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ABSTRACT 
In this presentation, we reported the chemical mechanical polishing (CMP) mechanisms of silicon nitride 

surface by ceria abrasive grains. We performed two simulations using first-principles molecular dynamics 
(FPMD) simulations which are high accuracy methods. First, surface conditions of silicon nitride under 
friction in CMP slurry were investigated. From the simulation results, surface oxidation by adsorption of a 
water molecule onto the silicon nitride surface was observed, and then a Si-N bond was broken with 
generating an ammonia molecule. It means that there are several kinds of silicon nitride surface from a new 
surface to a oxidized surface during the CMP process. Thus we performed the second simulations to study 
the effect of surface oxidation of silicon nitride on polishing behavior. Results clearly indicated that CMP 
was accelerated on a oxidized surface. It suggested that surface oxidation was the key reaction for 
controlling polishing rates of silicon nitride. 
 

BACKGROUND 
CMP is the process of smoothing wafer surfaces by the combination of mechanical friction and chemical 

reaction using a slurry. Abrasive grains and additives contained in the slurry react with wafer surfaces, and 
these chemical reactions accelerate polishing. Materials of the slurry have been designed to suit various 
targets and customer needs. It is expected that understanding CMP mechanism improves an efficiency of 
materials design of CMP slurry because materials of abrasive grains and additives affect the chemical 
reactivity, resulting in change of polishing rates. However, CMP is a complex phenomenon including 
chemical reactions and mechanical frictions. This is why it was difficult to unveil CMP phenomena and to 
design the slurry.  

On the other hand, molecular simulations such as density functional theory (DFT) and molecular 
dynamics (MD) simulations have applied to unveil “tribochemical” phenomena in recent years. They are 
powerful tools for visualizing both mechanical friction and chemical reactions. In the case of CMP, chemical 
reactions under friction have been clarified by molecular simulations [1-4].   

In our previous presentation [5-6], we reported the CMP mechanism of ceria/silica interface by 
first-principles molecular dynamics (FPMD) simulations. FPMD simulations are high accuracy methods, 
which enable to perform non-empirical simulation for tribochemical reactions. FPMD simulations revealed 
that a Si-O bond scission (surface removal) occurred following the formation of Ce-O-Si bonds in the CMP 
elementary reactions. In this study, we focused on the CMP mechanism of silicon nitride surface, which is 
widely used as a etch stop layer. Y. Z. Hu et al. performed experimental analysis on CMP mechanism of 
silicon nitride surface[7]. Based on the results, they proposed that surface of silicon nitride was polished 
after  the surface was oxidized by the reaction between water and silicon nitride. However, CMP elementary 
reactions have not been verified yet at atomic levels. Therefore, we investigated the CMP mechanism of 
silicon nitride/ceria interface at atomic levels by FPMD simulations in order to improve an efficiency of 
developing the slurry. 
 

METHODOLOGY 
All calculations were performed with the pseudopotential/plane-wave calculation code in the “Quantum 

Espresso” package [8]. We used the density functional theory (DFT) - based FPMD method for 
investigating the dynamics of silicon nitride surfaces in the slurry and chemical reactions at the interface 
between a ceria abrasive grain and silicon nitride. Static DFT calculations were used to analyze chemical 
reactions observed in FPMD simulations. In all calculations, we used a generalized gradient approximation 
in terms of Perdew-Burke-Ernzerhof  exchange correlation functionals [9] and ultrasoft pseudo potentials 
[10]. The cut-off energy was set at 40 Ry. In FPMD simulations, the fictitious electron mass of 400.0 a.u. 
and a integration time of 10 a.u. (0.24189 fs) were used. The motions of the electrons and atoms were 



 
 

 

 

calculated with the Verlet algorithm [11] in the NVT ensemble, keeping the temperature at 300.0 K. The 
details of the simulation models are described in the results and discussion section. 

 
RESULTS AND DISCUSSION 

1. Surface conditions of silicon nitride under friction in CMP slurry  
 First, we investigated the dynamics of the silicon nitride surface in order to 

understand the surface conditions of silicon nitride under friction in the slurry. 
Fig. 1 shows the simulation model. β-Si3N4(0001) surface terminated with 
amino groups was used as a new surface of silicon nitride. 50 water 
molecules were sandwiched between two Si3N4 plates. The Si3N4 plates were 
slid under pressure to consider the friction effect. The external load and shear 
force were 420 and 82 pN/atom, respectively. Note that the friction between 
two Si3N4 plates do not occur during actual CMP processes. Two Si3N4 plates 
was used in order to increase the surface area of silicon nitride contact with 
water. This enables us to visualize the surface conditions of silicon nitride 
more easily in a limited simulation time. The reaction between a ceria 
abrasive grain and a silicon nitride surface in order to model the actual CMP 
processes will be discussed in the next section.  

