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Silicene is a two-dimensional (2D) material showing high promises for
nanoelectronics and thermoelectric applications due to its quantum spin
Hall effect and tuneable band gap. However, a complete theoretical under-
standing of its fundamental properties like lattice dynamical properties
and its comparison with graphene has remained elusive. This paper inves-
tigates the lattice dynamics, density of states (DOS), and band structure
of silicene. The calculations show that the buckled structure of silicene
couples the out-of-plane flexural vibrations with small in-plane compo-
nents breaking the planar symmetry existing in graphene. Due to weaker
interatomic bonds, the acoustic-phonon branches are less dispersive reduc-
ing the group velocities. We have used local density approximation (LDA)
for density functional theory (DFT) based calculations to determine the
properties of silicene, a graphene-like structure made of silicon. We have
performed the structural optimization and calculated the DOS, band
structure as well as phonon dispersion of silicene, a 2D-material. We have
also compared the results for silicene with those for graphene. These re-
sults may provide some insights into this relatively new material. This
may also initiate further interest in the exploration of fundamental sci-
ence as well as for applications in industries and laboratories.

CuiinieH — Iie JBOBUMIPHUI MaTepisan, IKMUA Ma€ BUCOKI MepCIeKTUBU AJI
HAHOEJEKTPOHIKM Ta TEPMOEJEKTPUUYHNX 3aCTOCYBAHb 3aBAAKU KBAHTOBOMY
cuinoBomy [ojimoBoMy edeKTy Ta IMHUPUHI 3a00pOHEHOI 30HU, IO HACTPOIO-
eTbcsa. OgHAK TTOBHE TEOPETHUUHE PO3YMiHHA Horo (yHAAMEHTAJIbHUX BJaC-
THUBOCTEN, TAKUX AK AUHAMIiUHI BJIaCTMBOCTI I'DATHUII, Ta MOr0 IIOPiBHAHHSA
3 rpa)eHOM B3aJUINAITHLCA HEZOCAKHUMM. Y Il CTATTi MOCIIIMKYIOTBCS
IUHaAMiKa I'DaTHUIII, T'yCTHHA CTaHiB i 30HHA CTpyKTypa cuiimeny. Pospa-
XYHKM IIOKasyTb, II[0 BUTHYTA CTPYKTypa CHJIIIEHY IIOB’S3y€ II03aIljIo-
IMUHHI BUTMHAJbHI KOJMBAHHA 3 MaJUMU ILIOIM[MHHUMN KOMIIOHEHTAMU,
AKi TOpPYIIyIOThH MJIaHApPHY CUMETPilo, o icHye B rpadeni. Uepes ociab-
JIEHHA Mi’KaTOMOBUX 3B’fA3KiB aKycTWuHi (DOHOHHI TiJIKM € MEHII AWCIEep-
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CiiHMMM, IO 3MEHIIIyE I'PYIOBi IMBUAKOCTI. M1 BUKOpHCTAJIN HAOJIMIKEHHS
JIOKAJBbHOI T'YCTUHU IJI PO3PaXyHKIiB Ha OCHOBi Teopil GyHKIiOHATY I'yCTH-
HU, 11100 BUBHAUUTHU BJIACTMBOCTI CuyineHy — rpadeHOmoAiOHOI CTPYKTYpH,
BuroroBygeHoi 3 Cuiimito. Mu BUKOHaIM CTPYKTYPHY OIITHMi3allifo Ta po3-
paxyBaJii T'yCTUHY CTaHiB, 30HHY CTPYKTYDPY, & TaKOX Auclepciio (hoHOHiB
CHUJIiIleHy — JOBOBUMipHOro marepisny. Mu TaKoXX IIOPiBHSAJIW pe3yJIbTaTu
CTOCOBHO CHWJIiIleHy 3 peadyJjabraramu Aja rpadeny. Ili pesyabpratu MOKYTH
JaTu nesKe YABJIEHHA IIPO Iieil BigHOCcHO HOBUU MaTepidi. Ile Takox MoxKe
BUKJHUKATA TONAJBIININ iHTEpec A0 MOCIiAKeHb (DYHIaMeHTaJIbHOI HayKH, a
TaKOK IO HI0T0 3aCTOCYBAHHS B IIPOMMCJIOBOCTI Ta JlabopaTopiax.
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1. INTRODUCTION

