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Abstract: Silicon carbide (SiC), a leading third-generation wide-bandgap semiconductor, exhibits 
exceptional electrical, thermal, and mechanical properties, including a high breakdown field, superior 
thermal conductivity, and remarkable environmental stability, making it indispensable for high-power 
electronics, high-temperature applications, and advanced composites. This review systematically 
outlines recent advances in SiC materials, with an emphasis on crystal structure characteristics, 
innovative synthesis routes, and cross-disciplinary applications. The polytypism of SiC and 
structure—property correlations governing its band structure and carrier mobility—are elucidated. A 
comparative analysis is then provided on controllable preparation strategies for micro/nano SiC 
powders, highlighting emerging eco-friendly and low-temperature synthesis pathways. Furthermore, 
the mechanisms underlying SiC’s performance in structural ceramics, catalytic supports, microwave 
absorption, and supercapacitors are comprehensively discussed, with particular attention paid to its 
wide-temperature stability and interface enhancement effects. Finally, prevailing challenges in scalable 
synthesis and defect control are addressed, along with several promising research directions: (1)  
defect-engineered quantum sensing platforms; (2) low-carbon manufacturing using biomass-derived 
carbon sources; and (3) deep integration of SiC power devices with smart grid architectures. This 
review aims to provide theoretical insights and technical guidance for the multi-scale design and 
application of SiC materials in the fields of new energy and quantum technologies. 
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1. Introduction 

As a typical covalent compound, silicon carbide (SiC) has emerged as a key candidate for   
high-performance materials in extreme environments, owing to its high hardness (Mohs hardness 9.5), 
excellent corrosion resistance, extremely low coefficient of thermal expansion (4.5 × 106 °C1, and 
wide bandgap characteristics (3C-SiC: 2.2 eV; 4H-SiC: 3.26 eV) [1,2]. In traditional industrial 
applications, SiC has been widely used as an abrasive and refractory material. Low-grade SiC  
powders (purity ≥85%) enhance steelmaking efficiency and product quality in metallurgical 
deoxidation processes [3,4]. In functional ceramics, SiC-based ballistic armor, satellite mirror coatings, 
and high-temperature oxidation-resistant components have further expanded its applications in defense 
and aerospace engineering [3–5]. Recently, with the rapid development of new energy and information 
technologies, the wide-bandgap semiconductor properties of SiC have been extensively explored. Its 
breakdown field strength (4H-SiC: 2.5 MV/cm) and thermal conductivity (4.5 W/cm K) significantly 
exceed those of conventional silicon-based materials, driving the commercialization of SiC     
metal-oxide-semiconductor field-effect transistor (MOSFETs) and diodes in smart grids, new energy 
vehicles, and 5G communication systems [5,6]. 

However, the large-scale application of high-performance SiC devices still faces two      
critical challenges. First is the controllable synthesis of micro/nano powders. The growth of 
semiconductor-grade SiC single crystals requires raw materials with a purity exceeding 99.9995% to 
minimize dislocation defects [7,8], while aerospace composite materials demand nano-sized SiC 
powders (particle size <100 nm) to achieve interfacial enhancement [9]. The second is polytype control 
and defect engineering. The distinct bandgap structures of different polytypes (e.g., 3C/4H/6H-SiC) 
directly affect device performance [10,11], and stacking faults and micropipe defects during    
single-crystal growth severely limit wafer yield [12]. Thus, developing high-purity SiC micro/nano 
powders with controlled polytypes and uniform particle sizes, along with establishing precise 
structure–property–application correlations, has become the core objective of current research. 

This review systematically examines the advancements in SiC materials from an integrated 
perspective of materials science and engineering applications. Unlike previous reviews that often focus 
on a single domain, this work emphasizes the interdisciplinary linkages between synthesis strategies, 
structural control, and performance across diverse fields. Specifically, it aims to provide a critical analysis 
of (1) the mechanistic correlation between polytypism and multi-field properties, (2) eco-friendly   
and low-temperature synthesis pathways for scalable production, and (3) the underlying mechanisms 
of SiC in emerging applications such as microwave absorption, supercapacitors, and quantum  
sensing platforms. 

Furthermore, this review proposes several forward-looking strategies to address existing 
challenges, including defect engineering for quantum devices, low-carbon manufacturing using 
biomass-derived carbon sources, and the deep integration of SiC power devices with smart grid 
systems. By synthesizing the latest multidisciplinary research, this work not only offers a theoretical 
framework but also outlines a technological roadmap for the multi-scale design and application of SiC 
materials in the fields of new energy and quantum technology. 
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2. Overview of silicon carbide 

2.1. Crystal structure and polytypic characteristics 

SiC, a binary compound semiconductor composed of silicon (Si) and carbon (C) atoms linked by 
strong covalent bonds (bond length: 1.89 Å; bond energy: 447 kJ/mol), features a three-dimensional 
close-packed network of alternating SiC4 and CSi4 tetrahedra [13]. As illustrated in Figure 1, Si and C 
atoms occupy tetrahedral centers, achieving stable electronic configurations via sp3 hybridization, 
while adjacent tetrahedra form layered stacking structures through edge- and vertex-sharing [14]. This 
unique crystalline architecture grants SiC remarkable polytypism: over 200 polytypes (e.g., 3C-SiC, 
4H-SiC, 6H-SiC) have been identified under varying temperature and pressure conditions, arising from 
differences in stacking sequences along the [111] direction (cubic zinc blende structure) or [0001] 
direction (hexagonal wurtzite structure) [15]. Notably, 3C-SiC (β-phase, with ABC periodic stacking) 
crystallizes in the cubic system, whereas 4H/6H-SiC (α-phase, with ABCB/ABCACB stacking) 
belongs to the hexagonal system. Critical physical properties, including band structure, carrier mobility, 
and thermal conductivity, are directly determined by these stacking configurations. For example, the 
wider bandgap of 4H-SiC (3.26 eV) compared to 3C-SiC (2.2 eV) makes it more suitable for     
high-power semiconductor devices [16]. 

