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Abstract  

The capabilities of the liquid assisted electrical discharge techniques with 
additional laser irradiation of colloids for the synthesis of SiC nanocrystals 
(NCs) have been studied. For optimization of the conditions for the binary NCs 
formation, the characterization of inner structure, phase composition and 
morphology was performed by means of HRTEM, SAED, XPS, Raman and 
FTIR techniques. The results of the characterization proved the formation of 
near-spherical SiC nanocrystals with average diameter of 3.7 nm before and 2.3 
nm after additional laser treatment. The possible mechanism of nanostructured 
SiC formation has been discussed from the point of thermodynamics. The 
developed technique is expected to be effective for fabrication of SiC NCs as a 
promising material for optoelectronic devices. 
 

Keywords  Silicon carbide nanoparticles, electrical discharge in liquid, laser irradiation, chemical 
interactions. 
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Introduction 

Plasma-chemical processes have proved to be attractive for the synthesis of nanoparticles 

(NPs) due to high production rates, versatility and possibility of control over the particle size and 

size distribution during the synthesis process. Different approaches based on non-thermal plasmas 

have been developed to adopt plasma processes to the NPs production depending on the required 

composition and structure [1-3]. These include nanoparticle formation in electrical discharge 

plasma ignited inside liquid between two electrodes, plasma in contact with liquid, as well as laser-

induced plasma generated by focusing laser beam on the target surface in laser ablation 

experiments. Ignition of plasma favours initiation of the high temperature chemical reactions that 

provide the possibility of synthesis of metastable phases that are difficult to produce in other ways. 

Silicon carbide is a wide bandgap semiconductor that is known for its high thermal stability 

that makes the SiC-based devices well-suited for high temperature operation conditions in which 

conventional semiconductors like silicon cannot perform adequately or reliably [1]. Besides, due to 

the high hardness and strength, chemical and thermal stability, high melting point, oxidation 

resistance, high erosion resistance and high thermal conductivity, SiC is especially promising for 

uses as heterogeneous catalyst support, for high power, high temperature electronic devices as well 

as abrasion and cutting applications [2]. However, because of the indirect band gap of bulk SiC its 

application in photonics and optoelectronics is restricted. Nevertheless, previous studies showed 

that nanostructured SiC provides photoluminescence at room temperature due to the formation of 

direct band gap and quantum confinement effect [4]. 

Previously, SiC nanostructures were shown to be fabricated by physical and chemical vapor 

deposition [5], reduction–carburization route [6], liquid phase sintering or mechanical alloying 

methods [7] and, recently, laser ablation technique [8]. However, the synthesis of SiC NCs still 

remains a challenge due to the high melting temperature and hardness of bulk silicon carbide. 

Therefore, the development of new approaches for the preparation of SiC NCs with pre-determined 

size, morphology and structure and increasing their photoluminescence is still of interest.  

In this paper the capabilities of the electrical discharge in liquid (EDL) for preparation of SiC 

(NPs) are evaluated. Morphology, composition and structure of the synthesized NPs were studied 

by transmission electron microscopy (TEM), selected area electron diffraction (SAED), X-Ray 

photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR). The optical 

properties of the synthesized NPs were analyzed by UV-Vis absorption and photoluminescence 

spectroscopy. Particles were found to be non-agglomerated and their size could be controlled via 

additional laser treatment. Different crystal structures were observed depending on the preparation 

procedure. 
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Experimental 

To synthesize SiC NPs, electrical discharge between Si and C (graphite) electrodes immersed 

in ethanol were used. The details concerning the parameters of the experimental reactor and 

procedure of NPs synthesis by electrical discharge in liquids can be found in our previous 

publications [9, 10]. 

Briefly, the technique used for the synthesis of the SiC NPs utlized an electrical discharge 

submerged in liquid and is shown in the schematic diagram presented in Fig. 1a. An alternating 

current (ac) spark discharge was ignited by applying a high frequency voltage of 11 kV. The peak 

current of the high-voltage spark in the form of high-frequency oscillations was about 17 A with a 

duration of a single discharge pulse of 50 μs. The optimum distance between the electrodes (not 

more than 0.5 mm) during the experiment was controlled by micro positioning system maintaining 

the discharge parameters approximately constant to provide a stable discharge. 

