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A B S T R A C T   

The laser modification pretreatment method is an effective way to address the machining difficulties of silicon 
carbide (SiC), a typical hard-to-machine material. Therefore, the ablation behavior and modification mechanism 
of SiC under different laser energy were explored in this paper. A new multi-scale model of laser irradiation SiC 
that couples heat transfer and fluid motion is first established. Then, a series of experiments is carried out to 
evaluate the model’s accuracy, and the interaction between laser and SiC is discussed in detail. The results show 
that the dominant modification mechanism changes from coulomb explosion to multiphoton absorption, incu-
bation effect, and heat accumulation with the laser energy increase. This leads the surface topography of SiC to 
transition from nanoparticle formation to disorder to a melting state. In ablative state, micro/nano porous and 
humps are formed at the edge of ablation groove due to surface tension, generation and rupture of bubbles, 
respectively. Furthermore, the surface roughness is not proportional to the laser energy due to the plasma 
shielding effect, and the surface roughness can be reduced by enhancing the flow of the molten material. 
Amorphous Si–O–C, Si and spherical SiO2 exist in deposition area, leading to SiC elastic modulus decreases from 
347 GPa to 103.82 GPa, and the shear strength decreases from 20.9 GPa to 17.25 GPa. The results of this study 
can provide references for parameters selection and theoretical support for improving the machinability of SiC.   

1. Introduction 

Due to its unique characteristics such as a wide band gap, high 
critical breakdown field strength and thermal conductivity, SiC has 
become an advanced material in semiconductor and aerospace in-
dustries. Particularly in harsh environments, its ability to maintain the 
stable performance has earned favor among manufactures [1]. However, 
its high hardness (Mohs hardness of 9.5), low fracture toughness and 
chemical stability lead SiC extremely difficult to machine. Cracks, lateral 
damages, extrusion fracture, and delamination are inevitably induced 
during the machining processes, which is a key factor affecting the fa-
tigue life of SiC components. Although researchers discovered the ad-
vantages of SiC materials as early as the 1960s, the issues of poor 
machinability and high defect density have yet to be resolved. For those 
reasons, SiC substrates are not only expensive but also difficult to use for 
producing high-quality and large-size SiC wafers [2]. 

The precision processing of SiC substrates mainly involves three 
stages: slicing, grinding, and polishing. Among these, polishing is a key 
step that determines the quality of epitaxial thin films and device 

performance. The purpose of polishing is to eliminate the surface and 
sub-surface defects caused by the growth and cutting of single-crystal 
SiC wafers, in order to achieve a defect-free and atomic-level ultra- 
precision surface. To achieve high-efficiency and high-precision pol-
ishing of SiC, numerous scholars have conducted extensive research and 
exploration on hybrid polishing process. Yamamura et al. [3] utilized 
argon-based plasma containing water vapor to assist in PAP 
single-crystal diamond polishing, the MRR of 2.1 μm/h, the surface 
roughness of 0.13 nm (Sq) was obtained. However, implementing this 
technique requires complex equipment systems and high fixed costs. 
Deng et al. [4] introduced an electrochemical mechanical polishing 
(ECMP) technique that combines anodization and soft abrasives. This 
method reduces the surface hardness of SiC from 34.5 GPa to 1.9 GPa, 
enabling the use of very soft abrasives like CeO2 to polish oxidized SiC 
surfaces. With this method, a smooth surface with a root mean square 
roughness of 0.23 nm can be achieved, and the material removal rate 
can reach 3.62 μm/h. However, the uneven oxidation of the workpiece 
surface makes the process challenging to control. Zhu et al. [5] 
employed magnetorheological polishing (MRF) to process silicon 
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carbide, using H2O2 as an oxidant to enhance the chemical reaction on 
the workpiece surface. They obtained an ultra-smooth surface at the 
atomic level, reducing the wafer roughness Ra from 50.86 nm to 0.42 
nm, with a material removal rate of 98 nm/min. However, this method is 
sensitive to the distance between the magnetorheological fluid and the 
workpiece, and the discharge of the oxidant may lead to environmental 
pollution. Hybrid polishing techniques combine chemical etching and 
mechanical effects, offering new possibilities for the precision polishing 
of hard-to-machine materials [6]. However, balancing these two effects 
remains a challenge in achieving an efficient, smooth, and damage-free 
SiC surface. 

