
PHYSICAL REVIEW MATERIALS 5, 115402 (2021)

Icosahedral silicon boride: A potential hybrid photovoltaic-thermoelectric for energy harvesting
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Boron-rich compounds have attracted significant attention due to their promising and diverse physical prop-
erties, which include ultrahardness, resistance to oxidation and corrosion, and even superconductivity. Here,
using a crystal structure search method based on first-principles calculations, we find a boron-rich silicon
compound SiB12 that is stable under moderate pressure of around 20 GPa, and which we predict is recoverable
to ambient pressure. This silicon boride, with space group Pnnm, is structurally related to the γ -B28 boron
phase. Specifically, the SiB12 structure is formed by replacing the B2 pairs in γ -B28 with silicon atoms. Our
calculations show that this Pnnm SiB12 phase exhibits good thermal stability at moderate pressures above 20
GPa and temperatures to 900 K. We suggest this structure has dynamic stability at ambient pressure and remains
stable to temperatures as high as 2000 K. Impressively, this SiB12 phase possesses good light absorption and
thermoelectrical properties, which are enhanced by its small and indirect band gap, doubly degenerate bands,
and low lattice thermal conductivity. Our predictions should stimulate further investigations of this class of
boron-rich semiconductors, especially in view of their superior photovoltaic and thermoelectric properties which
may be beneficial in energy applications.

DOI: 10.1103/PhysRevMaterials.5.115402

I. INTRODUCTION

Tremendous efforts have been made to improve the con-
version efficiency of photovoltaics, for effective use of solar
energy for electricity generation. These have included the
development of new photovoltaic materials with unique con-
version characteristics [1,2]. However, such photovoltaic
materials typically cannot convert the long-wavelength solar
radiation, with energy less than the band gap. Absorption and
energy conversion associated with electron transitions across
an indirect gap require phonon assistance and so will also
result in generation of a certain amount of heat. Both of
these two processes significantly limit the solar conversion
efficiency at long wavelengths [3]. Thermoelectric materials
have been proposed and designed to overcome these limita-
tions. The thermoelectric effect directly converts heat, from
the infrared portion of incident insolation, to electricity [4,5].
It may be possible to overcome shortcomings of photovoltaic
conversion at long wavelengths by combining photovoltaic
and thermoelectric properties in materials. Indeed, photo-
voltaic and thermoelectric hybridization has been proposed as
a strategy for developing efficient energy conversion in the
effort to switch to sustainable and clean energy sources for
the future [6,7].

Nanostructure heterojunctions provide a route to develop
hybrid photovoltaic-thermoelectric system for solar cell de-
vices [8,9]. Such systems require narrow band gaps (Eg)
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and high carrier mobilities. These are essential, not only to
increase the photon-absorbing efficiency of electricity gener-
ation, but also to improve the thermoelectric quality factor
for heat conversion [5,10,11]. For instance, a typical cubic
GaAs (c-GaAs) cell has a direct Eg of around 1.5 eV. It has
an absorption coefficient varying from 104 cm–1 at a photon
energy of 1.6 eV to around 106 cm−1 at 3.0 eV [12]. The
conversion efficiency can reach about 28.8% for solar energy,
which is close to the Shockley-Queisser limit of around 30%
[10]. On the other hand, the extremely low thermal conduc-
tivity (κL) of complex semiconductors such as half-Heusler
and clathrate structures [13–16], is found to be a key factor in
limiting the phonon heat transport in their crystalline lattices.
The dimensionless figure of merit (ZT) is an indication of
the effectiveness of this heat conversion efficiency. Therefore,
complex semiconductors with both narrow band gap and low
lattice thermal conductivity provide a possible approach to de-
velop hybrid photovoltaic-thermoelectric materials with good
total solar energy conversion efficiency.

Elemental boron has three valence electrons and, as a
metalloid, is located mid-way between the metallic and
nonmetallic elements on the periodic table. The bonding char-
acteristics of boron-rich compounds typically do not follow
conventional valence rules and boron networks may show
complex atom-bond connectivity, with mixtures of double and
triple connections. Boron may also form networks which com-
bine polyhedral units such an octahedra or cubes composed
solely of boron. Boron-rich compounds favor the formation
of icosahedral B12 units. Such structural frameworks can re-
sult in a diverse range of semimetallic or metallic allotropes.
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These include the orthorhombic τ boron, the high-pressure
semiconducting γ -B28, and the superconducting α-Ga phases
[17–19]. Antiferromagnetism has been reported to exist in
two-dimensional (2D) boron sheets, which also display mass-
less Dirac cones in their band structures [20,21]. Additionally,
by combination and doping with a range of other elements,
structures composed of B12 icosahedra may be engineered to
exhibit interesting and useful physical properties, including
superhardness, superconductivity, topological semimetallicity
and 2D metallicity [22–25]. In particular, impurity doping in
α-B and β-B forms of boron can be used to modify their
Eg by changing bonding interactions [26]. The corresponding
boron-rich semiconductors typically show high mobility and
are found to display the thermoelectric effect, but reports of
the maximum ZT achieved are around 0.17 at high working
temperatures of 1200˚C [26].

The application of high pressures is known to almost in-
variably result in the modification of materials’ structures and
properties and many novel structures have been successfully
discovered by searching in the high-pressure realm. For ex-
ample, pressure may be used as a route to obtain metastable
metallic or semiconducting silicon borides [27], novel sili-
con allotropes [28–30], and thermoelectric materials [31–33].
However, to the best of our knowledge, the use of high pres-
sure in arriving at borides with enhanced photovoltaic and
thermoelectric performance has not been previously reported.
Here, therefore, we explore the combination of silicon, which
plays a well-established and important role in solar cell appli-
cations [28,29], with boron in the context of the search for a
high-performance combined photovoltaic and thermoelectric
material. We have explored the effects of silicon doping on the
complex structures and properties of materials formed from
boron icosahedra. We successfully predict a metastable silicon
boron-icosahedral compound, SiB12, which is energetically
favored under high pressure and remains quenchable to ambi-
ent conditions. Our calculations show that our predicted SiB12

phase has good thermal and dynamic stability to temperatures
as high as 2000 K. In addition, and importantly, we find it
is an intrinsic semiconductor with both good absorption and
thermoelectric performances.

