
Molecular Dynamics Simulation Studies of Silicon Carbide Materials | Encyclopedia.pub

https://encyclopedia.pub/entry/40673 1/21

Molecular Dynamics Simulation Studies of
Silicon Carbide Materials
Subjects: Materials Science, Ceramics

Contributor: Zefan Yan , Rongzheng Liu , Bing Liu , Youlin Shao , Malin Liu

Silicon carbide (SiC) materials are widely applied in the field of nuclear materials and semiconductor materials due

to their excellent radiation resistance, thermal conductivity, oxidation resistance, and mechanical strength. The

molecular dynamics (MD) simulation is an important method to study the properties, preparation, and performance

of SiC materials. It has significant advantages at the atomic scale. 

silicon carbide  molecular dynamics simulation  property  preparation  performance

1. Molecular Dynamics Simulation Studies of Silicon Carbide
Properties

1.1. MD Simulation Studies of SiC Thermal Properties

The molecular dynamics (MD) simulation study of silicon carbide (SiC) thermal properties mainly focuses on the

calculation of thermal conductivity. The typical thermal conductivity calculation model of SiC was given, as shown

in Figure 1. There are three kinds of methods to calculate thermal conductivity, called the EMD (the equilibrium

molecular dynamics), the NEMD (the nonequilibrium molecular dynamics), and the RNEMD (the reverse

nonequilibrium molecular dynamics).

Figure 1. The typical thermal conductivity calculation model of SiC .

The EMD method is based on the Green-Kubo theory, and the NEMD method and the RNEMD method are based

on the Fourier theory. The difference between the NEMD method and the RNEMD method is the way the
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temperature gradient is generated. A constant temperature difference at both ends of the material are applied

directly by the NEMD method, while different perturbations in the hot and sink sources is applied by the RNEMD

method.

There are two kinds of methods in the RNEMD method, called the Müller-Plathe method  and the Jund method.

The velocity of atoms in the hot and sink sources is exchanged by the Müller-Plathe method . The energy in the

hot and sink sources is exchanged by the Jund method.

In the application of the RNEMD method, the effects of material morphology, temperature, and irradiation on the

thermal conductivity of SiC have been paid much attention. Qin et al.  used the Müller-Plathe method to calculate

the thermal conductivity of SiC nanotubes. The coupling effects of the length, diameter, and temperature on the

thermal conductivity of SiC nanotubes were revealed. Mao et al.  used the quantum corrected Müller-Plathe

method to calculate the thermal conductivity of 3C-SiC. The effects of the point defect type and the concentration

on thermal conductivity were revealed. Dong et al.  used the Jund method to calculate the thermal conductivity of

SiC/SiC composites. The effects of the irradiation dose and temperature on the change of thermal conductivity

were revealed.

In the application of the NEMD method, the effects of material structure, temperature, and irradiation on the

thermal conductivity of SiC have been paid much attention. Liu et al.  successfully studied the effect of different

SiC crystal/amorphous layered nanostructures on the interfacial thermal conductivity. Wang et al.  revealed the

effects of temperature and irradiation on the thermal conductivity of 3C-SiC.

In the application of the EMD method, the effects of irradiation and defects on the thermal conductivity of SiC have

been paid much attention. Samolyuk et al.  revealed the effect of single vacancy and small vacancy

clusters/micropores generated by irradiation on the thermal conductivity of 3C-SiC. Wang et al.  successfully

studied the effects of types of point defects on the thermal conductivity of 3C-SiC.

1.2. MD Simulation Studies of SiC Mechanical Properties

Mechanical properties are important parameters affecting the processing performance and performance of SiC

materials, and are one of the hotspots in the MD simulation studies of SiC properties. Various mechanical

properties of SiC, such as hardness, elastic modulus, strength, etc., can be well calculated and analyzed at the

nanoscale by MD simulation. Uniaxial tensile/compression and nanoindentation are two common methods used in

MD studies of the mechanical properties of SiC materials.

The typical mechanical properties calculation model of SiC was given, as shown in Figure 2. The tension/pressure

to both ends of the sample in a certain direction at the same time is applied by uniaxial tensile/compression, while

the loading-unloading process of the indenter on the sample surface is controlled by nanoindentation.
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Figure 2. The typical mechanical properties calculation model of SiC: (a) Uniaxial tensile/compression; (b)

Nanoindentation .