 

Figure 1. Schematic of stacking structures in silicon carbide polytypes. Black spheres: Si; 
white spheres: C; A/B/C denote stacking sequences. 

2.2. Physicochemical properties and functional advantages 

SiC exhibits exceptional properties owing to its strong covalent bonding and polytypic 
tunability (Table 1). These advantages are primarily reflected in three key aspects: 
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(1) Extreme environmental stability: SiC possesses a high melting point (>2700 °C), low thermal 
expansion coefficient (4.5 × 106 °C1), and exceptional oxidation resistance (onset temperature >1600 °C). 
These properties establish SiC as an ideal material for high-temperature refractories and aerospace 
coatings [17,18]. 

(2) Semiconductor characteristics: with its wide bandgap (3C-SiC: 2.2 eV; 4H-SiC: 3.26 eV), 
high breakdown electric field (4H-SiC: 2.5 MV/cm), and superior thermal conductivity (~4.9 W/cm·K 
for 4H-SiC at 300 K), SiC significantly outperforms silicon (Si). This enables stable device operation 
under extreme conditions such as high temperature (>600 °C), high frequency (>100 kHz), and high 
voltage (>10 kV) [19,20]. 

(3) Mechanical performance: SiC combines high hardness (Mohs hardness 9.5), outstanding wear 
resistance, and excellent thermal conductivity (e.g., ~120 W/m K near room temperature (RT)). This 
synergy yields superior performance in demanding structural ceramic and composite applications [21]. 

Table 1. Comparison of key electrical parameters between silicon and silicon carbide polytypes. 

Property Si 3C-SiC 4H-SiC 6H-SiC 

Bandgap energy (eV)  1.12 2.2 3.26 3 

Relative dielectric constant 11.9 9.6 9.7 9.8 

Electron mobility (cm2/V·S)  1350 1000 500 950 

Electron saturation velocity (107 cm/s)  1.1 2 2 2 

Hole mobility (cm2/V·S)  420 40 120 40 

Critical breakdown electric field (MV/m)  0.3 1.2 2.5 2.4 

Thermal conductivity (W/cm·k)  1.5 4.5 4.5 4.5 

Based on applications, SiC materials can be categorized into two main types: 
(1) Polycrystalline SiC: existing in ceramic forms, it exhibits high strength (flexural 

strength >400 MPa) and corrosion resistance, making it suitable for high-temperature kiln furniture, 
ballistic armor, and related applications [21]. 

(2) Single-crystal SiC: as a cornerstone material for third-generation semiconductors, its low  
on-resistance (<5 mΩ·cm2) and high switching efficiency (70% reduction in switching losses) drive 
innovations in power devices for new energy vehicles and 5G communication systems [9,16,22]. 

3. Research progress in silicon carbide synthesis 

The expanding applications of SiC have spurred progress in its synthesis techniques from 
conventional solid-phase reactions to precise nanoscale synthesis. Currently, the primary synthesis 
routes include solid-phase, liquid-phase, and vapor-phase methods, differentiated by their reaction 
media. This section systematically discusses each methodology, focusing on three key aspects: 
technical principles, process characteristics, and recent progress. 
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3.1. Solid-phase methods 

Solid-phase methods synthesize SiC powders directly via high-temperature solid-state reactions. 
These approaches benefit from well-established processes and are cost-effective but constrained by 
diffusion kinetics, typically yielding micrometer-scale particles [23–25]. Representative techniques 
include: 

(1) Carbothermal reduction 
The conventional synthesis of SiC typically employs silicon dioxide (SiO2) and a carbon   

