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Abstract

:

The development of new strategies for the mass synthesis of SiC nanocrystals with high structure perfection and narrow particle size distribution remains in demand for high-tech applications. In this work, the size-controllable synthesis of the SiC 3C polytype, free of sp2 carbon, with high structure quality nanocrystals, was realized for the first time by the pyrolysis of organosilane C12H36Si6 at 8 GPa and temperatures up to 2000 °C. It is shown that the average particle size can be monotonically changed from ~2 nm to ~500 nm by increasing the synthesis temperature from 800 °C to 1400 °C. At higher temperatures, further enlargement of the crystals is impeded, which is consistent with the recrystallization mechanism driven by a decrease in the surface energy of the particles. The optical properties investigated by IR transmission spectroscopy, Raman scattering, and low-temperature photoluminescence provided information about the concentration and distribution of carriers in nanoparticles, as well as the dominant type of internal point defects. It is shown that changing the growth modes in combination with heat treatment enables control over not only the average crystal size, but also the LO phonon—plasmon coupled modes in the crystals, which is of interest for applications related to IR photonics.
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1. Introduction


Silicon carbide (SiC) is the most widely used non-oxide ceramic, which has applications in many industrial fields, due to its special semiconducting and spin-related properties, high mechanical strength and hardness, high thermal conductivity, resistance to corrosion and thermal shock, etc. [1,2,3,4,5,6,7,8,9,10,11,12]. In modern literature, various SiC-based nanomaterials are also actively discussed in terms of their usage in manufacturing implantable microelectrodes, highly porous membranes [8], biosensors [8,9,10,11,12], micro- (MEMS) and nanoelectromechanical systems (NEMS) [5], and heat-resistant coatings [11]. A number of methods to synthesize nano- and micropowders have already been developed, including growth from hydrogen silicone oil [6], mechanical grinding [11,12], fast carbothermal synthesis [13,14,15], combustion synthesis [16], microwave synthesis [17], pyrolysis of polymers [18], sol-gel processes [19], CVD [20], and laser synthesis [21]. All of these processes have their own advantages and disadvantages, associated with the cost of precursors, synthesis conditions, the purity degree of the materials obtained, and others [7]. The problem of developing processes for the synthesis of nanosized SiC, which has a high crystallinity degree, uniform particle size distribution, and is free of inclusions and structural defects, is still urgent [22]. In contrast to low-pressure synthesis paths [23,24], HPHT synthesis in the diamond stability region can ensure the formation of SiC nanopowders that are free of sp2 carbon. It is known that HPHT conditions are favorable for producing the SiC 3C polytype in the Si-C system [25,26], although its formation stability under pressure in the C-H-Si growth medium has not been investigated yet.



Special attention is paid to "core–shell" composite spherical nanostructures, which consist of a SiC core (inner material) and a shell (outer layer material). The latter can also consist of SiC, but it can have different properties and show different behavior. Of particular interest is the situation in which either the core or the shell is characterized by a high free carrier concentration, which enables such particles to be considered as plasmon resonators for the mid-IR range [27]. It should also be noted that in polar SiC nanocrystals, localized phonon polaritons can exist along with localized surface plasmons [28,29]. In undoped nanocrystals, the excitation frequencies occupy the frequency range between the transverse and longitudinal lattice resonances [25]. The near fields of such excitations can also be of interest for the needs of IR photonics [30,31,32].



In this work, it is shown that synthesis from organosilanes at high pressures (HTHP) is one of the possible methods for obtaining nanopowders of 3C silicon carbide that are free of sp2 carbon, with high crystal quality and relatively low size dispersion. In this case, the synthesis temperature is the parameter that controls the particle size. The developed method also enables particles with well-defined phonon–plasmon resonance to be obtained, the structure of which can be tuned by heat treatment. This paper discusses the structural features of the synthesized powders, the composition of their background impurities, and the optical properties, with an emphasis on particles with pronounced phonon–plasmon resonance.