As a non-contact machining method, ultra-fast laser machining has a 
series of advantages, including excellent controllability, producing less 
damage and a small heat-affected zone. In 1965, Birnbaum [7] observed 
a series of periodic ripples on the surface of semiconductor materials 
after irradiating semiconductor them with linearly polarized long-pulse 
lasers, which were later called Laser-Induced Periodic Surface Structures 
(LIPSS). The formation of LIPSS alters the surface micro-morphology 
and composition of the material. When compared with the SiC matrix, 
LIPSS exhibits lower strength and hardness [8], which is beneficial for 
the polishing process. LIPSS is categorized into low spatial frequency 
LIPSS (LSFL) and high spatial frequency LIPSS (HSFL) based on the 
period. The period of HSFL is much smaller than the incident light 
wavelength (λ∕6 − λ∕4) [9]. Obara et al. [10] studied the evolution of 
high spatial frequency ripples (HSFL) produced by femtosecond laser 
irradiation on the surface of SiC crystals and proposed that the reason for 
HSFL is Mie scattering. Molian et al. [11] used a picosecond laser to 
ablate 4H–SiC wafers. The grooves and holes processed exhibited clean 
and smooth walls. When the laser repetition rate exceeded 500 KHz, 
carbonaceous materials and recast layers appeared in the processing 
area. They attribute the phenomenon to the interaction between air 
plasma and nanoparticles, suggesting that the material removal mech-
anism is based on the Coulomb explosion. Wang et al. [12] experi-
mentally employed a femtosecond laser to pretreat SiC, resulting in a 
threefold increase in the CMP efficiency of SiC. Xie et al. [13] investi-
gated the effect of the processing environment on the laser-machined 
surface and demonstrated that an oxygen environment can lead to 
fewer surface defects and lower surface roughness. Softening of SiC 
materials using laser irradiation can significantly improve CMP 
efficiency, as confirmed by previous studies. Therefore, it can be inferred 
that resolving the issue of low polishing efficiency in SiC materials 
hinges on inducing uniform and continuous LIPSS on the SiC surface 
while controlling the thickness of the defect layer. Due to the 
non-contact nature of ps-pulsed lasers, directly obtaining transient 
temperature and velocity distributions experimentally is challenging 
[14]. Consequently, numerical simulation is essential for analyzing the 
temperature evolution during laser ablation and the material removal 
mechanism. Sciti et al. [15] presented microstructural surface mod-
ification of SiC as a function of laser processing parameters, but did not 
account for physical phenomena such as recoil pressure, energy loss due 
to evaporation loss. Samant et al. [16] simulated the drilling process of 
silicon carbide using a nanosecond pulsed Nd: YAG laser, considering 
the thermal effect of the material, surface tension of the molten part, and 
energy loss caused by decomposition. The model can predict the drilling 
depth under specific processing conditions. However, this model focuses 
on the interaction between the laser and SiC and associated heat transfer 
properties, with less emphasis on exploring the material removal 
mechanism and the simulation of the microstructure formation process. 
In terms of experiments, Wang et al. [17] utilized multi-femtosecond (fs) 
laser ablation to treat 4H–SiC substrates, studying the evolution of 
surface topography and the uniformity of the rippled structure but not 
concentrating on the changes in the mechanical properties of the 
modified surface. Xie et al. [13] discussed the influence of various laser 
processing parameters such as femtosecond laser energy density, focus 
position, scanning speed, and scanning interval on the surface 
morphology of SiC. On the other hand, Huseynov et al. characterized the 

thermal properties of SiC nanoparticles using thermogravimetric anal-
ysis (TGA) [18]. They noted that SiC exhibits very stable physical 
properties up to a temperature of 1270 K, with the oxidation rate 
practically close to zero up to 1000 ◦C. Subsequently, they investigated 
the impact of neutron irradiation on the thermal properties of β-SiC 
nanoparticles [19,20]. It showed that neutron irradiation could induce 
the nuclear transforms of 31Si to 31P, improving the oxidation resistance 
of SiC. Moreover, no significant changes were observed in the differ-
ential scanning calorimetry (DSC) and TG curves, indicating that SiC 
nanoparticles possess good radiation-resistant properties. The afore-
mentioned research highlights that the modification of SiC is a chal-
lenging task, with laser treatment being one of the more effective 
methods [21,22]. However, the formation mechanism of the surface 
microstructure of SiC remains unexplained. Therefore, this paper es-
tablishes a multi-scale coupled model of picosecond pulsed laser irra-
diation on SiC substrate based on heat transfer and fluid motion. The 
model treats the laser as a bulk heat source and accounts for the influ-
ence of the thermal properties of SiC on the transient process. The sur-
face profile predicted by the simulation is compared with the 
experimental data to validate the proposed mechanism’s rationality. 
The temperature evolution and material removal mechanism during ps 
laser ablation of SiC are analyzed. In the experiment, various laser 
processing parameters are employed to scan the SiC surface, and the 
evolution process of the surface microstructure and the formation 
mechanism of LIPSS are thoroughly analyzed. Finally, the effect of laser 
energy influence on the profile after ablation and the alteration of ma-
terial properties are discussed. The research findings offer valuable in-
sights for a comprehensive understanding of the mechanism behind ps 
laser modification of SiC. It is poised to propel the practical application 
of this processing method in industrial production, bringing about new 
opportunities and challenges for the development of material 
processing. 