source (e.g., coke or biomass-derived carbon) as raw materials, which react at 1500–2000 °C according 
to the reaction SiO2 + 3C → SiC + 2CO↑. This method is mainly used for producing industrial-grade 
SiC powders with a purity of approximately 85%–95% [23]. In recent years, the recycling and 
valorization of industrial waste materials have become a research hotspot. For instance, Gao et al. [24] 
utilized silicon slurry cutting waste (composed primarily of Si, SiO2, SiC, and FexOy) as the silicon 
source, petroleum coke as the carbon source, and NaCl as an additive. A series of variable experiments 
was conducted to investigate the effects of Fe impurities, NaCl dosage, and smelting temperature on 
SiC synthesis. The results revealed that Fe acts as a catalyst to promote SiC formation at lower 
temperatures; however, excessive Fe leads to the formation of Si–Fe alloys, thereby reducing the 
product purity. The introduction of NaCl facilitates impurity removal by forming and volatilizing FeCl2, 
while its melting and evaporation behavior enhances heat and mass transfer. Thermodynamic analysis 
indicated that the reaction becomes feasible when the temperature exceeds 1500 °C, and at 1850 °C, 
the obtained SiC achieved a purity exceeding 93 wt.%. Petroleum coke and pre-existing SiC particles 
served as dual nucleation centers, and maintaining a C/Si ratio above 3 ensured phase stability, 
achieving the waste-free recycling of silicon slurry cutting waste. In another study, Lu et al. [25] 
employed semi-coke from waste tires and quartz sand as starting materials. After mixing and drying 
to remove moisture, the mixture was subjected to a tubular furnace reaction to produce SiC-containing 
intermediates, followed by oxidation in a muffle furnace to remove residual impurities and obtain the 
final SiC product (Figure 2). The study examined the influence of raw material particle size on the 
phase composition, morphology, particle size, and reaction extent of SiC. It was found that smaller 
semi-coke particles with larger specific surface areas promoted gas–solid reactions, facilitated uniform 
SiC nucleation and growth, reduced whisker and secondary particle formation, and improved crystal 
integrity. Conversely, larger quartz sand particles slowed the conversion of solid-phase SiO2 to gaseous 
SiO, thereby minimizing SiO volatilization losses and maintaining a continuous reaction, resulting in 
higher SiC crystallinity and yield. Through the identification of the intermediate SiO species and 
analysis of the C/Si ratio, the formation mechanism of SiC particles was confirmed to follow a    
gas–solid reaction, while the whisker formation was attributed to a gas–gas reaction process. 
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Figure 2. Flowchart for SiC preparation. 

(2) Combustion synthesis (CS) 
CS is a high-temperature technique that utilizes the exothermic heat generated by the reactants 

themselves to sustain the reaction. Owing to its short reaction duration, simple setup, and low energy 
consumption, CS has been widely employed for the synthesis of nanoscale ceramic powders. 
Depending on the reaction mode, CS can be categorized into three main types: self-propagating   
high-temperature synthesis (SHS), volume combustion synthesis (VCS), and solution combustion 
synthesis (SCS). Alexander S. Mukasyan and co-workers synthesized β-SiC nanopowders using Si and 
graphite powders as raw materials. The powders were first subjected to short-duration high-energy ball 
milling (HEBM) pretreatment, followed by SHS under an inert atmosphere [26]. The analysis revealed 
that HEBM significantly increased the contact area between Si and C and removed surface oxide layers, 
thereby enhancing the reaction activity. This enabled the weakly exothermic Si–C system to achieve 
self-sustaining combustion. During the combustion stage, molten Si reacted with solid C via a   
liquid–solid mechanism, and the resulting SiC inherited the composite morphology of the milled Si/C 
precursors. This approach provided a kinetic pathway for additive-free synthesis of uniform and  
high-purity SiC nanopowders. Kirakosyan et al. [27] developed a two-step solution combustion 
synthesis–high-speed temperature scanning (SCS–HSTS) method. Using ammonium nitrate as an 
oxidizer, a homogeneous SiO2–C precursor was first produced via SCS. The mixture was then rapidly 
heated to 1600 °C at a rate of 300 °C/min. At 1440 °C, SiO2 underwent carbothermal reduction with 
carbon to form SiC-Al2O3 fibers, which acted as nucleation centers to guide the oriented growth of SiC 
whiskers, elucidating the role of nucleation sites in controlling SiC crystal morphology. Han et al. [28] 
synthesized SiC using Si powder and polytetrafluoroethylene (PTFE), where PTFE functioned 
simultaneously as a carbon source and gasifying agent. The formation of SiC proceeded through a 
three-stage combustion process: (i) low-temperature reaction between Si and PTFE to form 
intermediates; (ii) intermediate-temperature reaction between gaseous SiF2 and carbon; and (iii)  
high-temperature reaction between gaseous Si and carbon (Figure 3). The evolution of gaseous     
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by-products induced volumetric expansion, forming a highly porous structure. The combustion front 
propagated at a rate of 30 cm/s, reaching 1800 °C within 4 s. The rapid reaction inhibited excessive 
grain growth, yielding SiC aerogels with an ultralow density of 12 mg/cm3 and a porosity of 99.6%, 
offering an efficient and low-cost route for large-scale SiC aerogel production. In another study, the 
same group introduced a dual thermal-compensation mechanism by coupling the strongly exothermic 
Si–N2 (ΔH = –736 kJ/mol) and weakly exothermic Si–C systems. The heat released from the Si–N2 
reaction increased the system temperature above 1100 °C, initiating the Si–C combustion, while the 
Si–C reaction absorbed excess heat, preventing Si melting. The CO generated in situ created a reducing 
atmosphere, lowering the oxygen content of Si3N4 to 0.46 wt%. The combustion front propagated    
at 17–25 mm/min, leading to the simultaneous formation of 30 nm SiC nanoparticles and high-purity 
Si3N4 powders. This coupling strategy successfully achieved thermodynamic and kinetic synergy 
between two ceramic systems, establishing a new paradigm for the co-synthesis of multiphase ceramic 
materials [29]. 

 

Figure 3. Schematics for the flash synthesis of SiC aerogels. 

