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Abstract:



The high-pressure behavior of silicon carbide (SiC), a hard, semi-conducting material commonly known for its many polytypic structures and refractory nature, has increasingly become the subject of current research. Through work done both experimentally and computationally, many interesting aspects of high-pressure SiC have been measured and explored. Considerable work has been done to measure the effect of pressure on the vibrational and material properties of SiC. Additionally, the transition from the low-pressure zinc-blende B3 structure to the high-pressure rocksalt B1 structure has been measured by several groups in both the diamond-anvil cell and shock communities and predicted in numerous computational studies. Finally, high-temperature studies have explored the thermal equation of state and thermal expansion of SiC, as well as the high-pressure and high-temperature melting behavior. From high-pressure phase transitions, phonon behavior, and melting characteristics, our increased knowledge of SiC is improving our understanding of its industrial uses, as well as opening up its application to other fields such as the Earth sciences.
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1. Introduction


A hard and refractory semi-conductor, silicon carbide (SiC) is both a useful industrial material as well as an interesting component of naturally occurring systems. Known for its many polytypic structures appearing at ambient conditions, SiC is composed of stacked Si4C (or SiC4) tetrahedra and is found in cubic, hexagonal or rhombohedral forms depending on the stacking sequence [1]. The most well studied and/or naturally occurring structures are the zinc-blende (B3), also known as the 3C polytype, and the hexagonal wurtzite structured 6H polytype. The cubic structure is also known as beta (β) SiC while the hexagonal and rhombohedral structures are all classified under the umbrella term alpha (α) SiC [1]. Although not exhaustive, the range of typical SiC polytype structures is depicted in Figure 1.


Figure 1. Structure diagram of several low pressure polytypes of SiC as well as the high-pressure rocksalt structure. The larger blue spheres represent the Si atoms while the smaller brown spheres represent the C atoms. Structures visualized using the program VESTA [2] with 3C from [3], 2H from [4], 6H from [5], and 21R from [6].



[image: Crystals 08 00217 g001]






The effect of high pressure on the crystal structure, material properties and melting characteristics of SiC has been an active area of research for many years. In addition to better understanding the industrial uses of SiC, such work has also allowed a better understanding of SiC in a planetary context. Known under the mineral name moissanite [7], SiC has been found in small amounts in many geologic settings on Earth [8], as well as in meteorites and other astronomical bodies [9]. It was recently proposed that star systems more carbon-rich than the Solar System may harbor entire planets composed of significant quantities of SiC [10,11]. This review aims to summarize and discuss aspects of high-pressure work on SiC that aids in our understanding of both its industrial uses as well as its place in the natural world.



We begin with a discussion of the high-pressure structure of SiC, including the stability of different polytypes. Following, we present a discussion of the large body of work on the high-pressure phase transition in SiC, including observations and predictions of the transition conditions, predicted intermediate structures and transition mechanisms, as well as the kinetics across the transition. We then discuss proposed alternative stoichiometries at pressure. Work on the vibrational modes of SiC at pressure, as well as absorption measurements, and both measurements and computations of the equation of state (EOS) parameters and elastic constants are discussed in the following section. We end with a discussion of thermal expansivity and the thermal equation of state, as well as a discussion of high-pressure and high-temperature (high P-T) melting and decomposition. We find that thermodynamic equilibrium is often difficult to attain in high P-T experiments on SiC, meaning that time-dependent kinetic effects and hysteresis are often observed across phase transitions and melting reactions. The observed sluggish kinetics of SiC can explain many of the discrepant findings between studies.




2. High-Pressure Crystal Structure


Over 250 polytypes of SiC have been observed at ambient conditions [12]. Much work has been done to understand the formation of specific polytypes at ambient pressure and high temperature and to understand the transformation conditions and mechanisms between polytypes (i.e., [13]). As the structure of SiC may have an impact on material properties, identifying the stable structure at pressure is necessary to improve our understanding of SiC in high-pressure contexts, such as in dynamic applications or in planetary interiors. Several experiments have been performed exclusively on determining stable polytype structures at pressure [14,15,16]. It was found in [14] that the 3C cubic phase was stable at lower temperatures but became more stable with increased pressure, while the 6H phase was preferred at high temperatures (2300–2800 K), at least at pressures of 6.5 GPa and below. These findings were supported by observations in [17] at pressures below 3 GPa. The phase boundary marking the transition to 6H likely crosses the melting/decomposition line at high pressures [18,19], however, implying that 3C may be the more stable solid phase at higher-pressure conditions.