In the application of the uniaxial tensile/compressive, the tensile/compressive strength is usually calculated by

analyzing the stress-strain curve. Yang et al.  calculated the tensile/compressive strength by calculating the

stress-strain curve. The temperature dependence of the tensile/compressive strength of polycrystalline SiC was

studied. Li et al.  calculated the tensile strength by the same method. The effects of irradiation and grain

boundary on the tensile strength of 3C-SiC were studied. Molaei et al.  calculated the tensile strength and elastic

modulus by analyzing the stress-strain behavior in the uniaxial tension, based on the virial stress criterion. The

effects of the temperature and the crack on the mechanical properties of polycrystalline SiC nanosheets were

studied.

In the application of the nanoindentation, the hardness and elastic modulus are usually calculated by analyzing the

load-depth curve, based on the Oliver and Pharr theory or Hertz theory. Wu et al.  calculated the hardness and

elastic modulus using the Oliver and Pharr theory. The effects of Si ion implantation on the mechanical properties

of 3C-SiC were studied successfully. Kang et al.  studied the effects of H ion implantation and temperature on

the hardness and elastic modulus of 4H-SiC by the same method. Xue et al.  calculated the hardness and

elastic modulus based on the Oliver and Pharr theory and Hertz theory. The effects of the temperature and

indentation plane on the mechanical properties of 4H-SiC were studied.

1.3. MD Simulation Studies of SiC Electrical Properties

The electrical properties of SiC can be calculated by the MD method. For example, Domingues et al.  calculated

the frequency-dependent dielectric constant based on the linear response theory and the Lorentz model. The

effects of the temperature on the dielectric constant of SiC were revealed. Chen et al.  calculated the frequency-

dependent dielectric constant of SiCm based on the linear response theory. The feasibility of combining deep

neural networks with the MD method was demonstrated.
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In general, there are few reports on the MD simulation of the electrical properties of SiC. Because there are few

universal models for the correlation between microscopic information and macroscopic electrical characteristic

parameters of MD simulation, it is worthy of further study.

2. MD Simulation Studies of Silicon Carbide Preparation

2.1. MD Simulation Studies of SiC Ion Implantation

Ion implantation is a method of surface modification by irradiating an ion beam into the surface of a solid material. It

is widely applied in the element doping processing of semiconductor materials, such as SiC. A certain dose of the

incident ion is injected into the material surface with a certain energy at a certain height from the surface of SiC

materials to simulate the ion implantation process in the MD simulation. The typical ion implantation simulation

model of SiC was given, as shown in Figure 3. There are three kinds of ion implantation in MD simulation studies

of SiC according to the type of the implanted ion, called Si ion implantation, H ion implantation, and metal ion (Ga ,

Cu , etc.) implantation. The effects of ion implantation on the defect evolution, mechanical properties, and

processing properties of SiC materials can be studied by MD simulation.

Figure 3. The typical ion implantation simulation model of SiC .

In the studies of Si ion implantation, Wu et al.  studied the effects of Si ion implantation dose and energy on the

defect evolution and mechanical properties of 3C-SiC. Dai et al.  studied the effects of Si ion implantation energy

on the 3C-SiC polishing effect. Liu et al.  studied the effects of Si ion implantation on the polishing removal

mechanism of 6H-SiC. The studies showed that the hardness and elastic modulus of SiC could be reduced, the
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formation of dislocations in SiC could be inhibited, and the polishing performance and processing efficiency of SiC

could be improved by Si ion implantation.

In the studies of H ion implantation, Fan et al.  studied the evolution mechanism of Si vacancy defects and

damages during H ion implantation and the subsequent annealing of 4H-SiC. Kang et al.  studied the effects of

H ion implantation on the mechanical properties of 4H-SiC. The studies showed that the integrity of Si vacancy

defects in SiC could be improved, the crack propagation in SiC could be prevented, and the fracture toughness of

SiC could be improved by H ion implantation.

