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Large-volume, phase-pure synthesis of BC8 silicon (/a3, c/16) has enabled bulk measurements of optical,
electronic and thermal properties. Unlike previous reports that conclude BC8-Si is semimetallic, we
demonstrate that this phase is a direct band gap semiconductor with a very small energy gap and moderate
carrier concentration and mobility at room temperature, based on far- and mid-infrared optical spectroscopy,
temperature-dependent electrical conductivity, Seebeck and heat capacity measurements. Samples exhibit a
plasma wavelength near 11 pm, indicating potential for infrared plasmonic applications. Thermal
conductivity is reduced by one to two orders of magnitude depending on temperature as compared with the
diamond cubic (DC-Si) phase. The electronic structure and dielectric properties can be reproduced by first-
principles calculations with hybrid functionals after adjusting the level of exact Hartree-Fock (HF)
exchange mixing. These results clarify existing limited and controversial experimental datasets and ab
initio calculations.

Silicon, probably the most important and widely used semiconductor, usually
crystallizes in the diamond cubic structure (DC-Si, Si-I) with an indirect band gap of 1.1
eV. Aside from thermodynamically stable DC-Si, additional metastable allotropes can
persist at ambient conditions: Si-III [1] (hereafter referred to as BCS, Ia3, cI16), Si-IV [1]
(hexagonal diamond, HD-Si, P6s/mmc, hP4), Si-XII [2] (R8, R3, hR24), zeolite types
Siiz [3] (Fd3m, cF136) and Siy [4] (Cmcm, 0C24) and several phases formed by laser-
induced microexplosions [5]. Owing to fundamental differences in electronic structure
between these “exotic” allotropes, many new properties and applications beyond those
capable for DC-Si (e.g., direct band gap) could potentially be realized [6]. Unfortunately,
only small quantities of these materials have been synthesized to date (often as impure
mixed phases) preventing detailed characterization and fundamental understanding of
intrinsic physical properties.

BC8-Si was first discovered in 1963 by Wentorf and Kasper [1]. The cubic
structure contains one crystallographically unique silicon atom (Wyckoff position 16¢
with atomic coordinate x,x,x) that is four-fold coordinated with one Si-Si distance at
~2.37 A and the other three at ~2.38 A in a distorted tetrahedral arrangement [1]. BC8-Si
is usually obtained by compressing DC-Si to 11-14 GPa at room temperature to form
metallic B-Sn-Si (Si-II) [7-11]. Decompression from Si-II follows a different structural
sequence depending on the speed of pressure release. Slow decompression leads to the



R8 phase between 10-2 GPa and further unloading to atmospheric pressure leads to BC8-
Si, which persists at ambient pressure unless heated above ~200 °C [12,13]. While
complete transformation of DC-Si to B-Sn-Si (and thereby BCS8) requires pressures in
excess of 10 GPa, recent studies indicate that chemical pathways involving sodium can
reduce the formation pressure to as low as 7 GPa without the formation of B-Sn-Si [14].
In addition, an ambient-pressure colloidal synthesis route for BC8-Si nanoparticles was
recently reported [15], which may serve useful for solar energy conversion applications
with multiple exciton generation [16,17].

Theoretically, BC8-Si was first predicted to be a semiconductor with a direct band
gap of 0.43 eV [18], and later calculated as a semimetal with either indirect [19] or direct
[20,21] band overlap. Experimentally, many researchers have accessed this phase through
diamond anvil cell (DAC) [2,22-26], nanoindentation [27-32] or shock experiments [33].
However, these techniques impose limitations on sample size (typically micron scale) and
recovered samples often exist as mixed phases with DC-Si and/or R8 impurities.
Consequently, a limited number of studies have reported properties characterization,
aside from structure (density) and Raman scattering.

Besson et al. [34] measured the electrical conductivity of DAC-derived BC8-Si
samples and suggested a micro-disordered, hole semimetal with conductivity between 50
to 333 S/cm at room temperature. Demishev et al. [35] examined the transition between
BC8 and DC-Si and HD-Si1, and measured an electrical conductivity of 290 S/cm for bulk
samples obtained from a toroid-based apparatus. Wosylus et al. [36] measured electrical
conductivity between 10 to 33 S/cm for bulk samples obtained from the multianvil
technique. The reported conductivity values for BC8-Si are orders of magnitude more
than typical semiconductors, for example, 3x10° S/em for undoped DC-Si [37], but
several orders of magnitude less than typical metals, for example, 3.6x10° S/cm for Al
[38]. Thus, primarily based on these results and recent ab initio calculations that include
the GW approximation to the self-energy [21], BCS8-Si is widely regarded to be a
semimetal. It is noted, however, that the electrical conductivity of BC8-Si increased with
temperature in previous measurements [34-36], behavior which is typically found in
semiconductors. Furthermore, due to a lack of phase-pure bulk samples, there are
presently no experimental reports on the optical or thermal transport properties for BC8-
Si to the best of our knowledge.