Bio-template method: the bio-template method utilizes natural biomass materials (e.g., rice  
husk and wood) as renewable carbon and silicon sources to synthesize porous SiC through 
carbonization–silicification reactions. This strategy combines biomimetic structural replication with 
sustainability advantages, offering a cost-effective and environmentally friendly approach for SiC 
production [30–32]. Alweendo et al. [33] employed rice husk as the raw material without using 
catalysts. After cleaning, drying, and varying pretreatments (raw, hand-milled, and ball-milled), the 
samples were first carbonized at 700 °C to form amorphous carbon and then subjected to carbothermal 
reduction in an argon atmosphere. The obtained products were purified via calcination and acid 
leaching (HF/HCl). The ball-milled sample, exhibiting a larger specific surface area, achieved the 
highest SiC yield (69.2%) at 1500 °C after 120 min. The products consisted of whiskers and particles, 
with SiC formation governed by a gas–solid mechanism. Enhanced SiO diffusion and uniform 
nucleation on carbon surfaces were promoted by increased surface area, while the inert atmosphere 
stabilized the β-SiC phase by preventing oxidation. This study demonstrated a simple and catalyst-free 
route to synthesize high-yield SiC and elucidated the effects of process parameters on yield and 
morphology, contributing to the valorization of rice husk resources. Kieu Do et al. [34] further 
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incorporated silica gel—prepared from sodium silicate and acetic acid—as an additional silicon source, 
leveraging the inherent Na2O in rice husk as a catalyst. SiC was synthesized via combustion under  
a CO2 atmosphere at 800–1300 °C (Figure 4). The SiC content increased with temperature up       
to 1200 °C (20.4%) but slightly decreased at 1300 °C (18.6%) due to oxidation. Both α- and β-SiC 
phases were observed, with β→α transformation occurring at higher temperatures. Na2O effectively 
reduced the melting point and viscosity of SiO2, lowering the SiC formation onset to 800 °C and 
promoting phase transformation, while CO2 maintained carbon stability at low temperatures and 
enhanced oxidation at high temperatures. This approach overcame the limitation of low silicon content 
in rice husks and provided a sustainable pathway for converting agricultural residues into high-value 
SiC materials, contributing to green synthesis and circular utilization of biomass.  

 

Figure 4. Diagram of the prototyping process. 

Although biomass-derived carbon sources show great potential for sustainable low-carbon 
manufacturing of semiconductors such as SiC, challenges remain due to the compositional complexity 
of precursors, poor controllability during carbonization, and impurity residues, which hinder stability 
and scalability. Moreover, their electrical and interfacial properties require further optimization. Future 
efforts should focus on precursor standardization, controllable carbonization mechanisms, and 
interfacial engineering with semiconductors, assisted by machine learning and in situ characterization 
to achieve green and efficient low-carbon manufacturing. 

3.2. Liquid-phase methods 

Liquid-phase methods enable controlled synthesis of nano-SiC using solution- or molten salt-based 
media, offering enhanced uniformity and precise morphology control. These techniques fall into two 
primary categories: 
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(1) Sol–gel method 
The sol–gel method synthesizes SiC nanoparticles through the hydrolysis–condensation reaction 

of precursors such as tetraethyl orthosilicate (TEOS) and phenolic resins, forming homogeneous sols 
followed by carbothermal reduction at elevated temperatures. Li et al. [35] employed TEOS and linear 
phenolic resin as raw materials, using oxalic acid (OA) and hexamethylenetetramine (HMTA) as dual 
catalysts in a two-step sol–gel process to prepare phenolic resin–SiO2 hybrid gels. Subsequent vacuum 
carbothermal reduction at 1650 °C for 30 min yielded β–SiC powders. The mechanism involved   
OA-catalyzed hydrolysis of TEOS and HMTA-catalyzed condensation and resin curing, with an 
optimal OA/TEOS molar ratio ensuring matched reaction rates for uniform nucleation. The 
carbothermal conversion followed the SiO2→SiO (g)→SiC pathway, where the vacuum environment 
and high temperature ensured complete reaction. This catalyst-free and controllable process provided 
thermodynamic and kinetic guidance for producing high-purity SiC powders. Najafi et al. [36] used 
TEOS, trimethyl borate (TMB), and phenolic resin with ammonium polycarboxylate (APC) as a 
dispersant to prepare SiC–B4C composite nanopowders via a co-hydrolysis–condensation process. 
Partial hydrolysis of TEOS followed by TMB addition enabled hetero-condensation and Si–O–B bond 
formation, achieving molecular-level mixing. Under mildly acidic conditions (pH 3–4), APC 
suppressed particle agglomeration by electrostatic repulsion, yielding precursor particles <10 nm. 
Upon heating at 1350 °C, Si–O and B–O bonds simultaneously reacted with carbon to form        
β–SiC (cubic) and B4C (rhombohedral), overcoming the inhomogeneity of traditional mechanical 
mixing and offering a strategy for multi-component carbide synthesis (Figure 5). Moreover, a 
microwave-assisted approach further enhanced synthesis efficiency: silicon carbide-titanium   
dioxide (SiC-TiO2) core-shell nanoparticles were synthesized via a sol-gel method [37]. Microwave 
treatment enabled the crystallization of TiO2 into the anatase phase at a temperature of 190 ± 10 °C, 
which is significantly lower than the 450 °C required for conventional furnace heating. 
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Figure 5. Flowchart of experimental procedure. 