Shock studies on both α-SiC and β-SiC compare the proportion of polytypes present in samples after being shocked to P-T conditions of 5–25 GPa and 600–1500 K [16]. They find that in α-SiC, 6H begins to transform to 15R and a small amount of 3C after shock experiments as indicated by X-ray diffraction of recovered samples. β-SiC also transforms to rhombohedral structures (21R, 33R) during shock again based on X-ray diffraction after shock. This preference for rhombohedral polytypes at high P-T may be due to the effect of the shear stresses from the passing shockwave, however, rather than an indication that 15R, 21R or 33R are the equilibrium stable phases at pressure. The shockfront is associated with a reduction in particle size as well as potentially changing the stacking sequence of the Si-C layers, resulting in the formation of rhombohedral polytypes. Shock studies to higher pressures of over 100 GPa with in situ X-ray diffraction do not see a transition to rhombohedral structures but instead find a transition to the high-pressure rocksalt structure over 100 GPa [20]. These findings support previous shock work on 6H SiC [21] that infers a transition to the rocksalt structure from a density change in the sample.



Upon consideration of all the high P-T studies on 3C, 6H, and 15R, a consistent phase boundary marking transitions between polytypes is not agreed upon. This indicates that their relative enthalpy is perhaps small or that their transformation kinetics are slow. Impurities may also play a role in the expressed polytypes as has been observed in ambient pressure experiments [13]. In reported static experiments at high-pressures the starting polytype structure remains throughout pressure loading and unloading [22,23], at least up to the conditions of the transition to the rocksalt structure [20,24,25]. See Figure 2 for a compilation of experimental data on the stability of common polytypes at pressure. In addition to polytype transformations and the high-pressure transition to the rocksalt structure, other structural transitions have also been found in SiC, such as the transition to a high-density amorphous phase under large plastic shear and high pressure [26].


Figure 2. Compilation of experimental work on polytype transformations at pressure. DAC studies find that 15R remains under compression to at least 35 GPa at 300 K [22], 3C remains stable to 105 GPa at 300 K and 6H remains stable to 95 GPa at 300 K before transition to a dense, high-pressure rocksalt structure [25]. LHDAC experiments find that both 6H and 3C remain in experiments covering conditions of ~10–80 GPa and ~3000 K (shown in blue) before transition to the rocksalt structure [18,23,24,27,28]. Shock experiments up to 25 GPa and ~2000 K find an increase in the proportion of rhombohedral and cubic phases at high P-T and a decrease in hexagonal phases [16]. Rainbow colored shock data indicate the proportion of rhombohedral polytypes resulting from shock: 15R forming in the α-SiC sample (15% in starting sample), plotted with open squares; 21R and 33R forming in the β-SiC sample (0% in starting sample), plotted with open triangles. Multi-anvil, high pressure apparatus work finds that 3C transitions to 6H at high P-T over 2000 K [14]. The lack of clear boundaries between phases may indicate that either the kinetics of transition are sluggish or that the energy difference between polytypes is low at high P-T.
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2.1. Transition to the Rocksalt Structure


The most well studied aspect of high pressure SiC is the transition from the cubic 3C (zinc-blende, B3) structure to the cubic rocksalt (B1) structure, with additional work considering the transition from the hexagonal 6H polytype to the rocksalt structure. Computational and experimental work has made significant progress in identifying the transition conditions, the intermediate structures and the mechanism of the transition in both cases. Such research has additionally illuminated the slow kinetics and hysteresis of the transition.



The transition from a four-fold coordinated zinc-blende structure to a six-fold coordinated rocksalt structure at high pressure occurs in many semi-conductors i.e., [29]. It was first predicted for the 3C-SiC system by [30] and first observed experimentally by [25] during room temperature compression of SiC in a static diamond-anvil cell (DAC). Since these early results, many computational studies have worked to better understand the transition conditions [31,32,33,34,35,36,37,38] and several experimental studies have further observed the transition using both laser-heated diamond-anvil cells (LHDAC) and shockwave experiments [20,21,24,27,28,39,40].



Calculations also predict the transition to the rocksalt structure from the 6H polytype as well [33,36,41]. Experimentally, this transition has been observed in shock studies at pressures of ~105 GPa [21]. Calculations find that the 2H and 4H polytypes also transform to the rocksalt structure at high pressures [33,42] although no experimental work has been done on the transition in these polytypes to date.



A hallmark feature in the transition to the rocksalt structure is the large unit cell volume drop, or density increase, across the transition. Both experimental and computational work indicates that the volume of SiC drops between 15% and 20% across the transition. Such a large density increase has implications for the role of SiC deep in planetary interiors as has been discussed by several studies [24,27,43]. A compilation of the transition parameters from computations and experiments is presented in Table 1, while a summary of the P-T transition conditions, with a focus on experimental work, can be found in Figure 3.


