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Silicyne, a silicon allotrope, which is closely related to silicene and has graphyne-like structure, is theoretically in-
vestigated in this work. Its optimized geometry and electronic band structure are calculated by means of the first-principles
frozen-core projector-augmented wave method implemented in the Vienna ab initio simulation package (VASP). We find
that the lattice parameter is 9.5 A, the silicon chain between hexagons is composed of disilynic linkages (—Si=Si-) rather
than cumulative linkages (=Si=Si=), and the binding energy is —3.41 eV per atom. The band structure is calculated by
adopting the generalized gradient approximation and hybrid functionals. The band gap produced by the HSE06 functional
is 0.73 eV, which is nearly triple that by the generalized gradient approximation of Perdew—Burke—Ernzerhof functional.
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1. Introduction

Eckhardt, and

Kertesz!!! is a form of carbon, consisting of planar carbon

Graphyne, predicted by Baughman,
sheets with both sp and sp? carbon atoms.”! Because of its
unique properties, the subject of graphyne and its family has
been attracting a lot of attention in the field of material sci-
ence and condensed-matter physics.*~7! On the other side, sil-
icon, which is right below carbon in the periodic table of el-
ements, has a much higher surface reactivity compared with
carbon, so it is more feasible to integrate a silicon allotrope
into Si-based nanoelectronics than a carbon allotrope. Ex-
perimentally, fabrication of ultrathin Si films by plasma en-
hanced chemical vapor deposition (PECVD),[®% growth of
two-dimensional honeycomb silicon structure, silicene,'%!!]
on Ag(111) or Ag(110) substrate,/'>"'4! has become an attrac-
tive topic in the past few years. Si-based nanomaterials with
Si=Si triple bond, such as linear Si;H,['>1%1 and dimethyldis-
ilyne Sio(CH3),.['” have also been reported both experimen-

tally and theoretically.!7-18!

In this work, we present a theoretical prediction of a sil-
icon phase with a three-dimensional graphyne-like structure,
i.e., silicyne. The main purpose is to provide guidance for
its synthesization and reveal its optimized geometry structures
and basic electronic properties by first-principles calculations.
We will also make comparisons between graphyne, silicene,
and silicyne. The HSE06 hybrid!!”! functional is emphasized
in the calculation to obtain more reliable values for the energy

band gap.
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2. Methodology

First-principles calculations are performed using the
20,211

frozen-core projector-augmented wave method! im-
plemented in the Vienna ab initio simulation package
(VASP).[2223] The generalized gradient approximation of
Perdew—Burke—Ernzerhof (GGA-PBE) is used as the ex-
change correlation functional.”>*! In order to predict more re-
liable band gap values, we use the results of hybrid functional
Heyd-Scuseria—Ernzerhof (HSE) as a supplement. Wavefunc-
tions are expanded by a plane—wave basis set, and the energy
cutoff is set to be 400 eV. Atom positions and lattice constants
are optimized by minimizing the total energy with a conver-
gence criteria of 10~ eV, while the criteria for the Hellmann—
Feynman force on each atom is 0.02 eV/A. Furthermore, inter-
actions between adjacent silicyne layers along the z direction
are blocked by a large vacuum layer of 15 A. The I point is
included in the Brillouin zone sampling. A primitive hexago-
nal cell containing 12 silicon atoms and an 11x11x1 k-point
grid are chosen for the band structure calculation. As there is
no reconstruction observed in the system, the results produced
by the primitive cell are expected to be almost identical to that
by a larger supercell.

3. Crystal structure

Silicyne can be constructed by replacing one-third of the
silicon—silicon bond in silicene with —Si=Si- linkages. As il-
lustrated in Fig. 1, silicyne, named after disilyne,!'>! has a two-
dimensional honeycomb network, reminiscent of silicene.