Fig. 2 (a) shows the structure in the final step of the simulation. Two NH4
+ 

ions were liberated in the water phase. Si-O-Si bridge bonds and Si-OH 
bonds were newly formed at the Si3N4 surface. These results mean that 
surface oxidation of Si3N4 and generation of NH4

+ ions were occurred under 
friction. Among these chemical reactions, the formation of the Si-O-Si bridge 
bond and the generation of a NH4

+ ion were analyzed in detail. The analysis 
for the formation of a Si-OH bond was omitted in this paper because a Si-O-Si 
bridge bond and a Si-OH bond were found to occur by the same mechanism 
as a result of the additional analysis.  

 
 
 

 
 

 
Fig. 2 (a) The final structure of the FPMD simulation. (b) Tribochemical reaction dynamics of a Si-O-Si 
bridge bond formation at the Si3N4 surface. 

 

 
Fig. 1  Simulation model 
including H2O molecules 
sandwiched between two 
β-Si3N4(0001) surfaces. 



 
 

 

 

Fig. 2 (b) shows the snapshots of the Si-O-Si bond formation process. At the initial stage (0 pico-second), 
a proton was transferred from a water molecule to an amino group on Si3N4 surface to form a NH3

+ group. 
The remaining OH- ion then reacted with silicon atoms to form a Si-O-Si bridge bond at 1.45 ps. Instead, the 
firstly formed NH3

+ group was liberated from the surface and diffused into the water phase at 2.42 ps. This 
ammonia molecule finally changed to a NH4

+ ion by receiving a proton from a water molecule. This result 
indicated that the surface oxidation of silicon nitride was tribochemically oxidized by the following process. 
First, a water molecule reacted with the silicon nitride surface forming a Si-O-Si bridge bond, then the Si-N 
bond was broken with generating an ammonia molecule.  
 
2. Effect of surface oxidation of silicon nitride on polishing rate 

We clarified that surface oxidation of silicon nitride occurred under friction in the slurry. This means that 
there are several kinds of silicon nitride surfaces from a new surface to a oxidized surface during the CMP 
process. Thus three types of silicon nitride surfaces changing the degree of oxidation were prepared for 
analyzing CMP mechanisms, shown in Fig. 3. Since CMP is the process of removing an uneven part from 
the surface, a surface Si atom modeling an artificial surface bump was placed on each silicon nitride surface, 
the same as the previous presentation[5]. Overall views of simulation models and enlarged views of the 
surface bumps are shown in Fig. 3. Fig. 3(a) is the β- Si3N4(0001) fully covered with amino groups modeling 
a new surface. A Si(NH2)2 cluster which forms two Si-N-Si bonds with the Si3N4(0001) surface was arranged 
as the surface Si atom. (b) is the β-Si3N4(0001) surface terminated with hydroxyl groups. The surface Si 
atom is a Si(OH)2 cluster which forms a Si-N-Si bond and a Si-O-Si bond with the β-Si3N4(0001) surface, 
indicating that (b) is more oxidized condition than (a). (c) is the almost same structure as (b), but the Si-N-Si 
bond of the surface bump in (b) is replaced to a Si-O-Si bond for modeling more oxidized state than (b). A 
ceria cluster (H4Ce6O12) and 72 water molecules were placed on these three surfaces. Force and shear 
were applied to each ceria cluster in the direction of the arrow shown in Fig. 3(a). The external load and the 
shear force were 50 and 741 pN/atom, respectively. Lengths of Si-N and Si-O bonds at the surface Si atoms 
were monitored in order to verify polishing progress. The measurement targets were the bonds for (a1), (a2), 
(b2) of Si-N bonds, and (b1), (c1), (c2) of Si-O bonds shown in the images for the surface Si atoms of Fig 3. 
When two bond lengths for the surface Si atom get longer, it means that the surface Si atom is removed. 
According to the reference[12], a Si-O bond was defined as it broke when it stretched to 2.7 Å. A Si-N bond 
was defined as it broke when it stretched to 2.9 Å [13]. 

 
Fig. 3 Simulation models for analyzing the effect of surface oxidation of Si3N4 on the polishing behavior. (a) 
NH2- terminated surface modeling the new surface of siicon nitride, (b) and (c) OH-terminated surface as 
oxidiazed surfaces. The number of Si-O-Si bonds in (c) is greater than (b), which means (c) is more 
oxidized than (b). 



 
 

 

 

 
Fig. 4 The snapshots during the FPMD simulations and interatomic distances for Si-O and Si-N bonds of 
the surface Si atoms at Si3N4 surfaces. (a) NH2-terminated surface with two Si-N bonds at the surface Si 
atom modeling a new surface, (b) OH-terminated surface with a Si-N bond and a Si-O bond at the surface 
Si atom modeling a partially oxidized surface, (c) OH-terminated surface with two Si-O bonds at the surface 
Si atom modeling a oxidized surface. 

