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Abstract

:

Chemical mechanical polishing/planarization (CMP) is an essential manufacturing process in semiconductor technologies. This method combines chemical and mechanical forces to smooth the surfaces of wafers. The effectiveness of CMP relies on a carefully chosen slurry, demanding a sophisticated manufacturing technology. This technology must seamlessly integrate both chemical composition and mechanical elements, highlighting the intricate synergy required for successful semiconductor fabrication. Particularly in milling processes, if agglomerated particles due to slurry particle corrosion are present during polishing, uneven polishing, numerous fine scratches occur, leading to an increase in roughness and a deterioration in the quality of the finished surface. In this study, to overcome the issue of particle agglomeration and uneven polishing in commonly used ceria nanoparticle slurries during CMP processes, we investigated the ceria nanoparticle behavior based on styrene–maleic acid (SMA) dispersant polymer applied with three types of defoaming polymers. The investigations are expected to open up the possibility of utilizing ceria nanoparticles with applied defoaming polymer as an abrasive for advanced CMP applications. All samples were characterized by DLS (dynamic light scattering), SEM-EDX (scanning electron microscopy–energy dispersive X-ray spectroscopy), pH, conductivity, viscosity, a 10-day stability test at 60 °C, the AF4 test, and the polishing rate efficiency test. Our research demonstrates a significant improvement achieved through the use of SMA dispersant polymer, resulting in a polishing selection ratio exceeding 80 for oxide and nitride films. The G-336 defoaming polymer utilized here is expected to serve as a viable alternative in CMP processes by providing stable uniformity.
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1. Introduction


Chemical mechanical polishing/planarization (CMP) is a universally recognized procedure for providing a global surface finish to different materials for a variety of applications such as jewelry, precise optics, laser techniques, and electronics [1,2,3,4]. It is a surface smoothening process with the combination of controlled mechanical force such as pressure or the relative motion of the polishing tool and a chemical reaction for achieving desired materials removal in the semiconductor industry [1,4,5,6,7,8].



In general, the advantages of using CMP as a global planarization technique can be invalidated by contamination slurry chemicals and particles from abrasive particles, pattern-related defects like dishing and erosion, delamination, etc. Therefore, it is crucial to assess the requirements of a high oxide removal rate (RR) to overcome these new challenges for the CMP process.



CMP is a particularly important part of the integrated circuit (IC) manufacturing process. CMP treatment of the wafer surface can greatly improve the flatness of the wafer, which will affect the subsequent process. The process of polishing the fused silica surface with abrasives and the scratches caused by abrasives are shown in Figure 1 [9]. The fused silica adhered to the polishing head is placed on the polishing pad under a certain pressure, and the polishing head rotates at a constant speed while the polishing slurry drops on the polishing pad at a certain speed. In this process, the abrasive will leave certain scratches on the fused silica, which should be avoided as much as possible during the polishing process. The shape and hardness of the abrasive play a decisive role in the removal effect and scratch state of the material. Therefore, it is very important to find an appropriate abrasive shape to improve the polishing performance. The polishing rate varies depending on the size and concentration of the abrasive particles, so achieving the optimal particle size distribution (PSD) is crucial for maximizing RR without damaging the surface.



Furthermore, achieving a balance of three components such as ceramic particles, water, and dispersants is crucial for the dispersion of colloidal slurries. Specifically, the dispersibility of ceramic particles within the slurry is significantly influenced by the concentration of dispersants, and variations in dispersant content can lead to particle agglomeration. Therefore, it is highly important to maintain a balance among the three components of ceramic particles, dispersants, and water in the composition of the slurry, as illustrated in Figure 2 [10,11,12].



Ceria-based polishing powders are typically produced by subjecting suitable precursors to thermal decomposition. These precursors commonly include cerium oxalates, hydroxides, acetates, and carbonates [13,14,15,16,17]. Cerium oxide (CeO2) is recognized for its elevated oxide removal rate (RR) owing to its strong chemical interaction with an oxide surface [18,19]. Various mechanisms explaining this interaction have been proposed by numerous researchers, with a consensus that the active sites for the reaction involve Ce3+ ions on the ceria surfaces [19,20]. The formation of an oxygen vacancy results in the reduction of cerium ions within the lattice, transitioning from Ce4+ to Ce3+. Ce3+ plays a pivotal role in initiating the reaction with the oxide surface forming strong Ce-O-Si chemical bonds. This strong adhesion accelerates the generation of Ce-O-Si bonds, subsequently enhancing the RR of SiO2 and exhibiting good selectivity for Si3N4 [19,20,21,22,23,24].