2. Materials and Methods


In this work nanosized and submicron SiC crystals were obtained by pyrolysis of an individual compound dodecamethylhexasilinane C12H36Si6 (organosilane), Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany, at high pressures and temperatures (Figure 1A). The choice of this compound for HPHT synthesis was due to its high purity (99.9% metal basis) and favorable chemical composition. On the one hand, dodecamethylhexasilinane contains excess carbon for silicon carbide formation, which can ensure the absence of unreacted silicon in the synthesis products. On the other hand, hydrogen is in excess in relation to carbon for methane formation, which should lead to the absence of free carbon in the growth medium. We used a toroid-type high-pressure cell for the synthesis at pressures of 8–9 GPa and temperatures up to 2000 K. The heating elements of the cell consisted of graphite (graphite, MGOSCH 99.9999%, NIIGrafit, Moscow, Russia) current leads and a titanium (99.99%, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) crucible heater (capsule), which were in contact with a chemically inert container made of refractory zirconium oxide (99.9%, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) [33]. The characteristic holding time at constant P and T was about 60 seconds. A uniaxial compression apparatus (homemade HPPI, Troitsk, Russia) and a high-pressure chamber of the “Toroid-15” type (homemade HPPI, Troitsk, Russia) created high pressures and temperatures. Dodecamethylhexasilinane tablets (2.5–3 mm thick and 6 mm in diameter) were pressed and loaded into capsules in air. The graphite current leads were separated from the surface of the hard-alloy (WC + Co) parts (homemade HPPI, Troitsk, Russia) of the high-pressure chamber by molybdenum (99.9% Sigma-Aldrich Chemie GmbH, Taufkirchen Germany) disks 0.2 mm thick to prevent their interaction. The temperature in the experiment was determined by a chromel–alumel thermocouple (homemade HPPI, Troitsk, Russia) up to 1350 °C. For higher synthesis temperatures, the temperature was estimated using a calibration dependence of the temperature in the reaction volume on the power of the electric current supplied for heating. The calibration dependence was previously found using a WRe 5/20 thermocouple (Contact of two wires: Wolfram 80%-Renium 20% wire and Wolfram 95%-Renium 5% wire). The titanium capsule started to interact with the contents of the cell, as well as the material of the container at temperatures exceeding 1300–1400 °C. For this reason, a graphite capsule was also used for the synthesis in the temperature range 1700–2000 °C. The mass of a sample obtained at temperatures above 800 °C was about 30–35 mg.



The determination of the elemental sample composition, as well as the morphology study of the synthesis products, was carried out using a JEOL JSM-6390LV, JEOL Ltd. Tokyo, Japan, electron microscope equipped with EDX microanalysis. Except for oxygen, impurities were not detected by EDX analysis; their concentration was less than the detection limit of 0.1–0.05 wt. % by the EDX method (see Figure S1 of Supplementary Materials). Quantitative atomic emission spectral analysis (ISP 30, ASMA-Pribor, Moscow, Russia) with use of standards shows presence of Ca (<10−3 mass%), Al (<10−3 mass%), Fe (<10−3 mass%), Mg (<10−3 mass%) and B (<10−3 mass%) in initial compound and samples obtained. X-ray diffraction studies (Cu Kα1 radiation) were performed by using an imaging plate Guinier camera G670 (Huber), Huber Diffraktionstechnik GmbH, Rimsting, Germany.




3. Results and Discussion


3.1. Phase Transformations in C-H-Si System


The X-ray diffraction patterns of the synthesized samples are shown in Figure 2. Their analysis shows that the compound transforms into an amorphous matter at a temperature of 560 °C, without mass loss. Decomposition of the material begins at a temperature of about 680 °C, accompanied by sample mass loss of 20% and the formation of free silicon in the amorphous matrix with a changed composition. The formation of nanocrystalline silicon carbide, about 1.6 nm in size, is observed at 800 °C, while the sample contains an insignificant amount of free silicon in two cubic modifications (ordinary and Kasper’s phase). The average crystallite size of SiC increases intensively to about 150 nm with the rise in the synthesis temperature up to 1400 °C; however, at higher temperatures, 1600–2000 °C, further growth of the crystals becomes ineffective. The SiC crystallite sizes were estimated by the FWHM of 111 reflections, using the Scherrer formula, and are presented in Table 1, along with the lattice parameters calculated by the Rietveld method, with the use of NIST640c silicon standard. The absence of the strongest 002 line of graphite at 26 degrees in the diffraction patterns of the samples (Figure 2) implies that graphite does not form during the course of the synthesis. The calculated crystallite sizes are in good agreement with the sizes observed in electronic photographs (SEM) (see examples of sample morphology in Figure 1C and Table 1). An example of a crystal size distribution statistical analysis is given in Figures S2 and S3 of Supplementary Materials. Note that because of the small XRD line broadening, the error in determining its value becomes significant if the crystallite size is larger than 150 nm. In accordance with the SEM investigation, the sample obtained by synthesis at 1100 °C is characterized by agglomeration of the primary particles into 100–200 nm aggregates. At synthesis temperatures of 1250 °C, distinct ~20–30 nm crystallites are formed (see Figure 1C). At temperatures above 1350–1400 °C, 100–500 nm individual particles are formed, without noticeable size changes at further temperature increases up to 2000 °C.