Figure 3. Experimental data from DAC (black), shock, (blue), and selected computational results (red) for the high-P-T transition conditions to the rocksalt (B1) structure. All data shown start with the cubic B3 polytype aside from the shock study [21], which starts with the 6H polytype. Bars extending from shock studies (blue triangle [20], blue square [21]) indicate the likely high sample temperature. Open symbols represent the low pressure B3 structure (open circle [24], open triangles [27]) while solid symbols indicate the appearance or stability of the B1 structure in (LH) DAC experiments (solid circles [24], solid triangles [27], solid thick diamond [25], solid thin diamonds [28]). Computations considering the hysteresis across the transition are plotted in red crosses [44], while the range of most transition temperatures found in computational studies is shown by the red bar. Long dashed line indicates Clapeyron slope proposed by [24] while short dashed line indicates Clapeyron slope proposed by [27].
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Table 1. Parameters for the transition from zinc-blende (B3) to rocksalt (B1) SiC, compiled from both experiments and computations. Vt/V0 represents the ratio of the volume of B3 SiC at the transition, to the zero pressure volume of B3. ΔV (%) shows the change in volume between B3 and B1 at the transition pressure.





	
Pressure (GPa)

	
Vt/V0

	
ΔV (%)

	
Method

	
Reference






	
Experiments




	
74

	
0.813

	
17.3

	
LHDAC

	
[27]




	
65–70

	

	

	
LHDAC

	
[28]




	
62.4

	
0.811

	
16.5

	
LHDAC

	
[24]




	
66.6

	
0.809

	
17.4

	
LHDAC




	
100

	
0.757

	
20.3

	
DAC

	
[25]




	
Computations




	
58

	
0.825

	
18.1

	
DFT (PBE)

	
[34]




	
67

	
0.811

	
18.2

	
DFT (PBEsol)




	
75.4

	
0.799

	
18

	
DFT (LDA)

	
[35]




	
63

	
0.80

	
18

	
DFT (GGA)

	
[36]




	
140

	
0.78

	
21

	
MD

	
[45]




	
66

	
0.819

	
17.9

	
DFT (LDA)

	
[33]




	
66

	
0.81

	
18.5

	
Ab initio pseudopotential

	
[30]




	
65.9

	
0.823

	
18.3

	
DFT (GGA)

	
[44]











2.2. Intermediate Structures


In addition to identifying the transition conditions, work has been done to understand the mechanism of the transition to the high-pressure structure, particularly to identify the intermediate structures that come about during the transition from the four-fold coordinated structure to the six-fold coordinated structure. Experimental work has not identified an intermediate structure across the transition. This is perhaps not surprising as the intermediate structures are likely very transient, with computations indicating that the transition to the rocksalt structure occurs in 0.1 ps [46]. Despite the large amount of work however, the transitional structure still remains controversial.



In early first-principle calculations it was proposed that SiC passes through a rhombohedral R3m transition state with one formula unit per primitive unit cell [33,47]. Molecular dynamics (MD) simulations using a new interatomic potential model in [45] found that the MD cell changes from cubic to monoclinic (rather than rhombohedral) during the transition at 100 GPa, and is accompanied by the Si and C sublattices shifting relative to each other along the [100] direction in the zinc-blende structure. The following year it was proposed that the intermediate state actually has orthorhombic Pmm2 symmetry with two formula units per cell [31]. These least-enthalpy calculations used a periodic linear-combination-of-atomic-orbitals scheme with a transition pressure of 92 GPa. It was found by [31] that this orthorhombic transition pathway has a much lower activation energy than the original R3m state. The Pmm2 symmetry of the orthorhombic pathway was questioned in an active comment thread by [48,49] and it was instead proposed that the transition structure has an Imm2 symmetry. The Imm2 structure was later confirmed by the original author [50], although the results of the study were not affected by favoring the higher symmetry Imm2 structure over the Pmm2 structure. It was also suggested that the orthorhombic structure is body-centered rather than primitive [48], in contrast with the original study [51].



The orthorhombic transition pathway was seen to have the least enthalpy barrier by [52] along with seven other structures with low enthalpy barriers that could represent the transition state. Their computations were performed with density functional theory (DFT) using both the local density and generalized gradient approximations (LDA, GGA) in addition to spin polarization [53]. They propose a bilayer sliding mechanism of the [111] planes such that the bonding evolves from tetrahedral to octahedral without breaking any of the bonds. Such a mechanism is consistent with each of the lowest enthalpy barrier structures in their study.



This orthorhombic transition pathway was found to be very close to a generalized monoclinic pathway by [36], which was found to be a unified path for any tetrahedrally bonded SiC polytype to transition to the rocksalt structure. In a later work, it was suggested that this pathway would also hold true for the transition to a rocksalt structure in other similarly structured semiconductors regardless of the chemical components [29]. This transition state was proposed to be a unified path for all semi-conductors going from the zinc-blende to the rocksalt structure at high-pressure.



