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. Due to the compatibility with the well-developed Si-based semiconductor industry, there is
considerable interest in developing silicon structures with direct energy band gaps for effective
sunlight harvesting. In this paper, using silicon triangles as the building block, we propose a new
silicon allotrope with a direct band gap of 0.61 eV, which is dynamically, thermally and mechanically
stable. Symmetry group analysis further suggests that dipole transition at the direct band gap
is allowed. In addition, this new allotrope displays large carrier mobility (~10*cm/V-s) at room
temperature and a low mass density (1.71g/cm3), making it a promising material for optoelectronic
: applications.

. Due to limited supply of fossil fuels and its adverse effect on the environment, one of the greatest chal-
© lenges in this century is to find clean and sustainable energy sources. Of all the renewable energy sources
. available, solar energy provides the best solution', but development of efficient photovoltaic materials to
: convert solar energy into electricity is essential. Silicon, because of its high stability and abundance, has
. been widely used as a photovoltaic material for solar cell devices. However, crystalline silicon does not
. absorb sunlight as efficiently as some other materials do. Its indirect band gap of 1.1eV? significantly
- limits the efficiency of solar cells as electron transition needs the assistance of phonons to change the
: momentum, thus, requiring a long optical pathway (thick film) for effective light absorption®*. On the
© other hand, its direct band gap of 3.4 €V is too large* and only allows high energy photons to be absorbed.
Metastable silicon allotropes, such as R8, T12-Si, and lonsdaleite structures also exhibit indirect band
gaps®~ and the hotly-pursued silicene and BC8 phases show semimetal feature>®. None of these materials
. are suitable for solar absorption. These limitations have led to a constant search for new silicon structures
© with small direct band gaps and desired optical properties.
Botti et al. studied several low-energy silicon allotropes with quasi-direct and dipole-allowed band
gaps from 0.8 to 1.5eV®. Similarly, Xiang et al. proposed a cubic Si,, phase with a quasi-direct band gap
: of 1.55€V, while the dipole transition at direct band gap is allowed?. Although these structures exhibit
. better optical absorption than diamond silicon, their performance is not comparable with that of a direct
. band gap phase. Recently, using particle swarm optimization (PSO) algorithm, Wang et al. proposed six
. silicon structures. Among them, the oF16-, tP16-, mC12-, and tI16-Si show direct band gaps ranging
. from 0.81 to 1.25eV'?, Subsequently, using density functional theory (DFT) with generalized gradient
approximation (GGA) for exchange-correlation potential at the PBE level, Lee et al. presented a series
of direct band gap silicon crystals with band gaps ranging from 0.29 to 0.77eV'". Even through these
silicon structures can absorb sunlight at lower energies than other silicon allotropes and exhibit signif-
. icantly enhanced optical absorption, there is a large room to enhance the conversion efficiency because
. photons with energy below the band gap cannot be absorbed!?. This requires a small gap absorber to
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Figure 1. Optimized crystal structure of h-Sig. (a) Perspective view, (b) view from the [0001] direction,
and (c) view from the [0110] direction.

capture the low-energy photons. Note that photons in the visible and infrared spectra contain over 90%
of solar energy.

In this paper we propose a three dimensional (3D) silicon structure built of Si triangles, h-Sis, whose
dynamical, thermal and mechanical stability is confirmed by state-of-art theoretical calculations. Our
results show that the h-Si; phase has a direct band gap of 0.61eV with good optical properties. The
small effective mass and the large carrier mobility make h-Sis; a promising candidate for electronic
device as well as solar absorber. The conversion efficiency of h-Sig can be further enhanced by stacking
it with other silicon allotropes having different band gaps'®. We show that such an array can break the
Shockley-Queisser limit'.

