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Abstract: Polyamines have become important chemical components used in several integrated circuit
manufacturing processes, such as etching, chemical mechanical polishing (CMP), and cleaning. Re-
cently, researchers pointed out that polyamines can be excellent enhancers in promoting the material
removal rate (MRR) of Si CMP, but the interaction mechanism between the polyamines and the silicon
surface has not been clarified. Here, the micro-interaction mechanisms of polyamines, including
ethylenediamine (EDA), diethylenetriamine (DETA), triethylenetetramine (TETA), tetraethylenepen-
tamine (TEPA), and pentaethylenehexamine (PEHA), with the Si(1, 0, 0) surface were investigated
through molecular dynamics (MD) simulations using the ReaxFF reactive force field. Polyamines
can adsorb onto the Si(1, 0, 0) surface, and the adsorption rate first accelerates and then tends to
stabilize with the increase in the quantity of -CHyCH;NH-. The close connection between the ad-
sorption properties of polyamines and the polishing rate has been confirmed by CMP experiments
on silicon wafers. A comprehensive bond analysis indicates that the adsorption of polyamines can
stretch surface Si-Si bonds, which facilitates subsequent material removal by abrasive mechanical
wear. This work reveals the adsorption mechanism of polyamines onto the silicon substrate and the
understanding of the MRR enhancement in silicon CMP, which provides guidance for the design of
CMP slurry.

Keywords: chemical mechanical polishing; silicon wafer; polyamines; adsorption mechanism;
material removal rate; ReaxFF molecular dynamics simulation

1. Introduction

Silicon (Si) wafers are the predominant base substrate materials for the manufacture
of semiconductor devices in the field of integrated circuits (ICs) [1-3], and their processing
quality directly affects device performance. Chemical mechanical polishing (CMP) is
the key processing part of the Si wafers’ manufacturing, enabling global flattening [4-7].
Recently, new device structures and advanced process technologies have been developed
to achieve rapid improvements in the integration and performance of ICs, resulting in an
urgent need to enhance the surface quality of Si wafers. Therefore, CMP technology for Si
wafer manufacturing is required to achieve both higher material removal rate (MRR) [8,9]
and lower surface roughness.

Si CMP typically utilizes the synergistic effect of chemical reactions and mechanical
wear to achieve material removal [10-14]. During this process, the polishing slurry is
transported to the area between the wafer and the pad, where the OH™ reacts chemically
with the Si wafer, forming a softened layer, and then this layer is quickly removed by the
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three-body mechanical friction among the abrasive particles, the polishing pad, and the
slurry (as shown in Figure 1). Thus, polishing slurry is an essential component of CMP
technology and a key factor in improving the removal rate. Recently, to achieve a higher
MRR, some specific additives have been selected and added to the polishing slurry. Song
et al. have reported that the strong oxidant H,O; can improve the MRR of Si CMP, with
the most significant effect at a concentration of 1 vol% [15]. Xie et al. pointed out that
cations such as Na*, K*, NHy*, etc., are able to increase the MRR of Si CMP [16,17] while
allowing the slurry to maintain good dispersion. Additionally, sorbitol, gluconic acid, citric
acid, and ammonium citrate were found to be effective in improving the removal rate of Si
CMP, particularly ammonium citrate [18]. Experiments conducted by Xie et al. showed
that the slurry containing 20 mmol of ammonium citrate caused a 71.6% increase in the
MRR compared to the control group.
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Figure 1. (a) Diagram of the CMP process for a silicon wafer, and (b) the three-body (polishing pad,
abrasives, and silicon wafer) wear mechanism in the CMP process.

Compared to the above additives, new additives with amine groups have also become
popular additives for silicon wafer CMP, due to the following advantages: (1) they can
achieve a higher MRR (>500 nm/min) [19,20], (2) they do not introduce contamination
with metal ions such as Na*, K*, etc., and (3) they can be used as chelating agents to
remove metal ions [21,22]. Polyamines are a representative class of amine additives that can
achieve large MRR improvements. Beo et al. [23] achieved an MRR of up to 552.8 nm/min
using polyamines in the Si CMP process, which is three times higher than the MRR of
conventional metallic alkalis such as KOH and NaOH. Researchers have investigated
the role of polyamines in Si CMP using X-ray photoelectron spectroscopy (XPS) and
contact angle testing [23,24]. They discovered that polyamine chemically reacts with
the silicon surface to form Si-N bonds, and that it can effectively reduce the contact
angle of slurry on the silicon surface. However, due to experimental limitations, it is not
possible to observe the chemical reaction process between polyamine and the silicon wafer
surface at a microscopic level, leaving the mechanism of polyamine in Si CMP not entirely
clear. Exploring and understanding the microscopic mechanism of interaction between
polyamines and silicon wafers is beneficial for the design of novel additives used in Si CMP.

Computational simulation methods, such as quantum chemical calculation based
on density functional theory (DFT) and MD simulation, have been widely used to study
interfacial interactions in the field of chemical mechanical polishing [25-30]. However,
quantum chemical calculation is limited by computing power and cannot accurately simu-
late large systems. Traditional MD simulations based on classical force fields can simulate
the dynamic evolution of large systems with thousands or even tens of thousands of atoms,
but they have the disadvantage of not being able to describe the chemical reactions. The
ReaxFF reactive force field [31] can compensate for this inability of the classical force field
by describing the reactions between atoms in terms of bond distance and bond order. Based
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on this advantage, ReaxFF MD simulations have already been successfully applied to study
the material removal mechanism during the Si CMP process [32-37]. Therefore, the current
ReaxFF MD method is suitable for the research of the micro-mechanisms of polyamines in
this study.