More recently, several studies have found that the transition pathway follows a tetragonal and an orthorhombic [32] path at very high transition pressures of 600 GPa. After further consideration it was found that the transition path follows a tetragonal and then a monoclinic intermediate state by [38] at 101 GPa and that the transition pressure could change the favored transition pathway, particularly in studies with over-applied pressure [46].



The disparate findings from the previous studies can be explained as follows. The various computational techniques likely contribute to the conflicting results. As discussed in [46], they could also be partly due to the differing transition pressures at which the zinc-blende to rocksalt transition occurs between studies. It is possible that different transition pathways stabilize at different pressure conditions. As will be discussed in the next section, there appears to be a strong kinetic barrier across the transition, meaning that a single transition pressure is difficult to agree on both experimentally and computationally. It is possible that several transition pathways could occur in nature or in experiment depending on the conditions and how close to or far from equilibrium the system is.




2.3. Transition Kinetics


One emerging result of the work on the transition to the rocksalt structure is the variability in the observed transition conditions both in computational, but particularly in the experimental studies (as can be seen in Table 1, Figure 3). The transition to the rocksalt structure has been observed at a range of pressures and temperatures from as low as 62 GPa at ~1750 K to as high as 100 GPa at room temperature [24,25,27]. Such a steep Clapeyron slope is not expected for the transition however, as the volume change is large (~17–18%) but the entropy change is likely small across this solid-solid transition [24,54]. Calculations performed in [24] based on the method proposed in [54] indicate that the Clapeyron slope is very nearly flat at equilibrium transition conditions. The steep experimental phase boundary as well as the offsets between different experimental results can be explained if there is a large kinetic barrier across the transition. This is particularly evident when comparing static diamond-anvil cell work with shock wave data. Even though shock wave experiments generate heat, the time scale of the experiment is so short that the transition to rocksalt occurs at higher pressures than in heated diamond-anvil cell studies (e.g., [21]).



Recent computational work considers the hysteresis across the B3 to B1 (zinc-blende to rocksalt) transition, finding that the equilibrium transition pressure is at 65.9 GPa but that a large enthalpy barrier is present [44]. This work uses a martensitic approach with an intermediate Imm2 structure. The enthalpy barrier can be surmounted by over pressurizing SiC, as seen in room temperature static data [25] or by heating the sample as seen in laser-heated diamond-anvil cell studies [24,27]. This barrier also explains the hysteresis upon decompression in which rocksalt SiC has been seen to remain until ~35–40 GPa after which it transitions back to zinc-blende or B3 SiC [24,25,27]. The slow kinetics is perhaps not surprising as transitions in pure carbon are also quite slow, such as that of cold compressed graphite to M-carbon [55,56,57] or of metastable diamond to graphite. It does mean, however, that we must be aware of the experimental conditions at which high-pressure SiC is studied due to the difficulty in achieving equilibrium conditions.




2.4. Beyond Equimolar Compositions


At ambient pressure, 1:1 SiC is the only stable stoichiometry in the Si-C system with enrichments of Si or C remaining in their elemental form. Computations exploring the possibilities of other structures, such as Si2C or SiC2, find that these structures are all unstable relative to SiC, though may be formed metastably [58]. Other stoichiometries have also been explored computationally for monolayer 2D Si-C structures [59]. The Si-C system has been considered at pressure in both experimental and computational work. Laser-heated diamond-anvil cell experiments coupled with in situ synchrotron X-ray diffraction find that both Si- and C-rich compositions form SiC with the enrichment coming out in its elemental form up to pressures of 200 GPa and temperatures of 3500 K [28]. This indicates that alternative stoichiometries, such as Si2C or SiC2, are not stable at the experimental conditions considered [28]. It has been proposed however, that such stoichiometries become stable at much higher pressures than those accessible by current experiments [43]. It was found by [43] through a random structure search algorithm that SiC + Si forms I4/mcm structured Si2C at pressures over 13 Mbar and that SiC + C forms Cmmm structured SiC2 at pressures over 23 Mbar. Experimental confirmation of such findings is not easily achieved, though such high-pressure SiC may be applicable to the interior structure and composition of very large carbon-rich exoplanets [43].





3. High-Pressure Spectroscopy and Equations of State


3.1. High-Pressure Vibrational Spectroscopy


Raman spectroscopic measurements have improved our understanding of the lattice structure of SiC. At pressure, detailed Raman measurements have been performed on the 3C, 6H and 15R polytypes.



