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Abstract: Silicon carbide single crystal (SiC) has been widely used in the field of power devices, 

while it is difficult to fabricate ultra-flat surface by traditional manufacturing technologies due to 

its difficult-to-machine property. This paper investigates the interaction process during 

femtosecond laser ablation of crystalline silicon carbide based on the two-temperature model 

simulation and experimental study. The findings reveal that parameters such as laser pulse energy, 

scanning interval, and defocus amount exert significant influence on ablation depth, roughness, and 

surface morphology. The femtosecond laser proves effective in removing surface defects from cut 

SiC substrates, albeit resulting in increased surface roughness. However, subsequent polishing 

treatment of the laser-ablated silicon carbide surface can mitigate this roughness, underscoring the 

feasibility of laser surface ablation for silicon carbide single crystals. 
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1. Introduction 

The quality of the surface of silicon carbide (SiC) wafers significantly impacts the performance 

of electronic devices. Therefore, a smooth and defect-free surface is essential for SiC wafers [1]. When 

SiC ingot are sliced into substrate, surface cracks and damage become pronounced [2]. Traditional 

methods involve lapping and polishing to eliminate surface defects, with a final requirement of 

achieving a surface roughness of 0.5 nm. However, due to the high hardness, brittleness, and 

chemical stability of SiC, traditional processes exhibit low efficiency and high costs [3]. Consequently, 

there is a need to develop new surface processing technologies for the rapid treatment of sliced SiC 

surfaces. Femtosecond laser surface polishing technology offers advantages such as non-contact 

operation, low thermal damage, and high efficiency. It serves as a novel polishing tool and has found 

applications in the treatment of surfaces of hard and brittle materials [4–6]. Scholars have utilized 

numerical simulation and experimental methods to polish the surface of germanium single crystals 

[7]. 

Tsibidis et al. utilized an optimized two-temperature model to investigate the dynamics of 

excited carriers during femtosecond laser ablation of silicon carbide single crystals and theoretically 

calculated the surface damage threshold of silicon carbide materials [8]. Rehman et al. discovered 

that femtosecond laser ablation of 4H-SiC resulted in the formation of a rough layer of amorphous 

carbon and amorphous silicon with thickness of 50nm in the ablated region, accompanied by 

dislocations and deformations in the crystal structure, indicating a certain degree of thermal stress 

on the silicon carbide single crystal material under laser ablation [9]. Feng et al. analyzed the influence 

of femtosecond laser parameters on the formation of surface recast layers on silicon carbide single 

crystals through experimental and numerical simulation methods, and proposed recommendations 

for process optimization [10]. Wang investigated the characteristics of melting point, structural 

transformation, and residual stress variation on the surface of silicon carbide single crystals irradiated 

by single femtosecond laser pulses with different pulse energies [11]. Zhang Ru et al. analyzed the 

effects of laser parameters such as laser power, scanning speed, pulse repetition frequency, and 
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number of scans on the ablation characteristics, size of the thermal affected zone, and surface 

roughness during femtosecond laser ablation of silicon carbide [12]. 

In previous work, we performed single-pass ablation on the surface of sliced SiC substrate using 

a femtosecond laser source and analyzed the influence of laser parameters on the morphology of the 

ablated surface. However, the processing quality of femtosecond laser ablation has not been 

investigated. In this paper, based on the two-temperature model, the interaction process between 

femtosecond laser and silicon carbide is elucidated by simulating the variations of electron and lattice 

temperatures during femtosecond laser processing. Furthermore, the influence of the process 

parameters on the morphology and roughness of the multi-pass laser ablation is analyzed to provide 

technical guidance for the subsequent surface polishing. Finally, a preliminary polishing treatment is 

performed on the ablated silicon carbide surface. The aforementioned work provides a theoretical 

foundation and experimental basis for the development of the femtosecond laser as a pretreatment 

technique for silicon carbide wafer surfaces. 

