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ABSTRACT: The emergence of flat one- and two-dimensional
materials, such as graphene and its nanoribbons, has promoted the
rapid advance of the current nanotechnology. Silicene, a silicon
analogue of graphene, has the great advantage of its compatibility
with the present industrial processes based on silicon nano-
technology. The most significant issue for silicene is instability in
the air due to the nonplanar puckered (buckled) structure. Another
critical problem is that silicene is usually synthesized by epitaxial
growth on a substrate, which strongly affects the π conjugated
system of silicene. The fabrication of free-standing silicene with a
planar configuration has long been pursued. Here, we report the
strategy and design to realize the flat zigzag silicene nanoribbon.
We theoretically investigated the stability of various silicene nanoribbons with substituents at the zigzag edges and found that zigzag
silicene nanoribbons with beryllium (Be) bridges are very stable in a planar configuration. The obtained zigzag silicene nanoribbon
has an indirect negative band gap and is nonmagnetic unlike the magnetic buckled silicene nanoribbons with zigzag edges. The
linearly dispersive behavior of the π and π* bands associated with the out-of-plane 3psi and 2pBe orbitals is clearly observed, showing
the existence of a Dirac point slightly above the Fermi level. We also observed that spin−orbit coupling induces a gap opening at the
Dirac point.

■ INTRODUCTION

Planar one-dimensional (1D) and two-dimensional (2D)
materials, such as graphene and its nanoribbons, have
accelerated the rapid development of nanoscience and
technology.1−3 Silicene, a silicon analogue of graphene, is one
of the most remarked postgraphene materials. The diverse
material properties of the intrinsic and functionalized silicene
and its nanoribbons provide a wide degree of freedom in
designing more efficient nanodevices.4 Silicene has the great
advantage of its compatibility with the current industrial
processes based on silicon nanotechnology. However, silicene
involves an inherent problem, namely, instability in the air due to
its puckered (buckled) structure.5−7 Silicene has another critical
problem in its material processing. Silicene films are usually
fabricated by epitaxial growth on a substrate,8−18 which
inevitably affects the intrinsic π conjugated electron system
and, as a result, disturbs the fundamental 2D property.19−22 So
far, intensive efforts have been made to predict/synthesize free-
standing silicene with a planar configuration but in almost all
cases have resulted in undesired silicene with a buckled
honeycomb structure.23−30 However, attempts to create flat
silicene nanoribbons by modifying the edges of the ribbon
without disturbing the π conjugated system have been scarcely
adopted.
The structural differences between silicene and graphene stem

from the differences in the building blocks: flat D6h benzene vs
chair-form D3d hexasilabenzene (Figure 1).31 To obtain flat

silicene, it is crucial to design a flat building block with
substituents that do not interact with the out-of-plane π orbital.
The flat and aromatic six-membered silicon rings have long been
pursued in silicon chemistry.32,33 Based on our previous study
on the anionic six-membered silicon rings,33,34 we recently
succeeded in designing a flat building block for flat silicene.35

Our fundamental strategy is to attach a substituent, which has an
sp-hybridized orbital and functions as an electron donor so that
it does not interact with the π orbital. Following this concept, a
flat hexasilabenzene was achieved using BeH as a substituent at
the in-plane edge (Figure 1). Furthermore, our previous study
revealed that extended polycyclic molecules containing two to
six hexagons were also flat when BeH was attached to the in-
plane edge (Figure 1). These honeycomb silicon molecules with
BeH at the in-plane edges exhibit the same structure, charge
distribution, and molecular orbital characteristics as the
corresponding carbon-based molecules. This suggests that
further extensions to infinity may provide planar 2D silicene if
it is BeH-saturated at the edges. This finding motivated us to
design flat silicene nanoribbons as computable silicene materials
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with both periodic boundary conditions and in-plane-edge
substituents.
Here, we report a successful design for a free-standing single-