II. COMPUTATIONAL DETAILS

To search for novel silicon-boron compounds we have
adopted a machine-learning and graph theory aided crystal
structure search method [34–36]. This method has previously
been successfully applied to many systems, and has had
notable success in the discovery of a new T-graphene interca-
lation compound [37], helium compounds [38–40], and metal
pentazolate salts [41,42]. To enhance efficiency, here, we treat
the B12 icosahedral motif as a basic molecular unit during
the structure searching. In our first-principles calculations,
we adopted the Perdew-Burke-Ernzerhof functional with the
generalized-gradient approximation (GGA–PBE) [43] and
projector-augmented wave (PAW) method [44] implemented
in the VASP code [45]. Considering the short distances be-
tween icosahedral boron atoms, we chose the hard PAW-PBE
potential to optimize the structure and calculate the total
energy. A kinetic cutoff energy of 1050 eV together with
a k-mesh spacing of 2π × 0.03 Å−1 was used. To obtain
the Gibbs free energy, we have performed computationally

intensive phonon calculations based on the quasiharmonic
approximation (QHA) employed in the PHONOPY-QHA script
[46,47]. The temperature-dependent harmonic phonon energy
can be evaluated based on the second-order or harmonic
force constants. The unique minimum G(T, P) at pres-
sure P and varying temperature T is given by G(T, P) =
min
V [U (V ) + Fphonon(T ;V ) + PV ]. We included the conforma-
tional entropy and the electronic total energy contribution by
the phonon free energy Fphonon and the U (V ) part, respec-
tively. We take into consideration of the zero-point energy
and temperature-dependent phonon free energy. By charting
the change in volume V expansion with T, we can calcu-
late the minimum Gibbs energy. We analyzed the covalent
bonding characteristics as well as the noncovalent interactions
(NCIs) by calculating the electron localization functional
[48] using CRITIC2 calculations [49,50] combined with VASP.
We visualized the steric NCIs using Visual Molecular Dy-
namics software [51]. We estimated the intrinsic hardness
and strength by deforming our computed structures under a
simulated Vickers indentation test [52,53]. Specifically, we
compressed the structure along the [001] direction. The nor-
mal stress (σzz) has to uniformly satisfy the criterion for
Vickers indenter, that is, σzz = σzx tan ϕ (ϕ = 68◦) [where, σzx

represents the stress tensor component induced by shearing
within the (001) plane along the [100] direction] while the
other five independent tensor components remain negligible
(<0.05 GPa). By loading continual strains in the shearing
plane (001), we relaxed the resulting structure with conver-
gence criteria such that convergences of the total energy were
<10–6 eV between the electronic self-consistent loops and
force <0.005 eV/Å on each atom. The shear stress tensor
components σi j are given by σi j = 1

V
∂E
∂εi j

, where εi j is the
one nonzero strain. The other strain components reach zero
after full relaxation. Here, E and V represent the total en-
ergy and optimized cell volume. To obtain accurate electronic
structures and related band gaps, we performed all-electron
calculations modified by the Becke-Johnson (mBJ) potential
[54] implemented in the WIEN2k program [55]. We employed
the linearized-augmented plane-wave method. We further esti-
mated the optical absorption spectra in the visible-light range.
We calculated phonon dispersion curves using the PHONOPY

code [47]. Moreover, we performed the ab initio molecu-
lar dynamics (AIMD) simulations [56,57] and self-consistent
phonon (SCPH) calculations [58]. We perform AIMD and
phonon calculations for 256 atoms within a (2 × 2 × 2) su-
percell. The time for each AIMD step was 1 femtosecond.
We use the Langevin thermostat [59–61] to run NPT and
NV T dynamics. The Parrinello-Rahman barostat was applied
to achieve the NPT ensemble by relaxing the cell volume
and shape [56,62]. Employing density functional perturbation
theory as implemented in the VASP code, we calculated force
constants in real space, which are necessary to evaluate the
frequency of Raman-active modes at the � point. Particularly,
to estimate the anharmonic phonon dispersion at finite temper-
atures, we used the HIPHIVE package [63] to extract high-order
force constants from the AIMD trajectory. In the original
implementation of SCPH in HIPHIVE code, the classical limit
of normal mode amplitudes was used. Here, we performed
stochastic sampling based on nonapproximate distribution
[64] so that anharmonic phonons at low temperatures are
accessible. By employing the BOLTZTRAP code [65], we also
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FIG. 1. (a) The enthalpy (H) difference between the Pnnm SiB12 structure and a mixture of β-Sn II-type silicon and γ boron, or a mixture
of SiB3 and γ boron, under moderate pressures P of 10–40 GPa. The dashed base line in (a) is the enthalpy base line for the equivalent mixture
of elemental silicon and boron. (b)–(f) Thermal properties of SiB12 across temperature-pressure space using the QHA. (b) The unit cell volume
expansion with temperature T at pressures of 20, 24, and 28 GPa. (c) The estimate of the difference in Gibbs free energy (G) of SiB12 relative
to the equivalent Si-II and γ -B28 mixture at different temperatures with constant pressures. (d) Volumetric thermal expansion coefficient β,
and (e) heat capacity C, and (f) thermodynamics Grüneisen parameter γ versus T. The black, red, and green solid lines in (b) and (c) represents
thermal properties at pressures of 20, 24, and 28 GPa respectively. The ratio of β/C is the inset in (f).

estimated the thermoelectric properties. The electronic trans-
port calculations depend on the WIEN2k electronic structures.
We solved the Boltzmann transport equation for phonons by
using the SHENGBTE program [66]. Running the third-order
script with VASP, we obtained the third-order anharmonic
interatomic force constants (IFCs), which are necessary for
the calculations of lattice thermal conductivity and related
phonon scattering properties. We generated an irreducible
set of displacements for the (2 × 2 × 2) supercell and up-to-
sixth-neighbor interactions. Thousands of VASP POSCAR files
are created. We perform the density functional theory (DFT)
IFC matrix calculations using VASP and reconstructed them as
third-order IFCs.