The first Raman measurements of SiC at pressure were performed nearly 50 years ago by [60], where the shift of the longitudinal optical (LO) and transverse optical (TO) phonon modes were measured on single crystal zinc-blende 3C-SiC. At ambient pressure, the LO mode was measured at 971 cm−1 and the TO mode was found at 795 cm−1. Both modes were seen to shift with pressures up to ~1 GPa, with the LO mode shifting linearly to higher wave numbers and the TO mode shifting non-linearly to higher wave numbers [60]. Similar measurements on 3C were subsequently explored in many experimental studies, covering a pressure range up to 80 GPa [22,61,62,63,64,65,66]. Several observations have come from these Raman measurements. One is that the splitting between the LO and TO modes increases with pressure. This implies that the transverse effective charge is also increasing, indicating that it is quite sensitive to the electronic structure [64]. The pressure dependence of the LO and TO bands in 3C-SiC based on DAC studies is summarized in Figure 4a. The agreement between studies at lower pressures is exceptional. The two studies reaching higher pressures find a slightly different pressure dependence for the phonons [22,66], though the increased LO-TO splitting is still robust. Second order phonons are reported in [63], although the modes were not all identified. The modes labeled in Figure 4a indicate their interpretation [63].


Figure 4. Summary of DAC studies on the first-order LO and TO phonon pressure dependence in SiC. (a) Summary of experimental Raman data of the first and second order phonons in 3C-SiC. The first-order LO and TO phonons are labeled and are consistent between studies. Crosses are from [60], thick black lines from [64], thin dot-dot-dash lines from [22], thick dashed lines from [62], and thin dashed lines from [66]. The second-order phonons as measured by [63] are plotted as dotted grey lines to 11 GPa, with zero pressure positions in order of increasing wavenumber listed: 764.8, 795.9, 881.3, 972.9, 1028.5, 1456.3, 1519.3, 1623.7, 1712.8 cm−1. The assignment of second-order phonon modes from [63] are labeled. All measured phonons for 3C-SiC shift to higher wavenumbers with increased pressure with a slight increase in the LO-TO splitting; (b) Summary of experimental Raman data on the phonons of 6H-SiC. Phonons in 6H that have been measured, with zero pressure positions in order of increasing wavenumber listed: 149.1, 241.3, 267.2, 506, 766.7, 773, 787.8, 796.3, 887.8, 969.3 cm−1. Thick black lines are from [69], thin black lines from [22], and dashed lines from [67]. IR measurements are plotted in solid black circles [70].
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Pressure dependence of the Raman phonons in 6H-SiC was measured by [67] up to ~10 GPa in a diamond-anvil cell. Five optical modes (LO, TO1, TO2, axial and planar modes) as well as four acoustic phonon modes were measured. While the optical modes and one acoustic mode all shifted linearly to higher wavenumbers with pressure, three of the measured acoustic modes showed no response to increased lattice compression. This is unexpected based on most tetrahedrally coordinated semi-conductors [68]. The mode-Grüneisen parameters were calculated for each mode with only one, the planar acoustic mode (x = 1), having a slightly negative γ, indicating a softening of that mode with pressure. This is again counter to findings of other similar semi-conductors [67]. Raman measurements of 6H-SiC were extended to 50 GPa [22] where fifteen fundamental bands were observed. It was again observed that the transverse acoustic (TA) modes were anomalously pressure-independent while the LO, TO and longitudinal acoustic (LA) modes have a strong positive pressure dependence. Raman measurements of 15R-SiC were also carried out to 35 GPa by [22] where eighteen bands were observed. The behavior of the LO, TO, LA, and TA modes are similar to the 6H polytypes. Work on 6H-SiC to even higher pressures of 95 GPa measured by [69] observes that the splitting between the LO and TO modes increases rapidly below 60 GPa but then flattens out at higher pressures. Based on their measurements, the transverse effective charge is seen to decrease at high pressures indicating an increasing covalent bonding. It is also seen that both the LO and TO mode show an anomalous decrease potentially due to the high-pressure phase transition. High-pressure IR measurements on 6H SiC were also carried out to 53 GPa where the LO and TO modes were measured and compared to the Raman data [70]. The shift in the LO and TO modes agree well with the Raman measurements and are shown as symbols on the plot in Figure 4b.



The pressure dependence of Raman linewidths in 3C-SiC have been explored in several studies. It was found by [63] that the linewidths of the first-order optical phonons increased dramatically at ~10 GPa. This increase was inferred to indicate a corresponding increase in the decay rates of the phonons with pressure. Raman linewidths was subsequently explored in several other works. It was observed experimentally that the linewidths remained constant with pressures up to 20 GPa [71] and up to ~15 GPa [65]. This result was consistent with ab initio computations [65] and it was proposed that the broadening observed in [63] was due to non-isotropic stress from the freezing of their alcohol pressure medium rather than from an increased phonon decay rate. Based on the results in [65], in which helium was used as a pressure medium for hydrostatic conditions, pressure appears to have little effect on the Raman linewidths of SiC, at least up to pressures of ~15–20 GPa.