Here, we explored the micro-interaction mechanism of the polyamines with the
5i(1, 0, 0) surface through an MD simulation method based on the ReaxFF reactive force
field. We studied the adsorption behavior of the polyamines, including ethylenediamine
(EDA), diethylenetriamine (DETA), triethylenetetramine (TETA), tetraethylenepentamine
(TEPA), and pentaethylenehexamine (PEHA), and then carried out the corresponding CMP
experiments in order to correlate their adsorption features with their effectiveness in enhanc-
ing the MRR. Finally, a mechanistic explanation was provided for the MRR improvement
with these polyamines, which can provide a theoretical guide for CMP slurry design.

2. Materials and Methods
2.1. Model Construction

In order to simulate the interaction between the polyamine molecules and the sili-
con wafer, a layer-by-layer simulation model was constructed containing two parts: the
Si(1, 0, 0) substrate and the molecular layer. The main procedure for building the model
was as follows: (1) A Si layer about 15 A thick was cut from the bulk silicon, the top surface
of which was the (1, 0, 0) crystal plane. Then, the Si layer was expanded along the x-
and y-directions into a 54.3 x 54.3 A2 slab, composed of 2400 Si atoms. The Si substrate
was relaxed under the NPT ensemble for 1 ns to bring the structure close to that at 1 atm
pressure. The final size of the Si substrate was 53.283 x 53.282 x 14.937 A3. The lower
region of about 7 atomic layers (~9 A) of the Si substrate was fixed as the ‘Rigid Layer’,
while the upper region of about 5 atomic layers (~6 A) was defined as the ‘Movable Layer’.
This model setup can meet the requirements of adsorption simulations and effectively
reduces the computational workload. Subsequently, a relaxation process was conducted
under the NVT ensemble to bring the ‘Movable Layer’ to an equilibrium state. (2) The
molecular structure of each type of polyamine was constructed using BIOVIA Materials
Studio, and the geometry optimization was carried out through the DFT method. For
unimolecular adsorption simulations, a layer containing only a centrally located single
polyamine molecule was created. For multimolecular simulations, the molecular layer
with a certain number of molecules was generated using Packmol [38] software (version
GENCAN). The molecular structures of the five polyamines studied in this work are shown
in Figure 2.
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Figure 2. Molecular structures of the five polyamines.

Once the above procedure was completed, the prepared Si(1, 0, 0) substrate and
the molecular layer were combined together to form a stacked structure, maintaining a
3.5 A spacing. Such spacing allows for attractive interactions between the two stacked
layers, preventing the molecular layer from behaving like gas diffusion. Figure 3 shows
an example model for simulating the multimolecular adsorption of 15 TETA molecules on
a silicon surface. There are a total of three layers in the detailed model: the rigid Si layer,
the movable Si layer, and the molecular layer. The constructed model was subjected to an
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MD simulation with the NVT ensemble to investigate the microscopic interactions between
polyamines and the silicon wafer. Throughout the entire simulation, the rigid Si atoms on
the bottom remained fixed, while the atoms from the Si surface and the molecular layer
were allowed to move.

(a)

} Movable layer of Si substrate

(9 -0-1 W=t AL
-4

D
} Rigid layer of Si substrate

Figure 3. The interaction model containing the polyamine layer and the Si substrate: (a) top view and
(b) side view.

2.2. Simulation Details

All of the MD simulations for the present work were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [39,40] with the Si/C/N/H/O [41]
ReaxFF force field. This ReaxFF force field was recently developed by Bhati et al. as a
combination of the existing C/N/H and Si/C/H force field parameters with the addition of
the Si/N/H force field parameters. Bhati has used this force field to research the adsorption
characteristics of polymer binders on the Si anode surface in lithium-ion batteries. In
addition, the simulations were run under NVT or NPT ensembles with the default Nosé—
Hoover method for both the thermostat and the barostat. The time step was set to 0.25 fs.
The temperature of the system was controlled at 300 K, and the Verlet algorithm was used
as the integrator. The adsorption motion of polyamines occurs in the z-direction, so the
boundary conditions in the z-direction were set to be non-periodic, while those in the x-
and y-directions were set to be periodic. The simulation time for unimolecular adsorption
was 500 ps to ensure complete adsorption. Meanwhile, due to the increased computational
cost of the multimolecular adsorption simulation, the simulation time was reduced to
100 ps on the premise of ensuring effective statistics of adsorption time. Finally, the atomic
trajectories obtained from the MD simulations were processed by means of VMD-1.9.3 [42]
and OVITO-3.7.12 [43] software.

2.3. Experimental Details

The CMP experiments were carried out on commercially available N-type (1, 0, 0)
silicon wafers. Five types of CMP slurry samples were prepared by mixing pure colloidal
Si0; abrasive (FUSO CHEMICAL CO., LTD, Tokyo, Japan) with EDA (Aladdin, Shanghai,
China, 98%), DETA (Aladdin, Shanghai, China, 99%), TETA (Aladdin, Shanghai, China,
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70%), TEPA (Aladdin, Shanghai, China, technical grade), and PEHA (Sigma-Aldrich, Ams-
terdam, Netherlands, technical grade), respectively. The concentrations of the polyamines
in the CMP slurries were fixed at 0.1 wt%, and the pH of the slurry was adjusted to 11.0
using a KOH solution (Aladdin, Shanghai, China, 50% solution). The reference slurry
only contained the same concentration of colloidal SiO; abrasive, without the addition of
polyamine. KOH solution was also used to adjust the pH of the reference slurry to 11.0. As
shown in Figure 4, the above slurry samples were named Slurry 1-6, respectively.