III. RESULTS AND DISCUSSIONS

A. Thermal stability and properties

We investigated the complexation of icosahedral boron
motifs with silicon atoms by employing a molecular
evolutionary method [34,42]. We then calculated the en-
thalpy of formation (Hf ), which is defined as Hf =
[H (SiBx ) − H (Si) − xH (B)]/(x + 1), for resulting phases.
Here, x is the boron concentration, H (SiBx ) represents the
enthalpy for one SiBx formula unit (f.u.), while H(Si) and
H(B) is the enthalpy for elemental silicon and boron. The
α-B, γ -B28, diamondlike d-Si, β-Sn structured Si-II phases
and SiB3 compound, were used for these calculations at the
appropriate conditions [18,27,29]. The Hf for silicon boride

SiB12 was found to be lower than that of the previously re-
ported SiB3 structure [27] at pressures of approximately 18
GPa or more [Fig. 1(a)]. The enthalpy of the SiB12 structure
is predicted to be lower than that of a mixture of the SiB3 and
boron end members at pressures above 16 GPa, as indicated
from Hf = [H (SiB12) − H (SiB3) − 9H (B)]/13, shown as
the solid blue line in Fig. 1(a). Therefore, we conclude that
this icosahedral SiB12 phase is enthalpically stable at these
moderate pressures and will appear in the silicon-boron phase
diagram as a function of pressure.

Pressure of more than 20 GPa can be obtained experimen-
tally using the multianvil large volume press or (to higher
pressures) diamond anvil cells, suggesting the possibility of
experimental synthesis. However, temperature usually affects
synthesis route and product stability and even though it may
be possible to synthesize high-pressure compounds, they may
subsequently decompose upon compression. To investigate
the thermal stability of SiB12, we have performed challenging
and computationally intensive first-principles calculations of
the Gibbs free energy of SiB12 using the QHA, and com-
pared its stability against mixtures of elemental silicon and
boron. At pressures above 20 GPa, the black solid line in
Fig. 1(a) shows that SiB3 is enthalpically unstable, decom-
posing into elemental mixtures. We have therefore calculated
the Gibbs free energy at constant pressure [20, 24, and
28 GPa, pointing as black, red, blue arrows respectively in
Fig. 1(a)] and temperature G(T, P) for the SiB12 structure,
relative to mixtures of Si-II and γ -B28, the stable phases under
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the conditions of interest. The formation Gibbs free energy
is given as Gf = [G(SiB12) − G(Si) − 12G(B)]/13, where
G(SiB12) represents the Gibbs free energy at constant pressure
and temperature for one formula unit of SiB12. Moreover,
we have evaluated the thermal expansion coefficient β, heat
capacity at constant pressure CP, and Grüneisen parameter γ

by expanding thermal properties via the QHA method.
We introduce the volume dependence of phonon fre-

quencies to take account of anharmonic effects. At constant
pressure, the Gibbs free energy can be considered by expand-
ing the cell volume on increasing temperature from 0 to 900
K, as shown by the black solid-dot lines in Supplemental Ma-
terial (SM) [67] Fig. S1. Using the QHA method implemented
in PHONOPY-QHA, we obtain the equilibrium cell volume as a
function of temperature [Fig. 1(b)] in accordance with the red
solid-dot lines in SM Fig. S1. We then compare the unique
minimum G(T, P) of the SiB12 structure against that of Si-II
and γ -B28 mixtures at pressures of 20, 24, and 28 GPa and
a function of temperature [Fig. 1(c)]. The Gibbs free energy
difference, Gf , between SiB12 and the mixture of elementary
Si-II and γ -B28 substances increases from around −11 to
−7.5 meV/atom with increasing temperature at 20 GPa, and
from −14 to −11 meV/atom at 28 GPa. These negative Gibbs
formation energies, Gf , indicate that SiB12 is expected to
be thermally stable at temperatures up to at least 900 K.
We estimated the temperature-dependent electron free energy
contribution to be around 0.004, 5.000, and 3.000 meV/atom
at most for SiB12 structure, Si-II, and γ -B28 substances, re-
spectively. From these data, we can see that the electrons from
silicon atoms make the main contribution to the electron free
energy. However, since the SiB12 structure has a small silicon
concentration (∼0.077), it should have a small contribution
(∼0.385 meV/atom) to the Gibbs free energy. Therefore, we
neglect the temperature-dependent electron free energy. The-
oretically, we suggest the SiB12 structure will not decompose
into simpler compounds or elemental end members even at
high temperatures.

From the change in thermodynamic properties with tem-
perature, we have obtained the volumetric thermal expansion
coefficient β, heat capacity at constant volume CV , and
thermodynamic Grüneisen parameter γ = V βBT /CV as a
function of T [Figs. 1(d)–1(f)]. Pressure is found to decrease
β and γ . The difference between heat capacity at constant
pressure CP and CV is small [Fig. 1(e)]. We find that the
ratio of thermal expansion β to heat capacity C [Inset of
Fig. 1(f)] is independent of temperature, consistent with con-
stant γ [Fig. 1(f)]. All these thermal properties may be used to
characterize the thermally stability of SiB12 upon synthesis.

B. Structure and bonding characteristics

The new stoichiometric SiB12 structure possesses space
group Pnnm and contains two SiB12 units within its unit cell.
The structural parameters are listed in SM Table SI. Silicon
atoms occupy interstitial sites between the boron icosahedra,
resulting in the formation of relatively open silicon chan-
nels along the [010] direction. We have calculated the Bader
charge [68] for the SiB12 structure using the PAW method
employed in the VASP code, as listed in SM Table SI. We
find ionic interactions exist between Si and the B12 cluster,

similar to that seen in NaCl-type ionic γ boron [18]. However,
the boron atoms at Wyckoff-position B(2) and B(3) attract
0.1369e and 0.2144e, respectively. Each silicon atom delivers
1.3249e charge transferred to the B12 unit, which is estimated
to be over twice as much as charge transfer (0.5e) between B2

pairs and the B12 unit in γ boron. This difference originates
from the higher electronegativity of boron than silicon, so that
silicon easily donates electrons. The charge transfer between
Si and the B12 unit means that Pnnm SiB12 can be considered
an ioniclike compound, Si1.3+(B12)1.3−.

