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Abstract 

Our aim with this study was a new insight into the sub-nanoscale of polishing and provides 

the atomic view of the material removal and wear mechanisms by carrying out molecule dynamics 

simulation. We proposed and analyzed a model with a diamond abrasive particle that sliding or 

rolling on the surface of GaN workpieces. The authors investigated, step by step, the effects of 

polishing depths, speeds, abrasive sizes, and crystalline orientations on the wear mechanisms and 

material removal. The wear mechanisms of the sliding motion were adhering, ploughing, and 

cutting, depending on the depths. While the wear mechanisms of rolling motion are adhering and 

ploughing. Notably, in both stages of sliding and rolling, there is an existence of a critical point at 

5.0 Å depth when we considered the deformation behaviors. Below that critical point, the GaN 

workpiece will present an elastic deformation. From the aforementioned point, the workpiece 

would be plastically deformed. Besides, from 10 Å depth, the dislocation began to appear and 

evolute simultaneously with the development of the maximum shear stress. The sliding motion on 

the Ga-face could remove a greater number of atoms than that of the N-face. Moreover, direction 

[1-100] on Ga-face requesting more forces to polish than direction [11-20].  In conclusion, the 

main achievements that contribute to the field can be summarized as follows: the atomistic wear 

mechanisms of sliding and rolling motions, material removal, and the role of rolling motion at the 

sub-nanoscale during the ultrafine flat polishing process. 

 

 

 

Keywords: Molecular dynamics, atomic level, material removal, wear mechanism, deformation 

behavior, tribology. 
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1. Introduction  

In the past several decades, Gallium nitride (GaN) has played an important role in 

semiconductor technology due to its wide bandgap, high-temperature resistance, and high voltage 

resistance [1-3]. Therefore, GaN is a favorite selection for microelectronic devices, 5G networks 

devices, light-emitting diodes (LEDs), laser diodes, and radiofrequency devices [4,5]. Notably, 

power GaN technology exhibits the highest performance efficiency comparing to other popular 

materials, for instance, silicon material, promising a revolution in the power conversion and 

electrification technology [6,7]. GaN thin film can be produced by the epitaxial process on silicon 

carbide, sapphire, and GaN substrates [8]. A substrate made from GaN can create the best GaN 

epitaxial layer as it could limit the presence of crystalline defects [9]. 

This field is maturing since the semiconductor processes require a damage-free and mirror-like 

surface of wafers [10]. Thus, a wafer needs to go through a variety of surface processes such as 

grinding, lapping, and chemical mechanical polishing (CMP) [11]. However, the extraordinarily 

high hardness and super chemical inertness of GaN make challenges in achieving both a super flat 

surface and a high material removal rate (MRR) [12-14]. Many researchers have tried to find a 

suitable solution to address this challenge. Evidently, Aida et al. [15] reported that extremely small 

surface roughness of 0.18 nm could be achieved with a very low MRR of 17 nm/h. Xu et al. [16] 

obtained a smoother 0.0518 nm surface roughness and a better MRR of 66.9 nm/h by using a metal 

catalyst in an acidic slurry. Besides, Wang et al. [17] reported an excellent 0.065 nm surface 

roughness and a high MRR of 103 nm/h by using H2O2-SiO2-based slurry. While Nelabhotla et al. 

[18] achieved a higher MRR of 142 nm/h by optimizing the CMP parameters in a KMnO4/Al2O3 

slurry. In general, accomplishing a better surface roughness at the same time with high MRR is 

always a critical challenge in CMP technology. Therefore, prior researchers have conducted not 

only experiment but also modeling studies to optimize this technology [19,22]. 

Molecular dynamics (MD) simulation is a popular computational technique to imitate nano-

scale systems [23-25]. MD method could investigate dynamic characteristics by calculating 

Newton’s equations of motions. Therefore, this method is widely used in studying the CMP 

operations, surveying the atomic level of polishing [26-28]. There are some authors consider the 

chemical reaction [29,30], while others survey the mechanical feature of the CMP process [31-33]. 

In fact, Shi et al. [34] pointed out that sliding motion could generate superior quality surface and 
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increase efficiency during the CMP operation. Si et al. [35] reported that both sliding and rolling 

movements play major parts in the material removal mechanism. Besides, Zhang et al. [36] 

observed a phase transformation phenomenon of the silicon substrate polished by a diamond 

abrasive. However, these previous studies only focused on the nanoscale level of deformation and 

material removal despite prior experimental researches have reported the sub-nanoscale of 

polishing [15-17]. In particular, hardly any studies have carefully considered the sub-nanoscale 

deformation and removal in spite of its central role in creating an ultra-smooth surface. Hence, 

investigating the sub-nanoscale of material removal is critical, especially for extremely hard 

material like GaN. 

The purposes of this paper are to find out the wear mechanisms and atomic removal at the sub-

nanoscale. Moreover, the paper also wants to provide a more insightful understanding of the sub-

nanoscale deformation behaviors and wear mechanisms. We have investigated the effect of this 

scale of polishing corresponding to the final steps of ultrafine polishing. To illuminate this 

uncharted area, we examined the polishing process of a diamond abrasive that slides or rolls on a 

monocrystalline GaN substrate at the sub-nanoscale by using MD simulation.  

In the remainder of this paper, Section 2 demonstrates the modeling and the computational 

method. The diamond abrasive moved in two-body contact or sliding, and three-body contact or 

rolling types. The workpiece is GaN. We discuss the effects of the sliding depths and sliding speeds 

on the force, surface morphology, subsurface damage, stress, temperature, kinetic energy, 

dislocation, and material removal in Section 3.1. Section 3.2 investigates the rolling motion, while 

Section 3.3 mentions some realistic CMP parameters such as the abrasive sizes and crystalline 

orientations. Finally, Section 4 concludes this paper. 