High-pressure Raman measurements have not been carried out on the other polytypes of alpha SiC, although measurements at ambient conditions have been completed on 4H, and 21R in addition to 3C and 6H, and 15R structures and show a common set of strong phonon modes between polytypes [72,73].




3.2. High-Pressure Absorption


Absorption measurements of SiC particles, particularly in the infrared (IR) wavelengths, are essential for understanding the spectrum of carbon-stars where SiC is ubiquitous [74,75]. Detailed IR measurements at ambient pressure are necessary in order to interpret the stellar spectra of such stars. These IR absorption measurements indicate that there is an absorption feature in SiC at around 11.3 μm [76] which is also present in carbon stars [74,75]. At pressure, the absorption properties of SiC have been measured in reference to the use of moissanite anvils in high-pressure experiments [70]. Measurements on moissanite single crystals have been carried out up to 53 GPa, while absorption measurements have been performed up to 43 GPa on powdered SiC. It was observed that pressure did not significantly change the transmission properties of the moissanite anvils. Additionally, transmission through the anvils was up to an order of magnitude higher than through type II diamonds across a wavenumber range of 1900–2600 cm−1, aside from the absorption feature in moissanite at 2300 cm−1 [70]. This range corresponds to the strong second order phonon absorption in diamond, and suggests that moissanite anvils may provide a solution to measuring absorption spectra across these wavenumbers in materials at high pressure [70]. The concentration of impurities in SiC may change the absorption over this region, however [70] did not observe differences in absorption between different moissanite anvils, in contrast to diamonds which can vary drastically depending on type [77]. These observations open up applications of moissanite anvils for high-pressure absorption measurements on materials.



Absorption measurements on additional polytypes of pure SiC at pressure are limited. Measurements on doped n-type 3C-SiC up to 14 GPa in a diamond-anvil cell were performed by [78] in which the pressure dependence of the luminescence spectra was investigated. Four luminescence lines were measured, all of which moved to higher wavenumbers with pressure [78]. To our knowledge, no studies have been carried out to higher pressure on pure 3C-SiC nor have they been made on the other polytypes.



The pressure dependence on the band gap of SiC has also been considered in several studies. The first experimental work measured the movement of the absorption edge of 3C-SiC [78] and found that the band gap had a very small pressure derivative of −1.9 MeV/GPa. The experimental data was later reanalyzed and found to be more consistent with a value of −3.4 MeV/GPa, consistent with computations finding −3.3 MeV/GPa [79]. High-pressure and low-temperature experiments were conducted on nitrogen-doped 6H- and 4H-SiC where positive pressure dependence was observed. The pressure dependence of the indirect gap in these cases was found to be 2.0 MeV/GPa for N doped 6H-SiC at 29 K and pressures up to 5 GPa [80], and 2.7 MeV/GPa for N doped 4H-SiC at 7 K and pressures up to 5 GPa [81].




3.3. High-Pressure Elasticity and Equation of State


SiC is known to be a hard and strong material [82]. The elastic properties and equation of state of SiC have been explored comprehensively at pressure both experimentally and computationally. The equation of state (EOS) has been found experimentally through X-ray diffraction, ultrasonic measurements, or Brillouin scattering by [25,66,83,84,85] and computationally through several techniques by [86,87,88,89]. SiC has been found to have a large room-pressure bulk modulus K0 greater than 200 GPa with pressure derivative K0′ around 4. Table 2 compiles the experimental EOS data for each polytype of SiC that has been studied in the literature.


Table 2. Experimental equations of state for several polytypes of SiC.





	Polytype
	Max Pressure (GPa)
	EOS
	K0
	K0’
	Method
	Ref.





	3C
	45
	scale proposed by [90]
	227 ± 3
	4.1 ± 0.1
	Raman
	[61]



	3C
	25
	Murnaghan (M) EOS
	248 ± 9
	4.0 ± 0.3
	XRD
	[85]



	3C
	75
	primary scale
	218 ± 1
	3.75 ± 4
	XRD, Brillouin, Raman
	[66]



	3C
	8.1
	Birch–Murnaghan (BM EOS)
	237 ± 2
	4 (fixed)
	XRD
	[91]



	3C, 6H
	95
	BM EOS
	260.9 ± 9
	2.9 ± 0.3
	XRD
	[25]



	6H
	68.4
	BM EOS
	230.2 ± 4.0
	4 (fixed)
	XRD
	[84]