In this work, we report optical and thermal measurements for BC8-Si as well as
electrical transport and Seebeck characterization on phase-pure bulk samples. We find
that BC8-Si is a semiconductor with an ultra-narrow band gap of ~30 meV, and show that
the thermal conductivity is one to two orders of magnitude lower than that of DC-Si. In
addition, a plasma wavelength near 11 pum might serve useful for mid-IR-based
plasmonics applications.



Bulk samples of BC8-Si were successfully synthesized via direct transformation
of elemental silicon using the multi-anvil press method [39]. The recovered samples were
characterized using X-ray diffraction, Raman spectroscopy and nuclear magnetic
resonance spectroscopy and were determined to be homogeneous, phase-pure specimens.
Detailed characterization of samples can be found in ref. [14]. An alternative set of
phase-pure samples was obtained at 9.5 GPa in the Na-Si system [14]. These “chemical
samples” were found to exhibit very similar physical properties, and are therefore not
discussed separately.

Optical transmittance measurements on BCS8-Si were performed in the far-IR
regime in both N, and vacuum environments, as shown in Fig. 1a. The data clearly show
transmission increases below ~240 cm™, and the absorbance increases sharply above this
value, indicating a fundamental band edge transition. Tauc plot [40] analysis, derived
from this absorption feature shows linear dependence for (al - hv)? versus hv (where o
is the absorption coefficient, / is the samples thickness, /# and v are Planck’s constant and
frequency, respectively), indicating a direct band gap at 30 £ 3 meV, where the
uncertainty is derived from a sensitivity analysis of the linear fit of the baseline and slope
over different energy ranges. As the first optical characterization for BC8-Si in the far-IR
region, this result is in contrast with the current assumption of the band overlap picture,
and clearly indicates the existence of an ultra-narrow gap.
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FIG. 1. (a) Optical transmittance spectrum for BCS8-Si in the far-IR region. Tauc plot of the absorption,
shown in the inset, reveals the fundamental direct band gap transition at ~30 meV. (b) Temperature
dependence of the electrical resistivity for BC8-Si. Inset shows the activation energy fit to the data between
300 to 180 K.

To further probe the nature of the band gap, temperature-dependent, four-probe
electrical conductivity measurements of BCS8-Si were performed on bulk samples
between 300 to 12 K. The temperature dependence of electrical resistivity for BC8-Si is
shown in Fig. 1b. The general trend is that the electrical resistivity decreased with
temperature over the measurement range, indicating semiconducting behavior. This trend



is consistent with the results from previous studies [34-36]. The conductivity of our BC8-
Siis 76 S/cm at 300 K, compared to the values of 10-33 S/cm reported by Wosylus et al.,
~290 S/cm reported by Demishev et al., and from 50-333 S/cm at 300 K reported by
Besson et al. The results from all experiments are reasonably consistent, and differences
in the magnitude of conductivity can likely be ascribed to differences in the phase
transition efficiency (i.e., fraction of unconverted material) and in the starting material.
The temperature dependence of the electrical conductivity for BC8-Si is similar to that of
other narrow band gap semiconductors [41], InSb, for example, but exhibits a
fundamentally different trend with either semimetals [42] (e.g., Bi, As, Sb) or metals [43]
(e.g., Cu, Al). It is further noted that BC8-Si possesses a conductivity comparable to that
of InSb (~ 230 S/cm at room temperature) [41], but 3-4 orders of magnitude smaller than
those of typical semimetals [42], and 4-5 orders of magnitude smaller than those of
typical metals [43].

When the thermal energy is sufficient to excite electrons across the band gap and
to produce intrinsic charge carriers, the band gap of a semiconductor can be estimated by

: .. E
fitting the temperature dependence of the conductivity data as: a(T) = gyexp (— 2kg T),
B

where o(7) is the temperature-dependent electrical conductivity, oy is a material-related
constant, E, is the band gap, kp is Boltzmann’s constant, and 7 is the temperature. By
fitting an activation energy to our data between 300-180 K, we obtain a band gap of 30 +
8 meV (where the uncertainty is from sensitivity analysis of the temperature range), in
good agreement with the value obtained from the optical absorption measurements.