By computing the electron localization function (ELF),
we further analyzed the electron localization and bonding
characteristics of this structure. Strong covalent bonds exist
between boron atoms at the polar sites [BP, pink colored in
Fig. 2(a)] of the B12 icosahedra, as seen by the high ELF value
(about 1.0) shown in Fig. 2(b) in the positions of these bonds.
The BP atoms are connected to adjacent boron icosahedra at a
relatively short distance of around 1.621 Å, which we note is
shorter than that of the equivalent distance in γ -B28 (1.80 Å)
[18]. Strong electron density is found to be located around
the BP-adjacent boron atom [green with yellow-crossing mark
in Fig. 2(a)]. The light blue contours with low ELF values
indicate the weak electron localization.

However, our ELF analysis cannot inform about the NCIs
for the extremely low electron density (ρ). Nevertheless, the
CRITIC2 program has been developed to solve such a prob-
lem [50]. By performing CRITIC2 calculations, weak electron
interactions have been successfully studied in many systems,
including inorganic perovskites [69], polymorphic molecular
crystals [70], and van der Waals materials [71]. NCIs can
be analyzed by dividing the low electron density gradient
∇ρ by ρ4/3, where ρ is the electron density obtained from
the DFT electron wave functions. The key index, namely, re-
duced density gradient (RDG, s) is defined as s = 1

2(3π2 )1/3
|∇ρ|
ρ4/3 .

Therefore, we can investigate the NCIs between the boron
icosahedra and interstitial silicon atoms using CRITIC2 cal-
culations. The very weak NCIs, such as van der Waals
interactions, appear as peaks with s = 0 located at ρ ≈ 0.0
arbitrary units (arb. units) [Fig. 2(c)]. We use the sign of the
second electron-density Hessian eigenvalue (λ2) to distinguish
repulsive (positive λ2) and attractive (negative λ2) NCIs with
low-S saddles appearing at low ρ values of around 0.05 and
0.1 arb. units. Figure 2(d) shows the steric 3D counter plots.
The red and blue counter plots exhibit the repulsive and attrac-
tive interactions, respectively. The extremely weak 3D NCIs
show up as the green “grainlike” objects in the counter plots.
Therefore, we suggest that weak chemical interactions exist
between silicon atoms and boron icosahedra.

Interestingly, we observe ringlike noncovalent interactions,
albeit with low electron density. The covalent bonding in
boron icosahedra explains its good thermal and dynamical
stability up to high temperatures. The covalent bonds between
polar boron atoms may aid resistance during the Vickers in-
dentation process.

C. Dynamical stability at temperatures

We further tested the dynamical stability of SiB12 at
ambient pressure and finite temperatures by carrying out cal-
culations of the phonon dispersion relations of the stable
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FIG. 2. (a) Crystal structure for SiB12 at 0 GPa (green for boron, and blue for silicon atoms). (b) The ELF map depicted by the plane
cutting through boron atoms with yellow-crossing marks in (a). (c) The calculated two-dimensional (2D) graphic of noncovalent interactions
(NCIs) by the reduced density gradient (RDG, s). (d) Three-dimensional (3D) NCIs counter plots with the isovalue s = 0.3 arb. units as red
dashed line shown in (c). To clearly visualize the NCIs regions, we did not draw the boron icosahedra in (d).

phase. No imaginary phonon branches were found, indicating
the dynamical stability of the structure at 0 GPa and 0 K [left
panel of Fig. 3(a)]. High-frequency internal optic phonons,
existing around 1200 cm−1 [red curves in Fig. 3(a)] show
little dispersion across the entire Brillouin zone. This mode
corresponds to opposing vibrational motions of BP atoms
along the [010] direction, as indicated by the red arrows in the
inset structure of Fig. 3(a). By calculating the partial phonon
density of states (PDOS) projected on different atoms, the
peak appearing at around 1200 cm−1 can be wholly attributed
to the vibration of BP boron atoms, as shown in the right panel
of Fig. 3(a). Additionally, the PDOS calculations show that
the vibrational modes at frequencies below 1000 cm−1 mainly
come from the motions of nonpolar boron (BNP) atoms.
We further calculate the frequency of Raman-active modes
in the Pnnm SiB12 structure under different pressures. The
frequency for Raman-active modes Ag + B1g + B2g + B3g in-
creases with compression, as shown in Fig. 3(b). In particular,
the strongest Ag Raman-active mode, shown as the red dotted
line, is well separated from the others and may serve as a
useful diagnostic feature in any experimental high-pressure
structural assessment.

We note that finite temperatures usually induce anharmonic
effects on a crystal’s phonon dispersion curves and may mod-
ify the structural stability or a particular phase [72–74]. To
confirm the thermal dynamic stability of our SiB12 structure
at finite temperatures, we have made efforts to obtain the
higher-order force constants and calculate the entire phonon
spectra. Using the SCPH method [63], we predict the phonon
curves at 0 GPa and room temperature [Fig. 3(c)]. An increase

from 0 K to room temperature is found to enhance the atomic
vibration and results in phonon hardening. We have performed
AIMD calculations of this phase at ambient pressure and
high temperatures, up to 2000 K, as shown in Figs. 3(d)–3(i).
Alongside these AIMD simulations, we have used a three-step
strategy to obtain the anharmonic force constants as a function
of increasing temperature. Firstly, we perform AIMD simula-
tions in the NPT ensemble for 12 picosecond (ps) time steps,
adopting every equilibrium cell. Secondly, with these cell
constraints, we employ the NV T ensemble during another 12
ps AIMD simulations. Lastly, we can extract force constants
and fit the phonon dispersion curves corresponding to high
temperature conditions.

