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Recently penta-graphene was proposed as a stable two-dimensional carbon allotrope consisting
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of a single layer of interconnected carbon pentagons [Zhang et al., PNAS, 2015, 112, 2372]. Its
silicon counterpart, penta-silicene, however, is not stable. In this work, we show that multilayers

of penta-silicene form stable materials with semiconducting or metallic properties, depending on
the stacking mode. We demonstrate their dynamic stability through their phonon spectrum and
using molecular dynamics. A particular type of bilayer penta-silicene is found to have lower energy
than all of the known hexagonal silicene bilayers and forms therefore the most stable bilayer silicon
material predicted so far. The electronic and mechanical properties of these new silicon allotropes
are studied in detail and their behavior under the strain is investigated. We demonstrate that strain
can be used to tune its band gap.

1 Introduction

It has been more than a decade since the discovery of
graphene
allotrope. Driven by the extraordinary properties of this pio-
neer material°™", such as high carrier mobility’ and mechani-

, a surprisingly stable two-dimensional (2D) carbon

cal strength®, the research community on two-dimensional crys-
tals is expanding with unprecedented speed. A great number of
graphene-like structures and other layered structures with differ-
ent chemical compositions and different crystal structures have
been proposed and synthesized”~"'. Recently, a new 2D structure
for carbon was proposed, called penta-graphene *“. This crystal
is composed entirely of pentagonal rings of C atoms with mixed
sp?/sp> orbital hybridization. However, the silicon counterpart of
this structure, penta-silicene, contains a dynamical instability in
its monolayer form. A few attempts have been made to stabilize
this new Si structure by hydrogenation'® and chemical doping

In the present work, we construct multilayer structures of
penta-silicene. We use density functional theory to explore their
stability and physical properties. Two types of stacking for the
penta-silicene layers are found to give stable few-layer structures.
These different stacking types lead to completely different elec-
tronic properties since one leads to metallic and the other to
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semiconducting behavior. Somewhat surprisingly, we found that
bilayer penta-silicene has lower formation energy than the most
stable hexagonal silicene bilayers. Furthermore, we found that
the band gaps of these semiconducting penta-silicene bilayers can
be tuned by mechanical strain.

Our work is organized as follows: In Sec. 3.1, we explore the
stability of monolayer penta-silicene and demonstrate its dynam-
ical instability. This forms the motivation to study few-layer sys-
tems. We investigate different stacking possibilities and the re-
sulting stability in Sec. 3.2 and Sec. 3.3, respectively. Additionally,
we study their mechanical properties by calculating their elastic
constants. In Sec. 3.4, we compare bilayer penta-silicene to the
most stable bilayer hexagonal silicene structures. The electronic
properties of multilayered penta-silicene are discussed in Sec. 3.5
together with the influence of strain on the band gap. Final con-
clusions are presented in Sec. 4.

2 Computational details

To calculate the ground state properties of our systems, we use
first-principles methods in the framework of density functional
theory (DFT) as implemented in the Vienna ab initio Simulation
Package (VASP).'>~'® VASP makes use of a plane-wave basis set
and the projected augmented wave method '~
wave functions. The plane wave cut-off energy is chosen to be
500 eV. The exchange-correlation potential is treated with the
generalized gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) formulation“"““. To make sure GGA-PBE
has qualitatively consistent description with the one includes van
der Waals (vdW) correction, we have compare them in the final
results. The vdW is included through DFT-D3(BJ) method from

to describe the
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Grimme et al.“” together with Becke-Jonson (BJ) damping“". A
11 x 11 x 1 k-points mesh is used to sample the Brillouin zone
for geometry relaxation. Finer meshes are used for total energy
calculations: a 17 x 17 x 1 grid for insulating and a 23 x 23 x 1
grid for metallic slabs. For bulk systems, a similar k-point den-
sity is used for the normal direction as for the 2D plane, i.e. de-
pending on the inverse length of the c lattice vector. The separa-
tion of (artificial) periodic images due to the periodic boundary
conditions is set to at least 20 A. Phonon spectra are evaluated
with the finite-difference method from VASP together with the
Phonopy program To obtain accurate forces, supercells are
generated for the phonon calculations: 4 x4 x 1 and 3 x 3 x 2 su-
percells are used for few-layer and bulk systems, respectively. The
self-consistent convergence criterion is set to 10~8 eV for the en-
ergy, while forces are relaxed below 10~ eV/A. Ab initio molecu-
lar dynamics is performed with Parrinello-Rahman (NpT) dynam-
ics“”*/ and a Langevin thermostat“® as implemented in VASP.
In these simulations, the plane wave cut-off energy is lowered to
300 eV. The temperature is set to 100 K and a time step of 2 fs is
used to obtain a total simulation time of 6 ps.