Polyamines
4 H N\
HN SNH, I e N
EDA DETA
A Slurry Samples CMP o
TETA H (ZONE DMS®500-0910-030) Characterization
" " Slurry 1: 0.1wt% EDA, 0.64wt% SiO, (Microsense UMA-C200L)
N V™ Slurry 2: 0.1wt% DETA, 0.64wt% SiO, Pad: DOWIC1010
TEPA Slurry 3: 0.1wt% TETA, 0.64wt% SiO, Pressure: 2.5ps!
H " Slurry 4: 0.1wt% TEPA, 0.64wt% SiO, Rotational speed: 93/87rpm
H,N/\/N\/\{\/\/"‘\/\N/\/”‘: pH=11 Slurry 5: 0.1wt% PEHA, 0.64wt% SiO, Slurry velocity: 200ml/min Surface topography
i H : chi G —
PEHA Slurry 6: no polyamine, 0.64wt% SiO, Polishing time: 2min
N J
Abrasives
Colloidal SiO,

Figure 4. The schematic diagram of the experimental procedure.

All of the CMP experiments were performed on an 8-inch wafer CMP polisher
(SIZONE DMS®500-0910-030, SIZONE Tech. Inc., Hangzhou, China) with a polyurethane
polishing pad (DOW IC1010, DOW Inc., Hsinchu, Taiwan, China), and four dummy wafers
were polished for equipment debugging prior to the actual testing of the CMP slurry.
The process parameters used for the CMP experiments are listed in Figure 4. During the
polishing process, the pressure applied to the polishing head was 2.5 psi, and the rotation
speeds of the polishing head and the plate were set to 93 and 87 rpm, respectively. The flow
rate of the CMP slurry was 200 mL/min. The polishing time for each wafer was 2 min, and
all wafers were rinsed under DI water and dried after CMP. The wafers’ thicknesses before
and after polishing were determined using a measuring machine (Microsense UMA-C200L,
KLA Co., Tempe, AZ, USA) to calculate the material removal rate during the polishing
process, and the flatness of the wafers was also characterized by this equipment. The
thickness measurement accuracy of the Microsense UMA-C200L is 0.001 pm.

3. Results and Discussion
3.1. Unimolecular Adsorption of Polyamine

To understand the adsorption behavior of polyamines on the silicon surface, uni-
molecular adsorption simulations of each polyamine were carried out. Figure 5 shows the
adsorption energy of each polyamine on the Si surface. It can be seen that the adsorption
energy of the polyamine increases almost linearly from 4.526 to 14.060 eV as the chain
length and the quantity of -CH,CH,NH- increases. From the bonding information output
from the MD simulations, it can be seen that all of the N atoms in each molecule are bonded
with the surface Si atoms, as judged by the Si/C/N/H/O ReaxFF force field, implying that
amine group is the main adsorption site and that its adsorption on the Si surface contributes
to the increase in adsorption energy.
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Figure 5. The adsorption energies of the five types of polyamines (EDA, DETA, TETA, TEPA, and
PEHA) on the Si(1, 0, 0) surface.

Figure 6a shows the schematic atomic structure of the EDA-Si system before and after
adsorption. As can be seen in Figure 6a, the EDA molecule approached the silicon wafer
and adsorbed onto the Si(1, 0, 0) surface. Figure 6b shows the potential energy curve of
the EDA-Si system during the adsorption. There are two large decreases in the potential
energy curve at 2375 and 4375 fs, corresponding to the adsorption processes of the two N
atoms in EDA. The curve then displays a steady fluctuation, which is mainly caused by
temperature fluctuation. To gain insight into the adsorption process of N atoms, we chose
2401N-15665i and 2404N-1803Si (the number preceding the element symbol represents the
ID of the atom in the simulation system) as atom pairs that would bond in the simulation,
and we plotted the distance curve of the N-5i pairs during the adsorption, as displayed in
Figure 6¢. The distance curves also show that the adsorption times of 2404N and 2401N
were around 2375 and 4375 fs, respectively. As the adsorption began, the atomic distance
rapidly decreased with the proximity of the atomic pair, and after adsorption the N-Si
atom pair distance stabilized. The final average distances of the 2404N-1803Si pair and
the 2401N-1566Si pair were 1.997 and 1.986 A, respectively. The potential energy curves of
the remaining polyamine-Si systems during adsorption, along with the distance curves of
atom pairs for the other polyamines, are detailed in Figures S1b-S4b.

The average values of stable distances for the adsorbed atom pairs in the simulations
of the five polyamines are listed in Figures S1c-S4c. Regardless of the type of polyamine,
all of the Si-N bond lengths formed by adsorption were greater than those of the single
Si-N bond of the conventional compound species [44,45], indicating that the adsorbed
polyamines can be easily removed by external force. Figure 7 exhibits the adsorption times
for all of the N atoms in the five types of polyamines, and the adsorption time of the first
adsorbed N atom on the polyamine was taken as the initial adsorption time. The change
in the initial adsorption time for different polyamines is shown as the red folded line in
Figure 7. As the quantity of -CH,CH,;NH- increases, the initial adsorption time of the
polyamine is generally advanced. However, the time required for subsequent N atoms to
adsorb becomes increasingly longer, because the molecule with one site adsorbed needs
more time to adjust its configuration, making the adsorption of the remaining N atoms
more difficult. The adsorption process of long-chain polyamines is roughly as follows:
the head or tail of molecules preferentially adsorbs, and then the molecule forms a loop
configuration and, finally, tapers to a train configuration. The adsorption behavior of TEPA
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differs, with a delayed initial adsorption time and preferential adsorption of N atoms in the
middle of the molecule. This is presumed to be because the three-dimensional structural
undulation of TEPA is greater than that of PEHA.