2. Theoretical models and simulations 

When polishing the modified SiC material, the surface morphology of 
the material significantly influences the removal rate, roughness, and 
other indicators. To better control the ablation process, a thorough un-
derstanding of the pulsed laser’s action mechanism on SiC material is 
essential, along with quantifying the evolution of the physical fields 
involved in the ablation process. In this study, the ablation process of SiC 
by a pulsed laser is simulated under conditions of a 10 ps pulse width 
and a wavelength of 1030 nm. A multi-scale coupled model is estab-
lished based on optical carrier absorption, thermal conduction, thermal 
radiation, and phase transition resolidification process. Within this 
model, the Fourier heat transfer equation and the N–S equation are used 
to depict the thermal effects of the laser on the material and the motion 
of the molten material, respectively. In addition, to more accurately 
simulate the thermal response of the irradiated material, the model in-
corporates material properties as a function of temperature and simu-
lates the movement of the vapor/liquid interface during ablation. 

2.1. Assumption  

● Absorption and defocusing of the laser beam by metal particles, 
vapor flow, and plasma plume above the ablation region are not 
considered in this model. This decision is based on the findings of 
Mao et al. [23], who demonstrated in the related experiments of 
picosecond laser ablation of metals that almost no plasma can be 
detected within 20 ps. The influence of the Knudsen layer on the laser 
ablation process is not taken into account.  

● The reflection of the laser beam in the ablated area is not considered 
in the model. It is assumed that the pulsed laser acts directly impacts 
the thin layer of fluid near the vapor/liquid interface and can move in 
real-time with the change of the V/L interface. 
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● The properties of solid materials are uniform, with mechanical 
properties being identical in all directions.  

● Thermophysical properties and fluid properties of materials are 
considered as functions of temperature in the model. The fluid in the 
model treated as an incompressible Newtonian fluid, and the flow 
state is assumed to be laminar flow. 

2.2. Energy absorption and thermal effects 

The pulsed laser ablation process can be delineated into the 
following three stages: 1) Initially, the pulsed laser irradiates the ma-
terial’s surface, leading to a rapid deposition of laser energy. This results 
in a swift rise in temperature within the target ablation area, causing the 
material to melt; 2) Subsequently, as the temperature of the liquid phase 
material continues to escalate, gasification and ionization processes take 
place, generating a dense, high-temperature vapor stream. Due to the 
recoil action of the vapor flow, the material in the molten zone over-
comes surface tension and gravity, detaching from the material’s surface 
in the form of a vapor/liquid mixture, thereby creating a pit; 3) Once the 
pulsed laser’s influence subsides, the molten liquid residue adhering to 
the pit’s walls will flow back and solidify, resulting in the formation of 
uneven landforms. During laser irradiation of SiC, the energy delivered 
by the pulsed laser to the material is the only source of heat. The laser 
intensity distribution on the material surface is given by: 

I(r, z=0, t)=
2P

πr2
0fτe

(

− 2 r2

r2
0

)

e

(

− 4 ln 2

(

(t− τ)2
τ2

))

(1)  

where P is the average power of the laser, f is the frequency of the laser 
beam, which is set to 400 kHz according to the experiment, τ is the pulse 
width (20 ps), and the spot radius of the laser beam (the distance from 
the laser center when the intensity drops to 1∕e2 of the maximum in-
tensity). In the experiment, the laser irradiation direction was perpen-
dicular to the surface of the material, and the spatiotemporal 
distribution of the laser energy density is shown in Fig. 1. The model 
uses a body heat source to describe the energy absorbed by the material: 

Q(r, z, t)=αe− αz(1 − R)I(r, z=0, t) (2)  

where α is the absorption coefficient of SiC for a laser with a wavelength 
of 1030 nm, and R is the surface reflectance. 

The model describes the heating process of the workpiece by the 
laser based on the Fourier heat transfer law. The equation is as follows: 

ρCp
∂T
∂t

+ ρCpμ⇀ • ∇T +∇q = Q (3)  

q= − k∇T  

where ρ is the density of SiC (3100 kg/cm3 [16]), and k and Cp are the 
thermal conductivity and constant pressure heat capacity of SiC, 
respectively. The model takes into account the variation of k and Cp of 
SiC with temperature (Fig. 2), and they will be regarded as constants 
when the temperature is greater than 1700 K. This method not only 
improves the calculation accuracy but also solves the problem of latent 
heat of phase transition during the heating and cooling of the material. 

The vaporization temperature of SiC is 3103K [24]. When the ma-
terial temperature is higher than this temperature, SiC particles separate 
from the workpiece surface to form a high-temperature steam flow. This 
process takes away a large amount of heat. The evaporation rate of the 
target surface can be expressed as: 

ṁ=Psat(T)
(

m
2πkbT

)1
2  

Psat(T)=P0eΔHv
T− Tv
RTTv (4)  

where m is the mass of the gaseous SiC molecule (6.641 × 10− 26 kg), k is 
the Boltzmann constant, R is the ideal gas constant (8.314 J⋅mol− 1 K− 1), 
Tv is the vaporization temperature. Psat(T) is the saturated vapor pres-
sure, given by the Clausius-Claperon equation. It can be concluded that 
the heat loss due to material vaporization is: 

Qout = ṁLv (5)  

where Lv is the latent heat of evaporation of SiC. 

