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ABSTRACT: Si,C is predicted to take on a diamond type structure (space group: I42d), at P = 1 atm, consistent with the experi-
mental results on a cubic Siy;5Cg,s alloy. This structure is computed to be a semiconductor with a direct band gap of about 1.3 eV,
within the desired values. Under pressure, Si;C may transform to metastable metallic R3m-2 and R3m-3 structures at about 25 and
250 GPa, respectively. Both are layered structures with six-coordinate Si and unusual six-coordinate carbon atoms. The R3m-1 and
R3m-2 structures are both estimated to be superconductors with T. of a few Kelvin. This is the first time that superconductivity in

undoped silicon carbides is calculated.

B INTRODUCTION

As the second most abundant element in the Earth’s crust, rela-
tively low cost, and an intrinsic semiconductor that can be both
n and p doped, silicon has been widely used in the electronic
industry. The well-known diamond type Si(d-Si) structure is a
semiconductor with an indirect gap of 1.2 eV and a much larger
direct gap of 3.4 eV." As a consequence of the indirect gap
nature of d-Si, Si solar cell absorber layers need to be relatively
thick to absorb low energy photons. Much theoretical and
experimental work™” has been directed toward the design and
synthesis of direct band gap silicon allotropes, at 1 atm and under
high pressure, preferably with a band gap value around optimal
(1.1-1.4 V) for effective solar light conversion.* Some of the
silicon allotropes designed or made so far do approach a direct
band gap.’

For carbon, graphite and diamond are, respectively, a semimetal
and an insulator with a large indirect band gap of 5.48 eV. If we
mix silicon and carbon, there is a possibility that we might get
some compounds with the desirable direct band gap within
1.1-1.4 eV. As the only thermodynamically stable composition
in the silicon/carbon system, SiC (in its many polytypes) is
indeed a semiconductor, but with the still large and indirect

band gap of 2.4 eV.
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In the Si/C phase diagram, only SiC is stable at P = 1 atm.’
There are some reasons to explore Si:C compositions other
than 1:1, even if they may only be metastable. One is close to
organic chemistry here, where the size of barriers to rearrange-
ment and decomposition is large, and so substances that are
metastable may be nevertheless persistent. In addition to SiC,
several alloys or solid solutions, such as Sig-5Cq,s,” SigoCao and
Sig04Cae ' have been synthesized. The similar Sig,sGegas, ">
SigyGey, ' SigsGeys© alloys or solid solutions are also known.
Among them, a Siy-5C,,s alloy was observed in the products
resulting from thermal reduction of molybdenum disilicide
heating rods and was proposed to have a cubic structure with
Si and C atoms residing on sites of the diamond crystal
structure.” There is still no detailed study of this Si;C form.
In a previous contribution we investigated this composition
at P = 1 atm and found several metastable structures.'” In this
paper we return to the Si;C composition, in the context of a
search for a semiconductor with direct band gap of around
1.4 eV and, at elevated pressure, the potential for supercon-

ductivity.
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B COMPUTATIONAL METHODS

We employ the well-developed CALYPSO structure prediction method,
which is designed to search for the stable structures of given com-
pounds.®™** The underlying energetic calculations are performed
with the plane-wave pseudopotential method as implemented in the
VASP code”® The Perdew—Burke—Ernzerhof generalized gradient
approximation™” is chosen for the exchange-correlation functional. The
electron—ion interaction is described by projector-augmented-wave
potentials with the 3s?3p> and 2s*2p> configurations treated as valence
electrons for Si and C, respectively. A kinetic cutoff energy of 600 eV
and corresponding Monkhorst—Pack (MP) k-point meshes for dif-
ferent structures are then adopted to ensure that the enthalpy converges
to better than 1 meV/atom. The Crystal Orbital Hamiltonian
Population (COHP)*>*® formalism was used for bond analysis, as
implemented in the LOBSTER package.”’