2375fs 4375fs

'S
\i
1
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—— 2401N-1566Si
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Figure 6. (a) The schematic diagram of the atomic structure of the EDA-Si system before (left) and
after (right) the MD simulation. (b) The potential energy curve for the EDA-Si system. The red line is
the smoothed potential energy curve. (c) Internal distance curves of the N-Si atom pairs during the
adsorption. The two blue dotted lines in (b,c) correspond to the timepoints of the adsorption of the
two N atoms in EDA, respectively. The prefix number on the atom represents the ID number of the
atom in the simulation system. The corresponding atomic species of the various colored spheres are
shown in Figure 3.
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Figure 7. Adsorption times corresponding to N atoms on each type of polyamine. The number in
front of the atom is the atomic ID in the simulation. The red folded line corresponds to the initial
adsorption time of each polyamine, and the red arrow indicates that the values on the folded line are
read from the right ordinate.

3.2. Multimolecular Adsorption of Polyamines

Compared to unimolecular adsorption, the adsorption of multimolecular clusters
may reflect the specific adsorption behavior of each type of polyamine, so we performed
multimolecular adsorption simulations to observe the adsorption rate changes of different
polyamines. Ten parallel simulations were run for each polyamine, and each simulation
used a randomly constructed molecular layer containing ten polyamines. Figure 8 presents
a boxplot of the time required for the five types of polyamines and OH™ to reach 50%
adsorption on the Si(1, 0, 0) surface. As the quantity of -CH,CH,;NH- in the polyamine
increases, the adsorption rate of the molecular cluster initially accelerates and then con-
verges, and the fluctuation in the adsorption rate also gradually decreases. The results
of the unimolecular simulations of polyamines presented in Section 3.1 showed that an
increase in the quantity of -CH,CH;NH- produces more adsorption sites, which causes the
multimolecular simulations to be less affected by random initial positions and somewhat
reduces the differences between the parallel simulations. The adsorption rate trend of the
polyamines from the multimolecular simulations was consistent with the trend of initial
adsorption time changes obtained from the unimolecular simulations. In addition, the
adsorption rates of all five polyamines were significantly higher than that of OH™, implying
that the polyamine additives have a preference to interact with the silicon surface during
the Si CMP process.

We also performed adsorption simulations for the five polyamines while keeping
the N content of the molecular layer consistent. From EDA to PEHA, the corresponding
molecular numbers were 30, 20, 15, 12, and 10, respectively. The curves of the N atom
adsorption percentage with simulation time for the different polyamines are displayed
in Figure 9. As can be seen from the inset in Figure 9, in the range of 0—400 fs, the initial
onset adsorption times for the polyamines were positively correlated with the quantity
of -CH,CH;NH- in the polyamine, which is also consistent with the simulated results of
the initial adsorption times in Section 3.1. Figure 9 shows that at the beginning of the
simulations, the N atom adsorption ratios of all polyamines grew rapidly, exceeding 80% at
10 ps, and then the growth of the N atom adsorption ratios slowed down and differences in
the adsorption ratios of the five polyamines appeared. The final N atom adsorption ratios
of the five polyamines showed a decreasing trend with increasing chain length. According
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to the schematic atomic structure evolution (see Figure S9) in the simulations, the above
trend was due to the distortion of the long-chain polyamines in the limited space during
the adsorption process, making it difficult for some N atoms to adsorb onto the Si surface.
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Figure 8. Boxplots of the time required for OH- and five polyamines (EDA, DETA, TETA, TEPA, and
PEHA) to reach 50% adsorption on the Si surface.
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Figure 9. N atom adsorption ratio curves for the five types of polyamines. The inset shows the
adsorption ratio curves from 0 to 400 fs.

3.3. Effect of Polyamines on the MRR of Si CMP

To further understand how polyamines affect the polishing rate of silicon CMP, CMP
experiments were performed using the slurry samples numbered ‘Slurry 1-6" in Section 2.3.
The effects of the five polyamines on the MRR are shown in Figure 10. All of the MRR
values were averaged from three CMP experiments. The reference slurry showed an MRR
of 0.331 um/min. The addition of the five types of polyamines increased the polishing
rate of the silicon wafers by 80-148% compared to the reference slurry, with MRR values
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of 0.597, 0.752, 0.820, 0.771, and 0.685 um/min, respectively. It can be seen that for EDA,
DETA, and TETA, the effect of MRR enhancement showed a positive correlation with the
adsorption rates obtained from the previous simulations, indicating that the adsorption rate
of polyamine on the silicon surface is an important factor in improving the MRR of Si CMP.
To further elucidate the influence mechanism of polyamines on the polishing rate of silicon
CMP, the bonding information of the polyamine adsorption simulations was analyzed.
The changes in the Si-Si bond lengths between the surface Si atoms before and after the
adsorption of the TETA molecules are demonstrated in Figure 11 (see Figures S5-S8 for the
effects of the adsorption of other polyamines on surface 5i-Si bonds). It can be observed
that, during the simulations, the adsorption of polyamines resulted in the stretching of
the original surface Si-Si bonds (bond lengths of about 2.10~2.18 A) by 7~18%, facilitating
the removal of surface silicon atoms through the subsequent mechanical wear action of
abrasives in the CMP process. Water on the silicon surface mainly produces OH™ to attack
the Si-Si bonds [20], whereas simple adsorption of water molecules does not significantly
affect the Si-Si bonds. In contrast, polyamines have a faster adsorption rate and the
ability to stretch and weaken Si-Si bonds, making the Si atoms easier to remove; therefore,
polyamines can increase the polishing rate of Si CMP.

Contact angle tests were performed to evaluate the adsorption effect of polyamines on
the silicon surface. As shown in Figure 12a, the contact angle of the polishing solution on
the wafer surface gradually decreases with the increase in the quantity of -CH,CH,NH-
in the polyamine. This indicates that polyamines with more amine groups can make
the silicon surface more hydrophilic. The data of the contact angle tests verify the MD
results, showing that the adsorption rate and the adsorption strength of polyamines can be
enhanced by increasing the number of amine groups.