Studies have concentrated on enhancing the surface concentration of Ce3+ ions, leading to an elevated removal rate (RR) of the SiO2 layer. This is attributed to the strong interaction between ceria and SiO2 [19,23]. Kim’s group introduced a colloidal ceria abrasive featuring both spherical and nanocluster structures, characterized by a higher concentration of Ce3+ [19]. To enhance the oxide removal efficiency, several investigations have focused on increasing the concentration of Ce3+ ions in ceria abrasives. Kim et al. explored the impact of Ce3+ ion concentration on the removal rate (RR) of SiO2 layers and proposed a method for synthesizing ceria particles with a high concentration of Ce3+ ions by reducing the primary particle size. They reported that smaller particles demonstrate increased polishing efficiency attributed to the abundance of Ce ions [23].



Generally, the preparation methods of cerium oxide include calcination, the sol-gel method, the precipitation method, the hydrothermal method, the solvothermal method, the hydroxide-mediated method, etc., of which the calcination method is the most commonly used [25,26,27,28,29,30]. Indeed, calcined ceria slurry is anticipated to serve as a viable alternative slurry candidate, primarily due to the small size and regular shape of its particles in comparison with traditional calcined ceria particles [31].



According to DLVO theory [32], an appropriate dispersant concentration can regulate electrostatic double-layer interactions, preventing close contact between ceria nanoparticles and maintaining dispersion, thereby reducing cohesion. Furthermore, as the cohesion between particles decreases, scratches are minimized during the CMP process, allowing for more effective surface treatment and potentially increasing polishing rates and selectivity (as shown in Figure 3).



However, during the milling process, agglomerated particles resulting from slurry particle corrosion can lead to numerous fine scratches and an increase in surface roughness, thereby degrading the quality of the finished surface. Several studies have identified more suitable methods for surface roughness analysis, particularly in milling processes, when the presence of undifferentiated particles during polishing can lead to surface quality degradation and rough outcomes, potentially resulting in fine scratches [33,34].



To solve these problems and enhance the dispersion of calcined ceria, dispersants and surfactants are added to minimize inter-particle interactions. Several researchers have specifically investigated enhancing the dispersibility of ceria slurries using copolymers, and anionic polymers [35,36,37]. Dispersant-adjusted ceria particles are known to undergo transitions of bridging agglomeration-stable-flocculation depending on their physicochemical conditions such as pH and concentration [38].



The application of a defoaming polymer is particularly beneficial. It helps prevent the formation of bubbles on the oxide surface, thereby enhancing the Ce-O-Si bonding force and resulting in a higher oxide polishing rate. By adding poly propylene glycol (PPG) defoaming polymer, it is possible to prevent bubbles on the oxide surface and increase the Ce-O-Si bonding force, resulting in a high oxide polishing rate. The nitride polishing rate can be reduced by suppressing the hydrolysis reaction of the nitride surface due to the strong bond of SMA to the ceria surface. Therefore, the selection ratio between oxide and nitride can be increased, as shown in Figure 4.



In this study, our objective is to develop a highly efficient CMP slurry. This slurry will incorporate calcined ceria nanoparticles along with an SMA dispersant polymer, with the addition of three types of defoaming polymers (PPG) using various concentrations based on the SMA dispersant in the previous work [39]. The goal is to overcome particle agglomeration, stable polishing uniformity, and scratches among particles. Additionally, we aim to enhance the polishing rate efficiency of the slurry through the use of these additives.




2. Experimental Methods


2.1. Preparation of Calcined Ceria Nanoparticles


Cerium carbonate hydrate (Ce2(CO3)3)∙6H2O powder was calcined at temperatures ranging from 500 to 1000 °C to obtain cerium oxide powder for use as abrasive particles in the polishing test. For the slurry preparation, deionized water (aquapuri 5 series by YOUNG IN SCIENTIFIC.Co., Ltd., Seoul, Republic of Korea ) and an acrylic acid-based dispersant polymer (Vanderbilt Minerals, LCC, Gouverneur, NY, USA) were utilized.