We have extracted the temperature (T), pressure (P), and
lattice parameter (a, b, and c) changes during the AIMD
simulation time steps (t), as shown in SM Figs. S2 and S3.
After 2 ps of AIMD simulations, the SiB12 structure is found
to reach all equilibrated states in the NPT ensemble under
different temperatures. We have used the radial distribution
function (g(r)) to analyze the atomic bonding information.
The first sharp peak for g(r) appears at an interatomic distance,
r, of around 1.75 Å, as shown in Figs. 3(d)–3(f). This bond
length is close to the averaged length value around 1.787 Å
for boron-boron bonds in the boron icosahedron at 0 GPa and
0 K. Thus, we conclude that the boron icosahedron remains
intact at high temperature up to 2000 K at ambient pressure.
The averaged cell volume expands with loading temperatures
during AIMD simulations. Specifically, the averaged unit-cell
volume reaches to 190.3, 191.4, and 198.8 Å3 at temperatures
of 300, 1000, and 2000 K, respectively.
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FIG. 3. Dynamical and thermal stability of SiB12 at 0 GPa and finite temperatures. (a) The harmonic phonon dispersion spectra (left panel)
and partial phonon density of state (PDOS, right panel) at 0 GPa and 0 K. (b) The evolution for theoretical frequencies of Raman-active modes
(Ag + B1g + B2g + B3g) as a function of pressures. (c) The anharmonic phonon curves calculated by the SCPH method at 0 GPa and 300 K.
(d)–(f) The broadened pair distribution functions and (g)–(i) thermal phonon spectra for SiB12 structure, by performing the AIMD simulation
at temperatures from 300 to 2000 K. Red curves in (a)–(c) represent the phonon dispersion of the highest frequency. We clearly observe the Bp

opposite atomic vibration behavior by hiding the silicon atoms, as the inset of (a) shows.

We further employ the technique of temperature-dependent
effective potential [63,75] into AIMD simulations in the NV T
ensemble [57], as Figs. 3(g)–3(i) exhibit. The phonon spectra
at 300 K fitting from AIMD simulation, agree with self-
consistent results as the blue curves in Fig. 3(c) show. We
note, however, that the highest vibration frequency along �-R
line appears to separate. The reason may be that the sampling
method we use during our room-temperature AIMD simu-
lations is unable to reflect the quantum vibration behavior
[58]. Obviously, phonon curves bunch to lower frequencies as
temperature is increased to 2000 K with an increase of around
1.6% of the unit-cell volume, compared to the structure at
0 K, as seen from Fig. 3(i). Phonons soften on increasing
temperature as the covalent boron-to-boron interaction weak-
ens during the volume expansion on heating. Nevertheless,

all AIMD simulations show positive real phonon dispersion,
demonstrating that the Pnnm SiB12 structure has very good
thermal and dynamic stability at high temperatures. This sug-
gests that the silicon boride SiB12 structure can be quenchable
to ambient conditions once synthesized, and may stimulate ex-
perimentalists to obtain such metastable materials recovered
from extremely high temperature and pressure studies.

D. Stress response to the strain deformation

Icosahedral boron is a well-known component of incom-
pressible allotropes of bulk boron [18,19] which typically
display super hardness. To study the mechanical properties
of orthorhombic Pnnm SiB12, we have calculated the elastic
constants at 0 GPa, as listed in SM Table SI. We find this
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FIG. 4. The stress-strain relationships for orthorhombic SiB12. (a) The uniaxial ideal tensile strains, and (b) the biaxial shear strains under
the Vickers-indentation deformations. (c) The structural snapshot at specific indentation strain of 0.06 for the (11̄0) plane shearing along the
[110] direction as the blue circle-solid curve shown in (b). (d, left panel) The volume changes with indentation shear along the [001], [1̄ 1̄ 0],
and [110] direction for the (11̄0) plane, which are subjected to the same-colored strain-stress curves in (b). The inset in (b) shows the total
energy calculated under strains after fully optimizing the cells upon shearing in the (11̄0) plane along the [001], [1̄1̄0], and [110] directions.
The solid circle and square lines in the right part of (d) exhibit the directional-bond lengths by projecting the BP–BP pairs along the (11̄0)[110]
and its opposite shearing directions, respectively. Blue and green curves represent the bond length for B23–B24 pair as labeled in (c), red and
magenta ones are for B21–B22 bond.

structure has high elastic moduli, displaying values of 188.0
and 221.7 GPa for the bulk and shear modulus, respectively,
[76–78]. Using the semiempirical model of Chen et al. [79],
we estimate the Vickers hardness to be around 54.2 GPa,
which is in agreement with the value (∼50.8 GPa) obtained by
model of Tian et al. [80]. These predictions suggest the poten-
tial super hardness of SiB12 at ambient conditions. However,
no directionally strong interactions exist between icosahedra,
suggesting the material may not be able to resist an imposed
Vickers indentation strain, which may lead to facile icosa-
hedral deconstruction thus reducing the expected maximum
Vickers hardness [81].

To identify the intrinsic Vickers stiffness of our SiB12

structure, we impose tensile strains and shear on the structure
to simulate the conditions of a Vickers indentation test. We
have calculated the stress under uniaxial ideal tensile strains
along different directions, as reported in Fig. 4(a). The struc-
ture was optimized to reach the lowest stress peak under
the tensile strain around 15% along the [11̄0] direction. We
therefore choose the (11̄0) plane as the easiest cleavage. By
shearing the (11̄0) plane along the [001], [1̄ 1̄ 0], and [110]
directions, we have simulated the expected Vickers-indenter
deformations under biaxial strains, as shown in Fig. 4(b).
The sheared structure under these conditions is depicted in
Fig. 4(c). We optimize the shearing snapshot structures.