To further probe the optical response of BC8-Si, room-temperature optical
reflectivity measurements were obtained in the mid-IR regime. Reflectivity spectra
(Supplemental Information, Fig. S1), exhibit a plasma edge near 900 cm™, indicative of
mobile charge carriers. This behavior is not unexpected given the ultra-narrow gap
observed in the far-IR and from the magnitude of electrical conductivity observed at
room temperature. The band gap of 30 meV is close to the thermal energy corresponding
to 293 K, hence we expect to see conducting carriers at room temperature. Deeper
insights into the interaction of conduction band near-free electrons with incident light was
obtained using a Drude-like relation (Supplemental Information). This simple model is
capable of reproducing the general features of the reflectivity spectra with a plasma
wavelength, A,, of 11.1 um. The plasma wavelength is primarily determined by the
density of mobile charge carriers in the medium, and, in this case, represents an
interesting regime for potential plasmonic applications in the mid-IR that is difficult with
conventional noble metal systems due to their large negative permittivities [44].

Using m" = 0.21m, (derived from DFT calculations shown below), we estimate
the carrier density of our BC8-Si samples to be ~ 4.6x10"™ ¢cm™ at room temperature.



Conduction band mobile electrons are not only responsible for the optical response, but
are also carriers for electrical conductivity. From the damping constant, I', and electrical
conductivity measurements, we also estimate the carrier density as n = [m oy / & =
5.1x10" cm™ , Where 6y = 76 S/cm is the measured DC electrical conductivity, which is
in good agreement with the value obtained from the optical measurements. From the
measured conductivity, ¢ = e-n-u, where o, e, n, pu are electrical conductivity, electron
charge, carrier density, and mobility, respectively, we further estimated the carrier
mobility of BC8-Si to be ~93 cm?/(V-s) at room temperature.

The thermal conductivity of BC8-Si, and its temperature dependence, was
measured for the first time. As shown in Fig. 2a, as temperature decreases, the thermal
conductivity first increases from about 20-35 W/(m'K) between 300 K to 125 K, then
decreases to about 7 W/(m-K) while temperature drops to 12 K. Comparing with single-
crystal [45] and polycrystalline [46] DC-Si , as shown in the inset of Fig. 2a, the thermal
conductivity of the well-sintered polycrystals of BC8-Si is 1-2 orders of magnitude lower
depending on the exact temperature.
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FIG. 2. (a) Temperature dependence of the thermal conductivity of BC8-Si. The solid line indicates a
dependence of T° in the low-temperature regime. The inset shows a comparison of the thermal conductivity
of BC8-Si with DC-Si [45,46] on a semi-log scale. (b) Temperature dependence of the Seebeck coefficient.
The inset shows a picture of the sample with cylindrical shape.

Also shown in Fig. 2a, the thermal conductivity, k, is proportional to 7° at low
temperature, which is in agreement with the Debye 7° law, suggesting a constant phonon
mean free path with the thermal conductivity proportional to the heat capacity at low
temperatures. Furthermore, the Lorenz number, L= «/(c-T), for our sample is 9.3x10°
W-Q/K? at 300 K. Comparing to a typical metal (Lo = 2.45x10™® W-Q/K?), the Lorenz
number for BCS8-Si is roughly two orders of magnitude higher, suggesting that the
thermal conductivity comes mainly from the lattice contribution, not from the electron
contribution normally seen in typical metals.



We further measured the Seebeck coefficient as a function of temperature. As
shown in Fig. 2b, the general trend is that the modulus of the Seebeck coefficient
increases with temperature with a minimum at 25-30 K. The Seebeck coefficient for
BC8-Si changes from -6 pV/K at 300 K to -19 uV/K at 20 K. Comparing to DC-Si,
where the Seebeck coefficient for intrinsic DC-Si is ~ -1.2 mV/K (extrapolated value
from high temperature) [46,47] for polycrystalline, and ~ -440 pV/K (extrapolated value
from high temperature) for single crystal samples at 300 K [46], the Seebeck coefficient
of BC8-Si is much smaller, which suggests a larger mobile carrier density, consistent
with the large electrical conductivity and ultra-narrow band gap feature. Additionally, the
negative Seebeck coefficient suggests that electrons primarily dominate conduction,
while the observed minimum could also suggest the importance of hole conduction at the
lowest temperatures. We note that Demishev et al. [35] observed the Seebeck coefficient
~2 uV/K at 300 K, suggesting p-type conductivity, and Besson et al. [34] observed hole
conduction for their samples, which can be attributed to their use of p-type Si as a starting
material.

