surface was thoroughly cleaned with deionized water.
The thickness of the wafer was measured before and after polishing using a thickness
profilometer (Shanghai Starner Electronic Technology Co., Ltd., Shanghai, China). The
wafer’s material removal rate (MRR, nm/min) was calculated by subtracting the thickness
after polishing from the thickness before polishing (five-point scale), using the following
Equation (1):

MRR =
∆H

t
(1)

where ∆H (nm) is the averaged thickness difference between the pre- and post-polished
films at 5 different locations, and t is the polishing time (t = 20 min). MRR is the average of
three individual polishing tests.

2.4. Characterization

The quality of the surface of single-crystal silicon wafers after polishing was analyzed
using an atomic force microscope (Nanosurf Isostage 300, Nasser Nanotechnology Co., Ltd.,
Beijing, China) with a scanning range of 10 µm × 10 µm and an accuracy of 0.01 nm.
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Additionally, the contact angle was measured using a contact angle measuring instrument
(SDC-200S, Dongguan Shengding Precision Instrument Co., Ltd., Dongguan, China). The
particle size of silica in the polishing solution and the zeta potential were measured using
a Malvern nanoparticle size meter (Zetasizer Nano ZS90, Shanghai Spectrum Instrument
Systems Co., Ltd., Shanghai, China). The Tafel curves for single-crystal silicon wafers were
derived in different AEO surfactant polishing solutions using the CHI660E electrochemical
workstation. The coefficient of friction of the polishing fluid on the surface of silicon wafers
was measured using a multifunctional vertical friction and wear tester (MVF-1A, Jinan
Hengxu Testing Machine Technology Co., Ltd., Jinan, China). The surface chemical analysis
of silicon wafers was measured using a ray photoelectron spectrometer (Thermo Scientific
K-Alpha, Waltham, MA, USA). The elemental species and content of Si, O, C, and N on the
surface of the Si wafer were also measured.

3. Results
3.1. The Effect of Surfactants with Different Functional Groups on the Polishing Performance of
Monocrystalline Silicon Wafers

To examine the impact of four surfactants on the polishing rate of monocrystalline
silicon wafers, CMP experiments were conducted on the polishing solution with the
addition of the four surfactants.

Figure 2 illustrates a comparison of the polishing rate of monocrystalline silicon wafers
with and without the various surfactants in a polishing solution system with a pH of 10.5.
Comparing the wafers, the MRR values were observed to follow the descending order
of AEO-9 > TPEG > OP-9 > PEG, while the Ra values followed the descending order of
PEG > OP-9 > TPEG > AEO-9. It is noteworthy that the addition of AEO-9 to the wafers
resulted in the highest MRR value and the smallest Ra value. It has been demonstrated that
the adsorption efficiency of different surfactants declines with the elongation of the carbon
chain of the hydrophobic group and the augmentation of the number of hydroxyl groups
of the hydrophilic group at a constant concentration [23]. AEO-9 and OP-9 have similar
hydrophilic terminal groups to TPEG and PEG, suggesting that the observed differences
in properties may be related to the structure of the hydrophobic terminal groups. In
comparison to PEG with only hydrophilic groups, the wafer polishing properties are
influenced by the change in the hydrophobic end of the surfactant. It can be observed that
-C-O-C- binding to the straight carbon chain is more effective than -C-O-C- binding to the
benzene ring and to -C-O-C- binding to the double bond.
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Figure 3 displays the 3D morphology of the Si surface under different surfactant
conditions. The addition of a surfactant resulted in a better surface than the case of no
surfactant, with the best surface morphology observed when AEO-9 was added. The
figure illustrates that surfactants can effectively improve the defects on the wafer surface.
Specifically, the addition of AEO-9 reduces the surface roughness of wafers by over 60%.
In addition to its molecular structure, the activity of a surfactant is also dependent on its
hydrophilic–lipophilic balance (HLB) value [24]. In terms of HLB values, PEG > TPEG >
OP-9 > AEO-9. Studies have shown that the lower the HLB value, the greater the likelihood
of micelle formation and the higher the surface tension [24,25]. The polishing performance
of monocrystalline silicon wafers was affected differently by these. This was not only due
to the chemical composition of the polishing solution system but also to the changes in
the particle size of the abrasive grains and the wettability of the wafer surface. To study
the polishing mechanism of three different surfactants on single-crystal silicon wafers, it is
necessary to investigate the effects of abrasive particle size and changes in contact angle on
the wafer surface.
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The addition of surfactants to the polishing solution resulted in alterations to the
grain size of the abrasive grains. This, in turn, affected the material removal rate and
surface roughness of the wafers. It was demonstrated that these changes were linked to the
adsorption of surfactant molecules on the surface of the abrasive grains [26]. The hydroxyl
(-OH) structure in the molecule of polyoxyethylene nonionic surfactants could form Si···O-
H-type hydrogen bonds with colloidal SiO2, thus forming monolayer adsorption on the
surface of SiO2 particles. Furthermore, changes in the surfactant molecular structure could
affect the particle size and particle size distribution of colloidal SiO2. Table 2 illustrates the
impact of various surfactants on the particle size of colloidal silica. Overall, the addition of
surfactants resulted in an increase in the average particle size of the SiO2 abrasive grains
compared to the case without surfactants. By combining the silica particle size distributions
presented in Figure 4, it was evident that surfactant molecules were adsorbed onto the
silica surface. The adsorption effect of AEO-9 and TPEG is more pronounced than that of
OP-9 and PEG.
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Table 2. Changes in the mean particle size and polydispersity index of SiO2 were observed in the
presence of various surfactants.