3 Results

3.1 Monolayer penta-silicene

The layer group symmetry of monolayer penta-silicene is p42;m
(58). As shown in Fig. 1(a) and Fig. 1(b), the primitive cell con-
tains six silicon atoms, of which two have fourfold coordination
(Si4) and four have threefold coordination (Si3). Two of the Si3
atoms reside above the Si4 atoms, denoted as Si3_u, while the
other two are below the Si4 atoms, denoted as Si3_d. The Si4
atoms are bonded to four Si3 atoms while the Si3 atoms are con-
nected to two Si4 atoms and one neighboring Si3 atom. Note
that the two Si4 atoms have equivalent environments which are
rotated by approximately 41° with respect to each other. There-
fore, in analogy to graphene, we can relate these two equivalent
Si4 atoms to sublattices which in the following will be referred to
as the A and B sublattice.

The dynamical stability of this structure can be studied through
its phonon spectrum. As noted before **>'“ the phonon spectrum
of monolayer penta-silicene contains imaginary frequencies as
shown in Fig. 1(c), which is a clear signature of its instability. The
corresponding atomic vibrations of the two imaginary frequencies
at the T point are shown in Fig. 1(d). These modes correspond
mainly to out-of-plane vibrations of the Si3 atoms with respect to
the Si4 atoms. As a consequence, the structure is found to fall
apart, indicating that there is no stable form of monolayer penta-
silicene. However, the addition of extra layers could reduce these
out of plane vibrations and stabilize the structure. This is the
motivation to study few-layer penta-silicene.

3.2 Multilayers of penta-silicene structures

When considering two layers, different stacking configurations
are possible. Here we focus on the so-called AA and AB stacking
modes of the aforementioned sublattices (see Fig. 2). The stack-
ing in which both layers have the same in-plane orientation and
the Si atoms are put right on top of each other is called AA stack-
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Fig. 1 (a) Side view and (b) top view of the atomic structure, (c) phonon
spectrum and (d) two vibration modes with imaginary frequency of mono-
layer penta-silicene. Visualization of vibration modes is done with the
V_Sim package
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Fig. 2 Schematic illustration of the four stacking types for bilayer penta-
silicene. The colors of the symbols correspond to those of the monolayer
in Fig. 1(a) and Fig. 1(b). The bottom layer in the bilayer is blurred for
clarity. The arrow represents translation and the angle represents the
rotation of the top layer with respect to the bottom layer.
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Table 1 The cohesive energy (Econ), the interlayer binding distance
(dinter), the interlayer binding energy (Einter), number of interlayer bonds
(N,) and energy per bond (Epong) of the four possible stacking types of bi-
layer penta-silicene. The interlayer binding energy per unit cell is defined
as Einter = Epi — 2Emono-

Ecoh dinter Einter Nb Ebond
structurewatom)  A) (V) - (V)
AA 7129 0.795 3502 4 0875
AA, 4113 2379 -3318 2 -1.659
AB 3.968 2174 -1.574 2  -0.787
AB, 4147  1.893 -3.725 2  -1.862
ABY 4185  1.896 -4174 2  -2.087
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(b) AB? stacked few-layer and AB, stacked bulk structures

Fig. 3 Atomic structure of the 2 x 2 supercell of few-layer penta-silicene.
The number of atomic layers in the bulk structure is fixed to four for com-
parison (i.e. 2 x 2 x4 and 2 x 2 x 2 supercells for AA and AB, stacked bulk
penta-silicene). (Visualisation using VESTA ).