(2) Molten salt method 
In recent years, molten salt–assisted synthesis has emerged as an effective strategy for achieving 

low-temperature and morphology-controlled fabrication of SiC, owing to its unique ionic environment 
and enhanced mass transport properties. By introducing dissolution–diffusion–precipitation or 
chemical–electrochemical coupling mechanisms within low-melting-point salt media, this approach 
not only significantly reduces reaction temperatures but also enables precise control over crystal phase 
evolution and microstructural features. Xie et al. [38] demonstrated the self-assembly of 3C–SiC 
nanorods on multi-walled carbon nanotube templates within a NaCl–NaF molten salt system, where 
the dissolution and diffusion of Si facilitated anisotropic growth at 200–250 °C, lower than 
conventional gas–solid methods. This work highlights the critical role of molten salts in promoting 
silicon migration and oriented crystal growth. Wang et al. [39] further employed lignin–phenolic resin 
as a carbon source to generate molten catalysts during pyrolysis in situ, achieving vapor–liquid–solid 
growth of β–SiC nanowires (~1100 °C). The resulting nanowires exhibited high crystallinity and large 
specific surface area, making them promising candidates for catalytic applications. Moreover,  
Pang et al. [40] developed an electrochemical–carbothermal hybrid mechanism within a CaCl2 molten 
salt system, enabling direct carbothermal conversion of SiO2/C mixtures into polycrystalline 3C–SiC 
nanoparticles (8–14 nm) at only 900 °C. The process involves simultaneous electro-deoxidation and 
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in situ carburization, featuring low energy consumption and yielding SiC with distinct quantum 
confinement effects, which are advantageous for optoelectronic applications. Overall, molten     
salt–assisted synthesis offers a versatile and energy-efficient route for tailoring SiC morphology, 
structure, and functionality, providing new insights and methodologies for the controlled preparation 
of high-performance SiC nanomaterials. 

3.3. Gas-phase methods 

Gas-phase methods synthesize target products by converting precursors into the gas phase—either 
directly or through precursors—allowing chemical reactions to occur homogeneously, followed by 
condensation. While these methods enable the production of high-quality silicon carbide powders with 
precise composition control, they face limitations including high operating costs, low yields, and 
challenges in scaling for industrial production. Notable approaches include: 

(1) Laser-induced method 
Developed in the late 20th century, this method synthesizes nano-SiC through resonant laser 

irradiation of reactive gases or catalyst molecules. Under laser irradiation, gases undergo photolytic or 
pyrolytic reactions. Nucleation and growth of ultra-fine particles are promoted by optimizing process 
parameters, yielding nanoscale SiC particles. For example, Fedorov et al. [41] formed SiC coatings on 
silicon substrates using an ethylene/argon atmosphere, achieving rapid surface transformation with 
high spatial resolution (<0.5 mm) and minimal thermal impact zones. 

(2) Chemical vapor deposition (CVD) 
Dense β-SiC coatings are deposited using methyltrichlorosilane (MTS, CH3SiCl3) with H2-N2 

precursors at 1100–1400 °C. Wu et al. [42] demonstrated that SiC coatings were deposited on C/C 
composite substrates via cold-wall CVD using hexamethyldisilylamine as the precursor and N2 as the 
carrier gas within the deposition temperature range of 1010–1220 °C; the coating exhibited a single  
β-SiC (3C) phase at 1010, 1060, 1100, and 1220 °C, coexisted with α-SiC (2H) and β-SiC (3C) phases 
at 1130 and 1180 °C, and its surface morphology transformed from smooth with spherical particles to 
rough “cauliflower-like” structures as temperature increased, while the deposition rate rose from 5.9 
to 60.5 μm·h1, forming a compact coating with good interfacial structure. 

(3) Plasma-assisted vapor synthesis 
Under electric fields, gas ionization generates plasma, which discharges to activate and react with 

gaseous species for chemical vapor deposition. Bertran et al. [43] fabricated nanostructured      
ns-Si:H/ns-SiC:H multilayer ceramic coatings embedded with SiC nanoparticles on c-Si substrates via 
modulated rf plasma chemical vapour deposition (PECVD) using SiH4-CH4-Ar gaseous mixtures, 
characterized their structure by transmission electron microscopy (TEM), selected area electron 
diffraction (SAED), Fourier Transform infrared spectroscopy (FTIR) and mechanical properties by 
nanoindentation and pin-on-disc tests, and found that the coatings possess improved hardness, wear 
resistance, crack propagation resistance and atmospheric stability, showing potential applications in 
protective coatings, optical fibres and other fields. 

The above content reviews the main synthesis methods of SiC, which are categorized by reaction 
medium into three major types—solid-phase, liquid-phase, and gas-phase methods—covering their 
technical principles, process characteristics, and recent advances. Solid-phase methods synthesize SiC 
powders through high-temperature solid-state reactions, featuring mature processes and relatively low 
costs, but are limited by diffusion kinetics. Liquid-phase methods enable the controllable synthesis of 
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nano-SiC using solution or molten salt media, with superior product uniformity and morphology 
tunability. Gas-phase methods produce high-purity SiC via gas-phase conversion of precursors, allowing 
precise control over composition; however, they are plagued by high costs, low yields, and challenges 
in large-scale production. Key parameters of SiC synthesis methods are summarized in Table 2. 