2.2. Preparation of the Ceria Slurry


To manufacture the ceria slurry, 600 g of slurry, consisting of ceria powder (180 g), 27 g of dispersant polymer, and 393 g of distilled water, was processed using a Basket-mill (Tedi, JS Basket-mill Mill, Daejeon, Republic of Korea). During dispersion, beads with a size of 0.2 mm were utilized with a bead filling ratio set at 60%. Additionally, the milling process was conducted at 1500 rpm for 3 h. The obtained slurry was then diluted to achieve solid content with a fixed amount.




2.3. Polishing Experiments


Polishing tests were carried out using AP-300 equipment (CTS Company, Cheongju, Republic of Korea). Pads were set to rotate at a speed of 93 rpm under a downward load, and the slurry flow rate was maintained at 180 mL/min. A uniform polishing time of 60 s was set, and conditioning was performed for 10 min using a conditioner. The wafers used included plasma-enhanced tetraethylorthosilicate (PETEOS), silicon nitride, and Polysilicon. In addition, for the purpose of comparison, the pad before polishing was employed as a control group to evaluate the polishing rate for each slurry.




2.4. Characterizations


To evaluate the stability of the manufactured slurry, we employed a pH meter (Thermo-scientific, OrionstarsA215, Waltham, MA, USA), conductivity meter (Thermo-scientific, OrionstarsA215 USA), and viscometer (Brookfield, DV Next Cone/Plate Rheometer, New York, NY, USA). Dynamic light scattering (DLS, ELS-2000, Otsuka Electronics, Japan) was used for measuring particle size and size distribution. On the other hand, AF (Asymmetrical Flow Field-Flow Fractionation) analysis was performed under the conditions of a flow rate of 0.6 mL/min, a cross-flow rate of 0.5 mL/min, and a carrier liquid solution consisting of 0.1% FL70TM (Fisher chemical, detergent) and 0.01% NaN3 for size distribution analysis. For characterizing the shape and size of the ceria slurry particles, a field-emission scanning electron microscope (FE-SEM, JEOL-7800F, JEOL Ltd., Tokyo, Japan) was employed.





3. Results and Discussion


3.1. Preparation of Calcined Ceria Nanoparticles


Figure 5 shows SEM images of cerium carbonate (Ce2(CO3)3)∙6H2O and calcined ceria nanoparticles (CeO2). The cerium carbonate appears to have a size in the sub-micrometer range and exhibits significant agglomeration. On the other hand, the calcined ceria nanoparticles have sizes ranging from approximately tens to hundreds of nanometers and do not exhibit observable agglomeration. These changes in nanoparticle morphology and size can impact CMP performance. Nanoparticles with uniform size and shape can provide more consistent surface properties during the polishing process, thereby enhancing surface uniformity and finishing quality. This suggests the potential suitability of using them as abrasives for CMP slurry.



The EDX results in Table 1 reveal a relatively consistent surface distribution of cerium (Ce), consistent with the analysis that confirms an increase in Ce content of over 70% after calcination at 800 °C. This suggests that the calcination pre-treatment conditions were well executed.




3.2. Properties of Synthesized SMA-1000 Dispersion Material


SMA (styrene–maleic acid) is a copolymer compound derived from the polymerization of styrene and maleic anhydride. A modified SMA dispersant polymer with vinyl functionality was synthesized using SMA monomers through radical reactions under alkaline conditions, as shown in Figure 6. The synthesized SMA dispersant polymer has a pH of 8.07 and a weight-average molecular weight (MW) of 8.60 × 104, as listed in Table 2. It is believed that the stability of ceria nanoparticles could be improved when the pH of the modified SMA dispersant polymer is mildly alkaline, such as 8.07. The molecular weight of the modified SMA dispersant polymer can influence the particle size distribution within the CMP slurry. A higher molecular weight maintains a more stable dispersion, preventing the aggregation of ceria nanoparticles and maintaining dispersion. This improvement in dispersion enhances polishing efficiency in the CMP process.