	6H
	13.6
	BM EOS
	216.5 ± 1.1
	4.19 ± 0.09
	Ultrasonic
	[83]



	6H
	27
	BM EOS
	218.4 ± 4.9
	4.19 (fixed)
	XRD
	[83]



	15R
	35
	scale proposed by [90]
	224 ± 3
	4.3 ± 0.3
	XRD, Raman
	[22,92]









In addition to the EOS parameters, work has been performed on the pressure dependence of the elastic constants of SiC. Brillouin and Raman spectroscopy on the 3C polytypes done by [66] finds that the C11 and C12 constants increase by over 50% across the pressure range of 0 to 65 GPa (399 GPa increase to 672 GPa and 133 GPa increase to 339 GPa respectively). The C44 constant also increases, although much less dramatically and seeming to follow a second-order polynomial fit (251 increase to 316 GPa over the same pressure range). The pressure dependence of several of the elastic constants of the 6H polytype were predicted by first principles DFT calculations using LDA potentials [87]. A similar pressure dependence trend holds for the C11 and C44 constants, although the predicted value of C11 is a little higher than that measured for 3C while the predicted values of C12 and C44 are a little lower.




3.4. Thermal Expansion and Equation of State


The combined effect of pressure and temperature on SiC has been the subject of several recent studies with a focus on the thermal expansion of both the 3C- and 6H-SiC polytypes. At ambient pressure the thermal expansion of SiC, particularly of 3C-SiC, has been extensively studied due to its importance in material applications. The thermal expansion has consistently been reported to be between 4 × 10−6 1/K and 6 × 10−6 1/K based on both X-ray diffraction and dilatometer measurements [93,94,95,96,97,98,99]. X-ray diffraction measurements taken over a temperature range of 300–1300 degrees K find that a second order polynomial better fits the thermal expansion giving a value of ~3.2 × 10−6 1/K at ~300 K and a larger value of 5.1 × 10−6 1/K at ~1300 K [100].



Determination of the thermal EOS of SiC and the thermal expansion at pressure has recently been carried out. Both DFT calculations and large volume press experiments coupled with in situ X-ray diffraction at conditions up to 8.1 GPa and 1100 K were performed by [91] to determine thermal EOS parameters. Fitting their diffraction data to a modified Birch–Murnaghan EOS gives a value of α = 5.77 × 10−6 + 1.36 × 10−8 T. Their DFT results give a similar thermal expansion, with a value of α = 5.91 × 10−6 + 1.08 × 10−8 T using LDA and α = 6.99 × 10−6 + 1.11 × 10−8 T using GGA. The values from each method seem to agree well, both with each other as well as with previous ambient pressure data. They find that the thermal expansion decreases with pressure and find the pressure derivative through two different methods. The modified Birch–Murnaghan EOS gives a pressure derivative of −6.53 × 10−7 GPa−1 K−1, while a thermal pressure approach gives a slightly lower value of −7.23 × 10−7 GPa−1 K−1.



Only one study to date has explored the thermal expansion of SiC at even higher pressures. A recent study [23] used the LHDAC coupled with in situ X-ray diffraction to measure the thermal expansion of both the 3C- and 6H-SiC polytypes [23]. Their measurements spanned a range of conditions up to 80 GPa and 1900 K for 3C-SiC, and up to 65 GPa and 1920 K for 6H-SiC. They determined pressure by a gold standard loaded in their sample chamber and considered three different gold EOS’s [101,102,103] when calculating the thermal expansion from their measurements. Several interesting findings are presented, including a higher thermal expansion for SiC than previous measurements, although this is likely due to the high temperatures of their study. The thermal expansion found in [23] is on the order of 1 × 10−5 1/K at 2500 K, nearly an order of magnitude higher than previous studies at room temperature. They also find that the thermal expansion changes very little with pressure. Based on the gold scale in [102] they find that the thermal expansion of SiC is nearly constant over the entire pressure range considered. The gold scale by [101] gives a decrease in the thermal expansion with pressure, though the change is still less than a factor of two. Further studies on the effect of pressure on the thermal expansion of SiC are needed to better understand these observations.





4. Melting Behavior and Decomposition


SiC is known to be a very refractory material with a high ambient pressure melting point [19]. Rather than melting congruently (i.e., solid SiC melting to liquid SiC), SiC has been observed to melt incongruently at ambient pressure with the Si fraction coming out as a liquid and the C fraction remaining as a solid [19]. The ambient pressure decomposition of SiC into solid C plus liquid Si begins at ~2840 K in experiments [19] but is predicted to occur at higher temperatures of 3100 K in computations [104,105]. Prior to recent diamond-anvil cell work up to ~80 GPa [18], explorations of high-pressure melting and decomposition have gone up to ~10 GPa while heating to temperatures as high as 3500 K [17,106,107,108,109,110]. Although confusion has arisen as to the nature of SiC melting at lower pressures, higher pressure studies indicate that 3C-SiC continues to decompose at high temperature, at least up to the transition to the rocksalt structure at ~60 GPa.