 

2. Results 

2.1 Two-body contact polishing 

To simulate the CMP process, in this section, the abrasive experienced a two-body contact or 

slid on the aforementioned range depths and speeds. Figs. 3(a)-(f) represent the force diagram at 

different polishing depths at 1.0 Å/ps in the sliding motion. In general, increasing the polishing 

depth leads to increasing the thrusting force (Fy) and the cutting force (Fx). When considering the 
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cutting force, the force diagrams can be distinguished both two types: the first type and the second 

type. The first type corresponds with 0.5 Å-3.0 Å depths, having nearly zero cutting forces, as 

shown in Figs. 3(a)-(d). The cutting force varies approximately zero because the abrasive only 

slightly glided over the workpiece surface without cutting anything as the polishing depths were 

too small. While the thrusting force (Fy) increased as the abrasive move toward and touches the 

workpiece. Then, it reached a stable value and finally reduced as the abrasive passes by the GaN 

workpiece. The second one corresponds with 5.0 Å-10 Å depths, having the greatly higher cutting 

forces, as shown in Figs. 3(e)-(f). The absolute value of both scratching force and thrusting force 

increased gradually, and then reached stable values. Finally, the forces reduced as the abrasive 

passed through the GaN workpiece. The cutting force in the second one obtains an appreciable 

value comparing to the first type because with a deeper depth, the abrasive starts to penetrate the 

workpiece. Hence, there is a critical point at 5.0 Å depth between these two types.  

Figs. 4(a)-(f) show the structure change and surface morphology of the workpiece at the 

different polishing depths at 1.0 Å/ps in the sliding motion. Generally, the deeper depth is, the 

deeper the groove appears. Notably, like the force diagrams case, when considering the 

deformation behaviors, there is also a critical point at 5.0 Å depth. At 0.5Å-3.0 Å depths, the 

workpiece appeared no plastic deformations. There were only elastic deformations, as shown in 

Figs. 4(a)-(d). Therefore, the workpiece atoms across the pathway mostly preserved their 

crystalline structure. These are the reasons why the cutting force values, in this case, were very 

small, as illustrated in Figs. 3(a)-(d). However, at 5.0 Å-10 Å depths, the plastic deformation 

appeared, as presented in Figs. 4(e)-(f). At this case, the cutting force reached a greatly higher 

value comparing to the lower depth cases, as shown in Figs. 3(e)-(f). The crystalline structure of 

some workpiece atoms along the pathway was transformed into the amorphous state. There was 

the appearance of the subsurface damages (SSD) beneath the polishing surface. In addition, the 

deeper depth creates a deeper SSD. 

Figs. 5(a)-(f) present the distribution of von Mises stress of the workpiece at different depths 

of polishing at 1.0 Å/ps in sliding motion. Overall, the high-value zone of von Mises stress become 

wider and greater as increasing the depth. Interestingly, the presence of a critical point at 5.0 Å 

still appeared in this case. Below this point, as shown in Figs. 5(a)-(d), despite there were some 

areas with a high-value of von Mises stress, but it would disappear as the abrasive passes by, 
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indicating the elastic deformation. However, from this point and above, as shown in Figs. 5(e)-(f), 

there was residual stress appearing permanently along the pathway, indicating the plastic 

deformation. Moreover, at 5.0-10 Å depths, pile-up appeared, while at 0.5-3.0 Å depths, it did not 

exist. The deeper depth generated the higher pile-up, a similar result discussed by Wang et al. [45]. 

Figs. 6(a)-(f) represent the distribution of temperature of the workpiece at different polishing 

depths at 1.0 Å/ps in sliding motion. Below the critical point of 5.0 Å depth, at 0.5 Å-3.0 Å depths, 

the temperature at the contact zones did not rise clearly because the interaction between the 

abrasive and the workpiece was not strong enough, as shown in Figs. 6(a)-(d). However, higher 

than the point of 5.0 Å depth, the temperature at the contact zones rose clearly because the abrasive 

effectively transferred its kinetic energy into the workpiece, as shown in Figs. 6(e)-(f). From 5.0 

Å-10 Å depths, increasing the depth produced a higher and wider value of the high-temperature 

zone. 

To further understand the propagation of deformation, we analyzed shear stress and dislocation. 

Figs. 7(a)-(b) show the maximum shear stress and dislocation mobility of the workpiece at 10 Å 

depth and 1.0 Å/ps. Below 10 Å depth, the shear stress value was small and there was no 

dislocation, indicating a high-quality surface. Figs. 7(a) shows that the high-value zone of shear 

stress rose at the front side of the abrasive. When the abrasive slid over the workpiece, this zone 

was separated into two parts. The first one appeared beneath the abrasive, while the other gradually 

grew along the workpiece surface. When some atoms were extruded at the end of the workpiece, 

the second one was gradually disappeared as the shear stress was released. This extension part was 

a shear band that appeared during the plastic deformation in a crystalline structure. Besides, the 

shear stress developed simultaneously with the mobility of the dislocation. Fig. 7(b) presents the 

dislocation mobility of the workpiece. Initially, there was no dislocation when the deformation 

was not accumulated enough. Then, the dislocation raised when the high-value of the shear stress 

zone began to be separated. Finally, when the abrasive passed by the workpiece, some dislocations 

still existed. The position of the dislocation was related to the second part of the high-value zone 

of shear stress, indicating the close relationship of the evolution of the stress and the deformation. 