Results and Discussion
It has been demonstrated that the electronic structure of silicon crystals can be modified by varying
the distribution of dihedral-angles while keeping the covalent bonds between the silicon atoms intact!!.
Similarly, the improvement of silicon’s optical transition and solar absorption has been shown to be
closely related to its triangular motifs®. Thus, we conceived an idea of building a new 3D silicon structure
with a direct band gap by combining these two factors. To accomplish this we changed the arrangement
of silicon atoms in a unit cell by using the triangular motifs as building block. We constructed several
possible structures before we reached the one with a pair of up-down equilateral triangles in a unit cell, as
shown in Fig. 1. For convenience of discussion, we term this structure as h-Sig, since the newly designed
phase has a hexagonal primitive cell (space group P6;/mmc, No. 194) containing six silicon atoms. The
optimized lattice parameters are a = b= 6.94 A, and ¢ = 3.90 A. This structure features 4-fold coordination
with two bonds of 2.37 A in the triangular building block and the other two of 2.33 A between the silicon
atoms in the neighboring triangles. The bond lengths are very close to that of diamond silicon (2.35 A),
showing a similar bonding character. Because there are three different bond angles among the silicon
atoms (60°, 113.8°, and 118.2°), the silicon atoms show a characteristic of imperfect sp> hybridization.
To confirm the dynamical stability, phonon dispersion of h-Sis was calculated by using the finite
displacement method. The results are plotted in Fig. 2(a). We see that all the vibrational frequencies are
positive in the first Brillouin zone, which clearly demonstrates that h-Sig is dynamically stable and the
structure belongs to a local minimum in the potential energy surface. We note that the highest frequency
reaches 16.9 THz, which is slightly higher than that in diamond silicon (15.5THz). We also checked its
thermal stability from two different viewpoints. First, we calculated the total energy of h-Siz and com-
pared it with several other silicon allotropes. The degree of distortion is found to have direct impact on
the energy level. The h-Sig phase is 0.35eV/atom higher in energy than that of the diamond silicon phase
as no distortion occurs in the perfect sp> configuration of the diamond structure. In h-Sig, the triangular
three-membered rings lead to a larger distortion than the four- or five-membered rings in other direct
band gap silicon crystals, such as 0F16-, tP16-, mC12-, and tI16-Si phases. Therefore, h-Si; is higher in
energy by about 0.1~0.2eV/atom than those previously reported direct band gap silicon structures™.
However, the total energy of h-Sis phase is comparable with that of the cubic Si,, phase, due to similar
distortion of the Si tetrahedron® Furthermore, h-Sis is energetically more favorable than some experi-
mentally identified silicon clusters, such as Siy, Sis, and Si*. This result provides room for optimism that
h-Si4 can be synthesized by some non-equilibrium growth processes as illustrated in previous studies*!c.
We then examined the thermal stability of h-Sig by performing ab initio molecular dynamics simu-
lations using canonical (NVT) ensemble. A large 3 x 3 x 3 supercell containing 162 atoms was used to
reduce lattice constraint. The simulations were carried out with a Nosé thermostat'” at 500K for 5 pico-
seconds with a time step of 1femtosecond. The fluctuation of total energy with simulation time is plotted
in Fig. 2(b). After 5000 steps, no obvious distortion in the structure appeared, and the average value of
total energy remained nearly constant during the entire simulation. This implies that h-Si, is thermally
stable up to at least 500 K. The heat bath was further elevated to higher temperatures, and we found that
h-Sis can withstand temperatures as high as 1000 K. Thus, this new phase is separated by high energy
barriers around its local minimum on the potential energy surface.
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Figure 2. Structural stability of h-Sis. (a) Phonon dispersions and (b) energy fluctuation of h-Sis with
respect to time in MD simulations at 500 K.

Cy 83.0 160.7 1473
Cy 156.9

Cu 24.1 78.0 341
Cp 343 63.9 463
Ch 36.8

B 57.6 96.2 80.0
G 328 64.5 402

Table 1. Elastic constants and bulk and shear moduli of h-Si;, diamond silicon, and the cubic Si,,
structure (GPa).

