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ABSTRACT

We measure the onset of decomposition of silicon carbide SiC to silicon and carbon (e.g.,
diamond) at high pressures and high temperatures in a laser-heated diamond-anvil cell. We
identify decomposition through x-ray diffraction and multi-wavelength imaging radiometry
coupled with electron microscopy analyses on quenched samples. We find that B3 SiC (also
known as 3C or zinc-blende SiC) decomposes at high pressures and high temperatures, following
a phase boundary with a negative slope. The high-pressure decomposition temperatures
measured are considerably lower than that at ambient, with our measurements indicating that SiC
begins to decompose at ~2000 K at 60 GPa as compared to ~2800 K at ambient pressure. Once
B3 SiC transitions to the high-pressure B1 (rocksalt) structure, we no longer observe
decomposition, despite heating to temperatures in excess of ~3200 K. 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. The decomposition of SiC at high-pressure and temperature has implications for the

stability of naturally forming moissanite on Earth and in carbon-rich exoplanets.

[. INTRODUCTION

Silicon carbide (SiC) attracts a wide interest owing to its semiconductor nature, high bulk
modulus and high melting temperature [1]. Naturally occurring SiC forms under very reducing
conditions and is rare on Earth, found in small quantities in numerous geologic settings [2]. SiC
is also abundant in the spectrum of carbon stars [3] and is found to be present in meteorites [4].
The discovery of extra-solar planets [5] and the possibility of carbon-rich solar systems largely
composed of SiC [6,7] has expanded the areas in which we expect to find naturally occurring
SiC, increasing the need for high-pressure and -temperature studies.

A large body of work has been performed to better understand aspects of the SiC phase
diagram at various pressure and temperature conditions [8-21]. The ambient pressure, high

temperature behavior of the Si-C system has been explored in detail [11]. Ambient temperature
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studies have explored a wide range of pressure conditions. Zhuravlev et al., 2013 [20] proposed
the use of SiC as a pressure standard in the diamond-anvil cell (DAC) based on elasticity studies
carried out up to 80 GPa. It was found that cubic B3 SiC transforms to the B1 structure at a
pressure of ~100 GPa when compressed in a DAC [19]. This transition was additionally
observed in shock studies [13,15] and was recently reported at lower pressures of ~60 GPa when
heated in a laser-heated DAC [10]. Additional studies of the high pressure and temperature (high
P-T) behavior of SiC include measurements of the thermal equation of state (EOS) up to
pressures of 8.1 GPa and temperatures of 1100 K [18] as well as the thermal expansion of SiC up
to pressures of 80 GPa and temperatures of 1900 K [21].

Upon investigating the simultaneous high P-T behavior of SiC [10], we also found that
SiC decomposes to its elemental constituents, silicon and carbon. This study focuses on the
decomposition at high pressures and simultaneous high temperatures. At ambient pressures, it
has been seen that SiC melts incongruently with the Si fraction coming out as a liquid and the C
fraction remaining as a solid [11]. The ambient pressure decomposition of SiC into solid C plus
liquid Si begins at ~ 2840 K in experiments [11] while it is predicted to occur at higher
temperatures of 3100 K in computations [22,23]. Previous explorations of high-pressure melting
and possible decomposition have gone up to ~ 10 GPa while heating to temperatures as high as
3500 K [8,9,12,14,16,17]. Confusion has arisen as to whether or not decomposition continues
upon increasing pressure as well as the nature of the slope (positive or negative) of the phase
boundary of the reaction. For instance, one study finds that SiC melts incongruently
(decomposition to C solid and Si liquid) along a positively sloped phase boundary [17]. Based
on the increase in the solubility of C in liquid Si with increasing pressure, they predict that
decomposition does not continue past about ~10 GPa, after which SiC melts congruently. In
nearly the same pressure and temperature range, another group [16] reports contradictory results,
finding that SiC does not decompose at pressure and that congruent melting follows a negative
phase boundary.

Using the laser-heated DAC in conjunction with a variety of in situ and ex situ quenched
analysis techniques, we explore the decomposition behavior of SiC at pressures up to ~80 GPa
and temperatures up to ~3200 K. Using x-ray diffraction (XRD), multi-wavelength imaging
radiometry [24], Raman spectroscopy, focused ion beam (FIB) cross-sections and electron

microscopy we investigate SiC decomposition at pressures between ~10 and 80 GPa. We find
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that B3 SiC decomposes at pressure following a negative phase boundary. However, we do not
observe decomposition in SiC after it transitions to the B1 structure even upon heating to a

maximum temperature of ~3200 K at 81 GPa.