 

 

Fig. 1 Schematic diagram representing the techniques used for SiC NPs preparation: (a) electrical 

discharge between silicon and graphite electrodes in ethanol and (b) laser irradiation of the as-

prepared by EDL colloidal solution  

 

After the preparation the colloids, these were further irradiated by an unfocused beam of the 

second harmonic of an Nd:YAG laser (532 nm) with pulse duration 10 ns, repetition rate 10 Hz, 

fluences in the range of 230 – 600 mJ/cm2.  

The phase composition, morphology and structure of the synthesized NPs were analyzed by 

HRTEM, SAED, XPS, FTIR techniques along with UV-Vis absorption and photoluminescence 

spectroscopy. The particle size and morphology were investigated by the transmission electron 
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microscope JEOL JEM-2100F (JEOL, USA) operating under accelerating voltage of 200 kV. For 

TEM and SAED measurements, the NPs were deposited onto the copper grids covered by Formvar 

films stabilized with carbon and dried at ambient conditions. Crystal structure, phase composition 

and lattice parameters of the formed SiC nanostructures were determined from SAED and HRTEM 

images analysis by fast Fourier transform (FFT). For FTIR and XPS measurements the colloidal 

solution was deposited on Al foil and dried at room temperature. The FTIR spectra were recorded 

by Fourier spectrometer Nexus (Termo Nicolet, USA) in the 4000 – 400 cm-1 region. The 

absorption spectra of the prepared colloids were measured using a Cary 500 Scan 

spectrophotometer (Varian, USA) in the spectral range 200–800 nm using quartz 10 mm cuvette. 

The photoluminescence measurements were carried out at room temperature using a 

spectrofluorimeter Solar SFL 1211A (Solar, Belarus) with a Xe lamp as an excitation source.  

 

Results and discussions 

The electrical discharge between Si and C electrodes in ethanol results in the formation of 

near-spherical NPs with a size distribution that presents two peaks as can be concluded from the 

TEM results, shown in Fig. 2a. This is the result of particles agglomeration where  small and well-

separated NPs with an average diameter of 3.7 nm were found together with agglomerates with an 

average diameter of 11.4 nm (Figs 2a-b). HRTEM analysis of the selected particles revealed lattice 

spacings close to 0.25 nm (Fig. 2c), which belongs to the (111) planes of 3C-SiC with a cubic unit 

cell parameter of 0.43591 nm [11]. It is known that SiC exhibits strong polytypism with several 

crystalline structures and varying stacking sequences, the most widespread and important of them 

result from pure cubic (β) stacking (3C-SiC) and hexagonal (α) stacking (specifically, 4H-SiC and 

6H-SiC) [12]. Among all the structures, the β-SiC phase is known to be the most stable. The 

determined lattice spacing values and plane assignments are confirmed by FFT of the corresponding 

high resolution images (Fig. 2d). The observations support the assignment of a cubic crystal 

structure as more probable and stable than the hexagonal one. It should be noted that minor 

reflections corresponding to cubic Si and carbon with graphite-like structure were also observed in 

the prepared sample. 

Additional laser treatment results in the transformation of the size distribution as can be 

concluded from Figures 2e-f. Most probably, large agglomerates undergo fragmentation due to the 

absorption of the laser pulses that results in the disappearing of the second peak in the size 

distribution and reduction of the average particles diameter down to 2.3±0.1 nm. 
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Fig. 2.  SiC NPs prepared by electrical discharge in ethanol: a, b – TEM images of NPs with 

different resolutions and with the corresponding size distribution fitted by two peak function shown 

in the inset; c – HRTEM of a single particle showing the interplanar spacing corresponding to (111) 

plane of cubic SiC; d – FFT of the corresponding HRTEM revealing the minor cubic Si phase 

present in the sample; e – TEM image of SiC NPs after irradiation with 532 nm ns laser with 

fluence 560 mJ/cm2, f – size distribution of the NPs in the irradiated SiC sample. The mean 

diameter of the particles found from the lognormal fit of the distribution was 2.3±0.1 nm 
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Fig.3. XRD pattern of NPs prepared by Si−C electrical discharge in ethanol (a) and Raman spectra 

of the samples prepared by the Si−C and Si−Si discharges in ethanol (b). 