To study the mechanical strength of the h-Sis phase, we have calculated its elastic response under
external strain. In the linear elastic range, the elastic constant tensor forms a symmetric 6 X 6 matrix with
21 independent components. For a stable hexagonal structure, there only exist five independent elastic
constants C,;, Cs3, Cyy, Cp, and Cj3, and they have to obey the condition'®:

C33 >0, Cyy > 0, Cyy > [Cyyf, (Cyy + 2Cy,) Cy5 > 2C,,%

Using the strain-stress relationship'®, we calculated the elastic constants of h-Sis. For comparison,
similar calculations for the diamond silicon and cubic Si,, phase were also performed. All results are
given in Table 1. Because the calculated elastic constants of this structure satisfy the above conditions,
we conclude that that the h-Sig structure is mechanically stable. The bulk and shear moduli were calcu-
lated using the Voigt-Reuss-Hill approximation'®. The corresponding values for h-Sis are 57.6 GPa and
32.8 GPa, respectively. Note that h-Sis has a much smaller bulk and shear moduli than those of diamond
silicon and cubic Si,, phase (see Table 1). In addition, it is also smaller than those of direct band gap
hP12-Si and tP16-Si phases!® which are considered as the most porous structures in their proposed
allotropes. To further compare the porosity with other 3D silicon structures, the mass density of h-Sig
was calculated. Besides being much lower than that of diamond silicon (2.34g/cm?), h-Sis has an even
smaller density (1.71g/cm?®) than most previously reported bulk silicon allotropes'®. This would help to
reduce the material weight in practical applications.

For measuring optical absorption performance of the photovoltaic material, we have calculated the
electronic structure of the h-Siz phase because the conversion efficiency is closely related to the band
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Figure 3. Electronic Properties. Calculated band structure of h-Sig (red lines: GGA/PBE; blue lines: HSE06)
with the Fermi level set to zero. The high symmetry k-point path in the Brillouin zone is shown in the inset.

Carrier type m, m, m, E,, E,, E,. P 1y s
Electron 1.45 1.45 0.14 179 | 1.82 | 16.61 0.63 0.61 | 4.78
Light hole —0.10 | —0.10 | —092 | 1009 | 891 546 | 1582 | 20.33 | 0.40
Heavy hole | —0.19 | —0.19 | —0.92 | 10.09 | 891 5.46 3.18 4.05 | 0.40

Table 2. Effective mass (in m,), deformation potential (in eV), and carrier mobility (in 10°cm?/V-s)
along the three stretching directions for electrons and holes of h-Si; at 300 K.

gap'®!, The calculated band structure of h-Si; throughout the hexagonal Brillouin zone is shown in
Fig. 3. At the GGA/PBE level of density functional theory, the h-Sis phase is predicted to be a direct
band gap semiconductor with a small band gap of 0.14eV, as both the valence band maximum (VBM)
and conduction band minimum (CBM) are located at the I" point. This value of 0.14 eV is less than half
of the minimum band gap (0.29¢V) of previously reported direct band gap silicon crystals!!. Because
conventional DFT calculations are known to significantly underestimate band gap, we repeated the above
calculations using the HSE06 functional. Although the band structure using the HSE06 functional is
similar to that obtained at the PBE level, the band gap is increased to 0.61eV. This value is much smaller
than that of all the predicted direct band gap silicon allotropes at the HSE06 level. In addition, we note
that the highest occupied state at the I" point is doubly degenerate; this is because h-Si; has hexagonal
symmetry in the dihedral point group.