Many earlier studies have observed decomposition of SiC to Si + C at low pressure. SiC was seen to decompose up to 8 GPa based on quench texture and composition [110], although the temperature of the decomposition was not directly measured. Similar results were found in [17,106] in a high-pressure high-temperature cell at 3 GPa without a direct temperature measurement, though the power-temperature relation indicated that the sample was above 2800 K. Incongruent melting was also observed in [109] up to ~10 GPa. Decomposition was identified through a change in the resistivity of the sample as well as through Si and C diffraction signals upon quench. Temperature of decomposition was determined based on the inserted energy and it was found that SiC decomposed following a positive phase boundary. Based on the increase in the solubility of C in liquid Si with increasing pressure, however, [109] predicts that decomposition does not continue past about ~10 GPa, after which SiC melts congruently.



In contrast to these works, congruent melting was inferred by several studies over the same pressure-temperature conditions. Sokolov et al., 2012 [108] performed experiments in a high-temperature, high-pressure apparatus at 5 and 7.7 GPa, in which they identified melting of SiC by a change in the microstructure of recovered samples or by a jump in the electrical resistivity of the sample. They additionally performed X-ray diffraction measurements but did not see evidence of decomposition. Based on their experiments SiC melts congruently following a negative phase boundary. Congruent melting at pressure was also previously seen in [107].



Recent diamond-anvil cell work [18] finds that 3C-SiC continues to decompose at high pressures and high temperatures, following a phase boundary with a negative slope. The high-pressure decomposition temperatures measured are considerably lower than the decomposition temperature at ambient, with the measurements indicating that SiC begins to decompose at ~2000 K at 60 GPa as compared to ~2800 K at ambient pressure. Once 3C-SiC had transitioned to the high-pressure rocksalt structure, decomposition was no longer observed, despite heating to temperatures in excess of ~3200 K. Several methods were used to identify in situ decomposition in samples as temperature increased, including the appearance of diamond peaks in X-ray diffraction as well as changes in the optical character of the sample. Additionally, recovered samples were cross-sectioned and analyzed for composition, confirming the presence of SiC decomposition products. Raman measurements across decomposed regions indicated the presence of carbon, whereas measurements across un-decomposed regions did not. Kinetics appears to be a strong influence on the decomposition reaction as well, since complete decomposition was not observed on the timescale of the experiments (on the order of minutes) and the reaction was not observed to be reversible. Once the products of decomposition were observed, they remained in the sample both upon temperature/pressure quench and upon heating to temperatures below the observed decomposition onset boundary.



The temperature of decomposition and the nature of the decomposition phase boundary appear to be strongly influenced by the pressure-induced phase transitions to higher density structures in SiC, silicon and carbon, as is discussed further in [18]. However, additional work is necessary to understand the melting characteristics of the rocksalt structure at pressures above 60 GPa. Figure 5 summarizes the high P-T phase diagram of SiC to date including the data on melting and/or decomposition from each previous study. Above the transition to the B1 structure, it is still unclear whether or not SiC decomposes at high temperatures or melts congruently, as indicated by the arrow in the top right corner of the plot. As these measurements have not been performed, the temperatures required for melting may be much higher than those represented on the current phase diagram.


Figure 5. High-pressure and -temperature phase diagram of SiC melting and decomposition. Solid black symbols indicate studies finding incongruent melting (decomposition) (bowtie [19], circle [106], diamonds [109], upside down triangle [110], square [17], triangles (multi-wavelength imaging radiometry and X-ray diffraction) [18]) while open symbols indicate studies observing congruent melting to SiC liquid (open circles [108], diamond [107]). The solid grey square indicates P-T conditions where no melting of any kind was observed [18]. Red symbols indicate the experimentally observed conditions of the B3 to B1 transition in the LHDAC (red x’s [24], red asterisk [27], red plus signs [28]).
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5. Conclusions


High-pressure work on SiC has opened up many new questions as well as answering those discussed here. The issue of kinetics continues to reappear in high-pressure studies of SiC, whether it is on the transition between polytypes or in the melting behavior. Metastable states and the time scales needed to achieve equilibrium at high P-T conditions are topics that are not yet well understood but which may have important implications for industrial and naturally occurring SiC. More high-P-T studies above 10 GPa are certainly needed to confirm and expand upon thermal expansion and thermal equation of state measurements, as well as to explore decomposition/melting in other polytypes or in the B1 rocksalt structure.
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