Under continuous low shear strain, the total energy can be
continuous. However, the partial derivative of total energy E
with respect to strain component εi j can be discontinuous,
especially at a first-order phase transition point, where the
cell volume V is discontinuous. After optimizing the SiB12

structure, we find E increases with shear strain, reaching a
peak value of 6% strain along the [001] and [1̄1̄0] directions
in the (11̄0) shear plane [inset of Fig. 4(b)]. The energy
tends to increase slowly at 6% shear strain for (11̄0)[110]
Vickers indentation. At around 6% shear strain, we find the
total energy increments for the [001] and [1̄1̄0] directions are
almost twice as great as that along the [110] direction. On
the other hand, the cell can be compressed with decreasing
volume V under shear strain. Sudden V increments occur at
strains of 6% for (11̄0)[110] and 7% for the (11̄0) [001]
and [1̄1̄0] directions [Fig. 4(d)], which leads to stress drops
[Fig. 4(b)]. These characteristics of energy increment and
sudden volume condensation result in the stress-strain curves
given in Fig. 4(b). The SiB12 structure is predicted to show
its lowest stress values under a (11̄0)[110] shear deformation.
The stress is estimated to reach a peak value around 20 GPa
corresponding to a biaxial shear strain of 6%.

During shearing, we find sudden cell deformations arise,
with sudden volumetric expansions, as shown in the left panel
of Fig. 4(d). By projecting the boron bond lengths along the
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FIG. 5. The band structures for (a)–(c) d-Si, (d)–(f) c-GaAs, and (g)–(i) SiB12. The blue, red, and black band dispersion curves represent
the VASP PBE, HSE06, and WIEN2k PBE-mBJ functional method, respectively.

shear system (11̄0)[110] and along the opposite shear direc-
tion, we obtain the directional bond lengths for BP–BP pairs
between adjacent boron icosahedra. The shorter boron-boron
bonds exhibit larger shear stress under (11̄0)[1̄ 1̄ 0] deforma-
tion than they do under the opposite deformation. The sudden
Vickers deformation occurs with a sudden increase in the
B21–B22 bond length, as well as a sudden reduction in the
B23–B24 bond length. Therefore, we suggest that the boron
icosahedra collapse under biaxial shear strains, reducing the
intrinsic hardness to around 20 GPa, which is much lower than
estimates from the semiempirical models suggest.

E. Electronic properties and optical absorption

The boron icosahedra of our phase form a Pnnm or-
thorhombic SiB12 structure. We have explored the influence
of the inclusion of interstitial silicon atoms between the
boron icosahedra on the electronic properties of this material.
The band structure estimation is an important component
of our understanding of semiconductor electrical transport
properties. It is important to choose an efficient method for
evaluating accurate band structures for SiB12.

Here, we compare the PBE, hybrid Heyd-Scuseria-
Ernzerhof functional (HSE06) [82] and WIEN2k mBJ ex-
change potential combined with the PBE functional in VASP.
For comparison, we calculated the electronic band structures
for well-known diamondlike silicon [d-Si, Figs. 5(a)–5(c)]
and cubic GaAs [c-GaAs, Figs. 5(d)–5(f)]. We list the direct
and indirect band gaps in Table I, compared with the experi-
mental values. The PBE functional [blue curves in Figs. 5(a)
and 5(d)] obviously underestimate the band gaps. The HSE06

functional [red curves in Fig. 5(b) and 5(e)] provides a more
accurate estimate of the band gap. However, the HSE06 cal-
culations are time-consuming and computational expensive,
especially for large systems.

The mBJ method is an addition to the PBE functional under
the GGA. It is computationally cheap and efficient to use the
mBJ semilocal functional to correct the electronic band gap
for solid-state semiconductors and insulators [83]. We find
WIEN2k PBE-mBJ results are comparable with VASP HSE06
bands. The semilocal mBJ potential is defined by υMBJ

χ,σ �r =
cυBR

χ,σ (�r) + (3c−2) 1
π

√
5

12

√
2tσ

ρσ (�r) , where ρσ is the electron den-

sity, and υBR
χ,σ (�r) is the Becke-Roussel (BR) potential [83]. The

band dispersion curves match well, as shown in Fig. 5(c) and
5(f). In particular, the PBE-mBJ method gives more accurate
estimates of the band gaps (Table I) for the d-Si and c-GaAs
cells than does HSE06, with lower error (err.) compared to the
experimental observations (Table I). Specifically, using PBE-
mBJ, we evaluate a band-gap value of 1.15 eV with 1.7% err.
for d-Si and 1.64 eV with 7.9% err. for the c-GaAs cell, rela-
tive to the experimentally observed values for d-Si of 1.17 eV
[28] and c-GaAs of 1.52 eV [83]. The PBE-mBJ band-gap
results are better than the computationally demanding HSE06
calculations (1.10 eV with 6.0% err. for d-Si, 1.35 eV with
11.2% for c-GaAs). Therefore, we have adopted WIEN2k PBE-
mBJ calculations to determine the electronic band structure of
SiB12 and related materials. In Figs. 5(g)–5(i), we compare
the band dispersions for SiB12 estimated by PBE, HSE06, and
PBE-mBJ methods.

Our PBE-mBJ calculations show that the SiB12 Pnnm
phase is a semiconductor with a small indirect band gap of
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TABLE I. The band gap (eV) and error (%) in relative to the experimental values (exp.).

��������������Compound
Functional

PBE (eV) Err. (%) HSE (eV) Err. (%) PBE-mbj (eV) Err. (%) Exp. (eV)

d-Si 1.02 1.10 1.15 1.17 [28]
12.8 6.0 1.7

c-GaAs 0.59 1.35 1.64 1.52 [83]
61.2 11.2 7.9

SiB12 0.82 1.56 1.28 –
– – –

around 1.3 eV [Fig. 6(a)]. The valence band maximum (VBM)
and conduction band minimum (CBM) points are located at
� and Y points of the Brillouin zone, respectively. Double
degeneracy occurs along the Z–R direction at energy levels
of 1–3 and −1–0 eV for the conduction and valence bands re-
spectively. The flat valence band broadens with a hole of large
effective mass along the T–Y and X–U directions of the Bril-
louin zone. These intrinsic band characteristics are beneficial
for electron inter-band transitions from valence to conduction
bands under visible light. The atomic pDOS in the right panel
of Fig. 6(a), shows that boron 2p orbital electrons predomi-
nantly contribute to both valence and conduction bands. The
electron excitation has a small contribution to the free energy
for the indirect band gap of SiB12.

