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1. Introduction 

 

Single crystal silicon carbide (SiC) possesses excellent material 

properties such as high hardness, high thermal conductivity, high 

temperature and corrosion resistance. As a result, it is widely used in 

fields such as semiconductors, optoelectronics, and wear-resistant 

materials, including power electronic devices and abrasive tools. [1,2] 

The crystal structure of 4H-SiC is a zinc blende structure, which has 

high strength and good chemical stability, making it one of the most 

promising wide-bandgap semiconductor materials for the future. 

However, its surface quality directly affects the performance and 

lifespan of devices, as surfaces with high roughness can lead to electric 

field concentration, breakdown, and other failure phenomena, 

compromising the stability and longevity of components. [3] Therefore, 

an appropriate processing method must be selected to achieve high 

surface quality and efficient processing of 4H-SiC. 

Polishing is essential to improve the surface quality of hard-to-

machine materials like SiC. In traditional polishing processes, the high 

hardness of silicon carbide often leads to severe wear on the polishing 

wheel, generating large friction forces, and its brittle nature can easily 

cause defects such as cracks, which negatively impact surface quality 

and processing efficiency. Neslen et al. [4] conducted SiC polishing 

experiments to investigate the effects of different polishing parameters 

on surface roughness, revealing that friction forces are closely related 

to the material removal rate, and excessive friction forces can 

deteriorate surface quality. Additionally, Luo et al. [5] studied the 

polishing process and proposed strategies to optimize friction forces, 

showing that the appropriate size of bonded abrasive particles and 

polishing parameters can significantly improve surface quality and 

extend the lifespan of the polishing wheel. 

Ultrasonic-assisted polishing technology is a compound 

processing method that superimposes ultrasonic vibration onto the 

material removal behaviors. Compared to traditional polishing, it offers 

advantages such as lower friction forces, lower polishing temperatures, 

and longer polishing wheel lifespans. [6] It has been proven to be an 

effective solution for processing hard materials. Chen et al. [7] and Ban 

et al. [8] conducted ultrasonic-assisted polishing experiments and 
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Ultrasonic-assisted polishing（UAP）of silicon carbide（SiC）wafers can effectively improve processing efficiency and wafer 

surface quality, making it widely applied in the SiC semiconductor manufacturing industry. However, the potential of UAP has 

not been sufficiently developed because the mechanism of interaction between the single abrasive particle and the wafer surface 

is so far elusive. In this study, the single-asperity material removal behaviors of single crystal 4H-SiC against the diamond AFM 

tip were quantitatively investigated with respect to the normal load under the presence and absence of ultrasonic vibration. The 

experimental results showed that the ultrasonic vibration slightly enhanced the material removal rate in the low normal load 

regime and obviously in the high normal load regime, with the friction force only decreasing in low and medium normal loads 

during single-asperity scratching. After concluding, specific friction and material removal explanations were proposed to clarify 

the interaction mechanism between the diamond tip and the SiC surface. The results would promote understanding the material 

removal mechanism in the ultrasonic-assisted polishing of SiC wafers. 
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simulations on SiC, showing that ultrasonic vibration reduced normal 

and friction forces, respectively. Zhao et al. [6] investigated polishing 

wheel wear during ultrasonic-assisted polishing of SiC, concluding that 

introducing ultrasonic vibration reduced the polishing wear coefficient 

by up to 40%. However, no published reports have completely 

explained material removal behavior in the SiC ultrasonic-assisted 

polishing process. 

 

 

2. Theoretical Background of Material Removal 

Mechanism 

 

It is widely acknowledged that single-asperity material removal 

behavior is highly complex due to the influence of numerous 

uncontrolled factors. In many single-asperity contact systems, material 

removal may result from the simultaneous action of multiple 

mechanisms, making it difficult to accurately predict the characteristics 

of the process [9]. Over the years, various models have been developed 

to estimate material removal depth and volume, with Archard's wear 

equation being the most broadly applicable [10]. The equation is 

expressed as: 

                                         (1) 

Where V is the material removal volume, K′′ is the material 

removal volume coefficient, H is the hardness of the substrate, Fn is the 

applied normal load, and L is the total scratching distance. 