layer silicene nanoribbon with a planar configuration using
density functional theory (DFT) calculation. The silicene
honeycomb structure produces two different edges, an armchair
and a zigzag, defined by the orientation of the hexagon with
respect to the ribbon. We search for zigzag silicene nanoribbons
(ZSiNRs) with a flat configuration among several possible
structures with various substituents at the in-plane edges, such as
2-, 4-, and 6-chains with Be/Mg bridges or BeH/MgH
terminations. The stability of the flat structure was examined
by frequency calculations. In the following, we describe the
structural and electronic properties of the obtained flat silicene
nanoribbon, a 2-chain with a Be bridge at the zigzag edge. We
found that the flat structure in all other nanoribbons examined in
this study was not a stable minimum.

■ RESULTS AND DISCUSSION

Optimized Structure with Flat Configuration. The
designed free-standing flat monolayer silicene nanoribbon, a 2-
chain with a Be bridge at the zigzag edge (Be-bridged 2-chain
ZSiNR, Figure 2a), is composed of silicon hexagons with nearly
D6h group symmetry. The Be atom functions as an electron
donor and connects to the silicene nanoribbon using sp-
hybridized orbitals. The most similar nanoribbon to the Be-
bridged 2-chain ZSiNR examined here is the BeH-terminated 2-
chain silicene nanoribbon (BeH-terminated 2-chain ZSiNR,
Figure 2b). We compare these two different 2-chain silicene
nanoribbons. The Be-bridged 2-chain ZSiNR is a 2D crystal
because 1D nanoribbons are connected by Be atoms to form a
periodic 2D sheet. On the other hand, the BeH-terminated 2-
chain ZSiNR is a 1D chain. Therefore, a 2D unit cell with
sufficient vacuum was used to calculate the BeH-terminated 2-
chain ZSiNR. See the Computational Details section for details.
A 2D unit cell of Be-bridged 2-chain ZSiNR contains five atoms,
one Be atom and four Si atoms (Figure 2a), while that of BeH-
terminated 2-chain ZSiNR contains eight atoms, two BeH
groups and four Si atoms (Figure 2b). We have confirmed that
the 2-chain ZSiNRs do not show (2 × 1) reconstruction along
the 2-chain direction.
Geometry optimizations for the Be-bridged and BeH-

terminated 2-chain ZSiNRs in Figure 2 were performed under
planarD2h group symmetry. The optimized planar Be-bridged 2-

chain ZSiNR is the minimum without imaginary frequencies,
while the planar BeH-terminated 2-chain ZSiNR is a transition
state with two imaginary frequencies. The hexagons in both 2-
chain nanoribbons have nearlyD6h group symmetry: six silicon−
silicon bond lengths are almost the same with a difference of less
than 1%, and the six bond angles take 120°within an error of less
than 2%. This indicates that although the two out-of-plane BeH
bending modes in the BeH-terminated 2-chain ZSiNR show
imaginary values, the geometric properties of the six-membered
silicon ring differ only slightly between the two nanoribbons. In
that sense, the 2-chain skeleton of BeH-terminated 2-chain
ZSiNRmay flatten with BeH bent out of plane.We challenged to
obtain the minimum structure of BeH-terminated 2-chain
ZSiNR with keeping the 2-chain skeleton flat, but we could not
obtain it. All other silicene nanoribbons bearing substituents at
the zigzag edges in a flat configuration (Mg-bridged 2-chain
ZSiNR, Be-bridged 4- and 6-chain ZSiNRs, BeH-terminated 4-
chain ZSiNR) gave imaginary values for out-of-plane ring
deformation modes, resulting in a nonplanar buckling
configuration at the minimum (for details, see Table S1). The
width of the nanoribbon is an interesting parameter for the
electronic properties of the ribbon. However, we could not

Figure 1. Chair-form hexasilabenzene as a building block of buckled silicene (left); flat BeH-terminated hexasilabenzene and flat BeH-terminated
coronene silicon analogue as building blocks of planar silicene (right). The building blocks in the silicene sheet are marked in bright red.

