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Abstract

Atomic surface of silicon (Si) wafers without particulate contamination achieved by chemical
mechanical polishing (CMP) is highly desired for advanced chip manufacturing. Traditional
CMP processes usually employ abrasive-containing slurries, resulting in significant particulate
residues and high-cost post-treatments. To settle this challenge, a novel abrasive-free CMP
slurry only including designated chain-length alkylamine was developed based on the observed
dependence between the Si surface roughness and alkylamine chain length. After polishing by
the long-chain hexylamine slurry, an atomic surface without particulate contamination is
achieved with surface roughness as low as 0.13 nm, which is 85% lower than that obtained
using short-chain methylamine slurry, while maintaining a material removal rate of 57.7
nm/min. Then, we established an atomic mechanistic framework that integrates interfacial
chemistry with mechanical action to understand how alkylamine chain length modulates
mechanochemistry in abrasive-free St CMP. Density functional theory calculations show that
long-chain alkylamines adsorb more readily but have a milder weakening effect on Si—Si bonds,
whereas short-chain counterparts, despite weaker adsorption, more effectively weaken these
bonds. Nanowear tests and X-ray photoelectron spectroscopy corroborate that the dynamic
equilibrium between the adsorption strength and bond weakening promotes the formation of a
mechanically vulnerable reaction layer composed by Ox—Si—Ny compounds amenable to
abrasive-free removal for atomic smoothness. Our findings shift the mechanistic paradigm from
conventional abrasive-involved interfacial interactions to abrasive-free, chemically driven,
adsorption-controlled removal processes. These insights offer valuable theoretical guidelines

for both academic research and industrial practice in ultra-precision manufacturing and



advanced semiconductor processing.
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1. Introduction

Chemical mechanical polishing (CMP), a process extensively employed in integrated
circuit (IC) manufacturing, utilizes chemical additives and abrasives incorporated into slurries
to regulate its performances, thereby achieving global planarization across wafer-scale surface
[1-7]. As the feature size of advanced chips shrinks to 5 nm or less, an atomic surface of wafers
without particulate contamination is required for advanced semiconductor materials such as
silicon (Si) [8-10], diamond [11, 12] and silica [13-15]. In traditional abrasive-containing CMP
processes, material removal of wafer relies on abrasive particles that driven by polishing pad to
attack wafer surface via complex motion, such as scratching and rolling [16, 17]. Once these
particles slide against wafer surface, they are difficult to detach due to mechanochemical
interaction, thereby resulting in substantial particulate residues [ 18]. This not only compromises
the reliability of microstructures of ICs, but also necessitates complex and high-cost post-CMP
cleaning processes [19]. Therefore, developing abrasive-free CMP process is imperative. For
abrasive-free slurries, the surface flatness of wafers is governed by chemical additives, as their
molecular structures significantly impact the dynamic equilibrium between mechanical action
and chemical reactions in the CMP process [20-22]. However, current mechanistic

understanding by which molecular structures of the chemical additives govern the CMP



performances still remains rudimentary due to the complexity of the coupling between
mechanical and chemical in practical CMP processes [23, 24], thereby hindering the further
improvement of the current CMP processes.

Si has been extensively used as structural and substrate material in the fabrication of over
90% of ICs, underpinning the modern electronics industry [3, 9, 25, 26]. The pursuit of atomic
surfaces without particulate contamination remains a persistent challenge in Si CMP, primarily
due to its high chemical reactivity [27]. Previous studies have made considerable efforts to
focus on the interaction between abrasives and Si surface, among which the most significant
advancement is the incorporation of chemically reactive nanoparticles (e.g., ceria or silica) into
the slurry to achieve sub-nanometer surface finishing [28, 29]. In these systems, abrasives
particles are dynamically driven by the polishing pad to interact with the Si surface, initiating
mechanochemical reaction [30, 31]. Here, interfacial bonding bridges formed between Si and
abrasive surfaces with the participation of water molecules induce the rupture of Si—Si networks,
resulting in the removal of the topmost material layer [27, 32]. However, the chemically active
abrasive particles tend to adhere strongly to the Si surface via chemical bonding, which not only
complicates the post-CMP cleaning process but also risks damaging the crystalline structure of
the Si substrate during particle removal [19, 33]. More critically, the intrinsic interactions
between chemical reagents and Si in the dynamic polishing process are largely masked by the
dominant effects of abrasive—Si interactions, which results their fundamental mechanisms been
relatively overlooked in the most current studies.