The phonons were comguted by using a supercell approach™®
within the PHONOPY code.”” We used 2 X2 X 2,2 X2X 2,2 X2 X2,
2 X2 X2, and 4 X 4 X 1 supercells for [42d, R3m-1, R3m-2, R3m-3,
and P3m1-1, respectively. The electron—phonon coupling (EPC) of the
stable compounds is calculated within the framework of linear response
theory through the Quantum-ESPRESSO code.” Norm-conserving
pseudopotentials for Si and C were employed, and convergence tests
concluded that suitable values would be a 60 Ry kinetic energy cutoff.
A 6 X 6 X 6 g-point mesh in the first Brillouin zone (BZ) for R3m-1
and R3m-2 Si;C was used in the EPC calculation. A MP grid of 36 X
36 X 36 and 24 X 24 X 24 was used to ensure k-point sampling
convergence with Gaussians of width 0.03 Ry for R3m-1 and R3m-2,
respectively, which approximates the zero-width limits in calculations
of the EPC parameter A.

B RESULTS AND DISCUSSION

We carried out a detailed structure search on the Si;C compo-
sition by CALYPSO'®™** at 1 atm and 50, 100, 200, and
300 GPa, with simulation cells containing up to eight Si;C
formula units. At 1 atm, our previous theoretical work'” on
SizC predicted a diamond type structure with doubled cell
(Figure 1a). This is consistent with experimental observations

Figure 1. Predicted I42d and R3m-1 structures for Si;C at 1 atm and
50 GPa, respectively. Orange, large balls are Si; gray, small balls
carbon. The right panel of (b) presents the top view of the R3m-1
structure and Si- or C-centered octahedra within the structure.

on the Siy;5Cy,; alloy, which also points to a cubic structure with
Siand C atoms residing on sites of the diamond crystal structure.
The calculated lattice parameter of the predicted I42d SiyC
structure along [100] and [010] is 4.8 A, which is close to 4.9 A
reported in the Siy,sCo s alloy.” The main difference is the period-
icity along the diamond [001] direction. The Siy;5Co,s alloy cell
was reported to be 2.5 times the diamond unit cell in the previous
study, while it is 2 times in our predicted I42d Si;C structure.
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We have been unable to build up a cubic structure with 2.5 times
of the diamond unit cell. It is also possible that 10 periods of the
diamond unit cell or not orthogonal unit cell exist. In addition, the
experimentally observed Siy;5Cy,s alloy might be fully disordered
with Si/C mixed sites. These uncertainty needs to be reexamined
by further experiment.

In our calculations for Si;C we also obtained a diamond type
structure, but also, over the whole pressure range studied (1 atm
to 300 GPa), we predict another phase, a metastable R3m-1 one
for Si;C. We show this very different structure in Figure 1b.
The layering of the R3m-1 structure is evident; we describe the
bonding in this phase in the Supporting Information. The struc-
ture shows SiC and Si layers, hinting at still further segregation.

Our search indeed leads to two optimum R3m-2 and R3m-3
structures (Figure 2a,b) with more extensive segregation under

Figure 2. Predicted R3m-2 and R3m-3 structures for Si;C at SO and
100 GPa, respectively. Orange, large balls are Si; gray, small balls carbon.

pressure. We also found a number of other metastable structures
under pressure, such as P3ml, P3ml-1, P3m1-2, R3m, and
P6;/mmc (see Figure S1 in the SI). Detailed information on the
crystal structures found is given in Table 1; all are layered struc-
tures, partially segregated. As a reviewer suggested, any bulk
synthesis will likely create a random stacking of SiC and Si
layers, deviating from the Si;C composition. Therefore, one needs
to control the ratio between SiC and Si during the experimental
synthesis process.

The octahedral coordination geometries of Si and C in the
predicted structures for Si;C are intriguing. Thez do not occur
for elemental C until terapascal pressures.”’ > Elemental Si
undergoes a series of phase transitions, with six-coordination
initiated in the $-Sn structure at about 10 GPa. SiC transforms
in calculations to a six-coordinate (at both Si and C) rock salt
structure at around 68 GPa, consistent with the inherent ion-
icity and the necessity of moving to higher coordination. Experi-
mentally, this transition does not take place until ~100 GPa at
room temperature®”** or 40 GPa at high temperature.”® The
Si—C distances in Si;C are 1.69—1.931 A, a little longer than SiC
at corresponding pressures (1.79 A at S0 GPa for the diamond
type phase, 1.59 A at 300 GPa for sodium chloride phase).
The Si atoms in the R3m-1 and R3m-3 structures are octahedrally
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Table 1. Space Group, Lattice Parameters (A), and Atomic Wyckoff Positions of Si;C

pressure space group
1 atm I42d (No. 122)