 

The cubic crystalline structure of the formed SiC NCs was also confirmed by X-ray 

diffraction analysis (Fig. 3a), although, as it was previously discussed [13], determination of a 

polytype from XRD spectrum is difficult in many cases. Nevertheless, the presence of the peaks 

located at 2θ = 35.7˚ and 60.4˚ corresponding to the reflection from the (111) and (220) crystal 

planes indicated a formation of the SiC cubic phase (JCPDS card No. 29-1129). In addition to the 

defined SiC structure, some diffraction peaks attributable to the pure Si with cubic structure and C 

of hexagonal graphite structure were also observed in the XRD pattern. More pronounced 

diffraction peaks of Si and C particles compared to SiC ones can be reflected the smaller size and a 

presence of structural defects in the formed SiC NCs. It should be noted that the discharge 

parameters and time of discharge processing can be optimized to avoid the presence of the initial 

unreacted particles in the resulting samples. 

Raman analysis also showed the presence of SiC in the sample prepared by electrical 

discharge between Si and C electrodes in ethanol. The spectrum of the sample prepared by spark 

discharge between two silicon electrodes using the same parameters is shown for comparison. In the 

spectrum of the latter a broad band at around 950-970 cm-1 was observed that can be attributed to 

the second order transverse optical mode in silicon nanocrystals [14]. In contrast, in the sample 

prepared using silicon and carbon electrodes, two peaks centred at around 800 cm-1 and 950 cm-1 

appear which correspond to the transverse optical (TO) and longitudinal optical (LO) modes in 

cubic SiC [15]. The peaks were found to be broadened and shifted with respect to the bulk values 

(770 and 888 cm-1) [16] that can be attributed to the decrease of grain size and formation of defects 

in the silicon carbide structure [17]. 
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Further evidence for the composition of the synthesized NPs was obtained by FTIR and XPS results 

that support the TEM, XRD and Raman analysis suggesting the formation of SiC NPs. Indeed, the 

peak at around 796 cm-1 found in the FTIR of the samples (Fig. 4) can be attributed to the stretching 

vibrations of the Si-C bonds [18]. In addition, the particles can be coated with the C–H groups as 

the peaks at 2846, 2910 and 2958 cm-1 corresponding to the C–H stretching vibrations were found 

(Fig. 4). Besides, the particles are oxidized as the broad peak around 1000-1100 cm-1 may be 

attributed to the stretching vibrations of the Si–O–Si, Si–O–C or C–O–C groups that is consistent 

with the XPS results shown below. The formation of oxygen-containing groups may be the result of 

particles interaction with ethanol or products of ethanol decomposition. Otherwise, they can be 

formed after particles deposition and drying during FTIR samples preparation procedure. Additional 

laser processing of the colloids results in the increase of the particles oxidation as the intensity of 

the broad band at 1000-1100 cm-1 increases. Besides, the band corresponding to the stretching 

vibrations of O–H group also appears at around 3300 cm-1. 

 

Fig: 4. FTIR analysis of the SiC NPs prepared by electrical discharge in ethanol before and after 

laser irradiation, revealing the vibrations of Si-C at 796 cm-1. 
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Fig: 5. XPS spectrum of the SiC sample, the inset table shows the results of the composition 

evaluation based on the XPS results. 

The XPS analysis of the sample prepared by discharge in ethanol reveals that the sample consists 

only of Si, C and O atoms with the atomic ratio Si:C:O=25.83 : 53.38 : 20.80 (Fig. 5). The analysis 

of the high-resolution XPS profiles for the Si 2p, C 1s and O 1s lines is presented in the Fig. 6.  

The position of the silicon Si 2p line in the XPS spectra of the samples suggests the formation of 

the silicon carbide phase as its maximum is located at 101.2 eV, close to 101.5 eV reported for the 

high-coordinated Si-C bonds [19]. The XPS profile however show extensive oxidation with bonds 

at around 101.7 eV [18-20] coming from the admixture of silicon oxycarbides. It should be noted 

that the peak in the region 102.2 eV attributable to the Si-O bond was found to be significantly 

lower in comparison with the first two peaks [18-20]. 