For abrasive-free CMP slurries, the polishing performance is dominated by the chemical

reagents, with their molecular structures critically shaping the final surface flatness. In



particular, amine-containing compounds are often introduced as accelerators to enhance the
material removal rate of Si, as the amine group can weaken Si—Si bonds and render them more
susceptible to chemical attack, thereby improving the CMP efficiency [10, 20, 34]. However,
variations in the molecular structure of these amines, especially the carbon chain length, can
significantly alter the adsorption behavior on the Si surface [35, 36]. Such changes may hinder
the ability of these molecules to weaken interatomic bonds, consequently affecting the material
removal process and compromising the final surface quality [22, 37]. Despite its significance,
most current studies remain empirical observations and fall short of uncovering the fundamental
interfacial mechanisms involved. This gap largely stems from the inherent challenges
associated with in situ characterization of reaction layer formation and removal during CMP
[38, 39]. Consequently, the current research offers merely phenomenological insights and lacks
the mechanistic understanding of how molecular structure influences the CMP performances
that are essential for further improve CMP performance in the manufacturing of high-end chips.

The present study systematically investigates the effect of molecular structure of chemical
reagents on CMP performance as a function of carbon chain length and concentration using a
homologous series of primary alkylamines, i.e., methylamine (MA), ethylamine (EA),
propylamine (PA), butylamine (BA), amylamine (AA), and hexylamine (HA). The mechanical
and chemical properties of the polished Si surfaces were characterized by various techniques,
including a static etching test, X-ray photoelectron spectroscopy (XPS), and atomic force
microscopy (AFM) nanowear test. Furthermore, density functional theory (DFT) calculations
were performed to reveal the atomistic mechanisms underlying the interactions between

alkylamines and Si surface. Our findings provide useful knowledge for further improving CMP



performance and shed new light for optimizing the design of high-performance slurries.

2. Material and methods
2.1 Experiment method

The abrasive-free CMP process involves alternating chemical and mechanical steps: (1)
the formation of a reaction layer forms via chemical reaction between the slurry and Si surface,
followed by (2) mechanical removal of this layer via multi-asperity contact with the polishing
pad under applied pressure (Fig. 1a-c) [40]. To elucidate the underlying removal mechanism in
CMP, the inherently complex and stochastic multiple-asperity contact was simulated by
precisely controlling sliding parameters in single-asperity contact using AFM at the nanoscale
(Fig. 1d and e) [17]. To further clarify the interaction reaction mechanism between the
alkylamines and Si surface, the reaction process was simulated by performing DFT calculations
at atomic scale (Fig. 1f). By bridging nanoscale interfacial chemistry and mechanical action,
the underlying mechanism of Si removal during dynamic CMP process was systematically

revealed.

2.2 Polishing experiments

P-doped Si wafer with a diameter of 50.8 mm was supplied by Jingxin electronics
technology Co., Ltd., Suzhou, China. Prior to CMP, wafers were dipped in 3 wt% HF solution
for 2 min to remove native oxide layers. The components of the CMP slurries are shown in
Table 1. CMP experiments were performed by an automatic pressure polisher (UNIPOL-1200S,

Shengyang Kejing Auto-instrument Co., Ltd, China) using the polishing parameters listed in



Table 2. The material removal rate (MRR) was calculated by measuring the mass difference
before and after polishing using a Sartorius ME36S microbalance with a readability of 1 pg.

After each polishing, the polishing pad is conditioned for 60 s with a diamond grit pad.
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Fig. 1 Schematic representation of the multiscale material removal mechanism in Si CMP. (a)
Photograph of automatic pressure polisher. (b) Material removal dominated by the multi-
asperity-contact (c) in CMP process at macroscale. (d) Photograph of the AFM used in the
nanowear tests. (¢) Mechanical removal in the CMP simulated by single-asperity-contact in

AFM tests at nanoscale. (f) DFT calculation of the reaction process at atomic scale.