50 GPa R3m-1 (No. 166)
50 GPa R3m-2 (No. 166)
50 GPa P3m1-1 (No. 156)
50 GPa R3m (No. 160)

50 GPa P3m1 (No. 164)
50 GPa P6;/mmc (No. 194)
50 GPa P3m1-2 (No. 156)
300 GPa R3m-3 (No. 166)

lattice parameter (A)

atomic positions

a=b=4953 Si1(8d) (0.68393, 0.25, 0.125)
c=96 Si2(4a) (0, 0.5, 0.25)
C(4b) (0, 0.5, 0.75)
a=b=2718 Si1(6c) (0, 0, 0.23152)
c=17.346 $i2,5i3(3a) (0, 0, 0)
y = 120° C(3b) (0, 0, 0.5)
a=b=2685 Si1(3a) (0, 0, 0)
c=3532 Si2(3b) (0, 0, 1/2)
y = 120° Si3(6¢) (0, 0, 0.89694)
Si4,SiS(6¢) (0, 0, 0.61493)
C(6¢) (0, 0, 0.80104)
a=1b=268 Si1(lc) (2/3, 1/3, 0.49742)
c=1181 Si2(1c) (2/3, 1/3, 0.80760)
y = 120° Si3(1b) (1/3, 2/3, 0.18859)
Si4(1a) (0, 0, 0.65392)
Sis(1a) (0, 0, 0.34150)
Si6(1a) (0, 0, 0.99794)
C1(1c) (2/3, 1/3, 0.09471)
C2(1b) (1/3, 2/3, 0.90109)
a=b=2689 Si1(3a) (0, 0, 0.94891)
¢ = 35306 Si2(3a) (0, 0, 0.44961)
y = 120° Si3(3a) (0, 0, 0.38460)
Si4(3a) (0, 0, 0.56391)
Si5(3a) (0, 0, 0.66716)
Si6(3a) (0, 0, 0.1799)
C1(3a) (0, 0, 0.81501)
C2(3a) (0, 0, 0.08320)
a=b=2691 Si1(2d) (2/3, 1/3, 0.76804)
c= 11777 Si2(2d) (2/3, 1/3, 0.42373)
y = 120° Si3(2d) (1/3, 2/3, 0.92161)
C(2¢) (0, 0, 0.66990)
a=b=2728 Sil(2c) (2/3, 1/3, 3/4)
c=11.479 Si2(4f) (2/3, 1/3, 0.09751)
y = 120° C(2a) (0,0, 1/2)
a=>b=2691 Si1(1b) (1/3, 2/3, 0.97962)
c=11.780 Si2(1b) (1/3, 2/3, 0.63587)
y = 120° Si3(1a) (0, 0, 0.13512)
Si4(1a) (0, 0, 0.82680)
Sis(1a) (0, 0, 0.48139)
Si6(1c) (2/3, 1/3, 0.28848)
C1(1b) (1/3, 2/3, 0.38330)
C2(1c) (2/3, 1/3, 0.73015)
a=0b=2324 Si1(3a) (0, 0, 0)
¢ = 32067 Si2(3b) (0, 0, 1/2)
y = 120° Si3(6¢) (0, 0, 0.88426)

Si4,Sis(6¢) (0, 0, 0.26829)
C(6¢) (0, 0, 0.36599)

coordinated by Si and C, or just Si or C alone, while some of
the Si atoms in the R3m-2 phase are five-coordinated by just Si.

Why are the Si—C distances in Si;C longer than in SiC?
Under compression, the only structural imperative for atoms is
to get on average closer together. This is the rationale for the
general increase in coordination. The number of electrons per
atom does not change. So more atoms are bonded by the same
number of electrons, a situation known as electron-deficient
multicenter bonding. This is exactly what happens for boron
in its elemental structure and in its compounds, at ambient
pressure.’’

Enthalpy calculations as a function of pressure show that the
diamond type I42d structure for Si;C is the most stable at 1 atm
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and remains such up to 25 GPa, above which the R3m-2 phase
becomes stable. At 250 GPa, another R3m-3 structure is preferred.
Among all the predicted structures, only the diamond type I42d
structure is stable relative to solid elements, and that in a very
small pressure range, around 10 GPa.