In the studies of metal ion implantation, Fan et al.  studied the effects of the Ga ion implantation dose on the

polishing effects of 4H-SiC. There are also studies on the synergistic implantation of metal ions and H ions. Kang

et al.  studied the effects of the Cu ion assisted H ion on the modification of 4H-SiC. The studies showed that the

ductility and surface toughness of SiC could be improved by metal ion implantation, and the synergistic ion

implantation was more effective.

2.2. MD Simulation Studies of SiC Polishing

Polishing is an important process in the manufacturing process of SiC materials. There are three kinds of polishing

in MD simulation studies of SiC according to the processing method, called abrasive polishing, tool polishing, and

assisted polishing. The typical polishing simulation model of SiC was given, as shown in Figure 4. The removal

and deformation mechanism of SiC material surface could be studied by MD simulation.
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Figure 4. The typical polishing simulation model of SiC .

The surface of SiC materials is polished by spherical diamond abrasives in the abrasive polishing. In the studies of

abrasive polishing, the removal mechanism has been paid much attention. Zhou et al.  studied the effects of

multi-abrasive polishing on the removal mechanism of the 3C-SiC substrate. Wu et al.  studied the effects of

abrasive size on the removal mechanism of 6H-SiC polishing. Zhou et al.  studied the effect of abrasive contact

type on the removal mechanism of 3C-SiC polishing. The studies showed that the processing quality could be

deteriorated by the random distribution of the abrasive. The type of removal mechanism could be affected by the

size of the abrasive, and the damages of the abrasive could be reduced by the rotation.

The surface of SiC materials is polished by sharp diamond tools in tool polishing. In the studies of tool polishing,

the removal and deformation mechanism have been paid much attention. Meng et al.  studied the effects of

polishing speed and thermal effect on the removal mechanism of 3C-SiC. Luo et al.  studied the effects of

polishing depth and uniformity on the removal mechanism of 6H-SiC. Zhang et al.  studied the effects of the tool

inclination angle on the deformation mechanism of 6H-SiC. Meng et al.  studied the effects of polishing direction

on the deformation mechanism of 3C-SiC. Chavoshi et al.  studied the deformation mechanism of 3C-SiC

polishing on different crystal orientations. The studies showed that the tool wear could be reduced by the thermal

effect caused by high-speed polishing, the removal mechanism of SiC could be controlled by changing the cutting

depth and uniformity, and the deformation mechanism of SiC could be controlled by changing the cutting direction

and tool inclination angle.

The abrasive or tool polishing performance of SiC is improved by the supplementary method in assisted polishing.

In the studies of assisted polishing, the removal and deformation mechanism have been paid much attention. Zhou

 studied the effects of water-assisted polishing on the removal mechanism of 3C-SiC. Nguyen et al.  studied

the effects of abrasive motion on the removal mechanism of 4H-SiC polishing. Hu et al.  studied the effect of

vibration-assisted polishing on the removal mechanism of the single crystal SiC. Zhao et al.  studied the effect of

ultrasonic vibration-assisted polishing on the deformation mechanism of 3C-SiC. Meng et al.  studied the effect

of femtosecond laser-assisted polishing on the removal mechanism of 3C-SiC. The studies showed that the

removal efficiency, surface finish, and integrity of SiC could be improved by assisted polishing.

2.3. MD Simulation Studies of SiC Sputtering

Sputtering is an important process in the manufacturing of semiconductor materials, such as SiC. It is applied to

fabricate the required micro-nano structures on the surface of materials. There are two kinds of sputtering in MD

simulation studies of SiC according to the incident substances, called inert substances sputtering and reactive

substance sputtering. The typical sputtering simulation model of SiC was given, as shown in Figure 5. The

sputtering mechanism, sputtering yield, and sputtering products on surface can be studied by MD simulation.
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Figure 5. The typical sputtering simulation model of SiC .

In the studies of inert substances sputtering, Satake  studied the transverse sputtering mechanism caused by

the collision of two Ar clusters on the surface of 4H-SiC. Prskalo et al.  studied the sputtering yield of the Ar atom

sputtering the 3C-SiC surface. The studies showed that the surface modification effect of Ar atoms on SiC is

obvious. The sputtering yield of SiC is a function of the incident energy of Ar atoms.