II. METHODS

Our samples consist of a fine-grained powder of cubic B3 SiC from Alfa Aesar (B-SiC
product #14165, lot #121X047), confirmed by XRD. We often observed additional weak
reflections from the 101 and 103 hkl lines of 6H SiC in our starting diffraction patterns. Based
on the relative intensities, however, the abundance of the 6H SiC (a-SiC) phase is likely less than
3%. Scanning electron microscope (SEM) images confirmed that the starting grain size varied
between ~0.1 and 1 um. For laser heating experiments, the powder was compressed in an 80-
120 pum hole drilled in the center of a pre-indented Re gasket using the stepped anvil technique
[25]. Both 200 and 300 um culet diamonds were used. Several different materials were used as a
pressure medium and thermal insulation including, NaCl, KCI, KBr, Ar, Ne, SiO, and self-
insulation (no medium). Care was taken to dry out the samples by placing the completed
samples into an oven at ~350 K overnight. Samples heated evenly and steadily with all materials
except NaCl, where sample temperatures tended to run away, suggesting a change in the
absorption character of NaCl at high temperatures, although no obvious color change was
observed [26]. KCl, KBr, Ne and self-insulation were ultimately preferred to ensure steady
heating and minimize contamination or oxidation of the SiC sample.

Pressure was measured using the Raman shift of the diamond edge [27] or, when
available, the room temperature equation of state (EOS) of Ne [28] with corrections provided by
[20]. The Raman system used is a Horiba-Jobin Yvon HR-800 Raman Microscope equipped
with a 50mW green laser (532 nm) with an 1800 lines/mm grating (Table SI). After heating
sample pressures typically increased by 10 to 20% in the heated region, although the largest
pressure change observed was an increase by 50%. A couple of high-pressure samples dropped
in pressure after heating (Table I and II). Our laser heating experiments were done in two
locations: 1) at the HPCAT-IDB beamline at the Advanced Photon Source (APS) in which we
used XRD to probe crystal structure and phase changes in situ [29] and 2) at Yale University
where we used the multi-wavelength imaging radiometry temperature measurement system to

map temperatures and emissivities to explore temperature gradients and corresponding optical
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changes in SiC [24]. A combination of the findings from the two different kinds of experiments
and ex situ analysis methods were used to constrain the onset of SiC decomposition at high P-T.

No matter the heating location, pressure medium, or starting pressure of the sample, the
same procedure was followed in each heating experiment. Samples were heated systematically
in the center of the sample chamber by gradually increasing laser power, remaining for several
seconds to a minute at each power, and taking regularly-spaced temperature measurements to
track the sample’s response. For samples heated at HPCAT-IDB, diffraction patterns were also
taken throughout the heating. After each heating round, the sample was temperature quenched
and either a diffraction pattern (at HPCAT-IDB) or a white light image (at Yale University) was
taken to characterize changes in the quenched sample as a result of the previous heating. Each
sample was heated to a peak temperature between 1500 and 3200 K in this manner, aiming to
increase the temperature by ~100 K increments. We ramp heated several samples [30] in order
to account for diffusive effects brought about by the gradual temperature increase and long
heating duration. We saw the same optical features and changes in both the gradually heated
(over minutes) and ramp heated (over seconds) samples using the four-color temperature
mapping technique.

Temperature was determined by measuring and fitting the thermal emission from the
sample as described in [29] for those heated at HPCAT-IDB and in [24] for those heated at Yale.
Wavelength-dependent absorption in laser-heated DAC samples has recently been identified as a
potentially large source of error in spectroscopic temperature measurements [31]. In order to
correct for this effect in our samples, we measured the absorption spectra of SiC at the offline
VIS/IR lab at the National Synchrotron Light Source II (NSLS II) at Brookhaven National Lab
(BNL). Absorption measurements over visible wavelengths were taken for both heated and
unheated SiC at three different pressures (13, 35 and 52 GPa) in order to account for possible
pressure effects in the absorption. Based on these measurements and the forward modeling
outlined in [31], we find that our measured temperatures differ by only ~50 K from their
predicted actual sample temperatures (Figure S2). Since the wavelength range used to calculate
the temperature at the HPCAT-IDB heating system is a subset of the wavelength range used at
Yale (~600-800 nm versus 580-905 nm), our temperature correction model can be applied to
measurements taken at both locations. As our temperature error bars typically stretch to £8% of

the measured temperature [24], we do not additionally correct the measured temperatures for
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absorption effects. Details of the absorption measurements and of the temperature correction
forward modeling can also be found in the Supplemental Material.