Table 1 Abrasive-free slurry components used in this study.

Chemical agents pH Water

Content 0~100 mM alkylamines 10 Balance



Adjusted with KOH andMaster-S15, Hitech
Source TCI Development Co., Ltd.
HNO; Instruments Co., Ltd.

Table 2 CMP parameters for polishing Si wafers.

Parameters Value

Polishing pad IC1010/Sub IV

Carrier/platen speed 80/90 rpm

Slurry flow rate 100 ml/min

Polishing time 3 min

Down pressure 3.5 psi

2.3 Characterization

The chemical reactivity of alkylamines toward the Si surface was assessed via static
etching experiments where the Si wafers were immersed in designated slurries for 1.5 min. The
static etching rate (SER) was calculated based on weight loss measurements using a Sartorius
ME36S microbalance. The elemental compositions of Si wafers were characterized by X-ray
Photoelectron Spectroscopy (XPS, AXIS Ultra DLD, Kratos Analytical). The mechanical
properties of the wafers were estimated via an AFM (SPI3800N, Seiko, Japan) by sliding
against with a chemically inert diamond tip (NC-LC, Adama, Ireland, curvature radius of 20
nm) to exclude chemical contributions. The nanowear tests were conducted under the following
conditions: sliding velocity of 2.4 um/s, number of reciprocating cycles of 20, applied loads Fn
of 1.5 uN, and a sliding stroke D of 0.6 um. The topographies of the nanoscratches and wafer

surfaces were imaged using a sharp Si3Ns4 tip. Additionally, the zeta potentials of Si



nanoparticles (diameter of 60 nm) in the designated slurries were measured using a zeta

potential analyzer (Zetasizer Nano ZS, Malvern Instruments, UK).

2.4 Theoretical simulation details
2.4.1 Basic setup of DFT calculation

Geometric optimization was carried out using the Dmol® module [41] in the Materials
Studio software. The generalized gradient approximation (GGA) functional with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation and DNP basis set were employed [42]. The k-
points mesh precision was set to 2x1x1, and the self-consistent field (SCF) convergence
tolerance was set to 1.0x10° eV/atom. The conductor-like screening model (COSMO) with a
dielectric constant of water (ewater = 78.54) was introduced to simulate the aqueous environment
[43]. To account for van der Waals interactions, Grimme’s DFT-D correction was applied [44,
45]. The computational model is based on a Si(100) 2x4 model, designed to eliminate
interatomic interactions in the xy direction. The Si surface is reconstructed and passivated with
hydrogen atoms, while the bottom two silicon layers are fixed. A vacuum layer of 15 A is
introduced, and a total of five Si layers are used for surface reaction calculations.
2.4.2 Transition state search

Transition state search was performed using the Dmol® module with the Complete
LST/QST protocol [46], setting the task type to TS Search. The optimized option of reactants
and products was selected to ensure reactants and product structures were minimized. Transition
state verification was verified by vibrational frequency analysis, with the presence of a single

frequency confirming that the structure corresponds to a first-order saddle point on the potential



energy surface.
2.4.3 Calculation of force constant

To evaluate changes in chemical bond strength within Si systems, local vibrational mode
analysis based on Cremer-Konkoli theory was employed [47]. Using Vienna Ab-Initio
Simulation Package (VASP), Phonopy, and LModeA-nano plugin [48], force constants were
calculated in a Si cluster model to reduce computational complexity [49]. The cluster model
can accurately capture the local interfacial interactions, including force constants and charge
distributions at surface active sites, and its validity has been extensively demonstrated in
previous studies [50, 51]. The plane-wave basis set kinetic energy cutoff was set to 400 eV.
First, the basic parameters were set. The VASP calculation parameters were kept consistent with
those in Materials Studio (EDIFF = 1E-06, EB_K = 78.54), and geometric optimization was
performed on the Si cluster model. After completing the structural relaxation, the vibration
frequencies are calculated using VASP and the results are stored in the vasprun.xml output file.
The Hessian matrix is then extracted from this file using Phonopy, and in combination with the
LModeA nano plugin, the local mode force constants are computed to achieve a quantitative

analysis of changes in chemical bond strength.