2. Materials and Methods 

The wavelength of the femtosecond laser used in this study is 515 nm, with a pulse width of 800 

fs and a pulse frequency ranging from 1 kHz to 600 kHz. After being emitted from the laser source, 

the femtosecond laser pulses are focused on the material surface by high-speed scanning mirrors. The 

diameter of the focused spot is 50μm and its energy distribution approximates a Gaussian 

distribution. The scanning method for femtosecond laser processing can be referenced from previous 

work [13]，and a schematic diagram of the laser scanning path is shown in Figure 1. The samples 

used in the experiments are sliced N-type 4H-SiC wafers, which are cleaned with ultrasonic waves 

before being subjected to laser ablation tests. The size of the laser ablation area is 20 mm × 20 mm. 

After laser processing, the surfaces are chemically-mechanically polished for 30 minutes using 

nanoparticles of alumina polishing liquid. The surface roughness and morphology of the 

experimental specimens are measured using a laser confocal microscope. 

 

Figure 1. Femtosecond laser processing schematic diagram. 

3. Modeling 

When the femtosecond laser interacts with semiconductor materials, the excitation of electrons 

from the valence band to the conduction band is triggered by a nonlinear absorption process. Since 

the laser wavelength used in this paper is 515 nm and the energy band width of 4H-SiC is about 3.4 

eV, the electrons in the 4H-SiC substrate surface under the action of the femtosecond laser absorb the 

energy of the two photons for the leptonic transition, and the relaxation time approximation of the 

Boltzmann equation under the coupled transport equation is used to represent the change in carrier 

concentration under the action of the femtosecond laser [14,15], as shown below: 
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The first two terms on the right-hand side describe the processes of single-photon absorption 

and two-photon absorption, respectively. The third term represents the collision ionization process, 

while the fourth term denotes the Auger recombination process. Here, ��  is the density of free 

electrons, �� is the single-photon absorption coefficient, � is the two-photon absorption coefficient, 

�  is the collision ionization coefficient, �  is the Auger recombination coefficient, and ℎ�  is the 

photon energy. Based on the relationship between the density of free electrons and the material's 

dielectric constant, transient optical properties such as reflectance and extinction coefficient can be 

obtained [16]. 

Due to the laser incidence on the material surface, when the electron density reaches a certain 

level, the laser-irradiated region exhibits metallic properties, thereby altering the material's transient 

optical characteristics. The threshold for the density of free electrons can be calculated as: 

��� =
4��������

����
 

where �� is the vacuum permittivity, ��  is the density of transient carriers, ��  is the electron 

mass, � is the elementary charge, c is the speed of light in vacuum, and λ is the wavelength of the 

incident laser. After calculation, under the experimental conditions, the threshold for the density of 

free electrons is ��� = 9.5844 × 10����� 
Based on the one-dimensional two-temperature equation, the temperature changes of electrons 

and lattice under the action of pulse energies can be analyzed as blow: 

��(��)
���
��

= ∇(K�∇��) − g(�� − ��) + �(�, �, �) 

��(��)
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where ��  and ��  represent the specific heat capacities of electrons and lattice, ��  and �� 

represent the temperatures of electrons and lattice, and K�  and K�  represent the thermal 

conductivities of electrons and lattice, respectively. In this study, we assume that the initial 

temperatures of the lattice and electrons are 300 K, corresponding to room temperature air 

environment, and the initial electron density is 1.0×1012cm-3. The standard temperature threshold for 

ablation is set at the melting point of silicon carbide, i.e., 3003 K. The main parameters of other 

materials are as follows: 

Table 1. Physical parameters of SiC used in model. 