Figure 7 shows the stability tests of the SMA-1000 dispersant polymer at concentrations of 4.0%, 4.5%, and 5.0%, respectively. To determine the stability, the prepared dispersants were maintained at 60 °C for 35 days. Subsequently, the prepared SMA-1000 dispersant polymer was measured for pH, conductivity, viscosity, and particle size analysis. The pH, conductivity, and particle size increased from 9.43 to 9.46, 231 μS/cm to 262 μS/cm, and 216 nm to 232 nm, respectively. Meanwhile, the viscosity showed a slight increase from 1.34 cP to 1.35 cP with the rising concentration of the SMA-1000 dispersion material at concentrations of 4.0%, 4.5%, and 5.0%. These results are indicated in Table 3.




3.3. Properties of SMA-1000 Dispersion Applied with Three Types of Defoaming Polymers as Additives


Typically, ceria slurry with added SMA dispersant exhibits a satisfactory grinding efficiency. However, extended milling time is necessary to eliminate bubbles, which resulted in challenges for process application in our previous study.



According to our goals, we aimed to find the optimal defoaming polymer among Depol, BYK, and G-336 by applying them with the modified SMA-1000 dispersant polymer, ensuring good compatibility and improving thermal stability, dispersion stability, and grinding efficiency.



Figure 8 illustrates the DLS evaluation results for stability based on the defoaming polymer at various concentrations of 0.010%, 0.025%, and 0.050% at 60 °C over a 10-day period for Depol, BYK, and G-336 samples. Slight changes with increasing concentration are observed in particle size for the Depol and BYK defoaming polymers, while the G-336 defoaming polymer shows no significant variations in the DLS results as the concentration increases. The phenomenon of the G-336 defoaming polymer is attributed to its relatively higher stability compared with the other defoaming polymers. When the concentration of the defoaming polymer is 0.025% or less, both the defoaming efficiency and properties exhibit stable results in terms of storage stability (10 days at 60 °C).



Table 4 summarizes the stability tests of ceria slurry with the application of Depol, BYK, and G-336 deforming polymers as additives. As the concentration of the Depol defoaming polymer increased, the pH of the ceria slurry was measured at 9.68, 9.68, and 9.67, respectively. The conductivity was confirmed to be 205 μS/cm, 208 μS/cm, and 209 μS/cm, respectively.



There was no significant change in particle size measured at 183, 183, and 181 nm, respectively, corresponding to the viscosity at 1.33, 1.32, and 1.32 in the Depol deformer. In the case of an increasing concentration of the BYK defoaming polymer, the pH of the ceria slurry was measured at 9.68 in all samples. The conductivity was determined to be 206 μS/cm, 209 μS/cm, and 212 μS/cm, respectively. The viscosity was measured at 1.32 cP, 1.31 cP, and 1.31 cP, and the particle size was measured at 183 nm, 184 nm, and 197 nm, respectively.



Finally, the pH showed a slight variation, measuring 9.64, 9.65, and 9.66, respectively with the G-336 defoaming polymer as the concentration increased. The viscosity remained nearly constant at 1.32 cP. On the other hand, the conductivity increased with concentration, reaching 218 μS/cm, 219 μS/cm, and 245 μS/cm, especially showing high conductivity with the G-336 defoaming polymer at a concentration of 0.05%. The particle size remained relatively stable, measuring 179 nm, 179 nm, and 180 nm, respectively. Considering these results, it is anticipated that the G-336 defoaming polymer, due to its high compatibility with the SMA-1000 dispersant polymer, will demonstrate effective grinding efficiency in the ceria slurry.




3.4. Properties of Ceria Slurry Applied with Three Types of Defoaming Polymers as Additives


Figure 9 characterizes the particle size distribution (PSD) of a ceria slurry, comparing samples without any defoaming polymer (Base) to those with the addition of three different defoaming polymers (Depol, BYK, and G-336). The analysis is conducted in terms of both volume and number using DLS analysis. In both distributions, the sizes follow the order of Depol, Base, G-336, and BYK, showing a decrease in size.



These findings suggest that the BYK and G-336 defoaming polymers might offer enhanced dispersibility and compatibility with the ceria slurry compared with Depol and Base. Detailed evaluation results can be found in Table 5.