In a solar cell, when photoelectrons are produced, recombination of electrons and holes is not desired
because this process decreases the solar conversion efficiency. Thus, large carrier mobility is needed". Therefore,
we investigated the charge transport properties of the h-Si; phase using the deformation potential
PRp 2 Cyplie

3 Eml(kT)
where E; denotes the deformation potential, which is obtained by varying the lattice constant along the
transport direction and studying the change of band energy under the lattice compression and strain.
The effective mass m" can be calculated by a quadratic polynomial fitting of the conduction and valence
bands (i L0

m* h?* ok?
ent directions refers to the elastic constants given in Table 1; C;, represents the value along the x(y)
directions while the C;; stands for the modulus in the z-direction. For an intuitive description, we rebuilt

approximation®. The carrier mobility of a 3D solid can be written as fhyp =

along several directions in wave vector space. The elastic modulus C;p, along differ-

an orthorhombic crystal lattice along the three vertical directions @, ?, and ¢ for h-Sig, as plotted in
Supplementary Information Figure S1. The effective masses, deformation potential, and carrier mobility
of electrons and holes along the three basis vector directions are listed in Table 2.

We begin our discussion by first looking at the carrier effective mass. Due to the intrinsic hexagonal
structure, m, = m,, showing an isotropic character in the x-y plane. For electrons, the effective mass along
the z direction (m; = 0.14m,) is smaller by an order of magnitude than that in the x(y) direction
(m vy = 145 mo). This can be understood from the fact that the first conduction band has more signif-
icant dispersions along the I' — A direction than that in the I' — M(K) direction as shown in Fig. 3. For
holes, we note that there are two valence bands near the I' point, making the VBM a doubly degenerate
state. So, there exist two kinds of holes, termed as light and heavy holes, respectively. Along the x(y)
direction, the effective mass of heavy holes is —0.19m,, which is nearly twice that of the light holes
(—0.10mm,). Along the z direction, these two bands merge together, leading to an equivalent effective mass
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Figure 4. Optical properties. Imaginary part of dielectric function for h-Sig, diamond silicon, and other
metastable silicon allotropes calculated at the HSE06 level.

of —0.92m; for both the light and heavy holes. Compared with the conventional semiconductor materials
such as diamond silicon and GaN?, h-Si; has a notable small effective mass feature, especially for the x-y
plane holes and the z-axis electrons, making it a promising material for electronic devices.

The carrier mobility p is strongly influenced by the effective mass as evidenced from the simple rela-
tionship pr=e7/m’. In light of the small effective mass character, our predicted mobility of h-Sig is
impressively large at room temperature, around 10°~10*cm?/V-s. In fact, this is much larger than that
in the hotly pursued phosphorene” and MoS,*. From a detailed standpoint, the electron mobility has
the maximum value along the z direction, making it a high electron conductive channel. This phenom-
enon is a consequence of the very small effective mass, m; = 0.14m,, despite the fact that the deforma-
tion potential is extremely large, namely, 16.61eV. For the hole mobility, on the contrary, the carrier in
the x(y) direction is more mobile, since the effective masses of both light and heavy holes in the x-y plane
are less than a fifth of that along the z direction. It is worth noting that the effective mass of light hole
in the x-y plane is nearly equal to that of electrons along the z direction, but the former has about 3~4
times larger mobility than the latter one. This notable difference is due to the relatively small deformation
potential for the light holes, which makes them less prone to acoustic phonon scattering than the elec-
trons?>*. Our calculations show that the mobility for h-Sis can reach as high as 10*cm/V-s at room
temperature, making it ideal for application as a photovoltaic material for solar energy conversion.