The reaction enthalpies calculated are summarized in Figure 3.
As anticipated, all the predicted structures are unstable with respect
to solid silicon and SiC over the whole pressure range studied.
However, the diamond type I42d and R3m-1 phases might be
synthesized as metastable structures, since they are dynam-
ically stable at 1 atm; the diamond type structure remains such
up to S0 GPa, and R3m-1 up to at least 300 GPa (Figure S3).
The R3m-2 and R3m-3 phases are dynamically stable between
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Figure 3. Ground-state static enthalpy curve per formula unit as a
function of pressure for Si;C, with respect to the diamond-type [42d
(upper panel) and R3m-1 (lower panel) structure, respectively. The
decomposition enthalpies for Si;C to Si+C and SiC+Si are also pre-
sented. We considered diamond-type F43m, P6/mmm, P6,/mmc, and
Fm3m structures for Si, graphite, and diamond for C and F43m and
Fm3m for SiC, respectively.

25 and 250 GPa and 100—400 GPa, respectively. Moreover, the
R3m-2 and R3m-3 phases might also be produced in experi-
ment, perhaps upon heating, which might overcome the big
barriers between Si;C and Si+C or Si+SiC.

The experimentally synthesized Sij,5C,,5 alloy with a diamond
type structure at 1 atm is encouraging in this regard. As suggested
by Qin et al,” a transition metal might be used as a catalyst.
Molybdenum would be worth trying, as it plays a crucial role
in the growth process of the Si;_,C, alloy. We note also that
SigyCyo has been synthesized by using as a carbon source
tetrasilylmethane, C(SiH;),." And it was proposed that Si;C
might also be synthesized from an analogous molecular pre-
cursor, C,(SiH;)s.*® The suggested crystal structures for Si,C
and Si;C are both diamond-like (see Figure S6 in the SI),
although there is C—C bond in the proposed structure for Si;C.**

Our calculations show that the suggested structure for Si;C with
a C—C bond is about 0.5 €V/Si;C higher than our predicted 1424
structure (see Figure S7 in the SI). For Si,C, our calculated
enthalpy shows that it is stable relative to Si+C between 8 and
10.5 GPa, while it is still unstable with respect to SiC+Si within
the whole pressure range studied (see Figure S8 in the SI).

The mechanical stability of [42d was also checked by calcu-
lating the independent elastic constants C; (see Table S1 in the SI),
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which all satisfy the mechanical stability criteria for the tetra-
gonal structure.” It is well-known that SiC** is extremely
hard; this leads to its commercial use. The hardness of SiC
compares with that of B,C."'~* Our calculated Vickers hardness
H,*™* for I42d Si;C is 20 GPa, which suggests that it is a hard
material but not that hard (as discussed in the SI, the Vickers
hardness of SiC is substantially larger than that of Si;C).
The relative softness might be due to the elongated multicenter
Si—Si bonds. However, [42d Si;C is computed to have a little bet-
ter ductility, measured by B/G of 1.2, than that of 1.07 for S-SiC.

Interestingly, the diamond type structure for Si;C is calcu-
lated to be a semiconductor with a direct band gap at I in the
Brillouin zone (Figure 4a). The calculated band gap (computed

Figure 4. Electronic band structure and absorption spectra (imaginary
part of dielectric function, &,) of Si;C of I42d SiyC at 1 atm. The vertical
light blue lines show the visible light range.

with a HSE hybrid functional*”*® reasonably reliable for band
gap estimates) is ~1.3 eV. It is known that photovoltaic applica-
tions ideally require a direct band gap within 1.1-1.4 eV.**!
Our predicted diamond type structure, which is similar to the
experimentally observed Siy;5C,,s alloy, meets this requirement
and might be a very good candidate for photovoltaic applica-
tions. To check for potential improvements in light absorption
properties, we calculated absorption spectra (imaginary part of
dielectric function, €,) of SiyC at 1 atm, as shown in Figure 4b.
The light absorption is significantly enhanced below 3.5 €V,
compared with d-Si, particular in the visible light range.