To obtain a more detailed size distribution with the addition of specific defoaming polymers, we conducted AF analysis on ceria slurries without a defoaming polymer (Base) and with three types of defoaming polymers at a concentration of 0.025%, as shown in Figure 10. The retention times were similar for all samples, and the main peak sizes were observed as follows: 72.2 nm for the sample without defoaming polymer, 62.6 nm for the Depol defoaming polymer, 73.3 nm for the BYK defoaming polymer, and 82 nm for the G-336 defoaming polymer. While the sizes analyzed with the BYK and G-336 defoaming polymers were smaller (in the previous DLS analysis) in the AF analysis, they were measured slightly larger compared with the Base and Depol samples. However, since no minor peaks were observed, this indicates a more uniform size distribution. A summary of the results of the AF analysis with the application of defoaming polymers is provided in Table 6.



Figure 11 presents SEM images of the results of observing ceria nanoparticle sizes in ceria slurries without a defoaming polymer (Base) and with the application of Depol, BYK, and G-336 defoaming polymers using FE-SEM analysis. In the case of the Base and Depol defoaming polymer-applied slurries, ceria nanoparticles exhibit an irregular size distribution with a limited number of particles visible at a certain angle. In contrast, the slurries adapted with BYK and G-336 defoaming polymers show ceria nanoparticles with sizes ranging between about ca. 20 and 30 nm, and a significantly larger number of particles is observed. Based on the SEM results, it can be suggested that ceria nanoparticles with a consistent size in the range of approximately 20 to 30 nm, observed in the ceria slurries with BYK and G-336 defoaming polymers, may yield more impactful results in future polishing rate tests.



Furthermore, there was no apparent difference in the morphology of the ceria nanoparticles between the Base and the Depol defoaming polymer samples. However, distinctive aggregation of several hundred nanometers was observed in pure ceria particles (Base), while the modified ceria nanoparticles exhibited relatively good dispersibility. This further indicates the enhanced dispersibility of the surface-modified ceria particles. This can also be observed by examining the images before and after the addition of the G-336 defoaming polymer, as shown in Figure 11.




3.5. Polishing Test of Ceria Slurry Applied with Defoaming Polymers as Additives


Polishing rate experiments were carried out on thermally grown silicon oxide and nitride films on silicon wafers (Noel Technologies, Campbell, CA, USA) and were polished on a CTS’s company polisher using AP-300 Groove pads (Cheongju, Republic of Korea) made of polyurethane (IC 1010). Before each experiment, the polishing pad was conditioned for 1 min with a diamond grit conditioner using deionized water. The aqueous polishing slurry (1 wt%) was sonicated for 30 min and was placed on a roller miller to maintain good dispersion. The results of the CMP performance as a function of the applied three types of defoaming polymers for ceria slurry are shown in Table 7.



The polishing rate efficiency of PETEOS for the ceria slurry samples, including the base sample without a defoaming polymer (Base) and those with Depol, BYK, and G-336 defoaming polymers, was measured at 3493 Å/min, 4650 Å/min, 5558 Å/min, and 5417 Å/min, respectively. Both BYK and G-336 dispersants showed an increase in the polishing rate of over 50% compared with the initial rate of the Base condition. The application of defoaming polymers led to an increase in polishing efficiency. Additionally, the nitride-stopping efficiency was measured in the order of G-336, Depol, and BYK for defoaming polymer-applied ceria slurries. Specifically, the ceria slurry with G-336 defoaming polymer exhibited significantly higher selectivity compared with the other samples. Particularly, the selectivity ratio for the ceria slurry with the G-336 dispersant was confirmed to be 80. This suggests that the incorporation of the G-336 defoaming polymer into the dispersant polymer leads to superior thermal stability and increasing uniformity, as evidenced by the absence of bubble generation, as observed in Figure 12.





4. Conclusions


In this study, research was conducted on calcined ceria nanoparticles using SMA-1000 dispersant polymer applied with three types of defoaming polymers as additives, aiming to eliminate bubbles, enhance particle stability, and increase the polishing selection ratio. The calcined cerium oxide (CeO2) exhibited sizes ranging from tens to hundreds of nanometers, revealing a cerium content of 74.3% in EDX analysis. Stability tests were conducted on the SMA-1000 dispersant polymer at concentrations of 4.0%, 4.5%, and 5.0% at 60 °C for 60 days. As the concentration increased, the pH slightly increased, while the viscosity showed a slight change. On the other hand, the conductivity increased to 231 μS/cm, 248 μS/cm, and 262 μS/cm, and the size also exhibited an increasing trend at 216 nm, 224 nm, and 232 nm, respectively.