Finally, we measured the temperature-dependent heat capacity, C,, between 2 and
400 K (Fig. 3a). C, for BC8-Si is systematically greater than that of DC-Si, although their
magnitudes are within our measurement error above 100 K. At temperatures well below
the Debye temperature, 0, the heat capacity can be expressed as C = yT + AT3, where y
and A are materials constants related to electronic and phonon contributions, respectively.
Fig. 3b shows the low-temperature C, for BC8-Si plotted as C,/T versus T? Like DC-Si
and other semiconducting materials, C,/T for BC8-Si tends towards zero as T approaches
0 K. Linear regression of these data yield the equation C,/T = 0.002(3) + 0.0141(5)T?,
where the electronic contribution to the heat capacity is statistically indistinguishable
from zero and 0 = 517(6) K. This behavior is fundamentally different from metals or
semimetals (e.g., Sb in Fig. 3b), which exhibit finite values of yas T — 0 K.
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FIG. 3. (a) Temperature dependence of the heat capacity of BC8-Si compared with DC-Si [48]. The inset
shows the low-temperature regime as a function of T>(DC-Si has been scaled by a factor of 1.75). (b) Heat



capacity of BC8-Si plotted as C/T versus T2, compared with DC-Si (red line) and semimetallic antimony
(blue line) [49]. The dashed lines indicate the 95% confidence interval for the BC8-Si linear regression.

Given this new picture of the electronic structure of BCS8-Si, it is of interest to
investigate the influence of exchange-correlation energy with different functionals using
density functional theory (DFT) to determine whether the narrow gap can be reproduced
computationally. Like previous studies, we confirm that LDA and GGA (PBE) both
result in small direct overlap at the H point. After full relaxation within PBE, we obtain a
= 6.6569 A and x = 0.1014, in good agreement with our experimental values of a =
6.62767(3) A and x = 0.10179(3) [14]. After applying the GW correction to the PBE
result, direct band overlap of ~0.15 eV still exists at the H point, which is in agreement
with previous theoretical calculations [21]. Similar to the study by Malone et al. [21], we
also find that a band gap opens when the x parameter is manually changed to a value of x
= (0.096 (Fig. 4b). Because the magnitude of band overlap is small and also sensitive to
small changes in atomic coordinates, we decided to further investigate the impact of
exchange correlation energy by calculating the band structure employing the HSE06 [50]
hybrid functional, with different levels of exact Hartree—Fock (HF) exchange mixing.
Using 25% HF mixing, it was still found that there is direct band overlap at the H point as
shown in Fig. 4c. However, when the HF mixing fraction was increased to 35% a direct
band gap of 10 meV was opened at the H point. For this case, the calculated unit cell
parameters (a = 6.6049 A, x = 0.1008) are still in good agreement with the experimental
results and the narrow gap is reproduced without having to displace the atomic
coordinates. While the level of HF mixing was adjusted to reproduce the experimental
results, it would be of interest to examine the effectiveness of HF mixing to reproduce the
electronic structures in other narrow-gap systems.
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FIG. 4. The calculated bands structure with PBE+GW approximation (a) at x = 0.101 and (b) x = 0.096. (¢)
and (d) show the band structure calculations with the hybrid HSE functional using 25% and 35% exact HF
exchange energy, respectively. The insets show the detailed band structure at the Fermi level.

In contrast with the previous notion that BC8-Si is semimetallic, we show that this
phase is actually an ultra-narrow direct band gap semiconductor (~30 meV) from optical,
electrical and heat capacity measurements on our phase-pure bulk samples. This finding
is reproduced by DFT calculations using hybrid pseudopotentials for the exchange-
correlation energy, and may be useful to help guide future calculations on small-gap
systems. Due to the narrow band gap, BC8-Si exhibits plasma edge in the mid-infrared
and suggests potential for infrared plasmonic devices that could benefit a range of mid-IR
applications [51]. Finally, we characterized the thermal properties of BC8-Si for the first
time and demonstrate significantly reduced thermal conductivity and Seebeck coefficient
compared with the DC-Si phase.
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