Table 2. Comparative summary of key parameters in synthesis methods. 

Method category Operating 

temperature (°C) 

Particle size control Scalability Environmental impact 

Solid phase Carbothermal reduction 1500–2000 20 nm to 5 μm High (industrial) Moderate (waste 

valorization, but high 

energy, CO emissions) 

Combustion synthesis >1400 (rapid) 20–80 nm Moderate Low–moderate 

(exothermic, efficient) 

Bio-template method 800–1300 Nanofibers/particles Moderate-high Low (biomass-based, 

renewable) 

Liquid phase Sol–gel method 600–1400 20–50 nm Moderate Low–moderate (organic 

precursors, recyclable 

solvents) 

Molten salt method 800–1400 8–100 nm (wires/rods) Moderate-high Moderate (reusable 

salts, lower energy) 

Gas phase Laser-induced method Variable (laser-

based) 

Nanoscale Low Moderate–high (energy-

intensive) 

CVD 600–2200 10–30 nm (films/nano) Moderate (for films) Moderate (gas 

emissions, controllable) 

Plasma-assisted 

vapor synthesis 

>2000 (plasma) Tens of nanometers Moderate High (energy use, 

byproducts) 

4. Applications of SiC 

SiC, an advanced structural and functional ceramic material, has become a critical engineering 
material due to its covalent-bonded crystal structure and polytypic characteristics like 3C-, 4H-, and 
6H-SiC [2,9]. Its exceptional physicochemical stability under extreme conditions, combined with 
outstanding high-temperature strength, low thermal expansion coefficient, ultra-high hardness, and 
superior wear-corrosion resistance, enables critical applications in aerospace, energy-chemical 
industries, and defense. Notably, SiC has evolved beyond traditional high-temperature structural uses 
into a multifunctional platform with applications including composite reinforcement, catalyst supports, 
microwave-absorbing materials, supercapacitors, and quantum devices (Figure 6). 
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Figure 6. Summary of the properties and applications of silicon carbide. 

4.1. Silicon carbide ceramics 

As a structural ceramic material, silicon carbide exhibits superior properties compared to metallic 
structural materials, including high temperature strength, low thermal expansion coefficient, 
exceptional wear resistance, strong corrosion resistance, high hardness, and minimal high-temperature 
creep. These characteristics enable it to serve as a critical component in extreme environments, finding 
significant applications in safety protection, aerospace, machinery, metallurgy, chemical engineering, 
and electronics [44]. For example, SiC ceramics are used as high-temperature materials in tunnel kilns 
and shuttle kilns, as well as in wet metallurgical stirring devices, pressurized leaching flash systems, 
and high-temperature pipelines for hydrochloric acid–based alumina production [45]. 

Additionally, owing to its hardness—second only to diamond and cubic boron carbide—SiC is 
widely employed in high-performance ballistic armor. Lightweight ceramic composite armors, 
consisting of SiC ceramic panels and advanced composite backplates, reduce mass by more than 60% 
while remaining cost-effective. Innovations such as monolithic SiC multi-curved ballistic inserts 
further highlight its versatility [46]. 
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4.2. Composite materials 

SiC nanomaterials, with their high strength, thermal stability, low coefficient of thermal 
expansion, and excellent oxidation resistance, have proven to be ideal reinforcements for polymer, 
ceramic, and carbon/carbon-based composites. 

To enhance the flexural strength of composites, Liu et al. [47] incorporated SiC nanoparticles into 
ZrB2. Their study revealed that SiC nanoparticles significantly reduced the grain size of ZrB2; however, 
excessive addition led to particle aggregation and stress concentration, thereby degrading mechanical 
properties. Mikociak et al. [48] introduced SiC nanoparticles into carbon/carbon (C/C) composites, 
and with optimized nanoparticle ratios, they achieved an increase in flexural strength from 120      
to 290 MPa and in thermal conductivity from 32 to 53 W/(m·K). 

SiC nanoparticles also serve as effective reinforcements for lightweight, high-strength metal 
matrix composites. Efe et al. [49] demonstrated that adding SiC nanoparticles to copper (Cu) improved 
its hardness (positively correlated with SiC content) while reducing its density. Zhu et al. [50] 
synthesized SiC-reinforced Al6802 composites via squeeze casting (SC) and gravity casting (GC), 
observing enhanced tensile strength, yield strength, and elongation regardless of the casting method. 

Bazzar et al. [51] developed polyimide/SiC nanocomposites through in situ polymerization. The 
resulting poly(triazole-imide)/SiC films exhibited a tensile strength increase from 108 to 165 MPa and 
high thermal stability (5% weight loss temperature at 500 °C, compared to 380 °C for pure polyimide). 

4.3. Catalytic applications 

SiC’s thermal stability, electrical conductivity, low thermal expansion coefficient, and robust 
chemical resistance make it an ideal inert support for catalytic applications. As a catalyst support, SiC 
enhances the performance and stability of active phases compared to traditional supports such as SiO2 
and Al2O3 [52]. 