Temperature quenched samples were further investigated by Raman spectroscopy at
ambient and high pressures. Additionally, quenched samples were cross-sectioned using the FIB
and analyzed by SEM for texture, energy dispersive spectroscopy (EDS) for qualitative
composition, electron backscatter diffraction (EBSD) for crystal structure and electron probe
microanalysis (EPMA) and wavelength dispersive spectroscopy (WDS) to determine quantitative
composition. Further details of the analysis equipment can be found in Table SI of the

Supplemental Material.

II. RESULTS
The two kinds of experiments allowed us to probe different in-situ properties during
heating. Measurements done at the synchrotron determined structural changes through the use of
XRD, while the measurements performed on the multi-wavelength imaging radiometry system
determined optical changes and apparent temperature gradients across the hot sample through
two dimensional temperature mapping. We first present the structural results from diffraction,

and then present the optical results.

A. X-ray Diffraction

While heating SiC, we observe the emergence of new diffraction peaks corresponding to
cubic diamond (Fig. 1a). The temperature and pressure of the diamond appearance, as well as
the d-spacing of the diamond peaks from quenched patterns as compared to the calculated d-
spacing, are listed in Table I. We take the formation of diamond in our SiC samples to indicate
the onset of decomposition. Once formed, the diamond reflections remain even while heating to
temperatures below the initial decomposition temperature. The diamond peaks also remain upon
quench and decompression, indicating that the decomposition is irreversible on the timescales of
our experiments. Due to our inability to reverse the experiments we are limited to only
measuring the first onset of decomposition. Temperature gradients across the sample prevent us

from determining the extent of decomposition as well. Due to the amount of cold material
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through which the x-rays pass, the B3 SiC reflections never disappear and remain in samples
even after decomposition has begun (see Supplemental Material).

We do not see the appearance of Si diffraction in any of our heating runs. There are
several possibilities as to why this may be the case. At the high temperatures of SiC
decomposition, Si is likely a liquid. The melting temperature of Si was experimentally measured
to be low, around 1000 K, while at pressures up to ~15 GPa [32-34]. If the Si melting point
remains low at increased pressures then we would not expect to see Si diffraction at high
temperatures. Upon quenching the laser at high-pressure, Si may cool to an amorphous state
[35], and therefore diffraction would not be observed. Impurities also play an important role in
the structure of Si upon pressure unloading. It has been observed that Si quenches to an
amorphous structure when unloaded in the presence of impurities [36]. If C is acting as the
impurity in our system, it may prevent Si from crystallizing under pressure. This would result in
Si being absent from both temperature-quenched and pressure-quenched XRD patterns.

The findings from the XRD measurements are supported by FIB-ed cross-sections of
heated samples. Samples were cross-sectioned by first removing the excess gasket material with
electrical discharge machining (EDM) and then FIB-ed using a FEI Helios Nanolab dual-beam
system with Gallium ions (Ga") to etch away the unheated sample and reach the heated region
[30]. We do not observe any adverse effects on the sample cross-section from the FIB process,
as we polish the cross section with a very low ion current before doing any SEM or
compositional analysis. We also check for any lingering Ga contamination in the sample and
consistently find that the polished region of interest is free of Ga. Ga can collect in voids or
cracks along the sample surface but remains localized and visible [37]. Once the hot spot was
exposed and polished, we imaged the area with electron microscopy (XL-30 environmental
SEM) and determined composition using EDS or WDS and EBSD analysis techniques. Figure 2
displays the map view of 4CLR 003, a sample heated at 39 GPa, as well as the back scattering
electron (BSE) image of the cross section and the C and Si abundance WDS maps collected by
EPMA. The dark grains in the BSE image correspond to regions of C enrichment and Si
depletion, while the center of the heated area is slightly depleted in C and enriched in Si. We do
not see any large, isolated grains of Si, consistent with Si forming small amorphous grains that

remain invisible to x-rays. As we heat in one location throughout the experiment with a laser



186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

spot size of ~20-30 um, we only expect to see evidence of decomposition across a similarly sized
region.

EBSD measurements were completed on a large carbon grain of ~ 4 pum found in cross
section, confirming that the structure of the grain is cubic diamond (see Supplemental Material,
Figure S5). We see considerable grain growth across the heated portion of this sample, and find
that decomposition features are present across ~40 pm of the sample. Small diamond grains are
found both on the interior and exterior of the SiC grains that began decomposition. The presence
of Si, C and SiC grains after decomposition may contribute to the pressure increase observed

after heating.