In the studies of reactive substances sputtering, Sun et al.  studied the effects of the incident energy of the H

atom on the sputtering products of the continuous bombardment of the SiC surface by the H atom. Gou et al. 

studied the effects of incident energy of CF  on the sputtering products of continuous bombardment of the SiC

surface by CF . Lu et al.  studied the effect of the substrate temperature on the sputtering products of

continuous bombardment of the SiC surface by the F ion. The studies showed that the thickness of the reaction

layer, the composition, and yield of the sputtering product could be affected by the incident energy and substrate

temperature.

2.4. MD Simulation Studies of SiC Deposition

The thin film deposition is one of the necessary steps in the manufacture of semiconductor materials, such as SiC.

The typical deposition simulation model of SiC was given, as shown in Figure 6. The region deposited in the model

is called the substrate. A number of Si atoms and C atoms are randomly generated in a region above the substrate.
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They fall and cover the substrate to form a SiC deposited layer. The effects of the atomic incident energy, substrate

morphology, and substrate temperature on the quality of the SiC deposited films can be studied by MD simulation.

Figure 6. The typical deposition simulation model of SiC .

Xue et al.  studied the effects of the substrate pattern on SiC films deposited on 4H-SiC substrates. Kim et al.

 studied the effects of the substrate temperature and atomic incident energy on the deposition of amorphous

SiC films on crystalline silicon substrates. The studies showed that the chemical order of the deposited films can be

controlled by adjusting the atomic incident energy, substrate morphology, and substrate temperature to obtain high-

quality SiC films with dense and defect-free content.

2.5. MD Simulation Studies of SiC Crystal Growth

The high-quality growth of SiC crystals is the basis for manufacturing high-performance devices as an important

semiconductor material. Fewer defects and higher density are usually required in SiC crystals. The typical crystal

growth simulation model of SiC was given, as shown in Figure 7. Solid crystal SiC and liquid amorphous SiC are

set in the model, and then the crystal growth process on the solid-liquid interface can be observed. The

crystallization behavior and mechanism of SiC can be studied by MD simulation.
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Figure 7. The typical crystal growth simulation model of SiC .

Narumi et al.  studied the effects of the growth interface on the growth behavior of 4H-SiC in the Si-C solution.

Gao et al.  studied the crystallization behavior induced by SiC crystals at the solid-liquid interface. Kang 

studied the effect mechanism of process variables on the formation of polymorphs in SiC single crystal growth.

Gao et al.  studied the mechanism of the amorphous to the crystalline transition of 3C-SiC. The studies showed

that the crystal growth rate and growth mechanism of SiC are different at different growth interfaces. The atoms

near the growth interface tend to induce further crystallization by forming a stable intermediate-phase crystal

structure.

2.6. MD Simulation Studies of SiC Amorphization

The preparation of SiC amorphous materials is also studied widely in the MD simulation of SiC preparation. There

are two kinds of amorphization in MD simulation studies of SiC, called heating amorphization and cooling

amorphization. The SiC material is heated from a low temperature above its melting point and melts into an

amorphous material in the heating amorphization. The high-temperature molten SiC is rapidly cooled to low

temperatures to form amorphous materials in the cooling amorphization. The typical amorphization simulation

model of SiC was given, as shown in Figure 8. The structural evolution and mechanism of SiC amorphization can

be studied by MD simulation.
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Figure 8. The typical amorphization simulation model of SiC .

In the studies of heating amorphization, Nguyen et al.  studied the structural evolution of SiC nanosheets during

melting. Hoang et al.  studied the melting mechanism of two-dimensional (2D) hexagonal SiC nanoribbons. The

studies showed that the liquid atoms in SiC first appear in the edge region of the material far below the melting

point and then gradually expand to other regions.

In the studies of cooling amorphization, Tranh et al.  studied the effect of the potential function on the formation

of glassy SiC nanoribbons by rapid cooling of molten SiC. Hoang et al.  studied the formation mechanism of the

atomic structure of amorphous 2D SiC nanobelts obtained by cooling from melts. The studies showed that the

Tersoff potential is more suitable for the simulation of cooling amorphization. The disordered atomic structure of

amorphous 2D SiC nanoribbons is caused by various structural defects and the non-alternating distribution of Si

and C atoms.