The imaginary part of dielectric function of h-Si4 is calculated at the HSE06 level. For comparison,
calculations were also carried out for diamond silicon and other metastable silicon phases studied pre-
viously*>!°. The results are displayed in Fig. 4. According to the spectral range, we divided the spectrum
into three parts, namely the infrared, visible, and ultraviolet regions, respectively. As mentioned above,
due to the large direct band gap, diamond silicon can absorb photons mostly in the ultraviolet range.
However, this part only occupies a small percentage of the sunlight, implying that plenty of energy is
wasted. In addition, other metastable silicon allotropes can only absorb the photons with energy larger
than about 1.5eV, which is also not enough to make the best use of solar energy. For h-Si4 the absorp-
tion of low-energy photons starts from about 0.6eV, which is very close to its direct band gap at the
I' point. Moreover, h-Siq exhibits higher optical absorption than all the other silicon allotropes when
the photon energy is below 2.2eV. It also exhibits better optical absorption than diamond Si, hP12-Si,
0C12-8i, tI16-Si, and mC12-Si from 2.2 to 3.4eV. This implies that h-Si; can be an ideal candidate for
photovoltaic material. It was demonstrated that the maximum photoelectric conversion efficiency that
can be achieved is 33.7% when the band gap is 1.34eV for a single-gap photovoltaic device'2. However,
being tied to transition mechanism, the solar energy below this gap could not be really utilized, which
inhibits the ability to further enhance the efficiency of solar cells. To overcome this limitation, a tandem
solar cell system was proposed by stacking several homojunction cells together to form arrays, and it
was found that a three- or four-stacked cell can bring the highest efficiency up to more than 60%, which
requires a 0.5~0.6eV band gap absorber to capture the low-energy photons'®. The sketch of a tandem
solar cell along with a detailed mathematical treatment for estimating the efficiency are given in the
Supplementary Information. Thus, h-Si; exactly satisfies the requirement, leading to potential application
in photoactive layer, which would significantly increase the utilization of the sunlight.

To understand the reason why h-Si, exhibits better optical absorption than previous Si allotropes, we
examined the wave functions of the VBM and CBM plotted in Fig. 5. The VBM wave function is local-
ized on the Si-Si bonds, while the CBM wave function is distributed around the Si atoms, indicating a
bonding and antibonding state, respectively. The point group for the (0 0 0) k point is D, which has
eight one-dimensional irreducible representations. It is found that the VBM belongs to A, representation,
whereas the CBM belongs to B,, representation. In addition, for dipole transition, the dipole moment
operator in D,, group can be represented as the direct sum of B,,, B,,, and B;,. We then made a direct
product of the three representations, i.e., A, ® (B;, © By, ® Bs,) ® B,,. Theresultis By, © A, @ By,
where the A, representation is included, manifesting that the dipole transition at direct band gap is
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Figure 5. Calculated wave functions. (a,b) represent the VBM and CBM state at the I" point of h-Sig,
respectively.

allowed. Interestingly, the wave functions of both the VBM and CBM are around the equilateral triangle
units. Thus, it can be concluded that the optical transition is closely related to the silicon triangles, which
is consistent with the similar mechanism observed in previous cubic Si,, structure

Summary

To effectively harvest the sunlight in the whole wavelength range, it is a good strategy to use arrays con-
sisting of Si structures with different direct band gaps. However, in this array the structure with a direct
band gap of about 0.6 eV has been missing. In this study, we found this missing structure, the h-Si; phase,
by using silicon triangles as the building block. Using state-of-art theoretical calculations, we confirmed
its thermal, dynamical, and mechanical stability. We further calculated its electronic band structure,
optical properties and wave functions of the VBM and CBM. We also performed symmetry group anal-
ysis. We show that this new structure not only exhibits a good light absorption, but also exhibits high
intrinsic mobility and low mass density. We hope that these features of the new Si allotrope will motivate
experimental effort to synthesize the h-Si; phase.

Methods

Our studies are based on density functional theory (DFT) and the projector augmented wave (PAW)
method? as implemented in the Vienna ab initio Simulation Package (VASP)?. Plane waves with
kinetic energy cutoff of 500eV were used to expand the valence electron wave functions. The elec-
tronic exchange-correlation interaction was treated using Perdew-Burke-Ernzerhof functional (PBE)
within generalized gradient approximation (GGA)¥. To ensure an accurate determination of electronic
and optical properties, calculations were repeated using the hybrid Heyd-Scuseria-Ernzerhof functional
(HSE06)**3!. Full geometry optimizations were carried out by using the convergence thresholds of
10~*eV and 10-3eV/A for total energy and force component, respectively. The Brillouin zone was rep-
resented with 9 X 9 x 16 Monkhorst-Pack special k-point mesh®2. Thermal stability was studied using ab
initio MD simulations with temperature controlled by Nosé heat bath scheme!”. To study the dynamic
stability, phonon calculations were performed using finite displacement method?* as implemented in the
phonopy program®.