Parameter Symbol Unit Value [8,17–19] 

Electron-phonon coupling coefficient g W/(m3•K) Ce /�e 

Specific heat capacity of electrons �� J/(m3•K) 3��KB 

Specific heat capacity of la�ice �� J/(m3•K) 1.978×106+3.54×102T�-3.68×106T�
�2 

Thermal conductivity of la�ice Kl J/(m•K•s) 611×102/(T�-115) 

energy band width Eg eV (3.01-6.4×10-6T�
2)/(T� +1200) 

single-photon absorption coefficient �1 1/cm 50 

single-photon absorption coefficient 

@530nm 
� m/W 0.5×10-11 

Bol�mann constant KB J/K 1.3806505×10-23 
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4. Results and Discussion 

4.1. The Numerical Simulation Results 

Based on the theoretical model, the laser pulse energy densities are set to 0.5 J/cm², 1.5 J/cm² and 

3 J/cm², and the variation of electron and lattice temperatures under single-pulse femtosecond laser 

irradiation is calculated. It can be seen that the electron temperature increases rapidly under 

femtosecond laser irradiation, while the lattice temperature increases relatively slowly, as shown in 

Figure 2. At a laser energy density of 3 J/cm², the electron temperature can reach a maximum of about 

11000 K, followed by a rapid decrease, while the lattice temperature rises to a maximum of 3100 K, 

the melting temperature of the material, and then continues to diffuse into the lower temperature 

region. When the laser energy density is 0.5 J/cm², the electron temperature reaches a maximum of 

about 1800 K, and the maximum lattice temperature is about 1000 K, indicating that the material has 

not yet undergone ablation. Combining single-pulse and single-pass laser ablation experiments, it is 

clear that the degree of ablation on the surface of SiC increases with the increase in pulse energy 

density. Therefore, by adjusting parameters such as laser power and defocus amount to change the 

laser energy density, different depths of ablation can be achieved, which is consistent with the results 

of previous experiments in this study. 

 

Figure 2. Temperature versus time for electrons and lattices of SiC. 

4.2. Multi-Pass Laser Scanning Experiments 

The results of numerical simulations show that the pulse energy density of ultrafast lasers 

significantly influences the ablation effect. Therefore, multi-pass laser scanning experiments were 

conducted to analyze the effects of key laser parameters on ablation depth, roughness, and surface 

morphology. As shown in Figure 3, the three-dimensional morphology of the ablated surface 

obtained by laser confocal microscopy shows distinct ripples and grooves under multi-pass laser 

scanning. The laser energies used were 37.5μJ, 62.5μJ, and 87.5μJ, corresponding to energy densities 

of 3.7J/cm², 6.2J/cm², and 8.8J/cm², respectively. As the laser energy density increases, the surface 

ripples become more pronounced, indicating a more significant effect on the surface morphology. 
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Figure 3. Femtosecond laser ablation results of SiC under different pulse energy. (a) 37.5μJ; (b) 62.5μJ; 

(c) 87.5μJ. 

Figure 4 shows the variation of surface depth and roughness with laser energy density with a 

scanning speed of 500 mm/s, a pulse frequency of 600 kHz and a scanning interval of 20μm. Both 

ablation depth and surface roughness increase with increasing pulse energy. For example, at a pulse 

energy of 37.5μJ, the average ablation depth is 5.9μm, while at 87.5μJ, the average surface ablation 

depth reaches 13.8μm. The initial surface roughness of sliced SiC substrate is 126nm, which increases 

to an average roughness of 460nm after laser irradiation with a pulse energy of 37.5μJ. At a pulse 

energy of 87.5μJ, the average surface roughness increases further to 690nm. 

 

Figure 4. Variation of surface depth and roughness with laser pulse energy. 

The scanning interval is an important parameter affecting the multi-pass laser scanning ablation. 

Using a frequency of 600 kHz, a scanning speed of 500 mm/s, and a laser pulse energy of 62.5 μJ, 

different scanning intervals of 10μm, 15μm, 20μm, 25μm, and 30μm were investigated. Figure 5 

shows the surface images obtained by laser confocal microscopy under different laser energies and 

scanning intervals. It can be observed that when the scanning interval is 10μm, distinct surface stripes 

are visible, and the wavy morphology is the most prominent. As the scanning interval increases, the 

prominence of the stripes gradually decreases. In Figure 6, the relationship between ablation depth 

and scanning interval in multi-pass laser scanning ablation is illustrated. It's apparent that the 

average ablation depth from surface scanning surpasses that from single-pass scanning significantly. 