2.3. Fluid motion and phase field 

The process of surface modification and mass removal of SiC by laser 
is closely related to the phase transition induced by thermal effect, and 
the hydrodynamic motion of molten material may play a key role in it. 
Tsai et al. [25] observed an obvious recast layer of micro/nanoporous 
structure in the surface modification experiment of Ti material by laser, 
which strongly supports the above view. It is assumed that after the 
Gaussian distributed pulsed laser acts on the surface of the material, the 
laser energy density is high enough to cause the solid to liquid to the gas 
phase transition of the material, accompanied by nucleation, evapora-
tion, and splashing of the molten material. After the laser action ends, 
the molten liquid reflows and recasts, eventually forming uneven un-
dulations on the surface of the material. The model uses the N–S equa-
tion of the incompressible fluid to describe the fluid motion, and uses the 

Fig. 1. Spatial and temporal distribution of energy density of laser beam.  
Fig. 2. Variation of thermal conductivity k and specific heat capacity Cp of SiC 
with temperature. 
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phase-field equation to track the evolution of the shape, curvature, etc. 
of the interface of the molten zone over time: 

ρ ∂μ⇀

∂t
+ ρ(μ⇀ • ∇)μ⇀= − ∇ • P+ μ • ∇ •

(
∇μ⇀+(∇μ⇀)T)

+ ρF  

∂∅
∂t

+ μ⇀ • ∇∅ = ∇
γ2ξ
φ2 ∇Ψ (6)  

where u is the fluid velocity, ρ and μ are the density and viscosity of 
molten SiC respectively, P is the pressure of the flow field, F is the vol-
ume force on the fluid domain, φ is the phase field variable, γ is the 
migration adjustment variable, and ξ is mixing energy density, φ is the 
interface thickness control variable. The force on the material in the 
molten area is divided into body force and surface force. The body force 
is gravity and thermal buoyancy, and the surface force is surface tension 
and vaporization recoil force. 

The surface tension of the free surface greatly affects the shape and 
heat transfer of the molten pool interface [26], and the Marangoni effect 
promotes the flow of molten material from the bottom of the molten pool 
to both sides, which not only affects the depth and velocity distribution 
of the molten pool, and transfer heat and mass from the hot area to the 
cold area. Surface tension and thermocapillary shear force are calculated 
as follows: 

σn = κεn  

στ = ϵ∇Tτ (7)  

where κ is the free surface curvature and ε is the surface tension 
coefficient (for liquid SiC is 843 dyne/cm [16]). In addition to surface 
tension, the recoil pressure of the vapor stream also affects the molten 
pool movement and the material removal process. The steam recoil 
pressure on the surface of the melting zone is closely related to the 
temperature field [27]. When the surface temperature of the material 
exceeds the boiling point, the recoil pressure is: 

Frp =0.54Psat (8)  

where p is the saturated vapor pressure, which is already given in Eq. 
(4). a, b and c are the surface forces, which are converted into body 
forces by multiplying the interface function of the phase field variables, 
and exerted on the vapor/liquid interface in the form of a generalized 
source term. The overall force of the molten material is shown in Fig. 3. 
Evaporation should also be considered in the phase-field equation. 
Therefore, the phase field equation Eq. 6 is rewritten in this paper. 

∂Φ
∂t

+ u→•∇Φ − δ(Φ)ṁ
(

Vg

ρg
+

V1

ρ1

)

=∇ •
γ2ξ
φ2 ∇Ψ (9)  

where ṁ is the mass evaporation rate of SiC, ρg and ρl are the densities of 
the gas phase and liquid phase of the SiC material, respectively, and Vg 
and Vl are the volume fractions of the gas phase and liquid phase in the 
grid cell in the finite element method. 

3. Experimental 

Section 3 shows a schematic diagram of the picosecond laser system 
used in the experiments in this study. The maxi-mum repetition rate of 
the system is 400 kHz, and the output energy and frequency are 
adjustable. The beam generated by the laser is linearly polarized light 
with a pulse width of 10 ps, a wavelength of 1030 nm, and a Gaussian 
distribution of energy. In the experiment, the laser beam was focused by 
an electric lens and irradiated vertically on the SiC surface on a two- 
dimensional precision moving platform. The movement of the scan-
ning galvanometer is precisely controlled by the computer while keep-
ing the working platform fixed, which realizes the line-by-line scanning 
processing of SiC on a two-dimensional plane (Fig. 4). 