B. Multi-wavelength Imaging Radiometry

Using the multi-wavelength imaging radiometric temperature mapping system at Yale
University we investigate the optical changes that SiC undergoes at high P-T [24]. The most
dramatic change that we observe is a change in the sample’s absorbance with increasing
temperature. This absorbance change can be seen clearly in both the emissivity (light intensity
from thermal emission) and the temperature measurements from our system. Changes in sample
emissivity have been used previously as a diagnostic for phase changes [38,39] as emissivity is a
material property.

Our starting powder is semi-opaque when loaded and remains so after compression, even
at the highest pressures attained in these experiments. Transmitted light measurements on our
laser heating system record only a very dim passage of white light through the starting material.
After heating to low temperatures (~1000 K) the SiC begins to lose its opacity and becomes
more transparent to white light. The transmitted light images collected by CCD show a
transparent disk covering the area of the sample that has been heated. At higher temperatures
samples develop dark, absorbing spots in the heating location. These appear as absorbing
features in the middle of the transparent disk (Fig. 1b, Fig. 3e).

We can see evidence of these absorbing features in the temperature and emissivity maps
collected during heating (Fig. 3). At low temperatures, below decomposition of SiC, the
temperature and emissivity maps show similar symmetric profiles: highest values at the center

with decreasing values radially outward. Samples heated to high enough temperatures to become
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absorbing continue to show symmetric emissivity maps, however temperature maps no longer
record highest apparent temperatures at their centers, suggesting wavelength-dependency of the
absorption (Fig. 3f-g). The apparent temperature maps instead indicate that the center is cooler
than the edges and have a reverse profile with increasing temperature around the edge of the
heating area. We report the temperature surrounding the apparent cooler region. In order to
explain the apparent temperature decrease, we forward model the temperatures [31] using the
measured absorption profiles and estimates of the cross-sectional layer thicknesses. This
mismatch between the temperature and emissivity maps is due to the highly absorbing and
wavelength-dependent characteristics of the heated area. The dark feature blocks out a portion
of the thermal emission in a wavelength-dependent fashion, meaning that even though the center
of the laser spot gives the most counts, it does not fit a blackbody corresponding to the highest
temperature. The difference appears to be small, however, with temperature aliasing typically
less than 100 K across the heated area (~20 um). See the Supplemental Material for a detailed
discussion of the temperature correction forward model.

Table II lists the pressure and temperature conditions at which samples first displayed
characteristics of the highly absorbing feature. The feature was identified by the mismatch
between the emissivity and temperature maps and confirmed by post-heat white light images
when available (Fig. 3). Our interpretation of these features is further informed by the
appearance of carbide-derived carbon (CDC) signals in the Raman spectra [40] (Fig. 4, see
Supplementary Material) as well as the features observed in FIB-ed cross-sections. The initial
shift to optical transparency may be due to the annealing of dislocations and reorganization of
grain boundaries, as the transparency of SiC has previously been correlated with grain
orientation and internal microstructure [41]. We do not consistently see structural changes in
SiC at low temperatures in the XRD, and the lower temperature regions of cross sections are
featureless aside from considerable grain growth as compared to the starting material.

The sudden increase in absorption appears to be related to decomposition based on the
strong correlation between the P-T conditions at which we see diamond XRD peaks emerge and
the conditions at which the strongly absorbing features appear. We use the change in the
temperature maps as evidence for the absorbing feature and, therefore, SiC decomposition.
Similar to the diamond XRD peaks, once the heated SiC forms an opaque region at high

temperature it does not revert back to more transparent at lower temperatures or upon
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decompression. As both the phases of carbon (graphite and diamond depending on pressure
[42]) and the phases of silicon (I, II, V depending on pressure [43,44]) have very different optical
properties from one another and from SiC, it is not surprising that the break down of SiC to C
and Si will result in visible changes across the heated area. It is possible that the absorbing

feature is due to the presence of elemental Si forming upon decomposition.

IV. DISCUSSION

We make several unexpected observations in our decomposition measurements. The first
observation is that the onset of decomposition at 10 GPa occurs at ~2300 + 200 K. The closest
study finding decomposition of SiC in previous work is at 3400 K at 9 GPa [17]. If both the
previous data point and our data point are reliable, then this requires a steep drop in the
decomposition temperature of over 1000 K across a pressure range of only one GPa. At
pressures above 10 GPa we do see a drop in the decomposition temperature with increasing
pressure but following a much shallower transition boundary. In the previous study, the
temperatures reported are calculated by correcting the amount of inserted energy for heat loss
and then converting to temperature using the temperature dependence of the enthalpy of SiC
from the National Institute of Standards and Technology Joint Army Navy and Air Force (NIST-
JANAF) thermochemical tables [45]. It is also possible that their measurements may not be for
the onset of decomposition, but rather well in to decomposition [17].