Various Surfactants Mean Particle Sizes/nm Polydispersity Index

Without 45.35 0.095
AEO-9 46.08 0.102
OP-9 45.91 0.1
TPEG 46.23 0.115
PEG 46.26 0.083
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The contact angle was a crucial indicator of the liquid’s wettability on the solid
surface [27]. To elucidate the impact of three surfactants with distinct structures on the
surface quality of silicon wafers after CMP, we measured the contact angle of polishing
liquids containing these surfactants on the surface of single-crystal silicon wafers. Figure 5
shows that surfactants reduced the contact angle of the polishing solution on the wafer
surface(Use different colors lines to show the size of the contact angle). The contact angle
was measured at 63◦ without the addition of surfactant. With the addition of AEO-9, OP-9,
TPEG, and PEG, the contact angle decreased to 53.55◦, 58.75◦, 54.55◦, and 60.5◦, respectively.
Compared to the other two surfactants, AEO-9 resulted in a lower contact angle. This was
beneficial for bonding between the polishing solution and the wafer surface, as well as
energy transfer. These changes coincided with the alterations in the MRR and Ra values of
the monocrystalline silicon wafers after polishing.

The surface quality of wafers can be effectively improved by adding polyoxyethylene-
type surfactants to the monocrystalline silicon wafer polishing liquid system. By com-
paring the effects of four different structural functional groups of polyoxyethylene-based
surfactants on the polishing performance of monocrystalline silicon wafers, it was found
that surfactants with a hydrophobic group structure were superior to those with only
a polyoxyethylene-based structure, and that the combination of -C-O-C- with a straight
carbon chain was superior to the combination of -C-O-C- with a benzene ring or double
bond. Contact angle and abrasive grain size measurements were used to determine the
effect of surfactant molecules on wafer surface wetting and adsorption on the abrasive grain
surface. To discuss the effect of the surfactant structure on wafer polishing performance,
we investigate the impact of AEO surfactants with different EO addition numbers below.
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3.2. The Effect of AEO Surfactants with Varying EO Addition Numbers on the Polishing
Performance of Monocrystalline Silicon Wafers

To examine the impact of various EO addition numbers at the hydrophilic end of the
active agent on the polishing performance of monocrystalline silicon wafers, three fatty
alcohol polyoxyethylene ethers with different EO addition numbers were chosen. Their
structures are illustrated in Figure 6.
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The polishing rate of monocrystalline silicon wafers was investigated by examining
the effect of AEO surfactants with varying EO addition numbers, as illustrated in Figure 7.
The alteration of the AEO surfactant EO number resulted in a decrease followed by an
increase in both the material removal rate and surface roughness of the silicon wafers.
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Figure 8 shows that the surface roughness initially decreased and then increased
with an increase in the number of EO additions. The protective effect of fatty alcohol
polyoxyethylene ether increased with the increase in polyoxyethylene groups due to its
adsorption effect. This led to an increase in spatial potential resistance between abrasive
grains and the surface of silicon wafers. However, when the polyoxyethylene chain was too
long, it might fold and collide in the solution system and on the surface of silicon wafers.
Therefore, the addition of AEO-25 improved the removal rate slightly compared to the
remaining two actives, but it also reduced the surface quality after polishing.
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Figure 8. The surface morphology of silicon wafers after polishing (a) without surfactants, (b) with
AEO-7, (c) with AEO-9, and (d) with AEO-25.