To verify the applicability of this equation at the nano-scale, 

researchers compared experimental test results at the nano-scale with 

those predicted by Archard’s wear equation [11,12]. These studies 

revealed that, in contrast to macro-scale material removal behavior, the 

material removal volume of micro- and nano-scale components does 

not necessarily vary proportionally with applied load or inversely with 

specimen hardness. Consequently, the revised Archard’s wear equation 

[13] is deemed more appropriate for use at the micro- and nano-scale 

levels 

                                         (2) 

where x′ and y′ are sensitive exponents, which are determined using 

data from the different experimental systems. For single-asperity 

scratching, the material removal depth, h, increases with the material 

removal volume, V, where V is usually proportional to h2 while the 

damaged trace shows a similar triangular shape. Thus, Eq. (2) can be 

rewritten as: 

                            (3) 

where K is the new material removal depth coefficient, and the 

sensitive exponents x and y represent the material removal response. 

Higher values of x or y indicate that load and cycles influence material 

removal depth more significantly. 

 

 

3. Material and Methods 

 

3.1 Material Used in the Investigation 

The single-asperity scratching tests were conducted on the Si 

surface of a two-side polished silicon carbide (SiC) wafer with a wafer 

size of 5×5×0.35 mm3 (Hefei Crystal&Surface Technical Material Co., 

Ltd., China). The type/dopant of this SiC is 4H-N with the orientation 

4.0 degrees off the (0 0 0 1) axis. Young’s modulus, E, and hardness, H, 

of the 4H-SiC were determined as 413 GPa and 36 GPa, respectively 

[14]. With atomic force microscopy (AFM, Dimension Edge, 

Germany), the root-mean-square (RMS) roughness of the Si surface 

was measured under 0.5 nm over a 3×3 μm2 area. A diamond tip (NC-

LC, Adama Innovations, Ireland) was used to perform all the single-

asperity scratching tests under the presence and absence of ultrasonic 

vibration. It has a curvature radius, R, of 20 nm and a nominal spring 

constant, K, of 100 N/m. 

 

3.2 Force Calibration of AFM 

For a commercial AFM, both the bending and torsion of the probe 

cantilever can be measured simultaneously by tracking the laser beam's 

lateral and vertical deflections while scanning the sample in the x–y 

plane. The feedback from the vertical deflection represents the normal 

force, while the lateral deflection corresponds to the friction force [15]. 

Since these deflections are captured using a four-quadrant photodiode, 

the measured normal and friction forces are initially recorded as 

voltage signals. To quantitatively analyze material removal behavior 

with accurate normal force, it is essential to convert voltage signals of 

normal load into force values through force calibration. Based on 

information from the Burker website, the applied normal load can be 

determined using the equation: 

                                                (4) 

where K is the spring constant of the probe cantilever, S is the 

sensitivity coefficient of the diamond tip measured by AFM, and I is 

the voltage signal. 

In contrast, for friction force analysis, the focus is on comparing 

the relative effects of ultrasonic vibration under different normal loads 
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rather than the precise force values. Therefore, while converting the 

voltage signals to force is essential for the normal force, the exact 

numerical values for friction force are less critical in this context. 

 

3.3 Material Remove Experiments 

All single-asperity scratching tests were conducted using an AFM 

(Dimension Edge, Germany) in ambient air with relative humidity 

between 50% and 60%. The ultrasonic vibration parameters were fixed 

at an amplitude of 10 nm and a frequency of 55 kHz, with the vibration 

direction perpendicular to the scratching direction. In the different 

scratching tests, the applied normal load (Fn) between the diamond tip 

and the SiC surface was adjusted from 4 to 64 μN, with a scratching 

time of 50 seconds and a scratching speed of 2 μm/s. During each test, 

the friction voltage signals were recorded, and the friction force in 

voltage form was calculated by taking half of the absolute difference 

between the two nearly parallel voltage signals on the friction signal 

plots. After the tests, the material removal areas were scanned in 

tapping mode using a sensitive silicon tip with a radius of curvature of 

7 nm and a nominal spring constant of 26 N/m (OTESPA-R3, Bruker, 

Germany). The average material removal depths and volumes were 

then measured from the cross-sectional profiles of the scratches. 