 
Fig. 4 shows the snapshots during the FPMD simulations on the left side and the change of interatomic 

distance over time on the right side. A new surface modeled in (a) was firstly analyzed. From the snapshots 
of the simulation, two Ce-N bonds were formed between the ceria cluster and the surface Si atom when the 
ceria cluster approached to the Si atom at 0.51 ps. However, the snapshot at 0.73 ps showed that the Si 
atom was not removed while both Ce-N bonds were broken. The bond lengths of two Si-N bonds (a1) and 
(a2) were not stretched over time based on the bond lengths analysis. In the model (b), a Si-O bond (b1) 
and a Si-N bond (b2) were analyzed. Two snapshots showed that once a Ce-O bond formed between the 
ceria cluster and the surface Si atom at 0.36 ps, but this Ce-O bond was broken and the Si atom was not 
removed. From the bond lengths analysis, the Si-O bond (b1) stretched to almost 2.2 Å at 0.70 ps. This 
bond length change seemed to occur after a Ce-O bond was formed based on the snapshot of 0.36 ps. The 



 
 

 

 

bond (b1) returned to its original state at 0.75 ps. On the other hand, the Si-N bond (b2) did not change over 
time. From this result of bond lengths, it suggests that a Si-O bond is easier to break than a Si-N bond when 
the ceria cluster adsorbs onto the Si atom. In the model (c), targets for calculating bond length were two 
Si-O bonds (c1) and (c2). From the snapshots, two Ce-O bonds were observed between the ceria cluster 
and the surface Si atom at 0.41 ps. After that, two Si-O bonds of the Si atom were observed to be broken 
while newly formed Ce-O bonds were remained. From the bond lengths analysis, the Si-O bond (c2) was 
broken at 0.60 ps, then the Si-O bond (c1) was broken at 1.20 ps. Thus the surface Si atom at the oxidized 
surface was removed by adsorbing a ceria abrasive grain.  

From three FPMD simulations, the differences of the polishing behavior by surface conditions were 
observed as follows. At the new surface, Ce-N bonds were formed temporarily when the ceria cluster 
approached to the surface Si atom. However, these Ce-N bonds were broken as the ceria cluster moved by 
shearing force, and the surface Si atom was not removed. At the oxidized surface, Ce-O bonds were 
formed when the ceria cluster approached. As the ceria cluster moved by shearing force, the surface Si 
atom was removed by breaking Si-O bonds while Ce-O bonds between the ceria cluster and the surface Si 
atom were remained. These differences suggest that adsorption of the ceria cluster affected Si-O bonds, 
while it had little influence on Si-N bonds. To further investigate the effect of the surface conditions on 
polishing, we compared the change of bond lengths for a Si-N bond and a Si-O bond by adsorbing a ceria 
model on silicon nitride or silica. Fig. 5 shows the bond lengths which are marked with black arrows in the 
molecule models. A H13Si2N7 cluster is the model of a new surface, while a H6Si2O7 small cluster is the 
model of a oxidized surface. Adsorption of a ceria abrasive onto each surface was modeled by forming a 
Ce-N or a Ce-O bond between a ceria cluster and the H13Si2N7 or the H6Si2O7 cluster. From the results 
shown in Fig. 5, the Si-N bond did not change much with or without adsorption of the ceria cluster. On the 
other hand, the Si-O bond significantly lengthened by interacting with the ceria cluster. Therefore, it is 
estimated that ceria abrasives helped to weaken Si-O bonds, resulting in promoting Si-O bonds breaking. 
The adsorption of ceria abrasives seems to have little influence on Si-N bonds, that is why polishing of the 
new surface of silicon nitride was not observed by FPMD simulations. 

 

 
 

Fig. 5 The change of bond lengths for Si-N and Si-O bonds by adsorbing a ceria model and the structures of 
molecule models. Si-N/Si-O bond lengths marked with black arrows on the models were measured. 
 



 
 

 

 

Based on these results, we found that CMP of silicon nitride was easier to take place on the oxidized 
Si3N4 surface. It means that the surface oxidation is the key reaction to control polishing rate for silicon 
nitride surface. 
 

CONCLUSIONS 
In this study, the CMP mechanism for silicon nitride surfaces polished with ceria abrasive grains was 

theoretically investigated. Two considerations were verified using FPMD simulations. First, surface 
conditions of silicon nitride during CMP process were clarified. Simulation results showed that surface 
oxidation of Si3N4 and generation of NH4

+ ions were occurred under friction in a water phase. It means that 
there are several kinds of silicon nitride surface during CMP process. Thus we performed the second 
simulations for studying the effect of surface oxidation of silicon nitride on the polishing behavior. Results 
clearly indicated that CMP was promoted on the oxidized Si3N4 surface. Controlling the reaction rate of 
surface oxidation is important for CMP performance on silicon nitride. 
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