We describe the results of the total dislocation length during the sliding process at 10 Å depth 

and 1.0 Å/ps demonstrated Fig. 8. Similar to Fig. 7(b), it needed a while to accumulate the 

deformation before the dislocation appears. Then, the dislocation length raised rapidly and 
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achieved the highest value of 89.3 Å at 150 ps. The dislocation length reduced suddenly as the 

shear band appeared and released the stress. Finally, there were still some dislocations after the 

abrasive passing by the workpiece. 

Fig. 9 exhibits the total kinetic energy diagram and its distribution at a variety of velocities at 

5.0 Å depth. The results showed that rising the sliding velocity led to the improvement in the 

kinetic energy due to the higher rate of impact between the abrasive and the workpiece [46]. 

Increasing the sliding velocity also caused more atoms in front of the abrasive to rise their kinetic 

energies. 

Table 1. shows the number of atoms removed at a variety of polishing depths and velocities in 

sliding motion. The average numbers of removed atoms were 0.7, 1, 8.7, 1.3, 274.7, and 1653 

atoms corresponding to 0.5 Å, 1.0 Å, 2.0 Å, 3.0 Å, 5.0 Å, and 10 Å depths, respectively. Thus, 

increasing the depth mostly enlarged the number of atoms removed. At 0.5-3.0 Å depths, the 

number of removed atoms was minor, indicating the no-wear or adhering mechanisms. At 5.0 Å 

depth, a cluster of atoms was removed, with a pile-up appeared during the sliding process, as 

shown in Fig. 5(e), indicating a ploughing mechanism. Increasing the sliding speed at 5.0 Å depth 

led to a rapid improvement in the number of removed atoms. Because at a higher sliding speed, 

the kinetic energy is higher enough to impact the atomic cluster, causing a higher rate of MRR. At 

10 Å depth, a great number of atoms was removed. Besides, a higher pile-up appeared during the 

sliding process, as shown in Fig. 5(f), pointing out a cutting regime. Additionally, improving the 

velocity at 10 Å depth did not lead to an adequate change in the number of atoms removed, a 

similar pattern of results was obtained in Agrawal et al. report [47]. 

A further finding is that according to Zhang et al. [48], in a sliding motion, wear mechanism 

type depends on how much the depth is. Gradually increasing the depth will cause no-wear 

mechanism with pure elastic deformation and without material removal, adhering mechanism with 

atomic removal, ploughing mechanism with atomic cluster removal, and cutting mechanism. 

However, as shown in Table. 1, at 0.5-3.0 Å depths, it is notable that with ultra-fine polishing 

depths and pure elastic deformation, which is similar to the no-wear mechanism, some atoms were 

still removed. Thus, there was almost no no-wear mechanism. In this type of motion, the removal 

and wear mechanisms are adhering, ploughing, and cutting. 
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In general, there is a critical point between elastic and plastic deformations. Below this critical 

point of 5.0 Å depth, the workpiece will suffer an elastic deformation. When the abrasive surpasses 

this point, the workpiece will be plastically deformed. The number of atomic removed also 

depends on this critical point. With a polishing depth larger than 5.0 Å, the number of atoms 

removed is greatly increased. At 10 Å depth, the dislocation begins to appear and evolve 

simultaneously with the development of the maximum shear stress. The appearance of the shear 

band will help reduce the dislocation. The wear mechanisms are adhering, ploughing, and cutting, 

depending on the polishing depth. 

 

2.2 Three-body contact polishing 

Three-body contact or rolling movement is an important type of movement. Therefore, 

researching the removal mechanism at the atomic level removal is critical to understand the 

removal process of GaN. In this section, the abrasive rolls at a variety of depths and speeds. The 

abrasive rolls at 25-100 rad/ns with different rolling depths from 0.5 Å to 10 Å. 

Our results demonstrated that the force diagram at a variety of polishing depths when the 

abrasive rolls at 50 rad/ns, and moves at 1.0 Å/ps in a rolling motion showed Figs. 10(a)-(f). The 

results revealed that improving the polishing depth led to increasing the value of the thrusting force 

(Fy) and the cutting force (Fx), a similar result with the sliding motion. Initially, the thrusting force 

started to raise its value as the abrasive touches the workpiece. Then, the thrusting force achieved 

a stable value before reducing as the abrasive passing through the workpiece. Notably, similar to 

the sliding motion, there was also a critical point at 5.0 Å, where the cutting force began to increase 

its value. Below this point, the value of the cutting force oscillated around zero value, as shown in 

Figs. 10(a)-(d). This was because the polishing depth was too small, thus, the abrasive only slightly 

rolled over the workpiece surface. From this critical point and above, the cutting force gained a 

greater value due to the deeper penetration of the abrasive into the workpiece, as shown in Figs. 

10(e)-(f). 

This is a notable finding in the understanding of the structure change of the workpiece at 

different polishing depths when the abrasive rolls at 50 rad/ns and moves at 1.0 Å/ps in the rolling 

motion (see Figs. 11(a)-(f)). Overall, the deeper depth was, the deeper the groove appears. 
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Remarkably, below the critical point of 5.0 Å depth, there was no plastic deformation, which was 

similar to the sliding motion, as shown in Figs. 11(a)-(d). Moreover, the number of workpiece 

removed atoms was dramatically higher than the sliding motion, indicating an efficiency adhering 

mechanism. From the critical point of 5.0 Å, the plastic deformation happened, as shown in Figs. 