 

 

4. Results and Discussion 

 

After scanning the material removal areas with a sensitive silicon 

tip, the scratches’ topography with and without the ultrasonic vibration 

was obtained, as shown in Figs. 2 and 3. For Fn below 16 μN, the 

difference in average material removal depth and volume between 

traditional scratching and ultrasonic-assisted scratching was minimal. 

However, when Fn was in the range of 24 μN to 48 μN, the effect of 

ultrasonic vibration on the material removal depth and volume was 

gradually significant. Notably, as Fn increased from 56 μN to 64 μN, 

the scratches’ depth and volume increased sharply with the assistance 

of the ultrasonic vibration compared with those obtained under the 

traditional scratching. To quantify the impact of ultrasonic vibration 

under different normal loads on the material removal behavior of 4H-

SiC, the average material removal depth and volume as a function of 

Fn is plotted in Fig. 4. The following discussion provides potential 

explanations for the observed variation in ultrasonic vibration’s 

effectiveness with increasing normal load. 

 

 

Fig. 2 The AFM topography images under different normal loads of 

(a)4, (b)8, (c)16, (d)24, (e)32, (f)40, (g)48, (h)56 and (i)64 μN with 

scratching speed of 2 μm/s, scratching time of 50 s and no ultrasonic 

vibration. 

 

 

Fig. 3 The AFM topography images under different normal loads of 

(a)4, (b)8, (c)16, (d)24, (e)32, (f)40, (g)48, (h)56 and (i)64 μN 

with scratching speed of 2 μm/s, scratching time of 50 s and ultrason

ic vibration. 

 

 
Fig. 4 Material removal depth and volume under different scratching 

loads with and without the ultrasonic vibration. 
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Fig. 5 Average friction force in voltage form under different scratching 

loads with and without the ultrasonic vibration. 

In the low normal load region (Fn ≤ 16 μN), no significant damage 

was observed in the absence of ultrasonic vibration, indicating that 

elastic deformation dominated the scratching process. As Fn increased, 

visible grooves and material pile-up along the sides of the grooves 

began to appear. The material removal depth and volume were found 

to increase nonlinearly with Fn, showing a slight rise in the low load 

regime (Fn ≤ 16 μN) and a sharp increase in the higher load regime (Fn 

≥ 16 μN). 

Plastic deformation occurs when the mean contact pressure, P, 

exceeds 1.1Y, where Y is the material's yield stress [16]. Once plastic 

deformation begins, the scratching motion of the tip induces friction 

force of plowing, leading to visible wear traces. The mean contact 

pressure, P, for a conical diamond tip in contact with the substrate can 

be estimated using the following equation [17]: 

                                (5) 

The material yield stress, Y, can be estimated using the Bowden and 

Tabor relation [18], Y=H/3, where H is the hardness of the material, 

which is 36 GPa for the SiC. Accordingly, the yield stress Y of SiC is 

approximately 12 GPa. For Fn=16 μN, P was calculated to be lower 

than 1.1Y. Therefore, the contact between the tip and the SiC can be 

considered elastic, resulting in no visible scratching trace on the SiC 

surface. Once the normal load exceeded 16 μN, the contact transitioned 

to an elastic-plastic regime, and friction force of plowing began to 

occur. When Fn was between 24 and 48 μN, the corresponding contact 

pressures P were just a little bit larger than the yield stress of SiC. As a 

result, plastic deformation remained relatively slight, with elastic 

deformation playing a more dominant role under these load conditions, 

causing only a slight increase in material removal depth and volume. 

As the load continued to increase, plastic deformation became more 

pronounced, leading to significant wear or material removal under 

higher loads. Consequently, the material removal depth and volume 

increased sharply in the high-load regime. These findings align with 

the friction data presented in Fig. 5, which indicated that the friction 

force of plowing when Fn ≤ 48 μN is lower than the friction force of 

wear when Fn ≥ 48 μN. 

Under the presence of ultrasonic vibration, as illustrated in Fig. 3, 

material removal was observed at all normal load levels during single-

asperity scratching. As the normal load increased, the cross-sectional 

area of the material removal region became wider and deeper. 