3. Results and discussion
3.1 Effect of the carbon chain length of alkylamines on the CMP performance
of Si

A homologous series of primary alkylamines — MA (C1), EA, (C2), PA (C3), BA (C4), AA

(Cs), and HA (Cs) — were selected as key chemical additives for the Si CMP experiments. As



illustrated in Fig. 2a, all compounds share a common molecular architecture, featuring a
terminal primary amine group (-NH2) connected to linear alkyl chains ranging from methyl (C1)
to hexyl (Cs). This series provides a model system for systematically investigating how the
molecular structure, particularly the carbon chain length, influences CMP performance.

The effects of these six alkylamines on Si CMP performance were examined across a range
of concentrations. As shown in Fig. 2b, the MRR for short-chain alkylamines (Ci1—C2) increases
monotonically with concentration. In contrast, for medium-chain alkylamines (C3—C4), MRR
increases linearly at low concentration regime (0-25 mM) but plateaus at high concentrations
(>25 mM). For long-chain alkylamines (Cs—Cs), MRR reaches a maximum at 10 mM and then
decreases significantly at higher concentrations (Fig. 2b). At 10 mM (Fig. 2c), the MRR shows
a positive correlation with carbon chain length, increasing by 21% from ~306.1 nm/min (C1) to
369.0 nm/min (Cs). However, at 100 mM (Fig. 2c), the trend reverses dramatically: MRR
decreases by ~90% with increasing carbon chain length, dropping from ~555.0 nm/min (C1) to
57.7 nm/min (Cs). The pronounced variations in MRR likely stem from the synergistic effects
of carbon chain length and concentration, implying a shift in the underlying interaction

mechanism between alkylamines and Si in the CMP process.
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Fig. 2 Effect of the six alkylamines on the MRR of Si in the CMP tests. (a) Schematic molecular
structures of the six alkylamines: MA (C1), EA (Cz2), PA (Cs3), BA (Cs), AA (Cs), HA (Ce). (b)
MRR as a function of the concentration of the alkylamines. (c) MRR as a function of carbon
chain length. The MRR data (10 and 100 mM) in (¢) corresponds to the regions highlighted by
the blue and red rectangular boxes in (b).

Fig. 3 presents the Sa and the peak-to-valley (PV) value of Si after CMP with the designated
alkylamine-based slurries, while Fig. 4 displays the representative AFM topographies and
cross-section profiles. Both Sa and PV values decrease with increasing carbon chain length at
alkylamine concentrations of 10 mM and 100 mM, indicating improved surface quality with
longer-chain alkylamines. This trend is more pronounced at 100 mM, where the reduction in Sa
and PV values is nearly 84% and 79%, respectively, from Ci to Ce, ultimately achieving an
atomic-level smooth Si surface. Specifically, at 10 mM, So/PV values decrease from 0.35 nm/3.9
nm (C1) to 0.25 nm/2.5 nm (Ce). At 100 mM, So/PV values decrease from 0.84 nm/7.5 nm (C1)

to 0.13 nm/1.6 nm (Cs). Increasing the alkylamine chain length serves as a bridge to effectively



balance the mechanical and chemical interactions in the dynamic polishing process, enabling
controlled MRR and ultimately obtaining an atomic-level smooth surface (Fig. 5). Although
using the slurry containing 100 mM HA(Cs) leads to an approximately 90% reduction in MRR
compared to the slurry containing 100 mM MA(C1), it enables the achievement of an atomic-
level smooth surface without particulate contamination. Such surface quality is crucial for
improving performance and product yield of ICs, and the reduced MRR can be acceptable in
some cases (e.g. Si surface used for lithography or ion implantation) [52]. The above results
underscore the critical interplay between chain length and concentration in governing both
material removal efficiency and surface quality, suggesting that fine-tuning these parameters is

essential for optimizing the CMP process in advanced chip manufacturing.
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of Si in the CMP tests. (a) Sa. (b) PV value.
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alkylamines provides an effective means to modulate the CMP performances.