ing. AB stacking arises by shifting the A sublattice of one layer
to the B sublattice of the other. This nomenclature was also used
by Wang et al.°' for bilayer penta-graphene. Although penta-
silicene has a tertragonal lattice symmetry, the highest proper ro-
tational symmetry order is two. Therefore, there are also two dif-
ferent possible orientations of the upper layer with respect to the
lower one: One in which the two layers have the same orientation
and another in which one layer is rotated over 90° with respect
to the other one. We denote this last orientation with a subscript
r to show that it results from a 90° rotation, e.g. AA,. Therefore,
there are four possible stacking types for bilayer penta-silicene.
Note that AB, stacking corresponds to the recently proposed bulk
T12 phase for group IVA elements’?. However, as discussed in
more detail below, perfect AB, stacking is not stable in the case of
multilayer penta-silicene. A considerable distortion of the outer
layers is required to stabilize AB, stacking. The distorted struc-
ture, which will be referred to as AB?’ in the following, is obtained
by breaking the symmetry between the two Si3 atoms at each sur-
face side in AB, multilayers. In this way, one of the two Si3 atoms
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acquires sp? hybridization and looses an electron to the other Si3
atom that has sp> hybridization.

In Table 1, we compare the energies of the different stacking
modes. In all cases the Si4 atoms are not involved in interlayer
bonding since their possible number of bonds is already saturated.
Except for the AA stacking where all Si3 atoms are bound to Si3
atoms from the other layer, only half of the Si3 atoms are bonded
to the other layer in the other cases. In Table 1, the size of the
interlayer binding energy and the strength per bond are given.
The size of the bond energies indicate strong chemical bonding.
The ABY stacking mode clearly forms the most stable structure.
For the rest of the paper, we will only focus on the most stable AA
and AB-type stacking, i.e. AA and AB?.

We also investigated the stability of trilayer, tetralayer and bulk
penta-silicene structures by adding extra layers to the stable bi-
layers mentioned above, their structures are shown in Fig. 3(a)
and Fig. 3(b). We list their structural and energetic properties in
Table 2. Extra layers increase the cohesive energy per atom due
to a smaller ratio of surface atoms. For AA stacking, adding a 4th
layer to a trilayer system results in a double bilayer system with
lesser bonding between them. Going to AA bulk, the interlayer
interaction appears to be further reduced and the buckled layers
become more flat. Adding extra layers to an AB? bilayer results in
similar structures in which the Si3 atoms of the surface layers be-
come distorted. For bulk, the undistorted AB, structure is found
in which 4-fold symmetry is restored.

3.3 Stabilities

AA bilayer AB bilayer
600 Y 600 ¢ bilaye
5ool 500
2400 < 400
5 :
E K|l —— 5 300
£ 200 g
z z
2 100 E
0
-100L
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Fig. 4 Phonon spectra of different-stacked few-layer penta-silicene.

In this section we investigate the stability of the different multi-
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Table 2 The layer (space) group for few-layer (bulk) systems. The lattice constant (a), the interlayer distance (dinter), the nearest-neighbor bond length
range (dmin/max), the cohesive energy (E¢op), and the band gap (PBE) of few-layer and bulk penta-silicene.

stacking structure layer/space group a (A) dinter (A) dimin (A dmax (A) Econ (€V/atom)  band gap (eV)
- monolayer p42;m (58) 5.587 - 2.233 2.363 -3.837 0.046 (M— X)
bilayer 5.907 0.795 2.363 2.468 -4.129 metal
AA trilayer p42;m (58) 5.887 1.085 2.330 2.606 -4.108 metal
tetralayer 5.980 0.996/1.794% 2.368 2.478 -4.150 metal
bulk P42/m (113) 6.234 1.769 2.398 2.463 -4.204 metal
bilayer pb2b (30) pm2a (31) 5.222 1.896 2.303 2.403 -4.185 0.119 M— X)
ABY trilayer pl (1) 5.222 1.989 2.298 2.413 -4.291 0.247 (M— )
tetralayer pb2b (30) pm2a (31) 5.221 1.997 2.298 2.413 -4.345 0.232 (M— X)
AB, bulk P4,/ncm(138) 5.220 1.999 2.358 2.413 -4.508 1.329 (M— A)

8 The first and the second number indicate the interlayer distance between two monolayers and two bilayers, respectively.

layer structures discussed above. Phonon calculations for the AA
and AB, stacking modes reveal that only the AA bilayer is dynam-
ically stable at low temperature. The extra bonds of the Si3 atoms
in AA-stacked structures effectively reduce out-of-plane vibrations
and stabilize the structure. Although the AA-stacked bulk struc-
ture has weaker interlayer bonding, its phonon spectrum contains
no imaginary frequencies, indicating its dynamical stability. The
AB,-stacked layers, on the other hand, exhibit similar out-of-plane
vibrations of the outermost Si atoms as a monolayer. For AB¢-
stacking the distortion of the outermost layer removes the insta-
bilities from the phonon spectrum, so that these structures are
also dynamically stable.