The MRR of TEPA and PEHA shows a decreasing trend, suggesting that multiple
factors affect the MRR in the CMP process. The results of the multimolecular simulations
in Section 3.2 show that the number of N atoms that can be adsorbed on the silicon surface
by the TEPA and PEHA surfaces is significantly reduced, as shown in Figure 12b. This
leads to a weakening of the stretching effect of the Si-Si bonds on the surface, impeding
subsequent corrosion and friction removal. Additionally, the long-chain polyamines form a
dense adsorption layer on the silicon surface, severely hindering the mechanical friction
between the abrasive and the silicon wafer, which also leads to a reduction in the MRR.
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Figure 10. Effects of polyamines on the MRR of Si CMP.
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(@) 90

Figure 11. Changes in surface Si-Si bond lengths before and after TETA adsorption: (a) 2401N
adsorption, (b) 2404N adsorption, (c) 2407N adsorption, and (d) 2410N adsorption. The yellow atoms
correspond to Si, the blue atoms correspond to N, and the number preceding the atom indicates its
atomic ID.
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Figure 12. (a) Contact angle test results of polishing solutions containing different polyamines with
silicon wafers treated with hydrofluoric acid. (b) The proportion of N atoms that can adsorb to the
silicon surface with the same N contents of the adsorption layer in the multimolecular adsorption sim-
ulation.

3.4. Effect of Polyamines on the Surface Quality of Si CMP

Additionally, the surface quality after polishing with polyamines was also character-
ized in this work. Figure 13 illustrates the surface morphology of silicon wafers before and
after polishing. The polyamines have almost no effect on the topographic distribution of the
wafers. Therefore, the flatness parameters, mainly TTV (total thickness variation) and SFQR
(site flatness, front-surface, least-squares fit (site), range), were used to further evaluate the
surface quality. The definitions of these two parameters are shown in Figure 14.

The change values of TTV and SFQR before and after polishing, i.e., ATTV and ASFQR,
were used to evaluate the changes in the wafer flatness, as shown in Figure 15. In terms
of ATTV, the value obtained with the reference slurry was 0.130 um, while the values for
the polyamine-containing slurries increased to 0.212 (EDA), 0.241 (DETA), 0.309 (TETA),
0.240 (TEPA), and 0.208 (PEHA) um. For ASFQR, compared to the reference value of
0.051 um, polyamines also resulted in an increase, reaching 0.055 (EDA), 0.075 (DETA),
0.080 (TETA), 0.068 (TEPA), and 0.085 (PEHA) um. It is comprehensible that increase in
anisotropic etching through the addition of chemicals could result in a slight deterioration
in the global and local flatness of the silicon wafer. Relative to the reference slurry, the
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increases in the percentage of TTV deterioration caused by the slurries with polyamines
were all less than 10%, and the increases in the percentage of SFQR deterioration were all
less than 15%, suggesting that polyamine has a weak deterioration effect on the surface
quality of wafers.
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the figure indicate the values of ATTV or ASFOR and their deterioration ratios, respectively, for the
reference group.

4. Conclusions

In this study, the adsorption mechanism of polyamines on the Si(1, 0, 0) surface was
investigated using the MD simulation method based on a reactive force field. Polyamines
can adsorb on the Si surface and form weak Si-N bonds. From EDA to PEHA, the ad-
sorption rate of these polyamines shows a tendency of increasing and then leveling off as
the number of main-chain amine groups increases, i.e., as the number of adsorption sites
increases. Furthermore, we explored the effect of polyamine adsorption on the surface Si
structure, and we found that the adsorption of polyamines can stretch the surface Si-Si
bonds to some extent, facilitating easier removal of Si atoms by mechanical friction. The
faster adsorption rate of polyamines compared to water and hydroxide (two main com-
ponents of the CMP slurry), combined with their ability to weaken Si-Si bonds, resulted
in an improved MRR. CMP experiments confirmed the positive correlation between the
adsorption rate of polyamines and the polishing rate of Si CMP, and further found that
the enhancement of MRR is somewhat weakened due to an increase in the number of
amine groups.

Compared to the existing research, this work has demonstrated the chemical impact of
polyamines on the surface of silicon wafers at the atomic level, as well as their effect on the
subsequent mechanical wear, and revealed the mechanism by which polyamines enhance
the polishing rate. This provides valuable insights for the development of additives that
can expedite the formulation of polishing solutions. The methods and concepts utilized
in this study can also be extended to investigate the interactions between chemicals and
substrate materials in the domains of CMP, cleaning, and etching. However, this study was
limited by the existing force field, which cannot account for the complex polishing fluid
environment and the mechanical friction process. These research topics will be explored in
our future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano14010127/s1, Figure S1: (a) The schematic diagram of the
atomic structure of the DETA-Si system before (left) and after (right) the MD simulation. (b) The
potential energy curve for the DETA-Si system. The red line is the smoothed potential energy curve.
(c) Curves of the internal distances of the N-Si atom pairs. Figure S2: (a) The schematic diagram of
the atomic structure of the TETA-Si system before (left) and after (right) the MD simulation. (b) The
potential energy curve for the TETA-Si system. The red line is the smoothed potential energy curve.
(c) Curves of the internal distances of the N-Si atom pairs. Figure S3: (a) The schematic diagram of
the atomic structure of the TEPA-Si system before (left) and after (right) the MD simulation. (b) The
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potential energy curve for the TEPA-Si system. The red line is the smoothed potential energy curve.
(c) Curves of the internal distances of the N-Si atom pairs. Figure S4: (a) The schematic diagram of
the atomic structure of the PEHA-Si system before (left) and after (right) the MD simulation. (b) The
potential energy curve for the PEHA-Si system. The red line is the smoothed potential energy curve.
(c) Curves of the internal distances of the N-Si atom pairs. Figure S5: Changes in surface Si-Si bond
lengths before and after EDA adsorption: (a) 2401N adsorption, (b) 2404N adsorption. The yellow
atoms correspond to Si, and the blue atoms correspond to N. Figure S6: Changes in surface Si-Si bond
lengths before and after DETA adsorption: (a) 2401N adsorption, (b) 2404N adsorption, and (c) 2407N
adsorption. The yellow atoms correspond to Si, and the blue atoms correspond to N. Figure S7:
Changes in surface Si-Si bond lengths before and after TEPA adsorption: (a) 2401N adsorption,
(b) 2404N adsorption, (c) 2407N adsorption, (d) 2410N adsorption, and (e) 2413N adsorption. The
yellow atoms correspond to Si, and the blue atoms correspond to N. Figure S8: Changes in surface
Si-Si bond lengths before and after PEHA adsorption: (a) 2401N adsorption, (b) 2404N adsorption,
(c) 2407N adsorption, (d) 2410N adsorption, (e) 2413N adsorption, and (f) 2416N adsorption. The
yellow atoms correspond to Si, and the blue atoms correspond to N. Figure S9: Schematic distribution
of polyamines before and after the adsorption simulations: (a) EDA, (b) DETA, (c) TETA, (d) TEPA,
and (e) PEHA.