The results related to the temperature-induced crystal growth of SiC can be interpreted in terms of recrystallization, driven by a decrease in the surface energy of the nanoparticles [34]. After the complete decomposition of the organosilane compound at about 800 °C, there is no longer a source of Si and C feeding crystal growth, except for the nanocrystals themselves.



Similarly to the growth of diamonds under pressure in the C-H growth system [35], SiC nanocrystals can grow due to the dissolution–precipitation of carbon and silicon in the C-H-Si growth medium, formed during the decomposition of dodecamethylhexasilinane, or due to the coalescence of the nanoparticles [34]. Our experiments show that with a particle size of more than 200–500 nm, a decrease in the surface-to-volume ratio no longer plays a key role as a driving force in the growth of SiC crystals, and crystal growth slows down. It is interesting to note that in experiments based on sintering SiC nanopowders under pressure, the maximum enlargement of the initial 30 nm grains up to 120 nm, with the sintering temperature increasing to 1800 °C, is consistent with the concept of slowing the growth when the submicron crystal size is reached [36].



The absence of graphite diffraction peaks in the diffraction patterns of all the synthesized samples convincingly demonstrates that the decomposition of dodecamethylhexasilinane under pressure proceeds with the predominant formation of hydrocarbons, and without molecular hydrogen and free carbon. Otherwise, we would observe the noticeable formation of graphite or diamond mixed with SiC.




3.2. Optical Properties


3.2.1. Raman Spectra and IR Transmission


When studying optical properties, the main emphasis was placed on powders with an average particle size of ~100–300 nm, obtained at temperatures of 1350–2000 °C. This is due to the fact that the role of inhomogeneous broadening in optical spectra is of secondary importance for such powders, which allows a sequential (joint) analysis of IR transmission, Raman scattering, and luminescence spectra. In addition, at temperatures higher than 1300 °C, SiC particles do not show the tendency to agglomerate; therefore, they may be regarded as a more perspective material for IR photonics [31].



Figure 3A illustrates a typical IR transmission spectrum of SiC powder, recorded at room temperature, using a Bruker Optics IFS 66V IR Fourier-transform spectrometer (spectral resolution: 4 cm−1). To measure the transmission spectra, tablets containing 200 mg of pure KBr and 4 mg of SiC were prepared. The spectrum contains a dip characteristic of SiC, which corresponds to the region located between the LO and TO resonances. In the high-frequency region, absorption peaks associated with second-order processes are clearly recorded [37]. In addition, on the high-frequency part of the strong lattice reflection region, weak dips are observed in their spectral position, close to the frequency of the longitudinal optical (LO) phonons. Those dips can be attributed to the surface plasmon polaritons that are characteristic of doped (containing free carriers) 3C SiC particles [29].



The Raman spectra were measured using the following two devices: a portable EnSpectr R532 Raman spectrometer coupled to an Olympus S41 optical microscope, and a laboratory Raman spectrograph equipped with a cooled CCD detector. In the first case, a laser beam (wavelength λ = 532 nm), passing through an objective lens, was focused onto a sample placed on an adjustable stage. The Raman signal falling within the range of Stokes shifts (150–4000 cm−1) was recorded by a CCD matrix in the backscattering geometry with a 4 cm-1 spectral resolution. The typical excitation laser power was 1–5 mW, and the spot size, determined by the selected objective lens, was varied from 2 to 10 μm. As for the laboratory spectrograph, single-frequency lasers, operating at 472 nm, 532 nm, and 632 nm, were used as excitation sources. The excitation spot diameter on the sample was ~2 μm. The spectral resolution was 1 cm−1. The laboratory spectrograph also enabled measurements at low temperatures. Different wavelengths were required to separate the Raman and luminescence signals. The characteristic form of the Raman spectra of SiC powders did not practically depend on the selected excitation wavelength.