It is also interesting to see whether these structures remain sta-
ble at finite temperature. To this end, we performed ab initio
molecular dynamics calculations at a temperature of 100 K. The
evolution of the cohesive energy as a function of simulation time
is shown in Fig. 5. For comparison, the results for the dynami-
cally unstable monolayer are also shown. The monolayer laterally
shrinks and becomes a disordered multilayered system. The AA
and AB¢ bilayer systems, on the other hand, remain stable and
retain their crystalline structure.

As a final stability check, we investigate the mechanical stability
of bilayer penta-silicene which is determined by the elastic con-
stants of the structures. If the elastic constants satisfy the neces-
sary and sufficient Born criteria generalized by Mouhat and Coud-
ert”, the structures are mechanically stable. AA bilayer penta-
silicene belong to the layer group symmetry of p42;m, which be-
longs to the tetragonal symmetry groups, and the independent
elastic constants in 2D are: C;;= 101.43 N/m, Cjp= 36.36 N/m
and Cs = 39.53 N/m. In the case of AB¢ bilayer penta-silicene,
the crystal possesses pb2b or pm2a layer group symmetry which
belongs to the orthorhombic crystal systems, and the independent
elastic constants are: Cj; =C= 63.83 N/m, C;,=26.92 N/m and
Ces = 50.43 N/m. For mechanical stability, the following criteria
must be fulfilled for 2D tetragonal systems:

Ci1 > |C2],Ce6 > 0, @)

4| 1-7

3.8 , ‘ , ‘ ,

e—e monolayer ||
=1 AA bilayer

ABY bilayer ||

&
o
T

E_, (eV/atom)
A
T
|

- . | . I .
4'20 2 4 6

Simulation time (ps)

Fig. 5 The cohesive energy of monolayer and AA and AB¢ stacked bi-
layer penta-silicene as a function of time at a temperature of 100 K under
NpT-ensemble.

while 2D orthorhombic systems should satisfy:
Ci1 > 0,C11Cx > Cty,Co6 > 0. @)

As one can see, these criteria are satisfied by AA and AB? bilayer
penta-silicene which ensures their mechanical stability. Addition-
ally, in Table 3, we list the (2D) Young’s modulus, shear modulus
and Poisson’s ratio of bilayer penta-silicene systems. An interest-
ing aspect of the possion’s ratio of AB? is that it is quite high and
close to the theoretical limit of 0.5. This means that this 2D mate-
rial, prefers to change its shape rather than its surface area under
strain, similar to the (3D) cases of rubber and water.

Table 3 Mechanical properties of AB? bilayer penta-silicene

Stacking E[N/m] G[N/m] v
AA 88.40  39.53 0.36
AB? 52.47 5041 0.42
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3.4 Relative phase stability

In this section we compare the cohesive energy of bilayer penta-
silicene to the more familiar bilayer hexagonal silicene structures
(h-Si). We examined 3 different stacking types for h-Si bilayers,
denoted as h-Sil, h-Si2, and h-Si3. To the best of our knowledge,
these are the most stable hexagonal bilayer structures of silicene
predicted so far. The h-Si2 structure corresponds to the re-DL-
Si structure suggested by Morishita et al. °* and the h-Si3 is the
hex-OR-2x2 structure that was recently proposed by Sakai and
Oshiyama These structures are constructed from the struc-
ture information provided by the authors in the supplementary
material of the corresponding papers and re-optimized with our
computational procedure. The h-Sil is a new stable bilayer h-Si
structure that we discovered (see ESI7 for details). It is composed
of two planar, non-buckled, compressed hexagonal silicene planes
that are shifted along the crystal plane. This structure is interest-
ing because although its cohesive energy is close to the former
two cases, it has a non-buckled nature. To the best of our knowl-
edge, it is the most stable non-buckled bilayer silicene discovered
so far.