Author Contributions: Conceptualization, ].Z. and W.L.; methodology, Z.L. and ].Z.; formal analysis,
Z.L.; investigation, Z.L.; software, Z.L. and Q.H.; validation, ]J.Z.; resources, L.Z. and W.Y.; data
curation, Z.L. and Q.H.; writing—original draft preparation, Z.L.; writing—review and editing, J.Z.;
supervision, L.Z., W.L. and W.Y,; project administration, L.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported in part by the National Science Foundation of China under Grant
No. 62274171, and in part by the Shanghai Technology Innovation Action Plan under Grant No.
22501100700 and Grant No. 21ZR1474500.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Junli Zhu was employed by the company Shanghai Institute of IC
Materials Co., Ltd. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Bu, Z.; Niu, F; Chen, J.; Jiang, Z.; Wang, W.; Wang, X.; Wang, H.; Zhang, Z.; Zhu, Y.; Sun, T. Single crystal silicon wafer polishing
by pretreating pad adsorbing SiO, grains and abrasive-free slurries. Mater. Sci. Semicond. Proc. 2022, 141, 106418. [CrossRef]

2. Wang, Y.; Ku, L.; Suo, S.; Dang, Y.; Ge, Z.; Yan, Z.; Zhou, Q. Finite element analysis on von Mises stress distributions of Si DSP.
Mater. Sci. Semicond. Proc. 2013, 16, 165-170. [CrossRef]

3. Pandey, K; Sharma, A.; Sing, A K. Silicon wafers; Its manufacturing processes and finishing techniques: An Overview. Silicon
2022, 14, 12031-12047. [CrossRef]

4.  Krishnan, M.; Nalaskowski, ].W.; Cook, L.M. Chemical mechanical planarization: Slurry chemistry, materials, and mechanisms.
Chem. Rev. 2010, 110, 178-204. [CrossRef] [PubMed]

5. Wang, Y.G,; Zhang, L.C.; Biddut, A. Chemical effect on the material removal rate in the CMP of silicon wafers. Wear 2011, 270,
312-316. [CrossRef]

6. Xiao, C.; Deng, C.; Zhang, P.; Qian, L.; Kim, S.H. Interplay between solution chemistry and mechanical activation in friction-
induced material removal of silicon surface in aqueous solution. Tribol. Int. 2020, 148, 106319. [CrossRef]

7. Zhang, S.; Liu, Y,; Li, W.; Cao, J.; Huang, J.; Zhu, L.; Guan, Z. Numerical analysis of the effect of retaining ring structure on the
chemical mechanical polishing abrasive motion state. Materials 2023, 16, 62. [CrossRef]

8.  Bukkapatnam, S.; Rao, P.; Komanduri, R. Experimental dynamics characterization and monitoring of MRR in oxide chemical
mechanical planarization (CMP) process. Int. . Mach. Tools Manuf. 2008, 48, 1375-1386. [CrossRef]

9. Zhong, Z.W.; Tian, Y.B.; Ng, ].H.; Ang, Y.J. Chemical mechanical polishing (CMP) processes for manufacturing optical silicon
substrates with shortened polishing time. Mater. Manuf. Process. 2014, 29, 15-19. [CrossRef]

10. Zhao, Y,; Chang, L. A micro-contact and wear model for chemical-mechanical polishing of silicon wafers. Wear 2002, 252, 220-226.
[CrossRef]

11.  Qin, K;; Moudgil, B.; Park, C.W. A chemical mechanical polishing model incorporating both the chemical and mechanical effects.
Thin Solid Films 2004, 446, 277-286. [CrossRef]

12.  Su,]J; Chen, X,; Zhang, X.; Du, J.; Guo, D. Study on characteristic of material removal rate in chemical mechanical polishing of

silicon wafer. J. Comput. Theor. Nanosci. 2008, 5, 1656-1660. [CrossRef]


https://doi.org/10.1016/j.mssp.2021.106418
https://doi.org/10.1016/j.mssp.2012.05.005
https://doi.org/10.1007/s12633-022-01940-z
https://doi.org/10.1021/cr900170z
https://www.ncbi.nlm.nih.gov/pubmed/19928828
https://doi.org/10.1016/j.wear.2010.11.006
https://doi.org/10.1016/j.triboint.2020.106319
https://doi.org/10.3390/ma16010062
https://doi.org/10.1016/j.ijmachtools.2008.05.006
https://doi.org/10.1080/10426914.2013.852206
https://doi.org/10.1016/S0043-1648(01)00871-7
https://doi.org/10.1016/j.tsf.2003.09.060
https://doi.org/10.1166/jctn.2008.844