Silicene is a two-dimensional (2D) allotrope of silicon introduced by
Guzman-Verri and Lew Yan Voon [1]. 2D-materials are very inter-
esting in their own right from the point of view of basic physics, as
well as in technology. The recent progress in the characterization,
growth, and understanding of the physical properties of graphene
has paved the way for the study of other two-dimensional materials.
Many layered materials have strong in-plane chemical bonds but
relatively weak coupling between the layers and these layered struc-
tures can be cleaved into individual freestanding atomic layers.
These layers with one dimension (1D) strictly restricted to a single
layer are known as two-dimensional materials. Most of the inor-
ganic materials have the quantum effect, which plays a key role in
controlling the optical and electronic properties and such materials,
both heat and charge transport are confined to a plane. However, in
nanostructure, the ratio of high surface to volume also significantly
affects the mechanical and chemical response. The two-dimensional
materials all-surface nature offers the opportunity to tune its prop-
erties by surface treatments and it is called chemical functionaliza-
tion. It is also interesting that, being just one-atom thick, two-
dimensional materials immediately appear as the most suitable can-
didate to create, eventually, a new generation of electronic devices.
According to Moore’s law, two-dimensional materials with few
atomic layers in thickness are favourable over bulk materials in
terms of device scalability [2].

Silicene is a monolayer of hexagonally arranged silicon (Si) atoms
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[3] and has been experimentally synthesized [4—-10] and theoreti-
cally predicted [11-15]. Freestanding silicene exhibits essentially
the same electronic properties according to DFT (density functional
theory) calculations similar to its graphene counterpart [16]. 2D-
silicene has recently been synthesized on Ag [17-19], Ir [20], Au
[21], and ZrB, [22] substrates and has potential applications for
electronic devices because it has unique physical and electronic
properties similar to graphene. However, some issues have re-
stricted the development of 2D-material silicene electronics, espe-
cially the absence of a band gap in the electronic structure of sili-
cene [23—-25]. The band gap of silicene can also be tuned by sub-
strate [26, 27]. Additionally, silicene nanoribbons offer the possibil-
ity to achieve tuneable band structures due to the size effect. Pre-
viously some literature has reported that hydrogenation of silicene
is an effective method to tune the band gap of silicene [28-30].
Silicene is believed to have a great future and the relevant studies
are booming development for future research. In this paper, we
have performed a DFT-based study on the electronic structure and
phonon dispersion of the 2D-silicene.

2. COMPUTATIONAL DETAILS

All the calculations have been carried out within the DFT formalism
[81]. We have used the local density approximation (LDA) [32] to
treat the exchange—correlation functional with a double zeta (DZ)
basis set as implemented in the Quantum ESPRESSO software [33].
Quantum ESPRESSO is an abbreviation for Quantum open-source
Package for Research in Electronic Structure, Optimization, and
Simulation, and it is more efficient for large clusters and extended
systems [34]. The strength of LDA is that the errors in the ex-
change and correlation energy terms tend to compensate for each
other. It generally provides a good description of bonding with a
slight overestimation.

3. RESULT AND DISCUSSION

To obtain the optimized configuration of silicene, the unit cells of
the considered single layer were relaxed in the axial direction until
the stress components were less than 1 GPa. The optimization of
atomic positions was allowed to proceed without any symmetry con-
straints until the forces acting on each atom were less than 0.02
eV/A. After geometry optimization, the energy of formation was
obtained to be —-9.86 eV.

Figure 1 displays the optimized structure of the silicene in dif-
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Fig. 1. Optimized geometry of 2D-silicene: (a) front view, (b) side view.

ferent views and the structural and electronic properties have been
examined in detail. Unlike graphene, the structure of silicene is
quasi-planar, which can be expected due to the difference in the na-
ture of bonding of Si and C. For instance, Si fails to form the sp?
hybrid double bond. In the optimized geometry of silicene (Fig. 1),
bond shapes formed between silicon (Si) atoms are edge-stacking
patterns and the value is due to the stacking of layers through
edges that can modify the electronic properties of silicene. The zig-
zag structure supports localized states [35, 36] and results in cova-
lent bond formation, anti-bonding, and bonding states. The local
density approximation method underestimates the bond length and
over-bind, which causes a more significant interatomic-force con-
stant to be generated [37].