Figure 3B illustrates a typical Raman spectrum in synthesized micropowders. The most intense peaks are related to the first-order processes, involving transverse optical (TO) and longitudinal optical (LO) phonons corresponding to the Г point of the Brillouin zone [38]. The spectral position of the peak corresponding to the TO phonon (~795 cm−1) indicates that the crystals studied belong to the 3C polytype. This conclusion is consistent with the results of the X-ray structural analysis. In the region of the LO phonons, a fine structure is recorded, which is shifted to longer wavelengths with respect to the line characteristic of the LO (Г) phonons of 3C SiC. This behavior, which indicates the formation of mixed phonon–plasmon modes, independently confirms the presence of a noticeable concentration of free carriers in the synthesized crystals [39].



In the 1300–1800 cm-1 range, peaks at 1512 cm−1, 1626 cm−1, and 1712 cm−1 are recorded, which correspond to the second-order Raman processes [40]. The spectral position of these peaks is consistent with the results of the IR transmission spectra measurements in Figure 3A. The lowest frequency peak (2TO) arises due to the scattering of two transverse optical phonons related to the L point of the SiC Brillouin zone. The middle peak (LO + TO) is the least intense; it is not an overtone of the optical phonon modes, and it corresponds to a combination of phonons of different branches. The high-frequency peak (2LO) is the result of the scattering of two transverse optical phonons, with quasimomenta near the M point of the Brillouin zone [41].



Figure 3C–E illustrate a typical view of the Raman spectra of the micropowders obtained in the Ti capsule at 1600 °C. If XRD characterizes the sample bulk as a single SiC 3C phase (see Figure 2), micro-Raman investigations allow us to examine local variations in the sample composition. The Raman spectrum in Figure 3C shows the formation of diamond (D) [42] and metastable silicon (mSi) as impurity phases [43]. Figure 3D illustrates the presence of diamond and various phases of amorphous silicon, along with silicon carbide in the analyzing spot. Finally, Figure 3E illustrates the spectrum of silicon carbide microcrystals, free of the diamond (graphite) phase and metastable silicon phases. In general, the data presented in Figure 2 allow possible by-products of the synthesis of silicon carbide to be traced from dodecamethylhexasilinane.



To study the structural features of the synthesized SiC, a series of experiments were carried out to establish the effect of annealing in a vacuum on the Raman spectra. Examples of Raman spectra, before and after annealing in the region corresponding to the first-order scattering by optical phonons, are illustrated in Figure 3F,G. As can be seen from the figures, the spectrum in the TO phonon region does not change after annealing, and exhibits an intense peak in the region of 795 cm−1, which is typical for the 3C polytype. Nevertheless, in the 765 cm−1 region, a weak structure is recorded, the intensity of which is ~300–500 times less than the main (TO) peak intensity. Before annealing, a doublet structure is observed in the region of scattering by the LO phonons. The high-frequency (~990 cm−1) component of this structure corresponds to the mixed phonon–plasmon modes in doped 3C SiC, and the low-frequency component is located a few inverse centimeters below the LO (Г) resonance in the undoped 3C SiC. This fine structure is not associated with (possible) luminescent centers, and is retained in the Raman spectra of 100 nm individual crystals (see Figure S4 of Supplementary Materials). Similar behavior of the Raman spectra in the LO phonons region is observed in the case of nano- or submicron particles of 3C silicon carbide, in which a heavily doped region (core) is surrounded by a SiC layer (shell) depleted in carriers [29]. In this case, the formation of phonon–plasmon coupled modes, in combination with size effects, can explain the low-frequency and high-frequency components near LO resonance [29].



It should be noted that in the crystals synthesized at 1100 °C, there is no fine structure in the Raman spectrum near LO phonon resonance (a relatively narrow line, with a maximum at 970 cm−1, is observed). This means that no regions with a high carrier concentration are formed in ~5 nm particles. Therefore, one can argue that the region with a high carrier concentration (core) is formed in the particle center if its radius exceeds the depth of the carrier-depleted layer near the surface (shell). This situation can apparently be observed for relatively large particles synthesized at 1350 °C and above.