We find a second unexpected aspect of SiC decomposition at higher pressure. At §1
GPa, SiC did not heat smoothly as observed at lower pressures. The sample instead showed only
a slight glow when heating, indicating that temperatures were low, however, the sample quickly
became more absorbing and the temperatures rapidly rose, but did not runaway. We see no
evidence of decomposition in the Raman spectra across the hottest region of that sample, which
was heated to over 3200 K (Fig. 4). However, in the surrounding SiC that was annealed to very
low temperatures (~1200 K) without any sudden coupling we see the D and G band signatures of
CDC in the Raman spectra taken after decompression (Fig. 4).

We explain these two unexpected features by considering the phase changes of SiC, Si
and C at high pressures. If we consider the phase diagrams and room temperature equations of

state for all three materials, we see that our unexpected observations fall at pressure conditions
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near where a phase change has been observed in at least one of the three components in the
system. In Figure 5 we plot the compression curves for SiC, Si and C, as well as the
corresponding volume changes across the SiC — Si + C decomposition reaction. Positive values
of AV mean that Si + C has a larger volume per (Si, C) atom pair than SiC, while negative
values of AV mean that SiC has the larger volume. At low pressures, when Si and C are both in
their lowest pressure structures, the volume change across the decomposition reaction is large
and positive. This is consistent with low pressure measurements finding a high decomposition
temperature and positive Clapeyron slope [17]. At slightly higher pressures, however, both C
and Si transition to higher density structures, with the largest compaction occurring in the Si
structure going from the diamond (Si-I) to B-Sn (Si-II) structure (~12 GPa at room temperature)
[44]. Because of this sudden increase in Si density, the volume change across the decomposition
of SiC drops to negative values. While SiC remains in its low-pressure B3 structure but Si
transitions to several high-pressure, higher-density structures, the volume change across the
decomposition reaction remains negative and increases in magnitude. The abrupt change in AV
at the transition from Si-I to Si-II may explain why we see such a large drop in decomposition
temperature at pressures of ~10 GPa as compared to ambient and lower pressure measurements.
The negative AV at higher pressures is consistent with the negative slope of the phase boundary
that we observe for the reaction up to ~62 GPa.

Above 60 GPa, SiC transitions from the B3 to the B1 structure at equilibrium. This
transition is known to be sluggish [10], however, and is not observed until ~100 GPa at room
temperature [19]. Recent work finds that the addition of temperatures near 1700 K lowers the
transition pressure closer to that expected from computations [10]. The B3 to B1 transition is
accompanied by a nearly 20% decrease in volume, which is enough to switch the sign of AV
across the decomposition reaction back to positive values. Our measurements at 81 GPa can be
explained if they are straddling the B3 to B1 transition in SiC. At these pressures and
temperatures the hottest region of the sample is likely in the B1 structure [10]. We see an
additional peak at ~1470 cm™ in the Raman spectra of the hottest region that is not found in the
surrounding annealed SiC or upon quench (Fig. 4). In the B1 structure it appears to take very
high temperatures to achieve decomposition, at least over 3200 K at ~80 GPa if decomposition
occurs at all. B1 SiC may decompose at higher temperatures than those explored here, perhaps

following a positive Clapeyron slope as indicated by the volume change across the
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decomposition reaction. Based on the differences in volume, at pressures greater than ~170 GPa,
decomposition may require lower temperatures and follow a negative phase boundary once again
(Fig. 5). The surrounding portion of the sample that was annealed at low temperatures (<~1200
K) did not reach a high enough temperature to transition to the B1 structure but did reach high
enough temperatures to decompose the metastable B3 SiC. Decomposition in metastable B3 SiC
would still have a large negative AV across the transition and so, based on our data at lower
pressures, would decompose at a low annealing temperature.