3.2 Chain-length dependent chemical interactions between alkylamines and Si
To evaluate the chemical reactivity of the six alkylamines, static etching experiments were
conducted. Fig. 6 presents the Sa values of Si surfaces (1x1 um) etched with the designated
alkylamine-based slurries and the corresponding SER, while Fig. 7 displays the representative
AFM images and cross-sectional profiles of the etched Si surfaces. At 10 mM, all etched Si
surfaces exhibit minimal topographical change with no visible corrosion pits. In contrast, at 100
mM, significant corrosion occurs on MA (Ci)-etched surface, forming a rough surface with a
Sa of 1.51 nm. This indicates that MA at high concentration exhibits strong chemical
aggressiveness, thereby damaging the integrity of Si surface, as evidenced by the presence of
numerous nanoscale corrosion pits on the surface. With increasing carbon chain length, both
the number of corrosion pits and Sa gradually decrease, particularly on the HA (Cs) etched
surface, which shows a near-pristine topography. The SER results (Fig. 6b) follow a similar
trend to the MRR data (Fig. 2c). At 10 mM, the SER increases modestly with chain length,
from ~1.3 nm/min (Ci1) to ~1.9 nm/min (Cs). In contrast, at 100 mM, SER drops dramatically
from ~7.6 nm/min (Ci) to ~-0.2 nm/min (Cs), reflecting a sharp decline in chemical reactivity
with increasing chain length. The negative SER observed for HA (C¢) at 100 mM (~-0.2 nm/min)

suggests a slight mass gain on the Si surface, likely due to the adsorption of HA molecules.
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Fig. 7 Typical AFM topographies and cross-sectional profiles of Si after etching with the

slurries containing 10 mM (a) or 100 mM (b) alkylamine (MA, BA and HA).

To verify whether the dual-dependent behavior originates from the differences in
alkylamines adsorption, the species distributions at pH 10 were calculated. The pKa values for
the acidic forms of MA, EA, PA, BA, AA, and HA are 10.66, 10.65, 10.54, 10.60, 10.63, and

10.56, respectively [53]. Using the distribution fraction formula [54], the fractions of the two



species — RNH: (neutral) and RNH3" (protonated) — in aqueous solution at pH 10 can be
determined, where R represents alkyl group (Ci~Cs). As shown in Fig. 8a, the species
distribution of six alkylamines remains almost constant, where RNH3" accounts for 80 + 2%
for all species, ruling out speciation differences as the primary factor for the observed effects.
Fig. 8b further explores adsorption behavior between Si nanoparticles and alkylamines via
zeta potential measurements. Due to electrostatic attraction, RNH3" species readily adsorbed
onto the negatively charged Si surface, increasing the zeta potential [55]. Intriguingly, under
equivalent protonated species concentration, longer-chain alkylamines exhibit stronger
adsorption, as evidenced by progressively higher zeta potentials (Fig. 8b). At 10 mM, zeta
potential increases slightly from -34 mV (Ci) to -20 mV (Ce). At 100 mM, this effect becomes
more pronounced, shifting from -28 mV (Ci) to nearly neutral -1 mV (C¢). This enhanced
adsorption capacity with increasing chain length likely plays a key role in modulating the CMP
performance (Figs. 2 and 3), underscoring the critical influence of molecular architecture on

surface interactions during Si CMP.
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and concentration effects of the alkylamines on the zeta potential of Si nanoparticles.