References
1. Petter Jelle, B., Breivik, C. & Drolsum Rekenes, H. Building integrated photovoltaic products: A state-of-the-art review and future
research opportunities. Solar Energy Mater. Sol. Cells 100, 69-96 (2012).
2. Xiang, H., Huang, B., Kan, E., Wei, S.-H. & Gong, X. Towards Direct-Gap Silicon Phases by the Inverse Band Structure Design
Approach. Phys. Rev. Lett. 110, 118702 (2013).
. Sun, K. et al. Enabling silicon for solar-fuel production. Chem. Rev. 114, 8662-8719 (2014).
4. Hybertsen, M. S. & Louie, S. G. First-principles theory of quasiparticles: calculation of band gaps in semiconductors and
insulators. Phys. Rev. Lett. 55, 1418 (1985).
5. Besson, J., Mokhtari, E., Gonzalez, ]. & Weill, G. Electrical properties of semimetallic silicon III and semiconductive silicon IV
at ambient pressure. Phys. Rev. Lett. 59, 473 (1987).
6. Malone, B. D,, Sau, J. D. & Cohen, M. L. Ab initio survey of the electronic structure of tetrahedrally bonded phases of silicon.
Phys. Rev. B 78, 035210 (2008).
7. Zhao, Z. et al. Tetragonal allotrope of group 14 elements. . Am. Chem. Soc. 134, 12362-12365 (2012).
8. Cahangirov, S., Topsakal, M., Aktiirk, E., $ahin, H. & Ciraci, S. Two-and one-dimensional honeycomb structures of silicon and
germanium. Phys. Rev. Lett. 102, 236804 (2009).
9. Botti, S., Flores-Livas, J. A., Amsler, M., Goedecker, S. & Marques, M. A. Low-energy silicon allotropes with strong absorption
in the visible for photovoltaic applications. Phys. Rev. B 86, 121204 (2012).
10. Wang, Q. et al. Direct band gap silicon allotropes. J. Am. Chem. Soc. 136, 9826-9829 (2014).
11. Lee, I.-H., Lee, ], Oh, Y. J., Kim, S. & Chang, K. Computational search for direct band gap silicon crystals. Phys. Rev. B 90, 115209
(2014).
12. Hanna, M. & Nozik, A. Solar Conversion Efficiency of Photovoltaic and Photoelectrolysis Cells with Carrier Multiplication
Absorbers. J. Appl. Phys. 100, 074510 (2006).
13. De Vos, A. Detailed balance limit of the efficiency of tandem solar cells. J. Phys. D: Appl. Phys. 13, 839 (1980).
14. Shockley, W. & Queisser, H. J. Detailed balance limit of efficiency of p-n junction solar cells. J. Appl. phys. 32, 510-519 (1961).
15. Honea, E. et al. Raman spectra of size-selected silicon clusters and comparison with calculated structures. Nature 366, 42-44
(1993).

W

SCIENTIFIC REPORTS | 5:14342 | DOI: 10.1038/srep14342 6



www.nature.com/scientificreports/

16. Xiang, H., Huang, B., Kan, E., Wei, S.-H., Gong, X. & Xiang et al. Reply. Phys. Rev. Lett. 112, 199802 (2014).

17. Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. Chem. Phys. 81, 511-519 (1984).

18. Wu, Z.-J. et al. Crystal structures and elastic properties of superhard IrN, and IrN; from first principles. Phys. Rev. B 76, 054115
(2007).

19. Priolo, E, Gregorkiewicz, T., Galli, M. & Krauss, T. E Silicon nanostructures for photonics and photovoltaics. Nat. Nanotechnol.
9, 19-32 (2014).