In this study, n-type single crystal 4H–SiC produced by Hefei Kejing 
was used. The slices are of standard orientation (0001), the length and 
width were both 10 mm, and the thickness was 330 μm. The wafer is 
single-side polished and the surface roughness Rq of the polished surface 
is less than 1.5 nm. The Si surface of the SiC sample was cleaned with 
alcohol before and after the experiment, and then the surface 
morphology, composition, and mechanical properties of the material 
were characterized by scanning electron microscopy, white light inter-
ferometer, EDS, and nanoindentation. The nanoindenter adopts a load- 
controlled driving mode, and the maximum indentation load applied 
to the indenter during the indenter pressing into the sample is preset to 
30 mN. To minimize the influence of the creep effect on the measure-
ment accuracy, the indenter will stay at the maximum indentation depth 
for about 10 s, and then slowly unload. The sample was indented three 
times under each load to reduce the error, and the interval between each 
indentation was 100 m to ensure that the points did not affect each 
other. All experiments in this study were performed in an atmospheric 
environment. 

4. Results and discussion 

4.1. The evolution process of temperature and flow fields 

When a laser is directed onto the surface of SiC, the energy deposi-
tion induces a rapid increase in temperature within the ablated region of 
the target material. The temperature evolution of the central point on 
the surface over time, under varying energy densities, is illustrated in 

Fig. 3. Force analysis of materials in the molten zone.  Fig. 4. Schematic diagram of picosecond laser processing equipment.  
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Fig. 5. At power levels of 1 W, 3 W, 5 W, and 7 W, the temperature at the 
central point peaks at 22 ps, 18 ps, 20 ps, and 16 ps, respectively. Higher 
laser power results in a greater peak temperature and a faster heating 
rate, as evidenced by the steepness of the curve’s slope at the onset. 
Throughout the entire process of laser irradiation, latent heat of 
vaporization, convective heat transfer, and thermal radiation play sig-
nificant roles. In the initial phase, the rate of energy absorption sur-
passes the rate of heat dissipation, leading to a continuous temperature 
rise. Due to the Gaussian time distribution of laser energy, the maximum 
temperature is not attained at the conclusion of the laser pulse but rather 
when the rate of energy absorption equals the rate of heat dissipation. 

The temperature distributions of the ablated regions with different 
laser fluences are shown in Fig. 6. The pulsed laser energy has a Gaussian 
distribution in space, so the temperature at the center point is the 
highest, and the surface temperature of the pit gradually decreases with 
the increase of the radial distance. There is also a temperature distri-
bution similar to the pit surface along the depth direction, and the 
temperature gradient in the depth direction is larger. When the tem-
perature of the material reaches the melting point and begins to melt, 
the temperature gradient inside and on the surface of the molten pool 
drives the flow of the liquid material to form convection heat transfer, 
which brings the heat from the surface of the target to the interior and 
edge of the molten pool, so that the temperature distribution becomes 
uniform. When the temperature of the material in the molten zone rises 
to the boiling point, the impurity particles in the molten zone may 
become vaporization nuclei [28], and then the liquid is violently 
vaporized around the vaporization nuclei, resulting in a large number of 
bubbles. Therefore, the formation of micro/nano-porous structures on 
the SiC surface may be attributed to the generation and collapse of 
bubbles. The gasification of the material takes away a lot of heat, so the 
maximum temperature of the material surface is around the gasification 
temperature. 

The flow field distribution in the ablation area under different energy 
fluences is shown in Fig. 7. It can be seen from the figure that the flow 
velocity outside the melting zone is the highest. When the energy is 7 W, 
the flow velocity can reach nearly 200 m/s at 25 ps. Both vaporization of 
molten material and sputtering caused by flow motion lead to material 
removal, but the two work in very different ways. During the initial 
stages of ablation, vaporization dominates. It can be seen from the di-
rection of the vector arrow that the moving speed of the vaporized 
material is perpendicular to the surface of the material, and there is no 
lateral shear force. On the contrary, under the action of the 

thermocapillary force and pressure difference caused by the tempera-
ture gradient, the molten droplets flow away from the center of the pit 
and flow to both sides, thus forming a lateral shearing effect. This is also 
the reason for the flanging bulge at the edge of the pit. Under the action 
of the recoil pressure of the high-temperature steam flow, the molten 
liquid flows from the center to both sides, and the size of the pits on the 
surface of the target material rapidly expands. The movement of the 
molten material also causes the size of the dimple to expand, but after 
the laser action ends, part of the molten liquid is re-cast on the dimpled 
surface, and the depth and width of the dimple are slightly reduced. 