Silva et al. [53] compared Ni-Mo2C catalysts supported on Al2O3, SiO2, and SiC. The SiC-supported 
catalysts achieved 80% CH4 and 90% CO2 conversions while minimizing carbon filament formation. 
Elamin et al. [54] synthesized SAPO-34/SiC foam composites via microwave-assisted methods, 
yielding catalysts with 2 μm particles (compared to 10–20 μm for ZSM-5) and superior stability in 
methanol conversion. For hydrogen production, Park et al. [55] developed Ni nanoparticles with   
Co-modified SiC/MgAl2O4 supports (NCMAS), which exhibited enhanced activity and stability in 
propane steam reforming. 

4.4. Microwave absorption 

Stacking faults in SiC crystals induce strong interfacial dipole polarization, disrupting charge 
balance and enhancing electromagnetic wave attenuation [56]. One-dimensional SiC materials, with 
high specific surface area and tunable electrical properties, hold promise for applications in military 
stealth and radar absorption. 

Hu et al. [57] synthesized bamboo-like 3C-SiC nanowires with dense defects via molten salt 
calcination. A 1.9-mm-thick β-SiC nanowire (NW)/paraffin composite achieved a minimum reflection 
loss (RL) of −48.13 dB at 13.52 GHz, with an effective bandwidth of 2.56 GHz. Chiu et al. [58] 
reported dual-band absorption (−31.7 dB at 8.3 GHz and −9.8 dB at 2.7 GHz) in 35 wt% β-SiC 



1083 

AIMS Materials Science  Volume 12, Issue 5, 1069–1091. 

NW/epoxy composites. Hou et al. [59] fabricated Fe/SiC hybrid fibers via electrospinning and 
pyrolysis, which achieved an RL of −46.3 dB at a PCS/Fe ratio of 3:0.5. 

4.5. Supercapacitors 

SiC exhibits unique advantages in micro- and high-power supercapacitor electrodes due to its 
wide bandgap, high thermal conductivity, strong chemical stability, and mechanical strength. Different 
polytypes (3C, 4H, 6H), dimensions (0D, 1D, 2D, 3D), and morphologies (porous structures, 
nanosheets, nanoflowers) affect its effective specific surface area, electrolyte wettability, and 
electron/ion transport pathways, thus directly regulating the power density and cycle life of the 
devices [60]. At the microscopic mechanism level, the charge storage performance of SiC is highly 
dependent on defect states and surface functional groups. For example, defects such as silicon 
vacancies, carbon vacancies, and stacking faults can introduce intermediate states in the bandgap, 
thereby increasing electron injection/transport rates, providing additional pseudocapacitive sites, and 
enhancing energy storage performance [61]. On the other hand, surface oxygen/nitrogen 
functionalization (e.g., –OH, –O–, N-doping) can improve the hydrophilicity of the electrode and the 
wettability of electrolyte ions, strengthen the adsorption and desorption of ions in pores/surfaces, and 
enhance the contribution of electric double-layer capacitance [62]. Based on these two mechanisms, 
SiC-based electrodes can achieve high cycle stability and high-rate performance even in        
high-temperature and harsh environments, providing a feasible path for next-generation supercapacitor 
materials [63]. 

Specifically, two-dimensional nanowire structures provide a high aspect ratio and large specific 
surface area, which can effectively shorten ion diffusion paths and improve electron transport rates, 
thereby enhancing electric double-layer capacitance performance. Alper et al. [64] synthesized SiC 
nanowire films via chemical vapor deposition and achieved a specific capacitance of 240 μF·cm2, 
which is comparable to that of carbon-based electrodes. Meanwhile, heterostructures constructed by 
compounding SiC with conductive carbon (e.g., graphene), metal oxides, or MnO2 can further improve 
specific capacitance and energy density through interface electron/ion coupling, enhanced 
hydrophilicity, and increased active sites. Gu et al. [65] prepared flexible electrodes using SiC 
nanowires grown on carbon fiber fabrics as active materials, which exhibited a specific capacitance  
of 23 mF·cm2 (in contrast, the specific capacitance of pure fabrics was 1.2 mF·cm2) with no 
capacitance loss after 105 charge-discharge cycles. Future research should focus on precisely 
controlling defect types/concentrations and surface chemical states to balance conductivity, self-discharge 
behavior, and cycle life, thereby achieving synchronous improvement in high energy density and  
high-power density of SiC supercapacitors. 

4.6. Other applications 

SiC nanoparticles exhibit non-toxicity and excellent biocompatibility, thus being widely used in 
fluorescent biological markers [66,67] and biomedical adhesives [68]. In flexible field emission 
devices, one-dimensional (1D) SiC nanostructures show enhanced field emission performance due to 
their high aspect ratio [69]. Wu et al. [70] first reported the photoluminescence (PL) properties of SiC 
nanoparticles, laying a foundation for their applications in wavelength conversion and anti-reflection 
coatings of solar cells [71]. In addition, SiC is a wide-bandgap semiconductor with abundant color 
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center defects, whose atomic-scale defects can serve as qubits and single-photon sources. Owing to 
the long coherence time of these color center spin states at room temperature and their emission 
wavelength range close to the communication window, SiC has become an ideal platform for     
high-sensitivity quantum sensing of physical quantities such as magnetic field, electric field, and 
temperature [72]. For example, Fisher et al. [73] achieved high-resolution alternating current quantum 
magnetic resonance sensing using a single silicon vacancy defect in a commercial 4H-SiC substrate, 
with a spectral resolution of 0.33 Hz, demonstrating that CMOS-compatible SiC has the potential to 
realize scalable nanoscale quantum sensors. 