Nanomaterials 2024, 14, 127 150f 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang, L.; Zhou, P; Yan, Y.; Zhang, B.; Kang, R.; Guo, D. Chemical-mechanical wear of monocrystalline silicon by a single pad
asperity. Int. J. Mach. Tools Manuf. 2017, 120, 61-71. [CrossRef]

Seo, J. A review on chemical and mechanical phenomena at the wafer interface during chemical mechanical planarization. J. Mater.
Res. 2001, 36, 235-257. [CrossRef]

Song, X.; Yang, H.; Zhang, X.; Liu, H.; Qiu, G.; Tang, M. Effects of H,O, on electrochemical characteristics of silicon wafers during
chemical mechanical polishing. . Electrochem. Soc. 2008, 155, C530. [CrossRef]

Xie, W.; Zhang, Z.; Chen, X.; Yu, S.; Shi, C.; Zhou, H.; Wen, W. Effect of cations on the improvement of material removal rate of
silicon wafer in chemical mechanical polishing. Colloids Surf. A Physicochem. Eng. Asp. 2023, 67,131576. [CrossRef]

Xie, W.; Zhang, Z.; Wang, L.; Cui, X,; Yu, S.; Su, H.; Wang, S. Chemical mechanical polishing of silicon wafers using developed
uniformly dispersed colloidal silica in slurry. . Manuf. Process. 2023, 90, 196-203. [CrossRef]

Xie, W.; Zhang, Z.; Yu, S.; Li, L.; Cui, X.; Gu, Q.; Wang, Z. High efficiency chemical mechanical polishing for silicon wafers using a
developed slurry. Surf. Interfaces 2023, 38, 102833. [CrossRef]

Liu, Y,; Zhang, K.; Wang, E; Di, W. Investigation on the final polishing slurry and technique of silicon substrate in ULSIL
Microelectron. Eng. 2003, 66, 438—444. [CrossRef]

Zhang, X.; Wang, C.; Zhou, J.; Liu, Z.; Liu, G.; Ma, H,; Li, Y. Effect and mechanism of dual-official group of ethanolamines on the
chemical mechanical polishing of monocrystalline silicon. ECS J. Solid State Sci. Technol. 2022, 11, 093005. [CrossRef]

Pan, TM.; Lei, T.F,; Ko, EH.; Chao, T.S.; Chiu, T.H.; Lee, Y.H.; Lu, C.P. Comparison of novel cleaning solutions with various
chelating agents for post-CMP cleaning on poly-Si film. IEEE Trans. Semicond. Manuf. 2001, 14, 365-371. [CrossRef]

Zhang, X.; Wang, G. Study of chelating agents in silicon wafer polishing slurry. Adv. Mater. Res. 2012, 581, 790-793. [CrossRef]
Bae, J.Y.; Han, M.H.; Le, SJ.; Kim, E.S.; Lee, K.; Lee, G.S.; Park, J.H. Silicon wafer CMP slurry using a hydrolysis reaction
accelerator with an amine functional group remarkably enhances polishing rate. Nanomaterials 2022, 12, 3893. [CrossRef]
[PubMed]

Wang, H.; Jiang, X. Mechanism study on silicon CMP using ethylenediamine. China Surf. Eng. 2021, 34, 67-73. [CrossRef]
Wang, H.; Hu, L.; Cao, G.; Xia, R.; Cao, J.; Zhang, J.; Pan, G. Experimental and Computational Studies on Octyl Hydroxamic
Acid as an Environmentally Friendly Inhibitor of Cobalt Chemical Mechanical Polishing. ACS Appl. Mater. Interfaces 2022, 14,
28321-28336. [CrossRef] [PubMed]

Sun, X.; Ma, T,; Yin, D.; Tan, B.; Yang, F; Liu, M.; Gao, P.; Zhang, S.; Wang, Y.; He, Y. Adsorption mechanism of potassium oleate
on cobalt surface based on cobalt interconnection CMP: A combined experimental and DFT investigation. ECS |. Solid State Sci.
Technol. 2021, 10, 024003. [CrossRef]

Wu, P; Zhang, B.; Wang, Y.; Xie, M; Liu, S.; Liu, M.; Xian, W.; Cui, D.; Zhang, K. Effect of synergetic inhibition of nonionic
surfactant and benzotriazone for molybdenum in chemical mechanical polishing. Colloids Surf. A Physicochem. Eng. Asp. 2023,
664, 131164. [CrossRef]

Yuan, S.; Guo, X.; Wang, H.; Kang, R.; Gao, S. Atomistic understanding of rough surface on the interfacial friction behavior during
the chemical mechanical polishing process of diamond. Friction 2023, 1-14. [CrossRef]

Nguyen, V.T.; Fang, T.H. Molecular dynamics simulation of abrasive characteristics and interfaces in chemical mechanical
polishing. Appl. Surf. Sci. 2020, 509, 144676. [CrossRef]

Nguyen, V.T.; Fang, T.H. Material removal and interactions between an abrasive and a SiC substrate: A molecular dynamics
simulation study. Ceram. Int. 2020, 46, 5623-5633. [CrossRef]

Van Duin, A.C.T,; Dasgupta, S.; Lorant, F.; Goddard, W.A. ReaxFF: A reactive force field for hydrocarbons. J. Phys. Chem. A 2001,
105, 9396-9409. [CrossRef]

Wen, J.; Ma, T.; Zhang, W.; Psofogiannakis, G.; Van Duin, A.C.T.; Chen, L.; Qian, L.; Hu, Y.; Lu, X. Atomic insight into tribochemical
wear mechanism of silicon at the Si/SiO; interface in aqueous environment: Molecular dynamics simulations using ReaxFF
reactive force field. Appl. Surf. Sci. 2016, 390, 216-223. [CrossRef]