Figure 2. (a) Be-bridged 2-chain nanoribbon (Be-bridged 2-chain
ZSiNR) and (b) BeH-terminated 2-chain nanoribbon (BeH-termi-
nated 2-chain ZSiNR). The geometric parameters of the optimized flat
structure are given in Å for bond length and degree for bond angle. The
unit cells of a 2D crystal are shown as rectangles with group symmetry.
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obtain nanoribbons with widened widths such as 4- and 6-chains
as a stable minimum in the planar configuration. As a result, we
were unable to investigate the effect of ribbon width.
Table 1 compares the silicon−silicon bond lengths among Be-

bridged 2-chain ZSiNR, hexasilabenzene, BeH-terminated

hexasilabenzene, and silicene. The periodic calculations of
BeH-terminated hexasilabenzene and planar hexasilabenzene
with sufficient vacuum space between the molecules reproduce
the previous gas-phase calculations.35 That is, in both periodic
and gas-phase calculations, planar BeH-terminated hexasilaben-
zene is the minimum, while planar hexasilabenzene is the
transition state. In addition, when compared between periodic
and gas-phase calculations, the Si−Si bond distances are almost
equal within an error of 0.001 Å, and the lowest frequencies
match within an error of 1.5 cm−1. The Si−Si bond length of
hexasilabenzene with a flat configuration is slightly shorter
(2.216 Å) than that of the minimum planar molecule, BeH-
terminated hexasilabenzene (2.251 Å). The zigzag chain part of
the Be-bridged 2-chain ZSiNR provides a Si−Si bond length of
2.256 Å, similar to that of planar silicene (2.254 Å), while the
Si−Si bond connecting the two chains in the Be-bridged 2-chain
ZSiNR has about the same bond length (2.278 Å) as nonplanar
silicene (2.279 Å). The lattice constants and Si−Si bond lengths
obtained in this study for buckled (nonplanar) silicene are the
same as those in the previous calculations36 (a = b = 3.87 Å,α = β
= 90°, γ = 120°, r(Si−Si) = 2.28 Å). In both our current and
previously reported calculations, planar silicene is not a
minimum state, but a transition state with an imaginary

frequency, indicating that it is inherently unstable. The
imaginary frequency of planar silicene is associated with the
out-of-plane optical mode. This out-of-plane vibration enhances
the atomic buckling, leading to a nonplanar buckling
configuration.

Band Structure. The planar Be-bridged 2-chain ZSiNR has
an indirect negative band gap. That is, the conduction-band
minimum lies lower than the valence-band maximum (Figure
3a). We performed spin-polarized total-energy and electronic-
structure calculations of the planar Be-bridged 2-chain ZSiNR
and compared the results with those of the spin-unpolarized. We
find that there is no essential difference in the gross band
structure between spin-polarized and spin-unpolarized calcu-
lations. This shows that the flat Be-bridged 2-chain ZSiNR is
nonmagnetic, in contrast to the free-standing buckled ZSiNR
being magnetic.37,38 The linear dispersive behavior of the bands
and their crossing are clearly observed at the valence-band
maximummidway between the Γ and Y points in the rectangular
Brillouin zone of the Be-bridged 2-chain ZSiNR (Figure 3a),
indicating the existence of a Dirac point near the Y point. A
similar band-crossing of the linearly dispersive bands indicating
the Dirac point is also observed at the K point in the hexagonal
Brillouin zone of buckled silicene (Figure 3b).37