4.2. Surface microstructure evolution 

The Gaussian beam is used in the experiment, and the energy of the 
focused spot decreases step by step according to the Gaussian function 
from the center to the edge. Under the condition of a scanning speed of 
180 mm/s, the effect of different laser energy influences on the surface 
morphology and microstructure is shown in Fig. 8. When the incident 
laser power is 1 W, it can be seen from Fig. 8b that many approximately 
spherical nanoparticles appear on the SiC surface. These nanoparticles 
are in the form of droplets, with a relatively uniform distribution, and 
most of them are between 50 and 100 nm in size. A small number of 
larger particles have a size of nearly 200 nm, which seems to be formed 
by the aggregation and connection of multiple small-sized particles. 
When the power of the laser is 3 W, it can be seen from Fig. 8c that both 
the volume and number of nanoparticles increase, but the arrangement 
and shape become chaotic and irregular. It is worth noting that these 
larger particles have reached the micrometer scale, the arrangement 
assumes a shape similar to that of liquid sputtering, and the boundaries 
are very clear. As the energy continues to increase, as shown in Fig. 8d–a 
certain number of micron-sized particles have been aggregated and 
linked into a sheet-like structure covering the surface of the material 
(not fully covered). The different sheet-like structures are separated by a 
deep gully, which shows traces of fluid scouring, oriented at 45◦ from the 
lower left to the upper right, showing a weaker periodicity. When the 
laser fluence reaches 7 W (Fig. 8e), the sheet-like structure in Fig. 8d has 
also disappeared, each particle has a clear boundary, and the deeper 
ravines become imperceptible, and the laser energy fluence at this time 
may be somewhat too large. 

Fig. 8f-h shows the SEM images at the energy of 5 w and the scanning 
speed of 160/140/120 mm/s, respectively. With the same power, a 
lower sweep speed means more energy deposition per unit area. 
Therefore, Fig. 8f and d exhibit similar surface structures, while Fig. 8h 
is similar to Fig. 8e. In Fig. 8g, clear LIPSS has appeared on the left, while 
the right still appears granular, which is due to the spatial distribution of 
the pulsed laser energy. 

The equivalent pulse number (N) is determined by the beam waist 
radius (r), repetition frequency (f), and scanning speed (v), and the 
calculation formula is as follows: 

N=

̅̅̅̅
π
2

√
rf
ν (10) 

Substituting the spot radius of 10 μm, the repetition frequency of 
400 kHz, and the scan speed of 140 mm/s into Eq. (10), the equivalent 
pulse number is about 36. The larger the pulse number N, the smaller the 
corresponding laser ablation threshold. The dependency between the 
two is described by Eq. (11) [29]: 

Fth(N) = Fth(1)Nξ− 1 (11)  

where ξ is the material-dependent hatching factor and Ftℎ(1) is the 
threshold flux at N = 1. It is calculated that when the number of 
equivalent pulses is 36, the energy threshold of the LIPSS structure 
induced in the experiment is 3.98 J/cm2. Gao et al. [30] used a laser 
with a wavelength of 1060 nm, a pulse width of 20 ps, and a scanning 
speed of 200 mm/s to perform ablation experiments on SiC. Using Eq. 

Fig. 5. Variation of surface center temperature with time under different 
laser power. 
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(10) and Eq. (11), the energy threshold when N = 36 was obtained is 
about 1.27 J/cm2. S.H.Kim et al. [31] pointed out that surface roughness 
has a significant effect on the threshold of LIPSS, and smooth surfaces 
tend to require higher ablation thresh-olds. Since the pulse width and 
the initial surface roughness of the materials were different between the 
two experiments, deviations in the ablation threshold were acceptable. 

From the SEM images of the SiC surface irradiated by different en-
ergy fluences, the surface morphology of SiC has evolved from the for-
mation of nanoparticles to the state of disorder and melting. A plausible 
explanation for these experimental phenomena is that at lower energy 
fluences, bound electrons in SiC materials enter excited states by 
absorbing photons, generating electron-hole pairs. Due to the low hole 

mobility, the electron-hole pair cannot recombine in a short time. The 
atoms (holes) from which the electrons are stripped repel each other and 
gain kinetic energy due to the Coulomb force. These atoms transfer 
energy to adjacent atoms through collision, and the adjacent atoms 
continue to collide with their surrounding atoms after receiving energy, 
causing a Coulomb explosion [32]. The Coulomb explosion leads to 
atoms sputtering, eventually forming nanoparticles on the surface. At 
higher energy fluences, electrons can simultaneously absorb multiple 
photons [33]. The intense emission of electrons destabilizes atomic 
bonds and further leads to lattice disorder. In addition, the high-density 
energy deposition causes the material temperature to rise rapidly. The 
material in the melting zone flows and spreads from the central area to 

Fig. 6. Evolution of surface temperature field with time under different laser energy fluences.  
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the surrounding areas, the area of the melting zone gradually increases, 
and the fluid movement begins to dominate. Under the action of multiple 
pulses, the surface of the material continuously melts and solidifies, 
which makes the surface veins more blurred, and only clear ravines can 
be seen at the boundary. When the energy continues to increase, due to 
the incubation effect [34] and the influence of heat accumulation, the 

particles and fragments formed by the expansion and fragmentation of 
the material splash around with the thermal shock wave, so small 
fragments are randomly distributed on a single stripe appear. 

By comparing the surface topography in Fig. 8a-f, it can be seen that 
laser ablation can change the surface structure of SiC in a large area, but 
not all changes are beneficial. Non-uniform ablation can lead to deeper 

Fig. 7. Variation of fluid velocity with time under different laser energy fluences.  
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defects, which in turn reduce polishing efficiency. To further explore the 
effect of laser ablation on the surface profile of the material, white light 
interferometer measurements were carried out. 