After annealing, the fine structure described above transforms into an asymmetric line with a maximum at 971 cm−1, which coincides with the frequencies of the LO (Г) phonons in undoped 3C SiC [38]. Thus, the tuning of the high-frequency LO peak component in Figure 3F corresponds to the transition from a mixed phonon–plasmon mode in the 3C-doped SiC, to scattering by conventional LO (Г) phonons in the pure 3C SiC [39]. Nevertheless, the long-wavelength structure observed in the spectra of the annealed crystals in the ~980 cm−1 region indicates the retention of regions in which the carrier concentration remains sufficiently high. The spectral position of the mixed phonon–plasmon mode enables the free carrier concentration to be estimated using the results of [29] (see Figures S5–S7 of Supplementary Materials). For the core of the as-grown particles, this concentration is at the level of 2–3 × 1018 cm−3, and drops to ~1018 cm−3 after annealing. It should be noted that for submicron-sized crystals, the mixed phonon–plasmon mode position depends on both the carrier concentration and the shape/internal structure/environment of the crystal. Therefore, the values obtained should be interpreted as estimates.



The presence of less intense, low-frequency components of the TO and LO phonon peaks could also be attributed to the presence of the 6H polytype in microcrystals. Nevertheless, with such an interpretation, one should expect comparable (and not differing by an order of magnitude) intensities for the TO and LO components, in the region of ~765 cm−1 and ~955 cm−1, respectively [38]. In addition, in the presence of other polytypes besides 3C, the Raman spectra should contain peaks in the region of 140–270 cm−1, which correspond to scattering by acoustic phonons [39]. In the studied crystals, those peaks were not observed. It should be noted that low-frequency shifts of the TO component can appear in the presence of stacking faults [44].




3.2.2. Low-Temperature Photoluminescence


To assess the impurity-defect composition and determine the main reason for the appearance of free carriers, a series of experiments were carried out to measure the low-temperature photoluminescence spectra of the synthesized crystals. Figure 4 illustrates typical examples of such spectra, recorded for the original (panels A,B) and annealed crystals (panel C). Panel A in Figure 4 corresponds to the synthesis conditions under which the formation of side phases is not observed. Panel B corresponds to the situation in which metastable silicon and diamond are formed, along with SiC powders. In this case, the presence of diamond leads to the appearance of a narrow emission line of SiV centers in the PL spectra [45].



Except for the SiV emission line in all the spectra in Figure 4A–C, a similar structure is observed. This structure consists of a zero-phonon line (ZPL) near 2.13 eV, and its phonon replicas, with the participation of LO and LA phonons, with a quasimomentum located at the edge of the SiC Brillouin zone [46]. This structure was unambiguously assigned to the emission of the donor–acceptor pairs, with the nitrogen on the carbon sublattice (NC) and the aluminum on the silicon sublattice (AlSi) in the 3C polytype [47]. In our experiments, the assignment of this line to the donor–acceptor pairs was confirmed by measurements of the luminescence kinetics, as well as time-resolved luminescence spectra. In particular, ZPL reveals the long-wavelength shift of the emission lines with an increasing time delay and non-exponential intensity decay (see Figure 4D,E). This behavior, being a unique feature of donor–acceptor pairs, is governed by the spread of the distances between acceptors and donors [47].



On the one hand, the high intensity of the emission band of donor–acceptor pairs, in comparison with the excitation emission near the fundamental absorption edge of the 3C SiC (marked in Figure 4 with a dashed line), confirms the noticeable concentration of the corresponding point defects. On the other hand, the absence of any additional defect-related bands indicates that NC and AlSi are dominant types of shallow defects in the synthesized crystals. The nitrogen on the carbon sublattice in 3C SiC forms a donor center, the ground state energy of which is 53 MeV. At room temperature, this value is comparable to thermal energy; therefore, a significant part of the donor center turns out to be ionized. At the same time, the ground state energy for the AlSi acceptor is 257 MeV, which is sufficient to significantly suppress their ionization at room temperature. Thus, it can be argued that the main reason for the appearance of free carriers in synthesized crystals is the ionization of the NC donors. It should be noted that the electron concentrations of ~1–3 × 1018 cm−3, estimated above, exclude the reliable registration of donor impurities by the EDX method.