We assume the distance between the centers of two
hexagons is equal to the lattice length a. Minimizing the to-
tal energy of the structure was realized by adjusting a. For
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each a, the atom positions and bond lengths are optimized.
As an initial condition, Si atoms on the hexagonal rings are
set the same as a two-dimensional honeycomb network struc-
ture of silicene, while Si atoms on the disilynic linkage are set
the same as the planar sheet structure of graphyne. All bond
lengths are set equal, ranging from 2.10 A of a triple bond to
2.35 A of a single bond. Because of the height along the z axis,
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we need to reduce the minimum lattice length to 1.8 x5 A. The
bond length reads

Duond = \/d? +d3 +d2, (1

where dy, dy, and d, are the partial bond length along the x, y,
and z axis, respectively, and Dyopq falls into the range from the
triple bond length to the single bond length.
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Fig. 1. (color online) (a) Geometric structure of silicyne. The parallelogram (blue solid line) represents a unit cell. The three-dimensional
structure of a unit cell is shown on the upper right corner. (b) Three-dimensional structure of a unit cell. The atoms Si; and Sig on
hexagonal ring are drawn as blue circles; Si and Si3 on the acetylenic linkage are drawn as red circles. The Si;—Si;—Si3 angle is o and
Siy—Siz—Si4 angle is B. (c) Assignation for bonds. Bonds are numbered with (D), @), @), and @), respectively.

4. Results and discussion

In this section, we will present our numerical results
and discussion of the optimized geometry and electronic band
structures.

4.1. Optimized geometry

The optimized lattice constant of the hexagonal primitive
cell is found to be 9.5 A and the bond lengths are 2.34, 2.30,
2.17, and 2.32 A for the bonds (D-@ shown in Fig. 1(c).
The bond length (I) is slightly longer than 2) and @). The
type of bond (D) is Si(sp>)-Si(sp?), as is the same in silicene
(2.28 A), and the bond @) is a typical single bond Si(sp®)-
Si(sp®) (2.35 A). The type of the bond ) is very different
from bond @), which can be considered as Si(sp*)-Si(sp?).
The type of bond () is considered to be Si(sp?) =Si(sp?) triple
bond, and the bond length value is also consistent with the re-
sults of trans-bent disilyne of H-Si=Si-H (2.10 A). The dif-
ference in the bond length is probably due to the asymmetric

structure (@ = 174.0° # B = 89.7°, bond @)# bond @) and
the conjugated atoms mentioned above.

The bond length Q) is about 3% larger than 2.10 A and
is closer to the typical double bond (Si=Si) length, which is
2.16 A*! while the bond lengths @) and @ are 2% and 1%
smaller than the typical single bond length. Thus, with the
bond length alone, we cannot determine whether silicon atoms
form —Si=Si— or =Si=Si= bond, so we need to take the charge
densities into account.

We project each band on Si atoms and obtain correspond-
ing partial charge densities of silicyne, as shown in Fig. 2,
for determining the bond type. There are both sp* and sp”
hybridized Si atoms in silicyne. In Fig. 2, we project the
band structure on atom Si; and Sig at the hexagonal ring
with sp® hybridization, and atom Si, with sp? hybridiza-
tion and Si3 with sp® hybridize at the acetylenic linkage.
The bond ) between Si-sp> and Si-sp> atom is a single &
bond contributed by s and p,+p,+p; orbitals of Si-sp?, as well

(b) : (c)
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Fig. 2. (color online) (a) The partial charge densities. (b), (c) Partial charge densities of the valence band maximum from different angles.

The 7 bond is indicated by dark blue shadow.
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as s and p,+p, orbitals of Si-sp?. The bond @) between two
Si-sp® atoms is also a single ¢ bond, and has s and Pxt+Py+P;
characteristics. The bond 3) between Si-sp? and Si-sp® atom
has o + 2m characteristics. The characteristics of the ¢ and
one 7 bond are the same as that of bond ), and the other &
bond is contributed by p, orbital of Si-sp?, and s and Pxt+Py+P;
orbitals of Si-sp>. Hence, the type of bond () turns out to be
mainly triple bond —Si(sp?) =Si(sp®)—. However, it also bears
some characteristics of the single bond. Bonds 2) and @) are
single bonds, but they show some characteristics like double
bonds. The single bonds @) and @) are longer than bond (),
suggesting that all the bonds are composed of disilynic link-
ages (—Si=Si-) rather than cumulative linkages (=Si=Si=).