11(e)-(f). The crystalline structure of the workpiece across the pathway was transformed into an 

amorphous state. The SSD appeared in these depths with a stronger intensity than the sliding 

motion. Hence, in the rolling motion, the stirring effect of the abrasive could cause deeper damage 

than the sliding one. 

According to a common idea [48], in a rolling motion, wear mechanism relies on the depths. 

Gradually increasing the depth caused respectively no-wear mechanism with pure elastic 

deformation and without material removal, condensing mechanism with phase transformation and 

without material removal, adhering mechanism with atomic removal, and ploughing mechanism 

with atomic cluster removal. However, it was very interesting that with ultra-fine polishing depth 

and pure elastic deformation that was similar to no-wear and condensing mechanisms, there were 

still few atoms sticking around the abrasive. It proved that in the rolling motion, the adhering 

mechanism will happen even if polishing with a sub-nanoscale and pure elastic deformation in the 

rolling motion. Therefore, in the rolling motion, the removal and wear mechanisms were adhering 

and ploughing. Overall, adhering and ploughing mechanisms can appear in a rolling motion while 

adhering, ploughing, and cutting mechanisms appear in a sliding motion, as shown in Fig. 12. This 

means that different from the micro-level view, at the nanoscale and sub-nanoscale of removing, 

there are no no-wear and condensing mechanisms. There are adhering, ploughing, and cutting 

mechanisms that can present in two-body contact or three-body contact. 

The distributions of von Mises stress of the workpiece at a variety of polishing depths when 

the abrasive rolls at 50 rad/ns and moves at 1.0 Å/ps in the rolling motion are illustrated Figs. 

13(a)-(f). Increasing the depth resulted in a greater and wider of the high-stress zone. In addition, 

there were some high-value of von Mises stress at 0.5 Å-3.0 Å depths, but it would disappear as 

the abrasive passes by, indicating a mostly elastic deformation, as shown in Figs. 13(a)-(d). At 5.0 

Å-10 Å depths, along the pathway, some atoms had a high value of residual stress because they 

suffer a plastic deformation. Therefore, there was also a critical point at 5.0 Å depth. There was 
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no pile up as the sliding one because the removed atoms were adhered to the abrasive surface and 

did not accumulate in front of the abrasive, as shown in Figs. 13(e)-(f). 

The hydrostatic stress distribution of the workpiece at a variety of polishing depths when the 

abrasive rolls at 50 rad/ns, moves at 1.0 Å/ps in the rolling motion is shown in Figs. 14(a)-(f). The 

results indicated that improving the depth would create higher hydrostatic stress. At 10 Å depths, 

the atoms along the pathway had the compression and tension sequentially, pointing out the 

adhering effect of the abrasive to the workpiece atoms, as shown in Figs. 14(f)-(f1). When the 

abrasive rotated, besides the pressing effect right below the abrasive, the abrasive adhered to the 

workpiece atoms, causing a pulling effect and a tension stress at the backside of the abrasive. The 

workpiece atoms were also pressed down, at the front side, caused the pushing effect and the 

compression stress on the workpiece. 

Figs. 15(a)-(f) present the distribution of the workpiece temperature at a variety of polishing 

depths when the abrasive rolls at 50 rad/ns, moves at 1.0 Å/ps in the rolling motion. Generally, 

when the abrasive penetrated deeper into the workpiece, it would generate a higher value of the 

temperature. At 0.5 Å-3.0 Å depths, the temperature at the contact zones did not rise clearly as the 

interaction between the abrasive and the workpiece was not strong, as shown in Figs. 15(a)-(d). At 

5.0 Å-10 Å depths, the temperature at the contact zones rose strongly as the abrasive transferred 

efficiently its kinetic energy to the workpiece, as shown in Figs. 15(e)-(f). The difference indicated 

the rolling motion to the sliding motion was the high-temperature zones in the workpiece separated 

into two zones. 

For a semiconductor material, dislocation is a special concern as it has a significant effect on 

mechanical, optical, and electrical properties. Figs. 16(a)-(b) show the maximum shear stress and 

dislocation mobility at 10 Å depths, rolling at 50 rad/ns and moving at 1.0 Å/ps. Fig. 16(a) shows 

that the high-value zone of shear stress existed at the front side of the abrasive. When the abrasive 

rolled over the workpiece, this zone was gradually separated into two parts. The first part appeared 

under the abrasive, while the second part developed along the workpiece surface. When a group 

of atoms was extruded at the end of the workpiece, the second part was gradually disappeared as 

the shear stress was released. Fig. 16(b) presents the dislocation mobility of the workpiece in the 

rolling motion. Initially, there was no dislocation when the abrasive did not deform the workpiece 

enough. Thereafter, it appeared as the high-value of the shear stress zone began to be separated. 
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Then, the dislocation moved along the workpiece surface toward the end of the workpiece 

synchronously with the movement of the second part of the high-value zone of shear stress. Finally, 

when the abrasive passed by the workpiece, some small amounts of dislocations still appeared. 

The position of the dislocation was related to the second part of the high-value zone of shear stress, 

which indicated the close relationship between stress and deformation.  

From the results, it is clear that Fig. 17 exhibits the total dislocation length during the rolling 

process at 10 Å depths, rolling at 50 rad/ns and moving at 1.0 Å/ps. After a while, the dislocation 

started to appear when the deformation accumulates highly enough. Then, the dislocation length 

increased greatly, obtaining the highest value of 57.7 Å at 95 ps. After that, the dislocation length 

declined dramatically as the extension part appeared and released the stress and deformation. 

Finally, there were still some small amount of dislocations after the abrasive rolling through the 

workpiece. Comparing to sliding, the rolling motion created shorter dislocation during the 

polishing process, and the residual dislocation was also smaller. 