2.7. MD Simulation Studies of SiC Sintering

Sintering is an important preparation method of SiC materials and plays an important role in nuclear fuel study. For

example, the matrix material of the fully ceramic microencapsulated accident-tolerant fuel (FCM-ATF) is made of

SiC powder or nanoparticles. The typical sintering simulation model of SiC was given, as shown in Figure 9. Two

SiC nanoparticles were placed in the cutoff distance of the potential function, then the system was heated to make

the two particles contact each other and form a sintering neck, and finally completely sintered. The sintering

process and mechanism of SiC nanoparticles from the microscopic view can be studied by MD simulation.
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Figure 9. The typical sintering simulation model of SiC .

There are few related studies. A research group conducted a preliminary study on MD simulation of SiC

nanoparticle sintering recently. The sintering evolution and mechanism of three typical SiC nanoparticles: pure SiC,

SiC@Si, and SiC@C were studied. The studies showed that the overall sintering behavior of SiC particles was

promoted by the atomic diffusion of the coating layer. The lower heating rate is beneficial to sintering to some

extent but did not affect the atomic diffusion mode of the coating particles.

2.8. MD Simulation Studies of New-Type SiC Materials Preparation

In addition to conventional SiC films, SiC bulks, and SiC crystals/amorphous materials, there are also some newly

discovered SiC materials emerging in the MD simulation of SiC preparation. The preparation method of new-type

SiC materials, such as nanowires and nanotubes can also be studied by MD simulation. SiC nanocage is expected

to be an ideal material for drug delivery as a kind of new material. However, it is still in the conceptual stage. Its

properties and the feasibility of preparation can be studied by the MD method.

Xin et al.  studied the existence, stability, and structure of Si C  nanocages (Figure 10). A series of self-

assembled, stable SiC nanocage structural materials were predicted successfully, and the key factors for the

preparation of these new materials were studied.

Figure 10. The formation process of a SiC nanocage in MD simulation, modified picture of .

3. MD Simulation Studies of Silicon Carbide Performance

3.1. MD Simulation Studies of SiC Irradiation Damage

The defects in materials will be produced by the impact of ray particles (neutrons, protons, heavy ions, electrons,

X-rays, γ-rays), and the transmutation elements will be produced by the nuclear reactions. The change of

macroscopic properties of materials caused by lattice defects and transmutation elements is called the irradiation
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effect. SiC is a kind of common nuclear material in advanced nuclear energy systems, and its irradiation process

and effect are the key to the studies of performance. Therefore, the studies of irradiation damage have become the

most concerned in the MD simulation of SiC performance.

There are three methods to simulate SiC irradiation damage in MD simulation. The first is to artificially remove

some atoms in the material to form defects and simulate the damage effect after irradiation. The second is to use

high-energy ray particles to impact materials to cause a cascade effect. The third is to choose an atom in the

material and give it high energy to become a primary knock-on atom (PKA) to cause a cascade effect. The typical

irradiation damage simulation model of SiC was given, as shown in Figure 11.

Figure 11. Three typical irradiation damage simulation models of SiC .

There are two main concerns in the content of MD simulation studies of SiC irradiation damage. The first is the

effects of irradiation on properties. The second is the mechanism of irradiation damage, as shown in Figure 12.

[59]
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Figure 12. The typical irradiation damage mechanism simulation model of SiC, modified picture of .

To sum up, there are two aspects in MD simulation studies of the effects of irradiation on SiC properties. The first is

the effects of irradiation on the thermal properties of SiC (mainly the thermal conductivity). Wang et al.  studied

the effects of irradiation on the thermal conductivity of 3C-SiC by simulating the irradiation effect with high-energy

Si atoms and subsequent cascade collisions. Nguyen et al.  studied the relationship between defect thermal

conductivity and vacancy concentration and irradiation dose by calculating the thermal conductivity of SiC/SiC

composites under neutron irradiation. Samolyuk et al.  studied the effects of irradiation-induced single vacancy

and small vacancy clusters/micropores on the thermal conductivity of 3C-SiC. Dong et al.  studied the effects of

the irradiation-induced point defects at the interface of SiC/SiC composites and the irradiation dose on the thermal

conductivity. The studies showed that the thermal conductivity of SiC could be decreased by irradiation damage.

The thermal conductivity of SiC could be decreased more by a single vacancy than a micropore with the same total

number of vacancies.