4.3. Surface quality and profile 

Fig. 9 shows the 3D microscopic surface morphologies of SiC under 
different laser energy fluences, where Ra is the arithmetic mean devia-
tion of the contour, and Rq is the root mean square roughness. It can be 
seen from Fig. 10 that when the laser power increases from 1 W to 3 W, 

Fig. 8. Surface topography at different laser fluences and scanning speeds: (a–e) different laser energies, (d, f-h) different scanning speeds.  

Fig. 9. Three dimensional surface topography under different laser energy.  
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the Ra on the surface of the material decreases from 314 nm to 280 nm, 
the Rq decreases from 561 nm to 494 nm, and the surface quality of the 
material is greatly improved. This may be due to the higher temperature 
melting the peaks of the surface as the energy builds up, and the molten 
material flows into the valley areas, thereby flattening the surface. As the 
power increases to 5 W, Ra has almost no change, but Rq maintains an 
approximate linear decreasing trend. But when the power increased to 7 
W, the Ra and Rq of the workpiece surface begin to increase, and the 
surface quality begin to decline. This may be attributed to the plasma 
shielding effect [35]. Higher energies lead to evaporation and ionization 
of the material, and the evaporated material rapidly expands into a 
hemisphere above the surface, absorbing most of the laser energy 

through the inverse bremsstrahlung and photoionization processes [36]. 
As the fluid movement in the melting zone is suppressed, coupled with 
the recasting of the evaporated material, the surface undulations of the 
material increase instead. 

During the pulsed laser’s action, sputtering and vaporization cause 
material removal. Due to the presence of recoil pressure and surface 
tension, the liquid phase material flows to the edge of the melting zone, 
forming a hump at this location. After the action of the pulsed laser is 
over, the molten liquid material on the wall of the pit cools and reflows, 
and finally, a crater-like surface is formed in the ablation area. The 
experiment uses a white light interferometer to capture the profile fea-
tures of the grooves, which are roughly V- shaped or U-shaped. Due to 
the recasting phenomenon of the material, the obtained profile data 
fluctuate greatly, so the maximum groove depth is used for comparison 
in the model verification. 

Fig. 11 shows the trend of groove depth increasing with laser power. 
When the power is 1 W, it can be seen that the simulation result of the 
groove depth is slightly smaller than the experimental result. This is due 
to heat accumulation at smaller energies, which enhances the material 
removal process [37] and is ignored in the simulations for efficient 
computation. Conversely, at higher laser power, the simulated groove 
depth is higher than that obtained from the experiment, which may be 
attributed to the higher energy loss in the experiment. At higher energy 
fluence, the heating process of the material is more intense, and the 
plasma shielding and fluid motion on the surface will consume more 
energy. Since the shielding and absorption of laser energy by the plasma 
are ignored in the basic assumptions of the simulation, the groove depth 
values obtained at high energy fluences are on the high side. Due to the 
recasting of the gas phase material in the experiment, the groove width 
in the experiment is always slightly lower than the simulation results, 
but overall good agreement is achieved, and the groove width is close to 
the spot diameter of the laser. Therefore, the heat-flow coupling model 
in this paper is helpful to understand the material removal process of ps 
laser processing SiC. 

Fig. 10. Surface roughness under different laser energy.  

Fig. 11. Comparison of simulation and experimental profiles under different laser energies.  
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4.4. Material composition and mechanical properties analysis 

The modification of SiC by picosecond laser is accompanied by 
complex physical and chemical changes, and the mechanical properties 
of the modified surface are very important to the CMP process. For this 
reason, EDS analysis and nanoindentation experiments are employed in 
this paper. Fig. 12 shows the ratio of elemental content changes with 
different laser energies. It can be found that the elemental ratio of silicon 
to carbon is nearly identical when the laser energy is equal to 1 W. With 
the increase of energy, the proportion of oxygen element and Si element 
increases, which indicates that oxygen participates in the photochemical 
reaction on the SiC surface. The content of element C showed a trend of 
first increase and then a slight decrease, which is similar to the trend of 
surface roughness in Fig. 11, and both may be due to the same reason 
(plasma shielding effect). The photochemical reactions on the SiC sur-
face under picosecond laser irradiation mainly include the following 
processes: 

3O2 + 2SiC = 2SiO2 + 2CO
2O2 + SiC = SiO2 + CO2
2CO + O2 = 2CO2

(12) 