The kinetic energy diagram and its distribution at different rolling velocities at 5.0 Å depth are 

displayed Fig. 18. Overall, the total kinetic energy of 50 rad/ns, 100 rad/ns, and 200 rad/ns were 

mostly similar. Particularly, the kinetic energy distribution indicated that the 100 rad/ns case had 

the lowest value, while the 200 rad/ns case reaches the highest value. Because at 100 rad/ns the 

rolling speed was equal to the moving speed of the workpiece, thus, the abrasive only slightly 

rolled over the workpiece surface. With a difference in the relative motion, at 50 rad/ns, the rolling 

speed of the abrasive was lower than the moving speed. It means that the effect of sliding motion 

still existed, causing stronger kinetic energy than at 100 rad/ns. While at 200 rad/ns, the rolling 

speed of the abrasive was higher than the moving speed, therefore, the rolling motion of the 

abrasive caused more friction effect on the workpiece surface.  

Table 2. demonstrates the number of atoms removed at a variety of depths and speeds in the 

rolling motion. The average numbers of workpiece atoms removed were 64, 115.3, 228, 367, 640, 

and 990.3 atoms corresponding to the 0.5 Å, 1.0 Å, 2.0 Å, 3.0 Å, 5.0 Å, and 10 Å depths, 

respectively. Increasing the rolling depth led to linearly increasing the number of atoms removed. 

Especially, at 0.5-3.0 Å depths, the numbers of workpiece atoms removed were significantly 

higher when comparing to the sliding motion. The reason was that the adhering effect in the rolling 

motion was more effective than the sliding one as there was more surface area taking part in the 
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adhering process, as shown in Figs. 11(a)-(f). Notably, increasing the rolling speed at 0.5-1.0 Å 

depths led to a surge in the number of atoms removed. While the lowest number of atoms removed 

did not correspond to the lowest rolling speed at 50 rad/ns but at 100 rad/ns at 2.0-5.0 Å depths. 

Because at 2.0-5.0 Å depths, the difference between the rolling and the sliding motions was 

smallest, as shown in Fig. 18. At 50 rad/ns, the sliding effect was still present, causing a stronger 

removal. However, at 0.5-1.0 Å depths, the polishing depths were too small to be impacted by the 

sliding movement. At 5.0 Å depth, the numbers of atoms removed in rolling motion were also 

greater than the sliding one. However, the speed of increasing the removed atoms was slower than 

the previous depths as the abrasive surface suffered a saturated phenomenon [49]. At 10 Å depth, 

the numbers of atoms removed in rolling motion were smaller than the sliding one. The reason 

was the abrasive surface saturated, in this case, and the workpiece atoms were not completely 

extruded as the sliding motion. If the extrusion part was not considered, the rolling motion would 

achieve a greater number of workpiece atoms removed. 

In summary, there is a critical point of 5.0 Å depth between elastic and plastic deformations. 

Lower than this point, the material is elastically deformed. From this point and above, the material 

is plastically deformed. Therefore, elastic is the principal deformation type at the sub-nanoscale of 

polishing. At 10 Å depth, dislocation starts to appear and evolve simultaneously with the 

development of the maximum shear stress. Besides, from 5.0 Å depth and below, the removal 

ability of the rolling motion is much greater than the sliding one. Thus, the rolling motion plays a 

vital role in polishing at the atomic level of polishing. In rolling motion, the wear mechanisms are 

adhering and ploughing, depending on the polishing depth. The tribology behaviors of sliding and 

rolling do not have a no-wear and condensing mechanisms.  

 

2.3 Effect of abrasive size and orientation 

In a CMP process, the abrasive varies in a range of sizes, while the wafer always rotates around 

its center. Therefore, in this section, the abrasive size varies from 30 - 50 Å to identify the effect 

of abrasive size to the material removal and deformation. Furthermore, the anisotropic 

characteristic of the GaN substrate is also considered by simulating with not only [112̅0] direction 

and Ga-face but also [11̅00] direction and N-face. 
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Our results casts a light on the total force diagram of different abrasive sizes when it slides 

with 1.0 Å/ps at 5.0 Å depth. The results presented that increasing the abrasive size led to larger 

forces (see Fig. 19). The increasing rate of the total forces from 30 Å to 40 Å abrasive was much 

higher than that of from 40 Å to 50 Å. Thus, at the same depth, a smaller abrasive could remove 

the workpiece atoms more gentle than the bigger one, leading to a better polishing surface [50]. 

The morphology of the workpiece surface and distribution of von Mises stress of different 

abrasive sizes when the abrasive slides with 1.0 Å/ps at 5.0 Å depth are shown in Figs. 20(a)-(c). 

The smaller abrasive caused the higher protrusion on the groove edge as the abrasive shape became 

sharper. Besides, the high-stress zone became more focused right beneath the abrasive as 

increasing the abrasive radius because the bigger abrasive intended to press the workpiece atoms 

down than ploughing it up. Moreover, the numbers of workpiece atoms removed were 394, 191, 

and 151 atoms corresponding to 30, 40, and 50 Å abrasives, respectively. At an ultrafine depth, 

the number of workpiece atoms removed reduced when increasing the abrasive size as the tool was 

less sharp. 