The linearly dispersive bands 1 and 2 of the Be-bridged 2-
chain ZSiNR are ascribed to the π and π* bands associated with
the out-of-plane 3psi and 2pBe orbitals (Figure 4a), while in
buckled silicene the buckling of Si atoms causes sp2−sp3
hybridizations. As shown in the orbital-projected DOS of the
Be-bridged 2-chain ZSiNR in Figure 3a, the contribution of the
psi and pBe orbitals is certainly dominant near the Fermi level and
the contribution of the ssi and sBe orbitals is negligible. It is
remarked that the band-crossing point (Dirac point) near the Y
point in the Be-bridged 2-chain ZSiNR is located slightly above
the Fermi level (Figure 3a). At the S point in the Be-bridged 2-
chain ZSiNR, the conduction band is associated with the in-
plane 2p//Be orbital along the chain direction shown by the band
3 orbital in Figure 4a and is inserted between the π and π* bands.
The minimum of the 2p//Be band is located below the Fermi
level. This indicates that the Be-bridged 2-chain ZSiNR is
semimetal, with a hole pocket near the Y point and an electron
pocket at the S point (Figure 5).

Table 1. Silicon−Silicon Bond Length (r(Si−Si)) and the
Lowest Frequency (ν1) of Optimized Molecules and Sheets

molecule or sheet structure SPa
r(Si−Si)
(Å)b ν1 (cm

−1)

Be-bridged 2-chain ZSiNR planar MIN 2.256, 2.278 15.4
hexasilabenzene planar TS 2.216
BeH-terminated
hexasilabenzene

planar MIN 2.251
(2.252)

46.1
(47.6)

silicene planar TS 2.254
silicene nonplanar MIN 2.279 175.3
aSP: stationary point, TS: transition state, MIN: minimum. bThe
result [ref 35] of gas-phase calculation is in parentheses.

Figure 3. Electronic band structures with spin−orbit coupling along high-symmetry lines of the 2D Brillouin zone of (a) Be-bridged 2-chain ZSiNR
and (b) buckled silicene. The reference zero energy corresponds to the Fermi level. The Brillouin zone path (Γ→ Y→ S→ Γ) is shown in Figure 5.
The magnifications around the band gaps (marked by the blue rectangles) are shown in Figure 6. The orbitals of bands 1 and 2 between the Γ and Y
points and band 3 between the Y and S points are shown in Figure 4. The orbital-projected density of states (DOS) for the Be-bridged 2-chain ZSiNR is
given in the right panel of (a).
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Figure 4b shows an orbital interaction diagram that illustrates
the orbitals of band 1 and band 2. As shown in the left panel of
Figure 4b, the out-of-plane 3p orbitals of the four silicon atoms
in the unit cell form four π orbitals, two π and two π*. The lower
π*orbital of Si4 interacts with the out-of-plane 2pBe orbital,
giving band 2 in Figure 4a. On the other hand, the higher π
orbital of Si4 does not interact with the out-of-plane 2pBe orbital
due to symmetry, giving band 1 in Figure 4a.
We observed that when the spin−orbit coupling is included in

the calculations of the Be-bridged 2-chain ZSiNR, the energy
gap opens at the Dirac point and at the same time the gap at the S
point is enlarged. Figure 6 shows the magnification around the
band gaps marked by the blue rectangle in Figure 3. The solid

and dashed lines show the band structures with and without the
spin−orbit coupling, respectively. The magnitude of the gap
induced at the Dirac point is 2.4 meV, which is comparable to
the gap size in buckled silicene.39 We also observed that the
Dirac point moves toward the Y point, including the spin−orbit
coupling (Figure 6a), in contrast to the buckled silicene where
the Dirac point is pinned at the K point (Figure 6b). On the
other hand, it can be seen that the spin−orbit coupling causes an
enhancement in the band gap at the S point from 102 to 109
meV (Figure 6a). The overlap between the conduction and
valence bands of the Be-bridged 2-chain ZSiNR is estimated to
be 182 meV including the spin−orbit coupling.
The theoretically designed Be-bridged 2-chain ZSiNR is air-

stable due to its flatness and has the potential to be applied to
high-speed 2D switching devices due to the existence of
sufficient band gap at the Dirac point. A Be-bridged 2-chain
ZSiNR could be synthesized by placing Be atoms on a 1D
grating dip of a silicene nanoribbon27 using a recently developed
atomic-scale manipulation.40