4. Conclusions


Thus, the HTHP synthesis of 3C silicon carbide powders from dodecamethylhexasilinane was carried out. It has been shown that by increasing the synthesis temperature from 800 °C to 1400 °C, it is possible to monotonically regulate the average crystallite size from ~2 nm to ~500 nm. At higher temperatures, further enlargement of the crystals is impeded, which is consistent with the recrystallization mechanism driven by a decrease in the surface energy of the particles. The main point defects in the synthesized crystals are aluminum impurities on the silicon sublattice AlSi (acceptor) and nitrogen impurities on the carbon sublattice NC (donor), but the concentrations of Al and NC are outside the EDX sensitivity range. The Raman spectra, as well as the IR absorption spectra, indicate that the submicron particles obtained at 1350–2000 °C contain regions with both significant carrier concentration and depletion. Apparently, an increase of ~2–3∙1018 cm−3 in the concentration of carriers is characteristic of the core, surrounded by a depleted SiC layer (shell). We attribute the appearance of a noticeable concentration of free carriers to the relatively shallow NC donor formation. When the synthesis conditions deviate from the optimum, the growth of 3C SiC competes with the formation of diamond and metastable silicon.



It is shown that the annealing of the SiC powders, obtained in a vacuum at ~1500 °C, leads to a noticeable (at least several times) decrease in the concentration of free carriers, while keeping AlSi and NC as the dominant point defects.



In general, the results obtained indicate that the developed synthesis technology, in combination with subsequent annealing in the vacuum, enables control over not only the size of the 3C SiC crystals, but also the properties of the localized phonon–plasmon resonance within the 3C SiC crystals. The latter feature may be of interest for the creation of hybrid systems with near-field resonant coupling in the mid-IR range.
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Figure 1. (A) The structure of dodecamethylhexasilinane (C12H36Si6) molecule and scheme of SiC formation in HTHP reaction. Photos in the right part of (A) show an example of 3C SiC powders obtained at 2000 °C. (B,C) SEM images of 3C SiC powders synthesized at temperatures of 1250 °C and 1400 °C, respectively. 
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Figure 2. (A) Diffraction patterns of SiC powders synthesized at different temperatures by pyrolysis of C12H36Si6. (B) the XRD pattern background of one sample and Mylar sample holder with no signs of the strongest 002 graphite peak in the patterns. 
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Figure 3. (A) IR transmission spectra of SiC crystals near lattice resonances. (B) Raman spectra upon excitation of the crystal by radiation with a wavelength of 632 nm. (C–E) Raman spectra for the following individual particles found in the sample synthesized in Ti capsule at 1600 °C: (C) a particle, mainly consisting of a diamond phase and metastable silicon; (D) a particle comprising SiC, a diamond phase, and metastable silicon; (E) silicon carbide crystal. Raman spectra for submicron particles, synthesized at 1350 °C, before (F) and after annealing (G) in the region corresponding to the first-order processes with participation of optical phonons. The spectra in Panel (C–G) were recorded using 532 nm excitation. 
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Figure 4. Examples of low-temperature (5K) photoluminescence spectra recorded for the as-grown (panels A,B) and annealed crystals (panel C). Panel (A) corresponds to the synthesis conditions in which the formation of side phases was not detected. Panel (B) corresponds to the situation in which metastable silicon and diamond were formed along with SiC during the synthesis. The dotted line marks the position of the fundamental absorption edge of 3C SiC. (Panels D,E) show time-resolved PL spectra and PL kinetics corresponding to the steady-state spectrum in Panel (A). 
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Table 1. Synthesis temperature (T), lattice parameter (Rietveld analysis), and crystallite size (Scherrer formula) for various SiC samples. Example of crystal size distribution at 2000 °C is given in Figure S2 of Supplementary Materials.
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	T, C
	a, Å (Rietveld Method)
	Size (Scherrer Formula), nm
	Measured,

nm





	2000
	4.357
	200
	100–500



	1600
	4.359
	200
	100–500



	1400
	4.359
	150
	100–500



	1250
	4.361
	22
	20–50



	1100
	4.367
	5
	<10



	900
	4.390
	2
	



	800
	4.397
	1.6
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