The second is the effects of irradiation on the mechanical properties of SiC. Li et al.  studied the effects of

irradiation on the tensile strength and elastic modulus of 3C-SiC. The studies showed that the tensile strength and

elastic modulus of 3C-SiC could be decreased by irradiation damage.

To sum up, there are three aspects in MD simulation studies of the mechanism of SiC irradiation damage. The first

is the formation process and mechanism of irradiation defects. Zarkadoula et al.  studied the effects of the

electron blocking power on defects in 3C-SiC caused by ion irradiation. Samolyuk et al.  studied the effects of

potential functions on defects in 3C-SiC collision cascade simulation. He et al.  studied the formation of defects

and the effects of electron energy loss during the irradiation damage of SiC materials. Wu et al.  studied the fast,
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ion-induced effects in 3C-SiC and the effects of the complex correlation between the electronic response and

atomic response on the defect formation. Li et al.  studied the irradiation damage mechanism of 6H-SiC under

ultra-high flux He ions. Ran et al.  studied the effects of temperature and PKA energy on collision cascade in 3C-

SiC. The studies showed that the formation of irradiation defects was affected importantly by the ratio of electron

energy loss to nuclear energy loss. The number and size of defects increased with the increase in PKA energy.

The second Is the recovery mechanism of irradiation defects. Backman et al.  studied the defect recovery of

irradiated SiC under fast, heavy ion irradiation. Peterson et al.  studied the effects of high field bias on the

irradiation-induced defect recovery in 3C-SiC. The studies showed that the defects could be recovered by the

heavy ion rapid annealing. The defect recovery effect could be enhanced by the field strength lower than the critical

breakdown of the wide band gap device.

The third is the formation mechanism of irradiation swelling. Li et al.  studied the effect of the C/Si atomic ratio

on the irradiation swelling of 3C-SiC. Tian et al.  studied the swelling of SiC crystals caused by continuous

collision cascades at room temperature. The studies showed that the degree of irradiation swelling decreased with

the increase in the C/Si ratio in SiC. The amorphization of SiC could be caused by the irradiation swelling. There

are four stages of amorphization, called slow increase, rapid increase, slow increase, and completely amorphous.

3.2. MD Simulation Studies of SiC Fatigue Damage

A crack is a kind of fatigue damage caused by local fracture of the weak part of material under force. SiC maybe

cracks when applied as a structural material if the tension exceeds a certain value. The typical fatigue damage

simulation model of SiC was given, as shown in Figure 13. The atoms in certain fields are removed artificially

during the material modeling to form initial cracks, then an external force is applied to the material. The evolution of

cracks in SiC under external force and its effect on SiC mechanical properties can be studied by MD simulation.

Figure 13. The typical fatigue damage simulation model of SiC .

[64]

[65]

[66]

[67]

[68]

[69]

[70]



Molecular Dynamics Simulation Studies of Silicon Carbide Materials | Encyclopedia.pub

https://encyclopedia.pub/entry/40673 15/21

Molaei et al.  studied the fracture fingerprint of polycrystalline SiC nanosheets with single crystalline SiC

nanosheets as reference. The study showed that the properties of SiC nanosheets with cracks could be degraded

with the increase in temperature. The strength of SiC nanosheets was reduced seriously by the large cracks.

3.3. MD Simulation Studies of SiC Shock Damage

SiC will be subjected to sudden mechanical action when applied as a protective material. For example, SiC is

shocked by high-speed moving objects when it is applied as bulletproof materials. The typical shock damage

simulation model of SiC was given, as shown in Figure 14. The shock waves are created by hitting SiC samples

with a high-velocity virtual piston to result in damage effects. The effects of shock velocity on the shock response to

SiC can be studied by MD simulation.

Figure 14. The typical shock damage simulation model of SiC .

Feng et al.  studied the inelastic response to 6H-SiC and 4H-SiC under strong dynamic shock loading. Lee et al.

 studied the high-velocity shock compression of 3C-SiC. Zhang et al.  studied the shock profile and atomic

structure evolution of 3C-SiC under plane shock loading. These studies showed that different response states in
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SiC could be produced with the change of shock velocity, such as the single elastic wave, structural phase

transition wave, etc.
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