Wen, J.; Ma, T.; Zhang, W.; Van Duin, A.C.T,; Lu, X. Atomistic mechanisms of Si chemical mechanical polishing in aqueous H,O,:
ReaxFF reactive molecular dynamics simulations. Comput. Mater. Sci. 2017, 131, 230-238. [CrossRef]

Wen, ]J.; Ma, T.; Zhang, W.; Van Duin, A.C.T.; Lu, X. Surface orientation and temperature effects on the interaction of silicon
with water: Molecular dynamics simulations using ReaxFF reactive force field. J. Phys. Chem. A 2017, 121, 587-594. [CrossRef]
[PubMed]

Yuan, S.; Guo, X,; Li, P.; Zhang, S.; Li, M; Jin, Z.; Kang, R.; Guo, D.; Liu, F; Zhang, L. Atomistic understanding of interfacial
processing mechanism of silicon in water environment: A ReaxFF molecular dynamics simulation. Front. Mech. Eng. 2021, 16,
570-579. [CrossRef]

Tao, H.; Zeng, Q.; Liu, Y.; Zhao, D.; Lu, X. Effects of grinding-induced surface topography on the material removal mechanism of
silicon chemical mechanical polishing. Appl. Surf. Sci. 2023, 631, 157509. [CrossRef]

Brugnoli, L.; Miyatani, K.; Akaji, M.; Urata, S.; Pedone, A. New atomistic insights on the chemical mechanical polishing of silica
glass with ceria nanoparticles. Langmuir 2023, 39, 5527-5541. [CrossRef]

Martinez, L.; Andrade, R.; Birgin, E.G.; Martinez, ]. M. PACKMOL: A package for building initial configurations for molecular
dynamics simulations. J. Comput. Chem. 2009, 30, 2157-2164. [CrossRef]

Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1-19. [CrossRef]


https://doi.org/10.1016/j.ijmachtools.2017.05.001
https://doi.org/10.1557/s43578-020-00060-x
https://doi.org/10.1149/1.2969417
https://doi.org/10.1016/j.colsurfa.2023.131576
https://doi.org/10.1016/j.jmapro.2023.01.007
https://doi.org/10.1016/j.surfin.2023.102833
https://doi.org/10.1016/S0167-9317(02)00908-5
https://doi.org/10.1149/2162-8777/ac911c
https://doi.org/10.1109/66.964323
https://doi.org/10.4028/www.scientific.net/AMR.581-582.790
https://doi.org/10.3390/nano12213893
https://www.ncbi.nlm.nih.gov/pubmed/36364668
https://doi.org/10.11933/j.issn.1007-9289.20210413002
https://doi.org/10.1021/acsami.2c02837
https://www.ncbi.nlm.nih.gov/pubmed/35674496
https://doi.org/10.1149/2162-8777/abe1d8
https://doi.org/10.1016/j.colsurfa.2023.131164
https://doi.org/10.1007/s40544-023-0760-8
https://doi.org/10.1016/j.apsusc.2019.144676
https://doi.org/10.1016/j.ceramint.2019.11.006
https://doi.org/10.1021/jp004368u
https://doi.org/10.1016/j.apsusc.2016.08.082
https://doi.org/10.1016/j.commatsci.2017.02.005
https://doi.org/10.1021/acs.jpca.6b11310
https://www.ncbi.nlm.nih.gov/pubmed/28045520
https://doi.org/10.1007/s11465-021-0642-6
https://doi.org/10.1016/j.apsusc.2023.157509
https://doi.org/10.1021/acs.langmuir.3c00304
https://doi.org/10.1002/jcc.21224
https://doi.org/10.1006/jcph.1995.1039

Nanomaterials 2024, 14, 127 16 of 16

40.

41.

42.

43.

44.

45.

Aktulga, HM.; Fogarty, ].C.; Pandit, S.A.; Grama, A.Y. Parallel reactive molecular dynamics: Numerical methods and algorithmic
techniques. Parallel Comput. 2012, 38, 245-259. [CrossRef]

Bhati, M.; Senftle, T.P. Identifying adhesion properties at Si/polymer interfaces with ReaxFF. J. Phys. Chem. C 2019, 123,
27036-27047. [CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. Model. 1996, 14, 33-38. [CrossRef]
[PubMed]

Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO—The open visualization tool. Model. Simul.
Mater. Sci. Eng. 2009, 18, 015012. [CrossRef]

Chandrasekhar, V.; Nagendran, S.; Butcher, R.J. Synthesis and characterization of new organosilanediols with Si—N bonds.
Organometallics 1999, 18, 4488-4492. [CrossRef]

Che, C.W,; Huang, C.C; Lin, Y.Y,; Chen, L.C.; Chen, K.H. The affinity of Si-N and Si—C bonding in amorphous silicon carbon
nitride (a-SiCN) thin film. Diam. Relat. Mater. 2005, 14, 1126-1130. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.parco.2011.08.005
https://doi.org/10.1021/acs.jpcc.9b08216
https://doi.org/10.1016/0263-7855(96)00018-5
https://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1088/0965-0393/18/1/015012
https://doi.org/10.1021/om990327c
https://doi.org/10.1016/j.diamond.2004.10.045

	Introduction 
	Materials and Methods 
	Model Construction 
	Simulation Details 
	Experimental Details 

	Results and Discussion 
	Unimolecular Adsorption of Polyamine 
	Multimolecular Adsorption of Polyamines 
	Effect of Polyamines on the MRR of Si CMP 
	Effect of Polyamines on the Surface Quality of Si CMP 

	Conclusions 
	References