Furthermore, it was found that ultrasonic vibration slightly enhanced 

the material removal rate in the low normal load regime and 

significantly in the high normal load regime, as shown in Fig. 4. 

Interestingly, Fig. 5 revealed that, compared to the traditional 

scratching, the friction force decreased only in the low to medium 

normal load ranges when ultrasonic vibration was applied. 

Experimental data showed that in the normal load range of 24 to 48 μN, 

ultrasonic vibration significantly increased the material removal depth 

and volume, even while reducing or maintaining frictional force. This 

result was particularly exciting, as it suggested that this specific range 

of parameters can greatly enhance processing efficiency in the industry. 

We attributed this phenomenon to the following: when the normal 

load is below 24 μN, the contact mode between the tip and the SiC 

remained predominantly elastic. In this regime, the elastic deformation 

of the material is not significantly influenced by the increased speed 

and distance brought by ultrasonic vibration. However, in the normal 

load range of 24 to 48 μN, plastic deformation became more 

pronounced, although elastic deformation still played an important role. 

In this load range, the increased speed and scratching distance induced 

by ultrasonic vibration affected the amount of plastic deformation and 

even led to wear or material removal, resulting in a notable increase in 

material removal depth and volume. At the same time, the presence of 

elastic deformation and the significantly higher relative speed due to 

ultrasonic vibration served to reduce the friction force acting on the 

single-asperity. When the normal load exceeded 48 μN, the contact 

mode shifted with no elastic contribution. In this regime, material 

removal dominated, and the friction force became directly proportional 

to the normal load, while the material removal depth and volume were 

influenced only by the increased scratching distance. Consequently, it 

was observed that ultrasonic vibration significantly enhanced material 

removal depth and volume, but also led to a substantial increase in 

friction force. This outcome was more applicable to machining 

methods on a wider range besides polishing. 

Additionally, the damage mechanism with respect to the normal 

load under the presence and absence of ultrasonic vibration was 

concluded. In traditional scratching, the damage mechanism transited 

from elastic deformation to plastic deformation or possible material 

removal (Fig. 2). However, significant changes in the damage 

mechanism were not anticipated during ultrasonic-assisted scratching. 

Instead, material removal behavior across all loads under ultrasonic 

assistance demonstrated a stronger dependence on the normal load, 

resulting in a higher load-sensitive exponent for material removal 
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depth and volume. 

 

 

5. Conclusions 

 

Using an atomic force microscope (AFM), the single-asperity 

material removal behaviors of 4H-SiC against a conical diamond AFM 

tip were quantitatively studied under the presence and absence of 

ultrasonic vibration. Material removal Eq. (2) and Eq. (3) were 

employed to analyze the measured material removal depth and volume, 

respectively. The friction force was determined with the variation of 

normal load. Subsequently, the friction and material removal 

mechanisms were discussed for various normal loads, scratching 

speeds, and scratching distances. The main findings from this study 

were summarized as follows: 

(1) The material removal depth and volume during ultrasonic-

assisted scratching exhibited a stronger dependence on normal load 

compared to the traditional scratching. Although ultrasonic vibration 

enhanced material removal across all load levels, significant changes 

in the damage mechanism were not observed. In contrast, without 

ultrasonic vibration, the transition from elastic to plastic deformation 

occurred at lower normal loads, and as the load increased, SiC damage 

progressed from plastic deformation to wear and material removal. 

(2) In the normal load range of 24 to 48 μN, ultrasonic vibration 

significantly increased the material removal depth and volume, while 

reducing or maintaining friction force. Within this range, plastic 

deformation became more pronounced, though elastic deformation 

remained influential. The increased speed and scratching distance 

induced by ultrasonic vibration amplified plastic deformation, leading 

to wear or material removal. The concurrent presence of elastic 

deformation and enhanced relative speed due to ultrasonic vibration 

contributed to the reduction in friction force. 

These findings highlight the potential of ultrasonic-assisted 

scratching for improving material removal efficiency and reducing 

friction force in the processing of hard materials like 4H-SiC, 

particularly in industrial applications requiring precision and control. 
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