3.3 Characterization of chemical and mechanical properties of Si surfaces after
etching by alkylamine-based solution

For further characterization, MA (C1) and HA (Ce) were selected as representative short-
and long-chain alkylamines, owing to their pronounced differences in polishing performance
and adsorption behavior. XPS analysis of the Si surface (Fig. 9a) reveals no distinct N 1s peak
in the absence of alkylamine. However, surfaces treated with alkylamines exhibit two peaks at
401.3 eV and 399.6 eV (Fig. 9b-¢), corresponding to N—C and N-Si bonds, respectively [56,
57]. The atomic proportions of the N—C and N-Si components were obtained from peak
deconvolution and are summarized in Fig. 9, indicating the chemical adsorption of alkylamines
on the Si surface. The intensity of N 1s signals correlates with the extent of alkylamine
adsorption, as supported by zeta potential results (Fig. 8b). Although long-chain alkylamines
may lead to chemical residues due to chemical adsorption, this issue can generally be solved
through standard industrial cleaning procedures without introducing significant additional
complexity [33]. Fig. 9f—g displays the deconvoluted O 1s XPS spectra of the Si surfaces,
revealing peaks at 531.8 eV and 532.5 eV, attributed to O> and OH~ species [58]. Compared to
the original Si surface, the atomic proportions of the etched Si surface indicate that OH™ is the
dominant species, suggesting enhanced surface hydroxylation induced by alkylamine
adsorption. The deconvolution of Si 2p spectra of original surface reveals three peaks at 103.1
eV, 99.7 eV, and 99.1 eV, corresponding to suboxide Sim—On (2m>n), Si 2pi2, and Si 2p3n,

respectively (Fig. 9k) [59, 60]. Upon alkylamines treatment (Fig. 9i~0), a left peak with 102.5—



102.7 eV, assignable to Ox—Si—Ny compounds, with corresponding atomic ratios detailed in Fig.
10 [61]. At 10 mM alkylamines concentration, the Ox—Si—Ny content is 5.9% for MA (C1) and
slightly higher (7.5%) for HA (Cs). When the concentration increases to 100 mM, the ratio
increases sharply to 16.0% for MA (C1) but decreases to 4.9% for HA (Cs). This contrast is
attributed to the formation of a continuous HA-based film, which stabilizes the interfacial
structure under mechanical loading [50], suppressing OH™ induced Si—Si bonds cleavage and

thereby limiting Ox—Si—Ny formation [20].
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The mechanical properties of the reaction layer formed on Si surface were evaluated by
nanowear tests using a chemically inert diamond tip (Fig. 11a). Representative AFM
topographies and corresponding cross-sectional profiles of scratches in Fig. 11b. The measured
wear depth exhibited a consistent trend with the MRR (Fig. 2b) and the SER (Fig. 6b). As
summarized in Fig. 11c, the wear depth and volume of the wear scratches on the etched Si
surface without alkylamine reached 9.2 nm and 6.0 x 10* nm?, respectively, which increased to
12.0 nm/6.7 x 10* nm® with the addition of 10 mM alkylamine. At 100 mM, the wear
depth/volume on MA-etched surface exhibits a substantial increase to 18.8 nm/9.9 x 10* nm’.
This enhancement is attributed to intensified chemical reactions between the amine group and
Si surface, facilitating the formation of mechanically weaker Ox—Si—Ny compounds that are
more susceptible to mechanical removal. In contrast, a notable reduction to 7.9 nm/5.6 x 10*
nm’ was observed on HA-etched surface, likely due to the lower concentration of Ox—Si—Ny

species and protective effect of the dense and uniform HA-based film. These results (Figs. 10



and 11) underscore the significant impact of alkylamines chain length on both the chemical
reactivity and mechanical stability of reaction layer. The interplay between interfacial chemistry
and nanomechanical response plays a critical role in modulating the CMP performance of Si

surfaces.
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Fig. 11 Nanowear tests on the original and etched Si surfaces. (a) Schematic representation of
the wear test on Si surface with a diamond tip. (b) AFM topographies and cross-sectional
profiles of wear scratches formed on the surfaces by a cone shaped diamond tip. (¢) Comparison
of wear volume and depth of the wear scratches in (b).