We present a phase diagram for the decomposition of SiC at high pressures and
temperatures based on our experimental work as well as that reported by previous studies (Fig. 6)
[11,16,17]. The shape of the decomposition boundary appears to be strongly influenced by the
structural transitions in the Si, C and SiC components. As we did not measure decomposition in
the B1 structure, we do not include a decomposition boundary for B1 SiC, although it may
decompose at higher temperatures than those explored here. At the temperatures of
decomposition Si is likely a liquid [32-34], and thus the decomposition of B3 SiC is an example
of incongruent melting. It is possible that B1 SiC is stable to high enough temperatures to melt
congruently and so does not undergo decomposition. We note that below 60 GPa, high
temperature B3 SiC does not favor a transition to B1 SiC over decomposition due to a Clapeyron
slope near zero for the B3 to B1 transition at equilibrium conditions [10].

In this way we are able to join our high-pressure results with those conducted at lower
pressures [16,17], resolving some of the confusion and inconsistencies with the previous studies.
We are still unsure, however, why [16] observed melting of SiC but not decomposition at
pressures of 5 and 7.5 GPa. It is possible that the SiC in their experiments was still below the
decomposition temperature since we expect the Clapeyron slope to be positive in this pressure
regime, although we would not expect to see any melting if this is the case. What is interesting
about this region is that it is above the transition pressure of C graphite to C diamond but below
the transition of Si I to Si II. It is possible that the decomposition reaction behaves differently in
this window where diamond is stable but the AV across the transition is still positive. As an
alternative explanation for the lack of observations of diamond formation in [16], we suggest that
the small grain size may have made diamond difficult to detect in quenched diffraction analyses.
We find that our diamond grains are very small, on the order of several pm at most, and quite

localized. Moving even 5 pm away from the heating location causes the diamond diffraction to
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disappear in most of our experiments. It would be difficult to locate a diamond grain in a post-
heated sample that had been formed away from a synchrotron x-ray diffraction beam line,
making it challenging to determine with certainty that a sample did not decompose.

Kinetic effects may also contribute to differences between the previous and current
studies. The B3 to B1 transition in SiC is kinetically hindered [10] as is transitions in other
carbon materials (e.g., [46,47]). We find here that decomposition of SiC is also kinetically slow,
meaning that grain size may play a role in the extent of decomposition observed. Our starting
grain size ranges from 0.1 to 1 pm, while [16] used single crystals ranging from 150 um to 3 mm
in size. The slow kinetics of decomposition may have prevented [16] from easily observing the
transition in the large single crystals.

Another potential source of offset between the transition conditions observed in our study
from the previous studies is the methods used for temperature measurement. We directly
measure temperature using the thermal emission of the sample, while the previous studies
indirectly calculated temperature from the amount of inserted energy by the power source [17] or
through known standard calibrations [16,48]. This difference may account for some of the
discrepancy between the lower pressure decomposition temperatures in the previous studies and
the higher-pressure decomposition temperatures measured here. However, the data as it
currently stands can still be explained by the change in the sign of the AV across the
decomposition boundary from positive to negative at ~12 GPa, as is shown in Figure 5.

The decomposition of SiC at pressure has implications for several fields. Natural SiC
(moissanite after its discovery in the Canyon Diablo meteorite by Henri Moissan [49]) is rare on
Earth, but nevertheless has been found in small quantities in numerous geologic settings [2,50].
A common assumption is that SiC is stable at all pressure and temperature conditions found
within the Earth’s lower mantle if the local chemistry favors SiC formation [51,52]. Our
findings, however, indicate that SiC has a layer of instability within the Earth’s mantle stretching
from ~50 GPa to 60 GPa along a typical Earth geotherm [53] or from ~40 GPa to 60 GPa along a
warmer geotherm [54]. This corresponds to a layer stretching from between ~1250 to ~1500 km
deep along the typical geotherm or from ~1000 to 1500 km deep along the warmer geotherm
where any existing SiC would decompose to Si + C. Our work indicates that the SiC forming on
Earth must originate from shallower depths, as it would not be preserved on a journey up through

this layer from the deep mantle. An exception is within subducting slabs, where the temperature
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conditions would remain low enough to keep B3 SiC stable at pressures below the B3 to Bl
transition [55]. Interestingly, many natural SiC grains contain Si inclusions [56]. We offer a
possible additional interpretation of such Si inclusions as being relics from previous SiC
decomposition.

Beyond the Earth, the decomposition of SiC is also important to consider for exoplanet
interiors, particularly in carbon-rich solar systems. Planets with interior temperatures of over
2000 K at pressures less than 60 GPa will decompose to B3 SiC. If SiC makes up a significant
fraction of a planet then the presence of C and Si rather than SiC may impact the dynamics and
interior structure of such a planet.