The electronic band structure of silicene is computed within LDA
approximation based on DFT along the high symmetry point of the
first Brillouin zone. The band structure explains the energy range
an electron within the materials may have. The band structure of
silicene is displayed in Fig. 2. One can see that a black coloured
horizontal line divides into half the lower part called the valence
band, and the other half the upper part, which is the conduction
band. The minimum amount of energy required for an electron to
jump across is the energy band gap (E,,). The calculated E,,, of
silicene is of 1.50 eV, which is greater than the graphene [38].
From the previous study, it has been clear that the two-dimensional
silicene shows many similarities with graphene [39], in particular,
the gap is also closing at the K-point of the Brillouin zone, and the
dispersion around this point is linear. In contrast, two-dimensional
silicene is quantitatively different from the 2D-graphene in which a
conduction band is partially filled by electrons around the point,
and therefore, the bands at the K-point are shifted up in energy, so
that 2D-silicene is not a zero-gap material.
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Fig. 2. Band structure of 2D-silicene.

The density of states (DOS) has also been calculated to explain
the features of the band structure of silicene. The DOS represents
the number of electron states per unit volume per unit energy and
the present study type of calculation used was non-SCF. The DOS
curve shows that overlapping population in the conduction/valence
bands. The distribution of DOS for silicene structures is shown in
Fig. 3. The DOS curve indicates that the population of valence and
conduction bands of silicene is shifted upwards and downwards re-
sulting in an E,,, of 1.50 eV. For the DOS curve, the Dirac point of
the silicene where the DOS is zero is visible. From Figure 2, it is
also clear that the DOS of silicene increases linearly with energy.
For silicene, the Fermi energy is found to be coinciding with the
valence band at —5.09 eV, which is higher than those are in the case
of graphene structure, i.e., —5.45 eV [40].

Phonons are considered as vibrational energy carriers. In a lattice
with a basis of two atoms in the primitive cell, as in silicene, the
allowed frequencies of propagation wave are split into a lower
branch called the acoustical branch and an upper branch known as
the optical branch. Acoustic phonons have wavelengths that become
longer at small frequencies and correspond to sound waves in the
lattice. Optical phonons have some minimum non-zero frequency of
vibration, even when their wavelength is large. The phonon disper-
sion is the relationship between the phonon wave-vector q and its
energy E. In this section, we describe the LDA-calculated phonon
dispersion curve of silicene.
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Fig. 3. The density of states (DOS) of 2D-silicene.

The calculated phonon dispersion curves of 2D-silicene along high
symmetry lines within the Brillouin zone are shown in Fig. 4. The
dispersion lines are similar due to their similar honeycombed lattice
structures. Graphene has mirror symmetry about the atomic plane,
such that the atomic motions along the Z-direction are decoupled
from those in the X-Y plane in the harmonic approximation. The
acoustic and optical modes along the Z direction do not couple with
other phonon modes, resulting in crossings of dispersion lines in
graphene [41]. For silicene, the slight buckling of the atoms in the
Z-direction breaks the mirror symmetry and the hybridization be-
comes stronger for larger buckling. Thus, the phonon dispersion
curves of silicene have some unique features.

4. CONCLUSIONS

To conclude, we have reported a systematic DFT-based study on 2D-
silicene using the LDA approach as implemented in the open-source
Quantum ESPRESSO software package. These results showed that
silicene in its pure form exhibits a distortion of the honeycomb lat-
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Fig. 4. Phonon dispersion curves of 2D-silicene.

tice, yet an interesting electronic structure with a linear dispersion
but with a less energy scale. Despite being a close analogue of gra-
phene, it has several unique features. These theoretical results may
be useful for applications in industries and laboratories as well as
for the exploration of basic science of 2D-materials.
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