Figs. 21(a)-(c) presents the morphology of the workpiece surface and distribution of von Mises 

stress of different abrasive sizes when the abrasive rolls at 50 rad/ns, moves with 1.0 Å/ps at 5.0 

Å depth. The results pointed out that the rotational motion of the abrasive did not produce 

protrusion and pile up as the sliding motion. Additionally, the high-stress area in the rolling motion 

was more focused right beneath the abrasive rather than in front of it as the sliding one. The 

numbers of workpiece atoms removed were 467, 574, and 768 atoms corresponding to 30, 40, and 

50 Å abrasives, respectively. The number of atoms removed increased when increasing the 

abrasive size as the surface area of the abrasive was correspondingly improved. 

The total forces of different polishing directions and faces at 1.0 Å/ps and 5.0 Å depth are 

illustrated in Figs. 22(a)-(b). With the same Ga-face, direction [11̅00]  required more forces than 

direction [112̅0] in both sliding and rolling motions. With the same [112̅0] direction, sliding on 

N-face required a lower force than on Ga-face, as shown in Fig. 22(a). However, with the same [112̅0] direction, rolling on N-face required similar forces to Ga-face, as shown in Fig. 22(b). 

Besides, the formation of a step-terrace structure was an indication to identify the high-quality 

surface of a GaN wafer after polishing [51,52]. The anisotropy of the GaN workpiece and the off-
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angle deflection could explain the formation of the step-terrace structure at an ultra-fine polishing 

process, in which the direction that required a slighter force to deform could be easier to polish. 

It is worth discussing the results of surface morphology and distribution of von Mises stress of 

different sliding directions and faces, sliding at 1.0 Å/ps, and 5.0 Å depth (see Figs. 23(a)-(c)). 

With the same Ga-face, sliding in [11̅00] direction caused a broader amorphized zone along the 

pathway than the [112̅0] direction, as shown in Figs. 23(a)-(b). Additionally, in [11̅00] direction, 

the atoms were more concentrated on both sides of the pathway to cause higher protrusions rather 

than concentrated in front of the abrasive to create a high pile-up as the [112̅0] direction. With the 

same [112̅0] direction, sliding in N-face caused higher protrusions but lower pile-up than in Ga-

face, as shown in Figs. 23(b)-(c). Moreover, the high-stress zone in N-face case was much smaller 

than in Ga-face as the total force was smaller, as shown in Fig. 22(a). Besides, the numbers of 

workpiece atoms removed were 179, 191, and 58 atoms corresponding to [11̅00] direction/Ga-

face, [112̅0] direction/G-face, and [112̅0] direction/N-face, respectively. Sliding with different 

directions did not create an adequate change in the removal of workpiece atoms. However, sliding 

on Ga-face removed a greater number of workpiece atoms removed than N-face does. 

The surface morphology and von Mises stress distribution of different rolling directions and 

faces, rolling at 50 rad/ns, moving at 1.0 Å/ps, and 5.0 Å depth are shown in Figs. 24(a)-(c). The 

results showed that rolling in different directions and faces did not generate an appreciable change 

in surface morphology and von Mises stress distribution. The numbers of workpiece atoms 

removed were 612, 574, and 413 atoms corresponding to [1-100] direction/Ga-face, [11-20] 

direction/G-face, and [11-20] direction/N-face, respectively. Therefore, rolling on [1-100] 

direction/Ga-face removed the highest number of atoms while rolling on [11-20] direction/N-face 

removed the lowest number of atoms. 

The ratio of the number of atoms removed between rolling and the sliding motions in different 

studies are shown in Table 3. In this study, we chose a 5.0 Å depth case to compare with other 

papers. Zhong et al. [53] indicate a greatly lower comparing to this research ratio because they 

applied a fixed abrasive CMP following a polishing process with a fabric cloth pad. Other 

experimental studies [54-56] survey an entirely polishing process, in which the sliding motion is 

an important factor in the initial and middle steps, therefore, the ratio is lower than this research. 
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However, if the final step of polishing with ultrafine is recreated by simulations [57,58], the rolling 

motion can present its advantages comparing to the sliding one in the material removal process.  

Generally, the number of atoms removed in rolling motion increases as increasing the abrasive 

size as the surface area is improved. On Ga-face, direction [11̅00] demands more forces than 

direction [112̅0] in both sliding and rolling motions. Interestingly, sliding with different directions 

does not make an adequate change in the number of workpiece atoms removed. However, sliding 

on Ga-face can remove a great number of atoms than N-face. 

 

3. Discussion 

In this study, we present the polishing process of a diamond abrasive that slides or rolls on the 

GaN workpiece at the sub-nanoscale by MD simulation tools. The influences of polishing depths, 

speeds, abrasive size, and orientations on the wear mechanisms and material removal were 

carefully investigated. The wear mechanisms in sliding motion can be adhering, ploughing, and 

cutting, depending on the depth. While the wear mechanisms in rolling motion are adhering and 

ploughing. In both sliding and rolling motions, there is no no-wear mechanism. There was an 

existence of a critical point between elastic and plastic deformations at 5.0 Å depth. The elastic 

deformation had to be the main deformation type at the sub-nanoscale of polishing. The appearance 

of the shear band would help reduce the dislocation.  

Below 5.0 Å depth, the removal ability of the rolling motion was significantly higher than that 

of the sliding one. However, higher than that point, the sliding motion presented a higher MRR. 

Therefore, the rolling motion plays a key role in polishing at the atomic level of polishing. Sliding 

on Ga-face could erase a greater number of atoms than N-face. Besides, rolling on  [11̅00] 
direction/Ga-face removes the highest number of atoms while rolling on [112̅0] direction/N-face 

removed the lowest number of atoms. Sliding and rolling on different orientations and faces 

resulted in a different number of atoms removed. The results shed more light on wear mechanism, 

material removal, and deformation behavior at the sub-nanoscale, helping to achieve an ultrafine 

flat surface in polishing. 
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4. Methods 

The simulation model consists of a monocrystalline hexagonal GaN substrate with 160.8 Å in 

length, 78.6 Å in width, and 64.3 Å in thickness, and a 40 Å diamond abrasive, as shown in Fig.1. 