Based on the proposed band structures given by WIEN2k
PBE-mBJ (Fig. 5), we further performed optical-absorption
calculations for solid Pnnm SiB12 using the linearized aug-
mented plane wave (LAPW) method [85]. We present the
absorption coefficient (α) as a function of photon energy in
Fig. 6(b). However, we did not consider the electron indirect
transition between the occupied and unoccupied states, which

involves absorption and release of phonons. Nevertheless,
using the LAPW method employed in WIEN2k code, we calcu-
late interband absorption coefficients (α) for SiB12, compared
with cubic GaAs (c-GaAs) and diamondlike silicon (d-Si).
Values of α for c-GaAs and d-Si are in good agreement with
the experimental observations across the visible spectrum, as
shown in Fig. 6(b). This validates the use of the WIEN2k
PBE-mBJ method in estimating such optical properties for
direct and indirect semiconductors.

According to the sum rules for Bloch electron transi-
tion from an occupied state to empty state, the imaginary
components (εi j

2 ) of the interband complex dielectric tensor
vary with incident photon frequency ν. This is calcu-
lated as ε

i j
2 (ν) = e2

πm2ν2

∑
�knn′σ 〈�knσ |pi|�kn′σ 〉〈�kn′σ |p j |�knσ 〉 ×

( f�kn − f�kn′ )δ(E�kn′ − E�kn − hν) [85]. Here, m and e represent
electron mass and quantity, �P is the momentum operator,
|�knσ 〉 is the eigenstate of energy E�kn, �k is the wave vector,
and f�kn is Fermi-Dirac distribution function. We obtain the
real part (ε1) of the dielectric function from the Kramers-

Kronig transformation ε
i j
1 (ν) = δi j + 2

π
℘∫∞

0
ν ′εi j

2 (ν ′ )
ν

′2−ν2 dν ′. The

FIG. 6. The electronic structures of Pnnm SiB12 and its absorption features in the visible-light range. (a) The electronic band structure
(left panel) and partial density of state (pDOS, right panel), and (b) the optical properties compared to other typical optoelectronic materials,
specifically, cubic GaAs (c-GaAs) and diamondlike silicon (d-Si) cells. We used the WIEN2k code to calculate the absorption efficiency with
the mBJ potential. Removing the silicon atoms, dashed color lines in (a) and (b) show the corresponding band structure, pDOS and optical
absorption for pure icosahedral B12 lattice (B′). The black dashed line in (a) represents the maximum energy level of the valence bands. For
comparison, we select the optical-absorption data for c-GaAs (red square) and d-Si (black square) cells at 300 K from the primary literature of
Blakemore [12] and Green et al. [84], respectively. The yellow solid line in (b) describes the AM1.5 standard solar spectra in arbitrary units.
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absorption coefficient (αii ) is then estimated by αii(ν) =
√

2ν
c [

√
εii

1
2(ν) + εii

2
2(ν) − εii

1 (ν)]1/2, where c is light speed.
The first two ε2 peaks of SiB12 are observed at around 2.7

and 3.1 eV, compared with 3.0 and 4.2 eV for c-GaAs and
3.5, 5.0 eV for d-Si solar cells (SM Fig. S4). This demon-
strates that the optical absorption coefficient, α, of SiB12 is
higher than that of d-Si and comparable to that of c-GaAs
solar cells in the visible light range. The magnitude of α of
SiB12 is enhanced at an incident photon energy below 3.0 eV,
with total overlap with air mass (AM) 1.5 absorption solar
spectral irradiance [86,87]. This indicates the good absorption
efficiency as a solar cell.

Absorption of light increases at photon energy levels above
1.6 eV for SiB12 structure, which likely results from the
dramatic DOS enhancement around energy levels of −0.3
eV below the VBM. Based on accurate full-potential LAPW
band-structure calculations, the absorption of light by Pnnm
SiB12 is expected to be much more anisotropic for xx and zz
components, certainly more so than d-Si photovoltaic material
in the photon energy range of 2.0–3.0 eV. In particular, the
absorption coefficient zz for SiB12 reaches a maximum value
of around 0.8 × 105 cm–1 at a photon energy level of 2.7 eV,
which is comparable to that of c-GaAs [12]. We suggest that
SiB12 has better and more efficient absorption of the sunlight
than that of a diamondlike silicon solar cell.

Therefore, we suggest that Pnnm SiB12 is a good absorber
across the visible light range. The photon absorption appears
to be associated with the boron icosahedral structure, since
we calculated that the silicon-free pure boron material retains
similar band characteristics as depicted by the red dashed lines
in Fig. 6(a).

F. Thermoelectric properties

In addition to their photoabsorption characteristics, the
unique structure and electronic properties of our predicted
SiB12 phase may also imbue superior thermoelectric perfor-
mance. For example, the dodecahedral cage structure and
large differential electric DOS around the Fermi energy have
previously been associated with a superior Seebeck effect (S)
and low thermal conductivity (κL) [5,11,14,88], which are
key merit indices for good thermoelectric materials. The low
band gap of 1.3 eV and good structural stability displayed
by semiconducting SiB12 inspire us to study potential ther-
moelectric applications of this phase over a wide range of
possible working temperatures.

The dimensionless thermoelectric figure of merit, ZT =
S2σT
κL+κe

, determines the efficiency of heat-to-electric conversion
for a thermoelectric material. Here, σ , κL and κe, and T corre-
spond to the electrical conductivity, lattice and charge-carrier
thermal conductivity, and absolute working temperature, re-
spectively. The magnitude of S closely depends upon the
effective mass and carrier concentration (n), which are in turn
determined by the electronic band structure around the Fermi
energy [89]. We have evaluated the charge-carrier transport
properties of Pnnm SiB12 using the BOLTZTRAP package [65],
based on calculations of the band-energy eigenvalues provid-
ing by the mBJ functional employed in the WIEN2k code.
As Fig. 7(a) demonstrates, for a hole carrier, the Seebeck

coefficient, S, increases from 150 to 400 μVK−1 for a positive
value of n of 1 × 1020 cm−3 as the temperature increases from
300 to 1100 K respectively. The absolute value of S with
negative n is less than that for the equivalent magnitude pos-
itive n, indicating that Pnnm SiB12 shows the p-type Seebeck
effect.