The stability tests were performed on ceria slurries containing SMA dispersant polymer and three types of defoaming polymers for pH, conductivity, viscosity, and size analysis. The results indicated that the addition of the G-336 defoaming polymer to the ceria slurry resulted in the following high conductivity values: 218 μS/cm at a concentration of 0.01%, 219 μS/cm at a concentration of 0.025%, and 245 μS/cm at a concentration of 0.050%. The DLS results also revealed smaller sizes, measuring 179 nm at concentrations of 0.010% and 0.025%, and 180 nm at a concentration of 0.050%, when compared with the other defoaming polymers. This suggests that the G-336 defoaming polymer has a positive effect on particle behavior in ceria nanoparticles containing SMA-1000 dispersant polymer, providing excellent colloidal stability.



Furthermore, AF4 analysis was performed to confirm the size distribution, and the results showed a monodisperse fractogram for ceria slurries with the BYK and G-336 defoaming polymers compared with defoaming polymers.



Finally, polishing rate tests were conducted on ceria slurries with defoaming polymers. The results showed superior polishing efficiency for the ceria slurry containing the G-336 defoaming polymer and SMA-1000 dispersant polymer. The PETEOS polishing rate was 5417 Å/min and the nitride polishing rate was 68 Å/min, with a high selection ratio of 80. This indicates excellent polishing efficiency when applying the G-336 defoaming polymer, suggesting that it did not cause bubble formation and positively influenced particle behavior during dispersion.



In conclusion, the enhanced CMP performance obtained using the G-336 defoaming polymer and SMA-1000 dispersant polymer developed in this study suggests potential innovative advancements in slurry manufacturing and process efficiency for future CMP applications.
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Figure 1. Schematic illustration of the CMP process using ceria nanoparticles as an abrasive. 
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Figure 2. Importance of three components in ceria nanoparticle slurry. 
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Figure 3. Schematic interaction energy vs. distance profiles of DLVO interaction. The attractive van der Waals and the repulsive electrostatic potentials form the total interaction energy. 
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Figure 4. Schematic representation of SMA dispersant as an additive adsorbed in the ceria surface on nitride and oxide, respectively. 
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Figure 5. SEM images of cerium carbonate (a) and cerium oxide after calcined at 800 °C (b) (×1000). 
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Figure 6. Chemical structure of the dispersant polymer of styrene acrylate series (SAA) (a), the styrene–maleic series (SMA) (b), and the synthetic procedure of the SMA dispersant polymer (c). 
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Figure 7. Stability test measured at 60 °C for 35 days after the addition of SMA-1000 dispersion; pH (a), conductivity (b), viscosity (c), and hydrodynamic diameter by DLS (d). 
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Figure 8. DLS results for stability according to 3 types of defoaming polymers with various concentrations at 60 °C for 10 days: Depol (a), BYK (b), and G-336 (c). 
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Figure 9. Particle size distribution (PSD) based on volume (a) and number (b) of ceria slurry by DLS analysis. 
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Figure 10. The AF4 (Asymmetrical Flow Field-Flow Fractionation) fractograms of ceria slurry obtained under varying conditions, including a base condition and with the addition of three different types of defoaming polymers. The fractograms (a) and size distribution (b) were measured as part of the analysis. Specific parameters for the AF4 setup included a channel flow rate of 0.6 mL/min and a cross-flow rate of 0.5 mL/min, and the carrier liquid was composed of water containing 0.1% FL-70 and 0.01% NaN3. 
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Figure 11. SEM image of ceria nanoparticles according to 3 types of defoaming polymers (×100,000): Base (a), Depol (b), BYK (c), and G-336 (d). 
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Figure 12. Photograph of ceria slurry before (a) and after the addition of the G-336 defoaming polymer (b). 
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Table 1. Weight and atom concentration of each element (relative %) obtained from SEM-EDX results for cerium carbonate and cerium oxide after calcined at 800 °C.
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Element