By reducing the scanning interval, the laser pulse energy deposited per unit area of the material 

surface increases, resulting in a corresponding augmentation in ablation depth. 

 

Figure 5. Femtosecond laser ablation results of SiC under different scanning interval. (a) 10μm; (b) 

20μm; (c) 30μm. 
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Figure 6. Variation of ablation depth with laser pulse energy. 

The defocus amount affects the size of the laser beam diameter and the ablation width. As shown 

in Figure 7, changes in surface depth and roughness were observed at different defocus settings and 

changing the scanning interval. As the defocus amount increases, the ablation depth decreases 

significantly. This phenomenon is mainly due to the decrease in energy density when the laser beam 

is out of focus, resulting in a reduction in the ablation depth. Conversely, increasing the defocus 

amount can lead to a reduction in surface roughness. 

 

Figure 7. Variation of surface depth and roughness with scanning interval. 

Based on the results of multi-pass laser scanning, parameters such as laser pulse energy, 

scanning interval, and defocus amount have different effects on ablation depth, surface roughness, 

and surface morphology. By comparing the ablation depth and roughness, it can be observed that 

deeper ablation results in higher surface roughness. Therefore, to achieve lower surface roughness, 

it is necessary to reduce the amount of material removed. Laser ablation treatment effectively 

removes defects from the surface of sliced SiC wafers, but it generally increases the surface roughness. 

Therefore, further polishing is required to achieve an optimized surface quality. 

4.3. Surface Polishing of Ablated SiC Substrate 

The surface polishing of sliced SiC samples after laser ablation is described in this section. The 

laser processing parameters were as follows: laser energy of 87.5μJ, scanning interval of 30μm, 

scanning speed of 500 mm/s, defocus amount of +6mm, and pulse frequencies of 300 kHz and 600 
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kHz, respectively, and the ablated surface roughness (Ra) was measured to be 276 nm and 420 nm. 

Surface polishing was performed using alumina polishing liquid. During the polishing process, the 

surface roughness of the material was measured every 2 minutes to obtain efficiency information on 

material removal, as shown in Figure 8. The ablated samples showed a darkened surface color due 

to the laser ablation. As polishing progressed, the surface tended to become smooth and transparent. 

In the early stages of polishing, there was a rapid decrease in surface roughness, primarily due to the 

rapid removal of abrasive interactions with surface protrusions. In addition, material removed 

during polishing accumulated in the pits, reducing roughness. As the polishing approached the 

silicon carbide single crystal layer, the polishing efficiency decreased and the decrease in surface 

roughness became less pronounced. The removal of pits caused by uneven laser energy distribution 

was challenging, requiring ablation thicknesses of 15 to 20 μm to achieve a flat surface structure. After 

30 minutes of surface polishing, the surface roughness of the ablated samples was reduced to 

approximately 85 nm. Further polishing could achieve even lower surface roughness. 

 

Figure 8. Variation of surface roughness with polishing time. 

5. Conclusions 

Based on the two-temperature model, we elaborated the femtosecond laser surface ablation 

process of sliced SiC substrate. The results show that when the femtosecond laser interacts with 

silicon carbide crystals, the electron temperature and electron density on the material surface rapidly 

increase, while the lattice temperature slowly increases to the melting point. In addition, the degree 

of ablation increases as the pulse energy density increases. The influence of femtosecond laser 

parameters on surface roughness and ablation depth was further analyzed through multi-pass laser 

scanning experiments. The results indicate that parameters such as laser pulse energy, scanning 

interval, and defocus amount all have effects on ablation depth, surface roughness, and surface 

morphology. There is a positive correlation between ablation depth and surface roughness, with 

greater ablation depth corresponding to greater surface roughness. The polishing treatment on the 

ablated surfaces and found that the surface roughness decreased rapidly. After 30 minutes of 

polishing, the surface roughness decreased to approximately 85 nanometers. This suggests that 

femtosecond laser surface ablation followed by polishing treatment can achieve improved surface 

quality. 
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