Decomposition at high temperature is a phenomenon found in many semiconductors
besides SiC although pressure effects on their decomposition are not yet well understood (i.e.,
[57-60]). If we consider the AV of decomposition for other semiconductors we find that those
containing elements heavier than carbon (such as nitrogen) are much less likely to enter a regime
where the volume change across the decomposition reaction is negative, due to the larger volume
of the components [61]. This may mean that the Clapeyron slope for decomposition remains
positive for nitrogen-bearing semiconductors unlike the negative slope that we observe for SiC.
Further investigation is necessary at high P-T conditions however, to further our understanding

of decomposition in semiconductors.

V. CONCLUSIONS

Through a combination of in situ and ex situ measurements, we determine the
temperature of the onset of decomposition in SiC at high pressures. We find that low pressure
B3 SiC decomposes at temperatures ~ 500 K lower compared to ambient, possibly due to the
transition of Si I to the high-density Si-II structure. We find that B1 SiC does not decompose at
the temperatures considered (up to ~3200 K at 81 GPa). We present the first phase diagram for
SiC decomposition at high P-T and reconcile the conflicting findings of previous studies. From
our measurements we infer that the shape of the phase boundary is heavily influenced by the
numerous phases of carbon and silicon and their respective phase diagrams and equations of
state, in addition to the high-pressure phase transition from the B3 to the B1 structure in SiC.

We find that if SiC decomposition continues to occur beyond the B3->B1 phase transition, it will
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require temperatures in excess of 3200 K at ~80 GPa; but at pressures greater than ~170 GPa,

decomposition may occur at lower temperatures again following a negative phase boundary.
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532 Figure Captions
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534  FIG. 1 a) Diffraction patterns of temperature quenched samples from before, during double-
535  sided laser heating and after heating B3 SiC at ~20 GPa (XRD 002). The hkl reflections of B3
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SiC and Ne are labeled, as well as those from C diamond that appears after heating to high
temperatures. In this case diamond appeared at upstream (downstream) temperatures of 2160 K
(2333 K), but the temperature was increased to over 2400 K before taking a temperature-
quenched pattern. Reflections from the Re gasket are labeled with an asterisk “*”, reflections
from 6H-SiC are labeled with a star “[1”, and an unidentified peak appearing at high temperature
is labeled with the marker “o0”. b) Optical images of the same sample taken after heating. The
top image is of the sample under pressures at ~22 GPa while the bottom image is after
decompression. There are three different regions of the sample: 1) grey, unheated material on
the outer edge of the sample chamber, 2) translucent material surrounding the hottest region and
3) a black, opaque center where the laser was focused and temperatures, presumably, the hottest.
We do not observe evidence for diamond anvil damage upon unloading the sample.

FIG. 2 a) Photomicrograph of 4CLR 003, heated at 39 GPa, displaying characteristic optical
changes across the heated location using both transmitted and reflected light. b) BSE image of
the corresponding FIB-ed cross-section across the hot spot. Compositional map of sample cross
sections measured by EPMA EDS of ¢) C and d) Si. Brighter areas denote higher relative
abundance, while darker areas denote lower relative abundance. We observe concentrated C-rich
and Si-poor grains as well as a larger central region with slight Si enrichments.

FIG. 3 Progression of the absorption changes observed in a 42 GPa sample laser heated with
temperatures measured by multi-wavelength imaging radiometry [24]. The top row of images is
of the sample in the 640 nm wavelength captured by the CCD camera during the heating
experiment. The bottom row contains the corresponding emissivity and temperature maps found
by fitting three additional wavelength images (580, 766, 905 nm). Top row from left to right: a)
transmitted white light through the sample after initial annealing at low temperatures; b) in situ
thermal emission from mid-way through heating (52 W of laser power); ¢) white light image
after 52 W heating. Note enhanced transparency as compared to surrounding areas; d) in situ
thermal emission of final heating at 68 W; e) white light after final 68 W heating. Bottom row
from left to right: ) in situ emissivity and temperature map from the 52W heating; g) in situ
emissivity and temperature map from the 68W heating. Notice that the sample becomes
significantly more transparent over the heated region (green outline) and that a darker region
becomes apparent in the white light image after the final heating. The emissivity and
temperature maps match up well during the early heating but become uncorrelated later in the
heating run. Green outlines correspond to the region of the image where temperature and
emissivity are mapped.