The high-resolution XPS spectra from Si 2p line of the laser-irradiated sample shows similar 

features to the not-irradiated one. As seen from the comparison of the Figs. 6a and 6c, the spectra 

are deconvoluted into the profiles corresponding to the high-coordinated Si-C (101.25 eV), Si-C-O 

(101.67 eV) and Si-O (102.17 eV) bonds. In addition, a low-coordinated Si-C peak could also be 

fitted in thie case at 100.89 eV. 

Thus, the XPS results evidence that laser treatment does not affect significantly the chemical state 

of the NPs surface, but results in reduction of the average particles size as it follows from the TEM 

observations.  

 
 



10 

 

 

Fig: 6. High resolution XPS profiles of Si 2p (a, c) and C 1s lines (b, d), respectively. The 
observation of Si 2p peak at 101.2 eV gives the evidence of the Si-C bonds formation. 

 

The UV-Vis absorption spectra of the SiC NPs synthesized by electrical discharge technique are 

shown in Fig.7a. The absorption spectrum of the SiC colloids exhibits a step-like behaviour with a 

sharp rise when the incident photon energy is larger than 3 eV. Above the band gap (~3 eV), a 

strong continuous increase of absorption is observed in the spectrum. 

The mechanism of absorption in these two regions – below and above the bandgap – are 

explained by the absorption by band tail states in the first case, and by the band-band transitions in 

different NCs above the bandgap [21]. In addition, the absorption peaks at 4.5 and 4.8 eV were 

observed and can be attributed to the confined energy levels of small cubic SiC NPs [21]. 

The optical absorption spectra allow estimating the bandgap of the SiC NCs using Tauc plots and 

taking into account that SiC NCs have indirect bandgap characteristics [21]. The bandgap values 

determined from the Tauc plot of as-prepared sample was found to be in the range 2.5-3.5 eV, while 

for the laser irradiated sample this range was estimated to be 3.0-3.6 eV that can be attributed to the 

narrowing of the particles size distribution after laser treatment and fragmentation of the particles 

with diameters larger than 10 nm. In both cases the obtained bandgap values are above the bulk 
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value (Eg = 2.36 eV for 3C-SiC polytype) [22] that can be related to quantum confinement effects in 

the prepared particles due to the size reduction. 

 

Fig. 7. UV-Vis absorption spectra (a) and Tauc plots used for bandgap estimation of as-prepared (b) 
and laser irradiated SiC NPs (c) 

We compared the determined value of the bandgap with an estimated one according to the 
equation [23] 
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where h is Planck’s constant, e the electron charge, ε0 the vacuum permittivity and d the particle 

diameter. Using literature values for the bulk bandgap (2.36 eV), effective electron mass me* 

(0.347m0), effective hole mass mh* (0.45m0) and dielectric constant of bulk SiC (εd = 9.52) [24] it 

was found that the bandgap for SiC NCs with diameters of 2.4-7.0 nm is in the range 3.5-2.5 eV 

that is in good agreement with the measured bandgap values (Fig. 2). For the laser irradiated sample 

having the average particle diameter 2.3 nm (Fig. 2f) the calculated bandgap is 3.6 eV that lies in 

the range of the estimated values from the Tauc plot (Fig. 7c). 

Due to the quantum confinement the photoluminescent properties of the small SiC NCs are 

different from the bulk ones. As can be seen from Fig. 8 the room temperature PL spectrum of the 

SiC NCs prepared by the electrical discharge in ethanol reveals rather narrow emission band with a 

maximum in the region of 410 nm. The PL emission of SiC NPs can be originated from bandgap 

transitions or transitions from defect states and surface terminations [25]. The maximum of the PL 

band can be attributed to the band edge luminescence of the small SiC NCs as it is consistent with 

the determined increased bandgap for small NCs bandgap (3.0 eV). 

After laser irradiation, the intensity of the PL emission band increases while its position does not 

change (Fig. 7b). In addition, the band broadens as the shoulder at around 450-550 nm appears that 
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may be indicative of the formation of different emission centers under laser treatment. Typically, 

the broadening of the luminescence spectrum of silicon carbide nanostructures is attributed either to 

the size distribution of the particles in the sample, to the formation of defects or difference in the 

surface groups. However, in the present case the observed narrowing of the size distribution after 

the laser treatment makes the first mechanism improbable. Besides, according to the FTIR and XPS 

analysis, additional laser irradiation results in the oxidation of the particles surface with the 

formation of Si–C–O, Si–O–Si and C–O–C groups. Therefore, it can be assumed that the new 

luminescence centers created upon laser treatment can be attributed to the particles oxidation with 

the formation of the additional levels near the edges of the valence and conduction bands of the SiC 

structure that are responsible for the transitions in the 450-550 nm region [26]. 