Finally, we also calculated the binding energy that deter-
mines the structure stability, which is shown in Table 1. The
binding energy is defined as

Ey = —(Ejotal — 11siEsi), ()

where Eyyy is the total energy of different conformations, Efg;
is the spin-polarized energy of Si atom, and ng; is the num-
ber of Si atoms in the primitive hexagonal cell. The negative
value of E}, indicates that the conformation is stable and extra
energy is required to decompose the structure into atoms. In
order to check the correctness of our calculation, we optimized
the geometry of silicene and reproduced the binding energy of
previous literature.

Table 1. Lattice constants and binding energy of graphyne, silicene,
and silicyne.

Lattice length /A Binding energy /eV per atom  Remark
Graphyne? 6.86 -7.95 DFT-LDA
Silicene® 3.87 -3.90 potpaw_PBE
Silicene 3.87 -3.94 GGA-PBE
Silicyne 1.90 -3.41 GGA-PBE

3Ref. [3], P Ref. [25].

The Ey, of silicyne is —3.41 eV per atom, which is 0.53 eV
per atom higher than that of silicene, and 4.54 eV per atom
higher than that of graphyne. Hence, the stability order is
silicyne<silicene<graphyne. The binding energy of silicene
with the optimized structure is 3.94 eV per atom, while the
binding energy of silicyne is about 87% of that of silicene,
which is not a small portion. This suggests that silicyne will
be stable when it is synthesized.

4.2. Electronic band structure

The band structure of silicyne was calculated by GGA-
PBE and HSE06. We found that silicyne has an indirect band
gap with the valence band maximum (VBM) at the K point
and the conduction band minimum (CBM) at the M point. It
is well known that the band gap of a semiconductor is under-
estimated by LDA and GGA. In contrast, a hybrid functional,
such as HSEQ6, can reproduce the experimentally measured

band gap quite well, and give excellent description of the elec-
tronic structure of a semiconductor.!?’!

The results of HSE06 are presented in Fig. 3 by open cir-
cles. The gap value predicted by HSEO06 is 0.73 eV, which
is nearly triple that by GGA-PBE. In Ref. [2], the result of
graphene given by HSE06 (0.96 eV) is also larger than that
by GGA-PBE (0.46 ¢V). Both band structures given by GGA-
PBE and HSEQ06 show similar features.

Energy/eV

Fig. 3. (color online) Band structure of silicyne. Solid lines and open
circles represent GGA-PBE and HSEQ6 results, respectively. The Fermi
level is set to be zero.

The corresponding partial charge densities at the M point
of CBM and the K point of VBM are plotted in Fig. 4. The
CBM is composed of m*-antibonding states of silicon—silicon
bonds out of the plane. The VBM is composed of the o-
bonding states of Si;—Si, and 7-bonding states of Si3—Sis. The
symmetry is broken by the trans-bent- reduced disilyne struc-
ture. Thus, unlike silicene, the conformation is devoid of the
twofold degeneracy at the VBM.

Fig. 4. (color online) Partial charge densities of (a) the valence band
maximum (VBM) at M point and (b) the conduction band minimum
(CBM) at K point.
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5. Conclusions

The lattice parameter of silicyne is 9.5 A and the silicon
chain between hexagons is not composed of cumulative link-
ages (=Si=Si=), but composed of disilynic linkages (-Si=Si-)
instead. The effects of asymmetric structure and conjugated
multiple bonds are very important for silicyne. The binding
energy of silicyne is about 87% of that of silicene. Conse-
quently, silicyne is expected to be stable when it is synthe-
sized. The band structure of silicyne is calculated by both
GGA-PBE and HSEQ6. The gap value produced by HSEQ6 is
0.73 eV, which is nearly triple that by GGA-PBE. Both band
structures show similar features.

Moreover, due to the much higher surface reactivity com-
pared with graphyne, adsorption of suitable guest atoms on sil-
icyne can lead to a more stable semiconductor. Thus, surface
modifications should be very important to adjust the intrin-
sic properties of silicyne and for designing promising nano-
electronic devices.
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