The electronic band structure and density of states (DOS) of
the R3m-2 (Figure Sa)b) and R3m-3 (Figure Sd,e) structures at
50 and 300 GPa indicate that they would be metallic. The square
onset in the density of states in their lower energy range is
consistent with their layered nature. From the projected DOS,
we can see that the contribution from both 3p states of Si atoms
and 2p states of C atoms are all big, and the contributions from
3s of Si atoms are also non-negligible. Around the Fermi level
the states are derived mainly from 3s and 3p orbitals of Si atoms.

Further insight into the bonding may be obtained from calcu-
lating the —COHP (COHP = Crystal Orbital Hamilton Pop-
ulation; —COHP positive indicates bonding interactions) between
various atom types (Figure Sc,f and Figure S4). This shows the
clear and strong bonding between Sil,3-Si4 (R3m-2), Si2,4-Si3
(R3m-3), Si2,3-C (R3m-2), and Sil,4-C (R3m-3). Less obvious
is the weak bonding between Si4—SiS for R3m-2 and R3m-3.

The electronic DOS at the Fermi level in R3m-1 (Figure SS),
R3m-2, and R3m-3 (Figure S) structures is quite high, compared
to other materials we have studied. Encouragingly, well-known
pure silicon will become superconducting under pressure.””
These indications of potential superconductivity stimulated us
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Figure 5. Electronic band structure (a, d), density of states (b, e), and
COHP (c, f) between Si—Si and Si—C atoms of R3m-2 and R3m-3
Si;C at 50 and 300 GPa, respectively. The horizontal dashed red line
denotes the Fermi level. We plot the negative value of COHP to
follow the convention of the chemical community.

to electron—phonon coupling (EPC) calculations for the R3m-1
and R3m-2 phases at 100 and 50 GPa, respectively. We did not
calculate the EPC for the R3m-3 structure, as its structure is very
similar to the R3m-2 phase.

As indicated earlier, the R3m-1 and R3m-2 phases are dynam-
ically stable (Figure 6a,d) at 100 and SO GPa, respectively. Note

Figure 6. (a) and (d) Calculated phonon band structure for R3m-1
and R3m-2 Si;C at 100 and SO GPa, respectively. The Eliashberg
phonon spectral function, @’F(w), and the partial electron—phonon
integral, A(w), in (C) and (f). (b) and (e) also show the Si and C
contributions to the phonon DOS.

that the higher frequency motions are mostly of C atoms, while
the lower frequency ones are of Si atoms. This is not surprising,
as the silicons are heavier. The calculated EPC parameters (1)
are 0.6 and 0.5, and the logarithmic average phonon frequency
(@yoq) is 414 and 298 K for R3m-1 and R3m-2, respectively.
Using the Coulomb pseudopotential y* of 0.13,> the estimated
T, is 6.6 (R3m-1) and 3.3 K (R3m-2) based on the Allen-Dynes
modified McMillan equation. T, will change from S to 14 K and
from 2.4 to 7.9K for R3m-1, and R3m-2, respectively, if u* were
to be decreased from 0.15 to 0.06 (Figure 7). The calculated T,
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Figure 7. Calculated superconducting critical temperature T, for R3m-1,
R3m-2 and sh Si*” at 100, 50, and 12.7 GPa, respectively, as a function
of Coulomb pseudopotential parameter, p*.

for Si;C under high pressure is higher than that of B-doped
samples of 3C-SiC (1.4 K) and simple hexagonal (sh) silicon
(5 K, calculated at 12.7 GPa by using p* of 0.06), respec-
tively.sz’54_56

H CONCLUSION

We explored the crystal structures and properties of several new
metastable Si;C structures at 1 atm and under high pressure.
At 1 atm, Si;C adopts a diamond type structure, [42d. Under
pressure, two R3m-2 and R3m-3 phases become stable; both
phases are layered, with unusual octahedral 6-coordinate
environments for C. I42d Si;C is calculated to be a very good
semiconductor with a direct bandgap of 1.3 eV, with good
optical properties. Under pressure, Si;C transforms from a semi-
conductor to a metal. The higher pressure R3m-1 and R3m-2
Si;C phases are calculated to be superconductors with T, of a
few Kelvins. This is the first time that one finds theoretically
superconductivity in undoped silicon carbides.
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