	
Cerium Carbonate

	
Cerium Oxide




	
wt%

	
Atomic %

	
wt%

	
Atomic %






	
C

	
10.8

	
25.2

	
5.46

	
20.2




	
O

	
36.8

	
64.3

	
20.2

	
56.2




	
Ce

	
52.4

	
10.5

	
74.3

	
23.5











 





Table 2. The pH and molecular weight (MW) of the synthesized SMA dispersant polymer.
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	Name
	pH
	Mw





	SMA 1000
	8.07
	8.60 × 104










 





Table 3. The storage stability of the ceria slurry according to the SMA-1000 concentration.
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	Conc.

(%)
	pH
	Conductivity

(ms/cm)
	Viscosity

(cP)
	DLS

(nm)





	4.0
	9.43 ± 0.0300
	231 ± 30.5
	1.34 ± 0.0300
	216 ± 22.3



	4.5
	9.45 ± 0.0400
	248 ± 35.6
	1.34 ± 0.0200
	224 ± 27.6



	5.0
	9.46 ± 0.0400
	262 ± 38.2
	1.35 ± 0.0200
	232 ± 18.3







All evaluations were measured three times, and the average value was determined.













 





Table 4. The storage stability of the ceria slurry according to Depol, BYK, G-336 defoaming polymers at various concentrations.
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Defoaming Polymer

	
Conc

(%)

	
pH

	
Conductivity

(μs/cm)

	
Viscosity (cP)

	
DLS

(nm)






	
Depol

	
0.010

	
9.68 ± 0.0500

	
205 ± 10.9

	
1.33 ± 0.0100

	
183 ± 9.16




	
0.025

	
9.68 ± 0.0600

	
208 ± 13.0

	
1.32 ± 0.0100

	
183 ± 9.82




	
0.050

	
9.67 ± 0.0500

	
209 ± 14.9

	
1.32 ± 0.0100

	
181 ± 4.28




	
BYK

	
0.010

	
9.68 ± 0.0500

	
206 ± 11.1

	
1.32 ± 0.0100

	
183 ± 7.77




	
0.025

	
9.68 ± 0.0600

	
209 ± 11.2

	
1.31 ± 0.0100

	
184 ± 7.40




	
0.050

	
9.68 ± 0.0600

	
212 ± 15.0

	
1.31 ± 0.0100

	
197 ± 4.80




	
G-336

	
0.010

	
9.64 ± 0.0200

	
218 ± 9.07

	
1.32 ± 0.0100

	
179 ± 6.43




	
0.025

	
9.65 ± 0.0300

	
219 ± 8.93

	
1.32 ± 0.0100

	
179 ± 4.75




	
0.050

	
9.66 ± 0.0300

	
245 ± 11.6

	
1.32 ± 0.0100

	
180 ± 4.32








All evaluations were measured three times, and the average value was determined.













 





Table 5. Particle size distribution (PSD) of the ceria slurry by DLS analysis.
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	Size Distribution

(nm)
	Base
	Depol
	BYK
	G-336





	Volume
	117 ± 60.8
	128 ± 57.1
	91.4 ± 45.6
	103 ± 47.9



	Number
	83.2 ± 23.2
	92.6 ± 26.0
	64.8 ± 18.5
	74.3 ± 21.1







All evaluations were measured three times, and the average value was determined.













 





Table 6. Particle size analysis (PSD) of the ceria slurry by AF4 separation.
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	Size Distribution

(nm)
	Base
	Depol
	BYK
	G-336





	Main
	72.2 ± 1.34
	62.6 ± 3.20
	73.3 ± 1.39
	82.0 ± 7.69



	Minor
	283 ± 3.01
	293 ± 1.52
	N.D
	N.D







All evaluations were measured three times, and the average value was determined. N.D: not detected.













 





Table 7. CMP efficiency results of ceria slurry applied with 3 types of defoaming polymers on the PETEOS and nitride surface.
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	Polishing Rate

(Å/min)
	Base
	Depol
	BYK
	G-336





	PETEOS
	3493
	4650
	5558
	5417



	Nitride
	60
	75
	83
	68



	Selection ratio
	59
	62
	67
	80
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