FIG. 4 Raman spectra from 4CLR 006 after heating at 81 GPa using the four-color temperature
mapping system. The top two patterns are of the compressed sample while the bottom two
patterns are of the same sample after unloading from the diamond cell. We see a small
additional peak at ~1470 cm™ in the center of the heated area while at pressure that is absent
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from the surrounding region as well as from the unloaded pattern. After unloading we see no
evidence of decomposition throughout the hottest region but do see the characteristic D and G
band signals of CDC in the surrounding, annealed area. The lack of decomposition in the hot
spot is supported by in situ measurements, as throughout the entire heating and up to the highest
temperatures of ~3200 K, the temperature and emissivity maps continue to display symmetric
behavior across the hot spot.

FIG. 5 The room-temperature equations of state for SiC [20,62], Si [43] and C [42,63] including
high-pressure phase transitions (solid curves) as well as the curve for AV = [(Vs; + V) —

Vs;ic] across the SiC to Si + C decomposition reaction (dashed curve). The AV for
decomposition is large and positive at low pressures (<~12 GPa) but decreases to negative values
upon the transition of Si I to SiIl. The AV remains negative until B3 SiC transitions to the
higher density B1 structure. At equilibrium, this reaction occurs at ~58 GPa (i.e, [62]) but is
kinetically hindered experimentally and is not seen before 100 GPa at room temperature [19].
The shaded region of the SiC and AV curve represents the region across which the SiC volume,
and therefore the AV at decomposition, is dependent on the experimental conditions.

FIG. 6 Phase diagram for the high-pressure decomposition of SiC. Conditions at which the first
sign of diamond diffraction appears are represented by solid circles, conditions at which
absorption changes are observed by multi-wavelength imaging radiometry are represented by
solid triangles and the conditions at which B1 SiC shows no evidence of decomposition is
represented by an open square. Temperature error bars are as described in Table I and Table II.
Pressure error bars for the diffraction data are from errors in the Ne volume and are smaller than
the symbols [20,28]. Pressure error bars for the four-color measurements are from the spread in
pressure across the sample chamber before and after heating as determined by the Raman edge of
diamond [27]. Previous data observing decomposition is represented by solid diamonds [11] and
by asterisks for the previously reported extrapolated phase boundary [17]. Previous data that did
not observe decomposition is represented by plus signs [16]. We show the regions of phase
stability through colored shading with blue corresponding to B3 SiC, green to Si+C, pink to Bl
SiC and the mixed purple region representing the area where the B3 to B1 transition is
kinetically hindered. Temperature profiles for Earth’s mantle [53,54] as well as for a subducting
slab [55] are plotted. Both mantle geotherms cross the decomposition boundary for SiC,
indicating that moissanite has a region of instability within the mantle.
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720

721  Table I. Upstream (downstream) temperatures listed for first evidence of diamond formation as
722  revealed by XRD. Uncertainties in temperatures are reported as the difference between the up

723  and downstream sides or as the difference in temperature between the last pattern without

724  diamond diffraction and the first pattern with diamond diffraction. The reported uncertainty is

725  the larger of the two (FIG. 6). *Pressure determined by Ne [20,28].

P t
Pre-heat ressure a Temperature at Calculated

Sample diamond . Diamond Diamond position o a
Name Pressure formation™ diamond hkl (d-spacing (A)) position * (d-
(GPa) (GPa) formation (K) spacing (A))

XRD 001 9.7 10.1 2327 111 2.053 (high-T)" 2.044

111 2.024 2.028

XRD_002 17.5 20.7 2160 (2223) 220 1242 1242

XRD 003 30.0 324 2074 (2260) 111 2.011 2.012

XRD 004 54.1 51.5 1926 (1964) 111 1.993 1.987

726  * Reference [63]

727  ° At pressures of ~10 GPa the Ne 111 reflection overlaps closely with the C diamond 111

728  reflection. Because of this we use the C diamond 111 reflection collected at high-T, after Ne has
729  melted.

730

731

732  Table II. Samples heated on one side and measured by multi-wavelength imaging radiometry.
733  Uncertainties in the temperature are no more than 8%, unless listed [24]. *Pressure determined
734 by the Raman shift of the diamond anvil [27].

Pre-heat Post-heat Insulation Temperature of
Sample Name Pressure*  Pressure® Media dark absorbing
(GPa) (GPa) feature (K)
4CLR_001 16 24 _ Self- 2060
— insulation
4CLR 002 31 33 KCl 2180
4CLR 003 39 39 Ne 2220
4CLR 004 0 48 _ Self- 2100
— insulation
4CLR_005 63 61 _ Self- 2000
— insulation
3200 (no C)
4CLR_006 81 733200 K) KBr 1200 (+300) (C
79 (1200 K)
observed)

735