■ CONCLUSIONS

We have reported strategies and designs for fabricating flat
silicene nanoribbons using solid-state DFT calculations. The
obtained Be-bridged 2-chain ZSiNR shows a stable minimum in
a flat configuration, with each hexagon in the ribbonmaintaining
D6h group symmetry. We found that the Be-bridged 2-chain
ZSiNR is nonmagnetic, in contrast to the magnetic buckled
ZSiNR. The Be-bridged 2-chain ZSiNR is a semimetal with a
hole pocket near the Y point in the Brillouin zone and an
electron pocket at the S point. The crossing of two linearly
dispersive bands showing the Dirac-fermion nature is clearly
observed slightly above the Fermi level near the Y point. Spin−
orbit coupling induces the opening of a small energy gap at the
Dirac point. The present proposal to create a stable, free-
standing, flat silicene nanoribbon would pave the way for the
rapid development of silicene nanotechnology.

■ COMPUTATIONAL DETAILS

We performed structural and electronic calculations in the DFT
framework, as implemented in CASTEP code (ver. 2018).41

The total-energy calculation was based on the plane-wave DFT
method within a generalized gradient approximation. The
Perdew−Burke−Ernzerhof exchange-correlation functional42,43
was used as implemented in the CASTEP code. Norm-
conserving pseudopotentials were used to describe electron−
ion interactions. A fully relativistic norm-conserving pseudopo-
tential was used to examine the effects of spin−orbit coupling.
We described the geometric structure under the periodic
boundary conditions, adopting rectangular cells for the ribbon
and hexagonal cells for the molecules and buckled silicene. To
avoid spurious interactions between the periodically repeated
replicas, we set vacuum regions of 30−45 and 78 Å (30 Å for
hexasilabenzene) perpendicular and parallel to the molecular,
ribbon, and sheet planes, respectively. The valence electron
wavefunction was expanded in terms of the plane-wave basis set
to a 1200 eV kinetic energy cutoff. The electronic minimization
was converged to less than 10−10 eV/atom using a conjugate
gradient scheme (the force on each atom was reduced to below
10−5 eV/Å). Brillouin zone integration was performed with the
Monkhorst−Pack method using k-point mesh with intervals less
than 0.01 Å−1. The total energy of the system converged to
better than 0.1 meV/atom for k-point sampling.

Figure 4. (a) Isosurfaces of the orbitals in the unit cells that constitute
bands 1, 2, and 3 in Figure 3a. The outside of the isosurface is bright
blue, and the inside is gray. (b) Schematic π orbitals of Si4 from the side
of themolecular plane (left). Energy diagram of the interaction between
the two π orbitals of Si4 and the 2pBe orbital (right). The schematic
orbitals at each energy level are depicted from the top of the molecular
plane. The out-of-plane pπ orbitals of the four Si atoms are numbered
1−4. The π and π* orbitals that constitute bands 1 and 2 are marked
with blue boxes, respectively.

Figure 5. Brillouin zone and Fermi surface (indicated by the blue sheet)
of the Be-bridged 2-chain ZSiNR. Cartesian coordinates in real space
and lattice vectors in reciprocal space are represented by (x, y, z) and
(g1, g2, g3), respectively.
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The geometries were fully optimized for both the cell
parameters and atomic coordinates under the constraints of
group symmetry ofD6h for the molecules andD2h for the ribbon.
The vibrational frequencies of the normal modes were calculated
at the Γ-point within the harmonic approximation by linear
response theory (or density functional perturbation theory),44

which provides an analytical strategy for computing the second
derivative of the total energy with respect to a given
perturbation. We confirmed that there is no imaginary mode
for minimum structure and that there are three phonon modes
with zero frequency. Three phonon modes with zero frequency
are necessary, as the total energy should be invariant under the
translation of the entire crystal.
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