3.4 Atomic-scale insights into the interfacial interaction mechanism between

alkylamine and Si in CMP

To further elucidate the underlying mechanism by which the carbon chain length and
concentration of alkylamine affect the CMP performance of Si, DFT calculations were
performed to simulate the interaction between alkylamine and Si surface at atomic scale. The

reaction process can be divided into three sequential steps: non-dissociative pre-adsorption,



chemical adsorption of alkylamine (N—H bond cleavage), and hydroxy substitution reaction
(original H-terminated surface replaced by surface OH™ groups) (Fig. 12a). In reaction 1,
alkylamine molecules are non-dissociative pre-adsorbed onto the Si surface, resulting ina ~11%
reduction in the bond force constants of topmost layer Si—Si bonds compared to the initial
configuration (Fig. 12b) [20]. This weakening is likely caused by charge redistribution induced
by alkylamine adsorption, as evidenced by charge analysis results (Fig. 13) [50, 62]. In reaction
2, the amine groups undergo selective N—H bond dissociation, generating surface-bonded
hydrogen species (right-side configurations). However, these intermediates are unstable under
alkaline conditions and are prone to nucleophilic attack by water molecules [63]. This process
triggers the subsequent Reaction 3, wherein hydrogen atoms on the Si surface are replaced with
hydroxyl groups via a hydroxy substitution reaction [64]. Compared to Reaction 1, the
configuration of the final state in Reaction 3 shows a reduced weakening effect of alkylamines

on Si—Si bonds, as indicated by a ~4% rebound in the bond force constants (Fig. 12b).
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The reaction system is sensitive to the energy barrier with both physical and chemical
adsorption of alkylamine on the Si surface, which directly influence the reaction rate. Due to
the negligible physisorption energy barrier (< 0.15 eV) for Reaction 1, the non-dissociative
adsorption energy decreases significantly with increasing carbon chain length, suggesting that
longer-chain alkylamines adsorber more readily onto the Si surface (Fig. 14a). A similar trend
is observed in the chemical adsorption barriers (Fig. 14b), suggesting that longer-chain also
promotes bond cleavage on the surface. This dual facilitation, enhanced physical and chemical
adsorption, makes the reaction rate between longer-chain alkylamines and Si more susceptible
to be dominated by Reaction 2 and Reaction 3, whereas the reaction involving short-chain

alkylamines are more likely to be governed by Reaction 1.
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Fig. 14 (a) Non-dissociative pre-adsorption energy and (b) chemical adsorption energy barrier

as a function of alkylamine chain length. (c) The reaction pathways between alkylamine and Si.

At low alkylamine concentration (e.g. 10 mM), the Si—Si bond weakening induced by
longer-chain alkylamines, which are primarily governed by Reactions 2 and 3, is less
pronounced than that caused by short-chain alkylamines dominated by Reaction 1. However,
the significantly higher surface adsorption of long-chain species (Fig. 14a) compensates for this,
thereby enhancing the MRR of Si. This mechanism likely explains the observed MRR increase
from 306.1 nm/min for MA (C1) to 369 nm/min for HA (Cs) at low alkylamine concentrations
(Fig. 2c¢).

At high concentrations (e.g. 100 mM), the abundance of shorter-chain alkylamines results
in greater adsorption and stronger Si—Si bond weakening via Reaction 1, promoting the
formation and removal of the surface reaction layer and resulting in a higher MRR (e.g. MA,
555 nm/min). However, for long-chain alkylamines, two cooperative effects emerge: (1) the
bond-weakening capability decreases markedly (Fig. 12b), and (2) the stronger adsorption
promotes the formation of a continuous, uniform protective layer which shields the Si surface
from external mechanical action (Fig. 11). The combination of these effects impedes both the
formation and removal of the reaction layer, ultimately lowering the MRR (e.g. HA, 57.7
nm/min). Moreover, during CMP, the long-chain based protective layer preferentially shields
the recessed areas of the Si surface from both chemical and mechanical actions. In contrast,
protruding areas remain exposed and are selectively removed, enabling ultra-precision

planarization (Fig. 3).