20. Bardeen, J. & Shockley, W. Deformation potentials and mobilities in non-polar crystals. Phys. Rev. 80, 72 (1950).

21. Beleznay, F, Bogér, F. & Ladik, J. Charge carrier mobility in quasi-one-dimensional systems: Application to a guanine stack.
J. Chem. phys. 119, 5690-5695 (2003).

22. Ramos, L. et al. Structural, electronic, and effective-mass properties of silicon and zinc-blende group-III nitride semiconductor
compounds. Phys. Rev. B 63, 165210 (2001).

23. Fei, R. & Yang, L. Strain-Engineering the Anisotropic Electrical Conductance of Few-Layer Black Phosphorus. Nano Lett. 14,
2884-2889 (2014).

24. Radisavljevic, B. & Kis, A. Mobility engineering and a metal-insulator transition in monolayer MoS,. Nat. Mater. 12, 815-820
(2013).

25. Long, M., Tang, L., Wang, D,, Li, Y. & Shuai, Z. Electronic structure and carrier mobility in graphdiyne sheet and nanoribbons:
theoretical predictions. ACS Nano 5, 2593-2600 (2011).

26. Qiao, J., Kong, X., Hu, Z.-X,, Yang, E & Ji, W. High-mobility transport anisotropy and linear dichroism in few-layer black
phosphorus. Nat. Commun. 5, 5475 (2014), doi: 10.1038/ncomms5475.

27. Gajdos, M., Hummer, K., Kresse, G., Furthmiiller, J. & Bechstedt, F. Linear optical properties in the projector-augmented wave
methodology. Phys. Rev. B 73, 045112 (2006).

28. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys.
Rev. B 54, 11169 (1996).

29. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).

30. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. . Chem. Phys. 118,
8207-8215 (2003).

31. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Erratum: “Hybrid functionals based on a screened Coulomb potential”[J. Chem. Phys.
118, 8207 (2003)]. J. Chem. Phys. 124, 219906 (2006).

32. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188 (1976).

33. Parlinski, K., Li, Z. & Kawazoe, Y. First-principles determination of the soft mode in cubic ZrO,. Phys. Rev. Lett. 78, 4063 (1997).

34. Togo, A., Oba, F. & Tanaka, I. First-principles calculations of the ferroelastic transition between rutile-type and CaCl,-type SiO,
at high pressures. Phys. Rev. B 78, 134106 (2008).

Acknowledgements

This work is partially supported by grants from the National Natural Science Foundation of China
(NSFC-51471004, NSFC-11174014), the National Grand Fundamental Research 973 Program of China
(Grant No. 2012CB921404), and the Doctoral Program of Higher Education of China (20130001110033).
PJ. acknowledges support by the U.S. Department of Energy, Office of Basic Energy Sciences, Division
of Materials Sciences and Engineering under Award # DE-FG02-96ER45579. Y.K. acknowledges support
by the Russian Megagrant Project No. 14.B25.31.0030 “New energy technologies and energy carriers’.
The authors thank the crew of the Center for Computational Materials Science, the Institute for
Materials Research, Tohoku University (Japan), for their continuous support of the HITACHI SR11000
supercomputing facility.

Author Contributions
Q.W. designed the project; Y.G. performed the calculations; Y.G., QW., Y.K. and PJ. analyzed the results
and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Guo, Y. et al. A New Silicon Phase with Direct Band Gap and Novel
Optoelectronic Properties. Sci. Rep. 5, 14342; doi: 10.1038/srep14342 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14342 | DOI: 10.1038/srep14342 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A New Silicon Phase with Direct Band Gap and Novel Optoelectronic Properties
	Introduction
	Results and Discussion
	Summary
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                A New Silicon Phase with Direct Band Gap and Novel Optoelectronic Properties
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14342
            
         
          
             
                Yaguang Guo
                Qian Wang
                Yoshiyuki Kawazoe
                Puru Jena
            
         
          doi:10.1038/srep14342
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14342
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14342
            
         
      
       
          
          
          
             
                doi:10.1038/srep14342
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14342
            
         
          
          
      
       
       
          True
      
   