The diamond hardness is greatly higher than the GaN substrate, therefore, the diamond abrasive is 

handled as a stiff body. The polishing depths are in the range of 0.5 Å to 1.0 Å, 2.0 Å, 5.0 Å, and 

10 Å to survey the sub-nanoscale of wear mechanisms and material removal. In sliding motion, 

the moving speeds of the abrasive are between 0.5-2 Å/ps or 50-200 m/s in the x-axis direction. In 

rolling motion, the abrasive turns at 25-100 rad/ns or 50-200 m/s, the abrasive moves along the 

horizontal x-axis at a speed of 1.0 Å/ps at the same time. 

The surface of the GaN substrate is the (0001) plane or c-plane, while the x-axis parallels to 

the [112̅0]  direction. Fig. 2 exhibits the radial distribution functions (RDF) diagrams of the 

substrate, indicating a hexagonal structure of GaN [37]. The peaks at 2.0 Å, 3.8 Å, and 4.9 Å only 

describe the length of the Ga-N bonds, while the other peaks represent the Ga-N, Ga-Ga and N-N 

bonds. 

This study carried out LAMMPS code [38] to simulate the model, using the NVE ensemble at 

a temperature of 300 K, with 1.0 fs time step. The Ga-N interactions applied Stillinger-Weber 

potential [39,40], while the N-C interactions used the BNC Tersoff potential [41,42]. The Ga-C 

implied the Lennard-Jones potential with σ = 3.2990 Å and ε = 0.0565 eV [43]. OVITO software 

is employed to observe and inspect the simulation results such as structure change, stress, 

dislocation [44]. 
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Figure captions 

 

Fig.1. Simulation model. 

Fig. 2. The radial distribution functions of GaN substrate. 

Fig. 3. Forces at different polishing depths at 1.0 Å/ps in sliding motion: (a) 0.5 Å, (b) 1.0 Å, (c) 

2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å. 

Fig. 4. Structure change and surface morphology of the workpiece at different polishing depths at 

1.0 Å/ps in sliding motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å. 

Fig. 5. Von Mises stress distribution of the workpiece at different polishing depths at 1.0 Å/ps in 

sliding motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å. 

Fig. 6. Temperature distribution of the workpiece at different polishing depths at 1.0 Å/ps in sliding 

motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å. 

Fig. 7. Maximum shear stress and dislocation mobility at 10 Å depth and 1.0 Å/ps: (a) maximum 

shear stress, (b) dislocation mobility. 

Fig. 8. Total dislocation length during the sliding process at t 10 Å depth and 1.0 Å/ps. 

Fig. 9. Kinetic energies at different velocities at 5.0 Å depth in sliding motion. 

Fig. 10. Forces at different polishing depths when the abrasive rotates at 50 rad/ns and moves at 

1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å. 

Fig. 11. Structure change of the workpiece at different polishing depths when the abrasive rotates 

at 50 rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 

5.0 Å, and (f) 10 Å. 

Fig. 12. Deformation and wear mechanisms of sliding and rolling motions. 

Fig. 13. Von Mises stress distribution of the workpiece at different polishing depths when the 

abrasive rotates at 50 rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 

Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å. 

Fig. 14. Hydrostatic stress distribution of the workpiece at different polishing depths when the 

abrasive rotates at 50 rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 

Å, (d) 3.0 Å, (e) 5.0 Å, (f) 10 Å, and (f1) surface morphology at 10 Å. 

Fig. 15. Temperature distribution of the workpiece at different polishing depths when the abrasive 

rotates at 50 rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 5.0 

Å, and (e) 10 Å. 
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Fig. 16. Maximum shear stress and dislocation mobilities at 10 Å depths, rolling at 50 rad/ns and 

moving at 1.0 Å/ps: (a) maximum shear stress, (b) dislocation mobility. 

Fig. 17. Total dislocation length during the rolling process at 10 Å depths, rolling at 50 rad/ns and 

moving at 1.0 Å/ps. 

Fig. 18. Total kinetic energies and kinetic energy distribution at different velocities at 5.0 Å depth, 

moving at 1.0 Å/ps in rolling motion. 

Fig. 19. Total forces of different abrasive sizes at 1.0 Å/ps and 5.0 Å depth. 

Fig. 20. Surface morphology and von Mises stress distribution of different abrasive sizes sliding 

at 1.0 Å/ps and 5.0 Å depth: (a) 30 Å, (b) 40 Å, and (c) 50 Å. 

Fig. 21. Surface morphology and von Mises stress distribution of different abrasive sizes rolling 

at 50 rad/ns, moving at 1.0 Å/ps and 5.0 Å depth: (a) 30 Å, (b) 40 Å, and (c) 50 Å. 

Fig. 22. Total forces of different polishing direction and face at 1.0 Å/ps and 5.0 Å depth: (a) 

sliding motions, and (b) rolling motions. 

Fig. 23. Surface morphology and von Mises stress distribution of different sliding directions and 

faces, sliding at 1.0 Å/ps and 5.0 Å depth: (a) [1-100] direction/Ga-face, (b) [11-20] direction/G-

face, and (c) [11-20] direction/N-face. 