Figure 9 shows that the contact angle decreased as the number of AEO surfactant
additions increased, but the contact angle increased when the EO addition number was
25 (Use different colors lines to show the size of the contact angle). This was because,
at higher addition numbers, the active agent’s tendency to adsorb on the SiO2 particles
decreased due to the spatial site resistance effect, resulting in enhanced surface tension. The
contact angle’s magnitude depended primarily on the cohesion and adhesion within the
system [28]. Cohesion refers to the force between molecules in a solution, while adhesion
is the force exerted by the solid on the liquid. Surfactants can be added to the polishing
solution to reduce cohesion between molecules and enhance adhesion. This improved
the diffusion ability of the polishing solution on the wafer surface, reduced the contact
angle, and improved the wetting ability of the wafer surface. High hydrophilicity can
effectively prevent particle adsorption during the polishing process. Compared to other
fatty alcohol polyoxyethylene ethers, AEO-9 exhibited superior wetting ability on the
surface of monocrystalline silicon wafers.
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Figure 9. Variation of contact angle on single crystal silicon surface under the condition of AEO
surfactants with different EO addition number.
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Zeta potential is a measurement of the strength of mutual repulsion or attraction
between particles. It is known that under alkaline conditions, silicon wafers and silica
particles have the same charge, both negative. When the absolute zeta potential value is
smaller, it can be inferred that the two have less repulsive force. The nanoscale adsorption
layer of AEO surfactant on the colloidal silicon dioxide abrasive prevents the damage
caused by the direct contact between the colloidal silicon dioxide abrasive and the surface
of the silicon wafer, which improves the surface quality of the silicon wafer. It is commonly
used to determine the stability of a colloid. A colloid is considered stable when the absolute
value of the zeta potential is greater than 30 mV [29]. Figure 10 shows that the addition of
the AEO-type surfactant did not affect the stability of the silica sol system. The system was
not ionized in water and existed in the form of molecules. It formed a layer of hydration
film around the silica sol, resulting in better spatial potential stability.
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Figure 10. Variation in zeta potential of colloidal silica in polishing solution with different surfactants
at pH 10.5.

Figure 11 and Table 3 illustrate that the corrosion potential gradually increased with
the addition of the AEO-type surfactant EO. The corrosion current density decreased and
then increased. AEO-9 had the lowest corrosion current density, indicating that the addition
of the AEO surfactant formed a passivation film on the surface of the wafer. This attenuated
the corrosion effect of the alkali on the surface of the wafer and weakened the erosive effect
of the polishing solution, thus improving the surface quality of the polished wafer. The
protective effect of AEO-9 was stronger than that of AEO-7 and AEO-25.
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Figure 11. Changes in the polarization curves of different surfactants at pH 10.5 in the polishing
solution at the kinetic point position.
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Table 3. Corrosion potentials and corrosion current densities for Si in the polishing solution with
different types of surfactants at pH 10.5.

Various Surfactants Mean Ecorr (V) Mean Log Icorr (A/cm2)

AEO-7 −0.0384 −6.7883
AEO-9 −0.0290 −6.8820

AEO-25 0.0112 −6.6968

During the chemical mechanical polishing process, material removal occurred due to
direct frictional wear between the polishing fluid, polishing pad, and wafer surface [30,31].
The amount of removed material was determined by the material’s properties and the
environment of the polishing fluid, as well as the direct friction between the polishing pad
and the wafer. The coefficient of friction (COF) during the polishing process is measured
through frictional wear experiments. This measurement was valuable for explaining the
variation in the material removal rate, as well as for optimizing the polishing fluid’s
formulation. The component mechanism was also of great value. The measurement
results are shown in Figure 12. The friction coefficient is 0.654 without the addition of the
AEO surfactant. However, the friction coefficient decreased with the AEO surfactant. At
the addition number of 9, the friction coefficient reached its lowest value of 0.6, which
was lower than that of 7 and 25. This suggests that the lubrication ability between the
polishing solution and the wafer is improved with the addition of the AEO surfactant,
reducing the mechanical action between the abrasive particles and the surface of the wafer.
Simultaneously, the surfactant creates a thin film on the wafer surface, safeguarding it from
corrosion and enhancing the surface quality post-polishing. This aligned with the alteration
in the wafer’s material removal rate and surface quality.
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Figure 12. The coefficient of friction (CoF) between the surface of a silicon wafer and fatty alcohol
polyoxyethylene ethers with varying EO addition numbers.