To achieve the above functions, the precise preparation and engineering of color center defects 
are crucial. Currently, researchers introduce color centers into SiC using methods such as ion 
implantation, electron/neutron irradiation, femtosecond laser writing, and focused ion beam, and 
stabilize the charge states of defects through high-temperature annealing. Among them, femtosecond 
laser and focused ion beam technologies can achieve precise positioning of single defects at the 
nanoscale, which are highly controllable defect engineering methods at present [74]. For instance, 
Kraus et al. [75] realized site-specific silicon vacancy array generation without subsequent annealing 
in high-purity 4H-SiC via focused proton beam. The optimized SiC color centers can achieve a spin 
coherence time of tens to hundreds of microseconds at room temperature, laying a foundation for the 
development of device-level qubits. 

In the field of power electronics and smart grids, SiC power devices have significantly improved 
system energy efficiency and supported higher voltages and frequencies due to their high thermal 
conductivity, high breakdown field strength, and fast switching characteristics [76]. Currently, SiC 
MOSFETs and Schottky diodes have been widely used in electric vehicles, grid inverters, and 
industrial power supplies. For example, SiC devices have realized bidirectional energy transmission in 
on-board charging systems, enabling “vehicle-grid” interaction, which can not only charge the battery 
but also feed back to the grid during power outages. In renewable energy systems, the adoption    
of 2300 V SiC modules can replace the traditional three-level structure, simplifying the circuit and 
improving power density and energy conversion efficiency. As smart grids increasingly demand 
bidirectional power flow and rapid response, SiC technology will further promote the efficient 
integration of distributed energy and energy storage systems. 

Meanwhile, breakthroughs are still needed in SiC wafer-level manufacturing. The production cost 
of SiC single crystals remains high, and residual defects and impurities still pose challenges for 
quantum applications. Studies have shown that isotope purification can effectively reduce nuclear spin 
noise, increasing the coherence time of silicon vacancy color centers at room temperature by more than 
an order of magnitude [77]. Therefore, high-purity, low-defect single-crystal SiC substrates are the key 
foundation for realizing high-performance quantum devices. 

5. Summary and outlook 

SiC features a covalent crystal structure and polytypism (e.g., 3C-, 4H-, and 6H-SiC),  
accompanied by exceptional properties including high temperature resistance (melting point >2700 °C),    
hardness (Mohs hardness 9.5), low thermal expansion coefficient (4.5 × 106 °C1), and a wide  
bandgap (2.2 eV for 3C-SiC). These characteristics render it a foundational material for     
extreme-environment applications and third-generation semiconductors. However, despite its extensive 
application prospects in extreme environments and high-voltage electronic devices, SiC industrialization 
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still faces multiple technical bottlenecks. For instance, dislocation defects such as micropipes and 
screw dislocations in single-crystal SiC wafers significantly degrade device stability and breakdown 
voltage. Meanwhile, the fabrication of large-sized wafers via CVD requires ultra-high temperatures 
exceeding 2500 °C and high-purity precursors, resulting in high energy consumption and costs. 

In comparison, other wide bandgap semiconductors offer distinct performance-cost trade-offs: 
gallium nitride (GaN, Eg ≈ 3.4 eV) can be epitaxially grown on low-cost silicon substrates, making it 
suitable for high-frequency applications below 600 V and already widely utilized in fast-charging 
power supplies. Aluminum nitride (AlN, Eg ≈ 6.0 eV), despite exhibiting higher breakdown field 
strength and lower conduction loss, remains in the experimental research stage due to greater process 
complexity and higher costs. Overall, SiC is more applicable to ultra-high-voltage, high-power  
systems (e.g., traction inverters in electric vehicles, high-voltage converters in smart grids), whereas 
GaN is better suited for medium-low voltage, high-frequency applications (e.g., communication 
devices and mobile power supplies). 

Challenges remain: 
(1) Synthesis: difficulties exist in controlling impurities in micro/nanopowders and regulating 

their crystal orientation. 
(2) Defects: dislocations (e.g., micropipes, stacking faults) are present in single-crystal SiC wafers, 

which impair device reliability. 
(3) Mechanistic insights: the understanding of structure–property–environment coupling 

relationships in cross-domain applications remains incomplete. 
Future directions: 
(1) Quantum technology: engineering nitrogen-vacancy (NV) centers in SiC to develop     

high-temperature quantum sensors and solid-state qubits. 
(2) Green synthesis: developing biomass-derived routes (e.g., from rice husks, sugarcane bagasse) 

and low-energy electrochemical methods to reduce the carbon footprint by over 30%. 
(3) Energy systems: integrating SiC-based devices (MOSFETs, insulated gate bipolar 

transistors (IGBTs)) into smart grids and hybrid energy storage systems, with targets of >98% 
efficiency at switching frequencies >100 kHz and withstand voltages >10 kV. 

With advancements in quantum engineering, materials genomics, and clean energy technologies, 
SiC is poised to evolve into a multifunctional platform, driving innovations in high-temperature 
electronics, quantum technologies, and carbon neutrality. 
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