Fig. 24. Surface morphology and von Mises stress distribution of different rolling directions and 

faces, rolling at 50 rad/ns, moving at 1.0 Å/ps and 5.0 Å depth: (a) [1-100] direction/G-face, (b) 

[11-20] direction/G-face, and (c) [11-20] direction/N-face. 
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Tables 

 

Table 1. Number of atoms removed at different depths and speeds in sliding motion. 

Velocity (Å/ps) 0.5 Å depth 1 Å depth 2 Å depth 3 Å depth 5 Å depth 10 Å depth 

0.5 1 1 9 1 101 1754 

1.0 0 1 7 0 191 1613 

2.0 1 1 10 3 532 1592 

Average 0.7 1 8.7 1.3 274.7 1653 
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Table 2. Number of atoms removed at different depths and speeds in rolling motion. 

Velocity (rad/ns) 0.5 Å depth 1.0 Å depth 2.0Å depth 3.0 Å depth 5.0 Å depth 10 Å depth 

50 37 83 204 409 672 846 

100 61 93 189 236 574 1080 

200 94 170 291 456 674 1045 

Average 64 115.3 228 367 640 990.3 
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Table 3. Comparison of the ratio of number of removed atoms between the rolling and the 

sliding motions. 

Methods No. rolling /No. sliding  Materials of abrasive/wafer References 

Experimental 0.11 Diamond/Si Zhong et al. [53] 

Experimental 0.14-0.2 Al2O3/Cu Chunyan et al. [54] 

Experimental 0.3-0.4 Diamond /Al2O3 Wang et al. [55] 

Experimental 0.75 SiO2/Al2O3 Dong et al. [56] 

Simulation 0.71-0.86 SiO2/Si Si et al. [57] 

Simulation 0.56-2.0 Diamond/SiC Nguyen et al. [58] 

Simulation 1.2-6.65 Diamond/GaN This research 

 

 

 



Figures

Figure 1

Simulation model.



Figure 2

The radial distribution functions of GaN substrate.



Figure 3

Forces at different polishing depths at 1.0 Å/ps in sliding motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å,
(e) 5.0 Å, and (f) 10 Å.



Figure 4

Structure change and surface morphology of the workpiece at different polishing depths at 1.0 Å/ps in
sliding motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å.



Figure 5

Von Mises stress distribution of the workpiece at different polishing depths at 1.0 Å/ps in sliding motion:
(a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å.

Figure 6

Temperature distribution of the workpiece at different polishing depths at 1.0 Å/ps in sliding motion: (a)
0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å.



Figure 7

Maximum shear stress and dislocation mobility at 10 Å depth and 1.0 Å/ps: (a) maximum shear stress,
(b) dislocation mobility.



Figure 8

Total dislocation length during the sliding process at t 10 Å depth and 1.0 Å/ps.



Figure 9

Kinetic energies at different velocities at 5.0 Å depth in sliding motion.



Figure 10

Forces at different polishing depths when the abrasive rotates at 50 rad/ns and moves at 1.0 Å/ps in
rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å.



Figure 11

Structure change of the workpiece at different polishing depths when the abrasive rotates at 50 rad/ns
and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f) 10 Å.



Figure 12

Deformation and wear mechanisms of sliding and rolling motions.



Figure 13

Von Mises stress distribution of the workpiece at different polishing depths when the abrasive rotates at
50 rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, and (f)
10 Å.



Figure 14

Hydrostatic stress distribution of the workpiece at different polishing depths when the abrasive rotates at
50 rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 3.0 Å, (e) 5.0 Å, (f) 10
Å, and (f1) surface morphology at 10 Å.



Figure 15

Temperature distribution of the workpiece at different polishing depths when the abrasive rotates at 50
rad/ns and moves at 1.0 Å/ps in rolling motion: (a) 0.5 Å, (b) 1.0 Å, (c) 2.0 Å, (d) 5.0 Å, and (e) 10 Å.



Figure 16

Maximum shear stress and dislocation mobilities at 10 Å depths, rolling at 50 rad/ns and moving at 1.0
Å/ps: (a) maximum shear stress, (b) dislocation mobility.



Figure 17

Total dislocation length during the rolling process at 10 Å depths, rolling at 50 rad/ns and moving at 1.0
Å/ps.



Figure 18

Total kinetic energies and kinetic energy distribution at different velocities at 5.0 Å depth, moving at 1.0
Å/ps in rolling motion.



Figure 19

Total forces of different abrasive sizes at 1.0 Å/ps and 5.0 Å depth.



Figure 20

Surface morphology and von Mises stress distribution of different abrasive sizes sliding at 1.0 Å/ps and
5.0 Å depth: (a) 30 Å, (b) 40 Å, and (c) 50 Å.



Figure 21

Surface morphology and von Mises stress distribution of different abrasive sizes rolling at 50 rad/ns,
moving at 1.0 Å/ps and 5.0 Å depth: (a) 30 Å, (b) 40 Å, and (c) 50 Å.



Figure 22

Total forces of different polishing direction and face at 1.0 Å/ps and 5.0 Å depth: (a) sliding motions, and
(b) rolling motions.



Figure 23

Surface morphology and von Mises stress distribution of different sliding directions and faces, sliding at
1.0 Å/ps and 5.0 Å depth: (a) [1-100] direction/Ga-face, (b) [11-20] direction/G-face, and (c) [11-20]
direction/N-face.



Figure 24

Surface morphology and von Mises stress distribution of different rolling directions and faces, rolling at
50 rad/ns, moving at 1.0 Å/ps and 5.0 Å depth: (a) [1-100] direction/G-face, (b) [11-20] direction/G-face,
and (c) [11-20] direction/N-face.