 

Fig. 8. Photoluminescence spectra (excited at 340 nm) of SiC NCs prepared by electrical discharge 
in ethanol as-prepared and after additional laser irradiation 

Although the exact mechanism of SiC growth in plasma of electrical discharge in liquid is 

unknown, we can suggest several routes. It is generally considered that the mechanism of the 

particles formation in electrical discharge plasma implies the evaporation of the electrode material 

with subsequent condensation of the formed species into small clusters, their aggregation and 

formation of particles [27]. NPs are formed from the atoms and their gaseous complexes as a result 

of a sequence of nucleation, growth, coalescence and aggregation processes. Silicon and carbon 

atoms, formed by the evaporation of the electrodes, are initial species in this sequence. The 

presence of silicon and carbon atoms and their dimers in the discharge plasma was confirmed by 

spectroscopic studies (Fig. 8), the results of which concluded that the discharge takes place in a gas 

mixture consisting of atoms of the electrode material and products of ethanol decomposition [9]. In 

addition, in the 390-420 nm region of the emission spectrum of the Si-C discharge some weak lines 

can be ascribed to the band heads of bands of C2-X and C3Π-X3Π systems of SiC molecule that also 

can be a possible route for SiC particles formation and nucleation [28]. 



13 

 

Fig. 8. Optical emission spectra (OES) of the plasma generated during the spark discharge between 

the Si and C electrodes immersed in ethanol (blue lines) and between graphite electrodes in ethanol 

(red lines, shown for comparison (a). (b) – a closer look at the region 390-420 nm 

From the viewpoint of thermodynamics, the formation of new compounds should occur as a 

result of collisions between the species in relatively high-energy states, while the nucleation may 

result from aggregations of the formed species [29]. By expanding and intermixing of the species of 

both materials, e.g., atoms, ions, and/or small clusters a dense two-component cloud is formed in 

the space between electrodes. An interaction between the ablated species can result in the SiC 

compounds formation. As it follows from the Si-C equilibrium phase diagram [30] the critical SiC 

nuclei could form in the temperature range of 1800–2000 K. Such thermodynamic conditions can 

be created by electrical discharge in liquid. Indeed, according to [9,10] the temperature and pressure 

within the reaction volume can be extreme (thousands of K at tens of MPa). Thus, the solution 

plasma can provide the compound NPs formation through the mechanism of the primary nucleation 

in the plasma plume of the Si and C atoms evaporated from the electrodes and growth of the 

embryonic particles. The crystallization process is believed to be closely linked to efficient heating 

of NPs through interaction with charged plasma species, i.e. due to ion and hot electron surface 

bombardment during growth [31]. When the particles escape from the plume into the liquid media, 

they become cold rapidly and the growth process is suppressed via reactive quenching with solution 

where Si-C, Si-CH3 or C=O bonds can be formed on the particle surface. 

 

Conclusion 

Nanocrystalline particles of silicon carbide were synthesized by electrical discharge between Si 

and C electrodes immersed in ethanol. The NPs size and crystal structures were found to be 

changed after the additional laser irradiation of the formed colloidal solution. The formation of 
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compound SiC NCs was confirmed by the results of their characterization with the HRTEM, XPS, 

and FTIR measurements. The fabrication of SiC NCs with the dimensions less 10 nm having a 

cubic (3C-SiC) internal structure was observed.  

From practical point of view the approach based on electrical discharge in liquid seems attractive 

because it provides scalable and suitable for high volume production process. The additional laser 

treatment of colloidal mixture also offers interesting possibilities as the second step for the 

controlled modification of NPs synthesized via electrical discharge. The developed technique can 

be optimized to prepare SiC NCs satisfying the requirements of good dispersibility, stability and 

effective PL for practical applications, for example, as elements for next generation quantum 

sensing and nanophotonics, light emitting diodes and photodetectors. 
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