3.5 Underlying action mechanism of alkylamines with varying carbon chain
length on CMP performance of Si

Based on the multiscale experimental results, a proposed mechanism illustrating how
alkylamines affect the CMP performance of Si is presented in Fig. 15. The physical and
dissociative adsorption energy barriers decrease with increasing carbon chain length (Fig. 14).
Consequently, short-chain alkylamines exhibit weaker adsorption capacity but stronger Si—Si
bonds weakening, whereas long-chain alkylamines adsorb more readily but exert a milder
weakening effect (Fig. 12). Compared to slurries containing low concentrations of short chain
alkylamines (Fig. 15a), surface adsorption on Si surface is slightly enhanced either by
employing lower concentrations of long-chain alkylamines (Fig. 15b) or higher concentrations
of short-chain alkylamines (Fig. 15c). In both cases, the number of Si—Si bonds weakened by
amine groups increases, facilitating the formation of a mechanically fragile reaction layer
composed of Ox—Si—Ny compounds (Figs. 9 and 11), thereby improving the MRR (Fig. 2).
However, the introduction of high concentrations of longer-chain alkylamines into the slurry
leads to a surface passivation effect, primarily due to the diminished bond-weakening capability
and the formation of a near-saturation protective adsorption layer (Fig. 8b), which significantly
impedes the formation and removal of the reaction layer (Fig. 15d). Moreover, the recessed
areas of the Si surface are shielded from chemical aggressiveness and mechanical action by the
protective layer, while the protruding regions remain exposed to mechanical action, resulting
in their preferential removal in the polishing process. This selective removal enables efficient

planarization of rough Si surfaces.



The chain-length-dependent bond weakening and absorption behaviors enable slurry to be
designed with specific performance to meet the CMP requirements encountered in advanced
chip manufacturing. For example, long-chain HA-based slurries are suitable for achieving
atomic-level smooth surfaces required for lithography or ion implantation [52]; short-chain
MA-based slurries can meet the demands of through-silicon-via CMP, delivering MRR
exceeding 500 nm/min while obtaining a sub-nanometer rough surface [35, 65]. This suggests
that slurry design can shift from empirical optimization to a more predictive strategy. Moreover,
the alkylamine chain length serves as an effective bridge to modulate mechanical and chemical
interactions in CMP, enabling controlled MRR and achieving atomic surface. This atomic
mechanistic framework may provide useful insights for achieving atomic surfaces on other
semiconductor materials (e.g. diamond, SiC and GaN), where obtaining such surfaces remains

challenging due to the difficulty in controlling interfacial mechanochemistry during polishing.
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Fig. 15 Schematic representation of the CMP mechanism. Polishing of Si with shorter-chain
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4. Conclusion

In this study, a series of alkylamines were introduced as key additives in the abrasive-free
CMP slurries for Si. The underlying mechanism of molecular structure of alkylamines on CMP
performance was systematically elucidated. The main conclusions are as follows:

(1) At alow alkylamine concentration (10 mM), the MRR of Si increases slightly with the
carbon chain length. This enhancement is attributed to the reduced energy barriers for both

physical and dissociative adsorption, which promote the adsorption of more long-chain



alkylamine molecules onto the Si surface. Consequently, this increased surface coverage leads
to a greater number of weakened Si—Si bonds, facilitating the formation of a mechanically
weakened reaction layer composed by Ox—Si—Ny compounds, thereby enhancing the MRR.

(2) At a high alkylamine concentration (100 mM), both the MRR and Sa of Si decrease
significantly with increasing chain length. This behavior is attributed to two key factors: (i) the
weakening effect of longer-chain alkylamines on Si—Si bonds is less pronounced compared to
shorter-chain counterparts; (ii) near-saturation adsorption of long-chain alkylamines results in
the formation of a continuous protective layer, which passivates the surface and inhibits both
chemical attack and mechanical removal, ultimately reducing MRR and S..

(3) Our findings shift the mechanistic paradigm from conventional abrasive-involved
interfacial interactions to abrasive-free, chemically driven, adsorption-controlled removal
processes. This work fundamentally advances the understanding of CMP by identifying the
dynamic equilibrium between adsorption strength and bond weakening as the key driving
mechanism. This mechanistic understanding enables slurry design from empirical optimization
toward a more predictive strategy, where molecular structure is deliberately tailored to meet
specific CMP requirements in ICs. In particular, the chain-length-dependent interfacial
mechanochemistry establishes a broadly applicable theoretical framework for CMP, extending
beyond Si to materials such as diamond, SiC and GaN commonly used in advanced

semiconductor manufacturing.
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