The SiO2 generated by the oxidation of Si can be recast on the surface 
of the workpiece after cooling, while the C element can only be sepa-
rated from the surface of the workpiece in the form of CO2 gas. There-
fore, the content of the Si element is similar to that of the C element at 
first, and then gradually becomes higher than that of the C element as 
the oxidation reaction proceeds. SiO2 has a Mohs hardness of 7, which is 
lower than that of SiC (9.5) and can be easily removed during polishing. 
The SiC processed by laser irradiation consists of a surface deposition 
layer, subsurface defect layer, and matrix. The deposition layer mainly 
includes the LIPSS layer and the recast layer, and the subsurface defect 
layer is mainly residual stress and cracks. The CMP process must 
completely remove the influence of mechanical properties of the 
modified SiC surfaces. The nanohardness of the sample is calculated as 
follows: 

H=
Pmax

A
(13)  

in the formula, Pmax is the maximum load, and A is the projected area of 
the indentation. According to the Oliver- Pharr method [38], the 
reduced elastic modulus Er can be determined from the data of the 
complete loading/unloading cycle. The reduced elastic modulus is 

expressed as: 

Er =

̅̅̅
π

√

2
S̅
̅̅̅
A

√ (14) 

The two to obtain a high-quality surface at the atomic level. Nano-
indentation experiments were performed to obtain the where Er is the 
reduced elastic modulus, S is the stiffness, and A is the projected area of 
the indentation. The value of the elastic modulus of the tested material 
can be obtained by Eq. (15): 

1
Er

=
1 − v2

E
+

1 − v2

Ei
(15)  

where υ and E are the Poisson’s ratio and elastic modulus of the tested 
material, and vi and Ei are those of the diamond indenter, which are 
1141 GPa and 0.07, respectively. 

The measured load-depth curves of the material at different energy 
fluences are shown in Fig. 13. The nanoindentation depth and defor-
mation recovery behavior vary with different regions of the melt pool. 

The nanohardness and elastic modulus values calculated from the 
measurements are shown in Fig. 14. It can be seen that the nanohardness 
and elastic modulus of the material show an overall downward trend 
with the increase of energy. The nanohardness (3.16 GPa) of the mate-
rial when the laser energy is 7 W is reduced to 37% of that at 1 W (8.45 
GPa), and the elastic modulus is reduced to 103.82 GPa, which is much 
lower than that of 4H–SiC (347 GPa) [39]. In addition, a ‘pop-in’ event 
using the following formula [40]: 

τ=0.47
P

πRh
(16)  

where P is the indenter load, R is the indenter radius, and ℎ is the 
indentation depth. After calculation, the shear stress at this point is 
17.25 GPa, which is lower than the theoretical shear strength value of 
4H–SiC (20.9 GPa) [39]. This indicates that the microstructure and 
phase of the material have changed, and the mechanical properties of 
the material have decreased significantly, which will increase the ma-
terial removal rate of the polishing process. 

5. Conclusion 

A multi-scale coupled model based on optical carrier absorption, 
thermal conduction, thermal radiation, and phase transition resoli-
dification process was established to study the laser ablation process of 

Fig. 12. The elemental content ratios change with varying laser energy.  Fig. 13. Load-displacement curves at different energies.  
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SiC. The simulation results show that:  

a) The recoil action of the vaporized material does not have lateral 
shear force. The hump generated at the edge of the pit is mainly 
caused by surface tension, and the formation of the micro/nano 
porous structure on the SiC surface is attributed to the generation 
and rupture of bubbles.  

b) At low flux, the simulated results of the groove depth are lower than 
the experimental results due to the existence of the heat storage 
mechanism. while at high flux, the opposite is true, which is attrib-
uted to the energy decay during the experiment. 

The action of pulsed laser on SiC material involves complex physical 
and chemical changes. In the experiment, lasers with different energy 
fluences were used to irradiate the SiC surface, and the modification 
mechanism was mainly explored from the aspects of surface micro-
structure, surface quality, composition analysis, and mechanical prop-
erties. Experimental results show that:  

c) With increasing energy, the surface topography of SiC transitions 
from nanoparticle formation to disorder to a melting state. At lower 
energy fluence, the effect of laser on SiC is based on Coulomb ex-
plosion. When the energy increases, the material expands and breaks 
to form LIPSS due to the multiphoton absorption, incubation effect, 
and heat accumulation. The experimentally measured ablation 
threshold of LIPSS is 3.98 J/cm2, which is higher than 1.27 J/cm2 in 
the reference, because the SiC slices used in this experiment have a 
smoother initial surface.  

d) The flow of the molten liquid makes the surface flatter, and the 
lowest Ra (437 nm) is obtained under the laser energy of 5 W when 
the scanning speed is 180 mm/s. The relationship between the sur-
face quality and the energy fluence is not linear, and holes may 
appear at higher energies.  

e) EDS results indicate that oxygen participates in the photochemical 
reaction of laser to SiC, and the generated SiO2 significantly reduces 
the surface hardness. The elastic modulus of the surface at 7 W 
measured by the nanoindentation experiment is 103.82 GPa, the 
surface hardness is 3.16 GPa, and the shear stress at PoP-in is 17.25 
GPa. The laser action changed the microstructure and phase of the 
SiC surface, and the modified surface had lower mechanical strength. 
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