The flat VBM bands at energy levels of −1.0 eV along the
T–Y and X–U directions of the Brillouin zone suggest a much
larger DOS for valence bands than that for CBM at the Y point.
Such obvious DOS differences result in the larger effective
mass of a hole carrier than that of an electron, however, lead-
ing to a smaller σ for positive n than that expected for negative
n [see SM Fig. S5(a)]. The electrical conductivity σ reaches
around 105 at negative n = 1 × 1020 which is much larger
than β-boron [26], and comparable to that of TaFeSb-based
half-Heusler systems [90]. With an appropriate constant relax-
ation time (τ = 10−14 s) for bulk materials [91–97], we have
calculated the power factor (PF = S2σ ) taking into account
the carrier electrical conductivity, as shown in Fig. 7(b). The
PF of hole carriers is estimated to be larger than that of an
electron, which increases with the temperature.

The lattice thermal conductivity (κL) in particular plays
an important role in thermoelectric performance at room
temperature. Reducing κL has been reported to be an ef-
fective way to lower heat transport and improving the ZT
value [15]. However, the third-order interatomic force con-
stants are necessary to perform SHENGBTE [66]. We find
low values of lattice thermal conductivity, ranging from
19.2 Wm–1K–1 at 300 K to 5.0 Wm–1K–1 at 1100 K [Fig. 7(c)].
These are lower than the thermal conductivity of pure β

boron, of around 30 to 10 Wm–1K–1 over temperature ranges
of 300–1000 K [26], but higher than those of CaMg2Sb2

(4.5 Wm–1K–1@300 K). However, κL is much lower than
bulk diamond (1700 Wm–1K–1) or of diamondlike silicon
(100 Wm–1K–1) at 300 K [98]. We have calculated the nor-
malized cumulative thermal conductivity κC/κL as a function
of phonon frequency at 300 K [Fig. 7(d)]. Over 80% of the
lattice thermal conductivity κL is contributed by phonons with
frequency below 400 cm–1, as the black dashed line shows.
Considering the cell size effects, we calculate the κL for
nanowires formed along the [010] direction for different di-
ameters ranging from 10 to 104 nanometers (nm) [Fig. 7(e)].
κL is found to be greatly reduced when the cell size is limited
to less than 100 nm.

We find the total scattering rate tends to increase with
increasing temperature [see SM Fig. S6(b)]. Strong phonon
scattering occurs at frequencies around 300 and 400 cm–1,
where group velocities υg reach around 7 km/s [SM Fig.
S5(c)], which is much larger than the narrow band-gap ther-
moelectric Bi2Se3 (∼1.62 km/s) [99]. We suggest that the
noticeable intensification of the total scattering rate originates
from the vibrations of the silicon atoms in the open channel
sites between boron icosahedra, as Figs. 3(c) and 3(g)–3(i)
indicate. The silicon atom may show large amplitude vibra-
tional motions that can effectively scatter any low-frequency
phonons, behaving somewhat akin to the “rattling” guest
atoms seen previously in phonon-glass electron crystals [100].
The electrical thermal conductivity (κe) tends to depend more
significantly on the magnitude of ZT value at temperatures
above 500 K [see SM Fig. S5(d)].
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FIG. 7. Electrical transport and lattice thermal properties for Pnnm SiB12. (a) The Seebeck coefficient (S) and (b) power factor (PF = S2σ )
at constant relaxation time (τ ) are shown as a function of carrier concentration (n). (c) The lattice thermal conductivity (κL) versus temperature
(T) for xx, yy, and zz components in Pnnm SiB12. (d) The normalized cumulative thermal conductivity κC/κL with phonon frequency ω at
300 K. (e) κL for nanowires along [010] growth direction at temperatures from 300 to 900 K. (f) The calculated temperature-dependent figure
of merit (ZT) versus carrier concentration n. The constant τ = 10−14 s is appropriate for applications in many systems [91–97].

As a result, ZT is estimated to increase with working tem-
perature over the range 300–1100 K, as shown in Fig. 7(f).
We find large electrical conductivity and low lattice thermal
conductivity for SiB12, result in a very large thermoelectric ZT
value of 0.56 at 1100 K. This is much better than that of pure
boron or of the boron oxide B6O (best ZT of 0.17 at 1200 ◦ C)
[26], and is almost twice as high as that of the benchmark
thermoelectric Bi2Se3 (ZT of 0.3) [97].

IV. CONCLUSIONS

We have applied crystal structure search methods to ex-
plore stable icosahedral silicon borides under pressure. An
orthorhombic SiB12 structure with space group Pnnm is found
to be stable at around 20 GPa and quenchable to ambient pres-
sure. This structure is composed of boron-icosahedral clusters
with interstitial with silicon atoms, and exhibits very good
thermal and dynamic stability. For example, our AIMD simu-
lations show that the phonon dispersion branches of SiB12 are
found to all have positive frequencies at ambient pressure and
finite temperatures. The icosahedron clusters in the structure
are seen to remain intact, even to temperatures as high as
2000 K. Calculations of electron localization functions reveal
strong covalent bonding between the boron icosahedra. Very
weak noncovalent interactions are seen around the silicon
atoms, from reduced density gradient analysis. Calculations
of the Vickers-indentation deformation hardness suggest that
this structure is stiff to shear and has an intrinsic Vickers
hardness of around 20 GPa. By performing the accurate

all-electron band-structure calculations, we find that the SiB12

structure is semiconducting with a small indirect band gap
of around 1.3 eV. It shows a good optical absorption coef-
ficient across the visible light range. Additionally, the guest
silicon atom intensifies the scattering rate and imbues the
SiB12 structure with a good Seebeck effect and low lattice
thermal conductivity. Therefore, our work suggests that SiB12

is a hard semiconducting compound with multifunctional
properties. Specifically, the superior photovoltaic and thermo-
electric performance of this compound makes it potentially
useful for renewable energy production, with enhanced to-
tal photovoltaic conversion efficiency. We anticipate that the
predictions that we have outlined here will stimulate exper-
imentalists to synthesize and further apply this interesting
compound.
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