To investigate the adsorption of the polishing solution with the AEO surfactant on the
wafer surface, we analyzed the composition of the wafer surface after polishing with the
solution. Figure 13 displays the XPS spectra of C, O, N, and Si of monocrystalline silicon
wafers after polishing. Figure 13a exhibits the C 1s spectra of the surface of single-crystal
silicon wafers after polishing. The peaks at 285.8 eV and 284.1 eV were attributed to C-O-C
and C-C [32,33], respectively, indicating the adsorption of fatty alcohol polyoxyethylene
ether (AEO-9) containing ether bonds on the wafer surface during the polishing process.
The binding energy at 532.4 eV was found to correspond to Si-O (Figure 13b) [34]. The peaks
at 397.6 eV, 398.4 eV, and 399.8 eV corresponded to N-Si, N-H, and N-C (Figure 13c) [28].
The Si2p spectrum in Figure 13d exhibited binding energies at 99.72 eV and 99.10 eV, which
corresponded to Si 2p(1/2) and Si 2p(3/2) of the Si-Si bond, respectively. The peak at 102.73
was attributed to the Si-O peak [21,28]. Upon analyzing each spectrum, it was evident
that the fatty alcohol polyoxyethylene ether could be adsorbed onto the wafer’s surface
to create a protective film during the polishing process. The formed Si-O bond protected
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the wafer’s surface from the corrosive effects of the alkali, thereby achieving the desired
protective effect.
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Figure 13. The binding state of Si after polishing by slurries measured by XPS (a) C 1s, (b) O 1s,
(c) N 1s, and (d) Si 2p.

A model of the mechanism of fatty alcohol polyoxyethylene ether in the polishing
process of monocrystalline silicon wafers has been established, combined with the experi-
mental results mentioned above. It was indicated that fatty alcohol polyoxyethylene ether
played two primary roles in the polishing process. The first reason was due to the internal
structure of the silica particles’ nucleus, which was associated with the three-dimensional
mesh structure of the Si-O-Si bond. Additionally, a Si-OH polar molecular bond was
formed on the interface which was contacted with water. This was further enhanced by
the polishing solution of fatty alcohol polyoxyethylene ether, which was adsorbed on the
surface of silica abrasive grains. Due to the spatial resistance effect, the repulsive force
between the particles was enhanced, preventing the agglomeration of particles. However,
the hydrogen bonding effect caused the active agent molecules to adsorb onto the wafer’s
surface, creating a passivation film. This weakened the mechanical interaction between the
particles and the wafer, resulting in a reduced removal rate of wafer material. As a result,
the surface quality after polishing was improved. Based on the theory of surfactant micelles,
micelles can be formed in a solution system when the amount of surfactant exceeds the
critical micellar concentration (CMC) [35], as illustrated in Figure 14.
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4. Conclusions

This study aimed to examine the impact of polyoxyethylene-based nonionic surfactants
on the polishing performance of monocrystalline silicon wafers by altering their functional
group structure and EO addition number and to explore their mechanism of action. Based
on the results obtained, the following conclusions can be drawn:

(1) The surface quality of wafers can be effectively improved by adding polyoxyethylene-
type surfactants to the monocrystalline silicon wafer polishing liquid system. A
combination of a hydrophobic structure and a polyoxyethylene structure was found
to be more effective than a surfactant with only a polyoxyethylene structure. Further-
more, a surfactant with a straight carbon chain was found to be more effective than a
surfactant with a benzene ring or double bond.

(2) It was discovered that altering the EO number of the AEO surfactant affects the wafer
polishing performance. The surface quality of the polished wafers improves initially
but then deteriorates with an increase in the EO addition number.

(3) The mechanism of the polyoxyethylene-type surfactant in the silicon wafer polishing
process was speculated through a series of characterization methods. Surfactant
molecules can adsorb on both the SiO2 abrasive grains and the silicon wafer surface.
Adsorption on the SiO2 abrasive grains can weaken the mechanical interaction be-
tween the abrasive grains and the wafer surface. Simultaneously, the active agent
molecules formed a layer of passivation film on the surface of the silicon wafer, to
inhibit corrosion. Additionally, the surfactants enhance the wetting and dispersing
properties, resulting in the increased energy exchange between the polishing solution
and the silicon wafer surface. This led to an improvement in the surface quality of the
wafer after polishing.
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