The cohesive energies with and without vdW corrections of all
the stable bilayer Si systems are given in Table 4. It is seen that
the AB? bilayer penta-silicene system has the lowest energy, about
10 meV/atom (28 meV/atom with vdW) less than the most sta-
ble hexagonal silicene bilayer h-Si3. This means that the AB?
penta-silicene structure is the most stable bilayer silicon structure
predicted so far, which is a very surprising result. The AA-stacked
penta-silicene has slightly higher energy than h-Si2 and h-Si3.

top view

side view

(1) h-Sil

(2) h-Si2 (3) h-Si3
Fig. 6 Top and side views of the atomic structures of the 2 x 2 supercell
of the three examined hexagonal silicene bilayers.

Table 4 The interlayer distance dinter, the nearest-neighbor bond length
range (dmin/max) @nd the cohesive energy per atom with (Eggﬂ’) and with-
out (Econ) VAW correction of the most stable hexagonal bilayer silicene
and bilayer penta-silicene.

structure d“éter d“?i“ d"ZaX Econ EGh
(A) (A) (A) (eV/atom) (eV/atom)
AA bilayer penta-silicene  0.795 2.363  2.468 -4.129 -4.376
ABY bilayer penta-silicene  1.896  2.303  2.403 -4.185 -4.440
h-Sil 2.175 2.358 2.418 -4.115 -4.332
h-Si2 1.579 2.298 2.453 -4.165 -4.403
h-Si3 1.378 2.288 2.473 -4.175 -4.412
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Fig. 7 Electronic band structure of AA stacked few-layer and bulk penta-
silicene, and a schematic of the first Brillouin zone.

3.5 Electronic properties

In the last part of this work, we investigate the electronic proper-
ties of few-layer and bulk penta-silicene. These electronic proper-
ties are mainly determined by the electronic spectrum. In Fig. 7
and Fig. 8(a), the electronic band structure of respectively AA
and AB? penta-silicene multilayers and their bulk counterpart is
shown. The band structure of the unstable monolayer is also cal-
culated for comparison. Monolayer penta-silicene is an indirect
semiconductor with a band gap of 0.046 €V (PBE). The band-edge
states are mainly composed of p, orbitals of Si3 atoms. In con-
trast to this, all AA-stacked multilayers are metallic. In the case
of the AB? structure, the semiconducting properties of monolayer
penta-silicene are preserved, but the band gap changes somewhat
with the number of layers. This can be understood from the po-
sition of the electron and hole states which correspond to the
conduction band minimum (CBM) and the valence band maxi-
mum (VBM), respectively. As seen in Fig. 8(a), the VBM and
CBM states are always localized on the outermost layers. In other
words, the electronic properties are mainly determined by the
surface region which is nearly independent of the slab thickness.
For AB,-stacked bulk penta-silicene, there is no surface and the
VBM and CBM correspond to bulk states. This explains the much
larger band gap (1.33 €V) in the bulk case.

Strain is an effective tool to modulate the electronic properties
of 2D semiconductors. Here we investigate the band gap vari-
ation of ABf bilayer penta-silicene with respect to both uniaxial
and biaxial tensile strain up to 10% , see Fig. 9(a). We observe,
in both cases, a small kink in the band gaps that gives rise to non-
monotonic behavior. For uniaxial strain, the band gap first in-
creases from 0.12 eV to 0.27 €V at 4% strain, and then decreases
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Fig. 8 (a) Electronic band structure of AB¢ stacked few-layer and AB,
stacked bulk penta-silicene, and (b) the corresponding charge distribu-
tion of CBM and VBM. The results for the monolayer are shown for com-
parison.
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again until the system becomes metallic at 10%. A similar behav-
ior is found for biaxial strain where the band gap increases up to
0.25 eV at 2% strain and the system becomes metallic at 6% ten-
sile strain. In order to explain the kink in the band gap evolution,
we plot the relevant band edges with respect to the vacuum level
as a function of strain. In the figure, the high-symmetry points of
the Brillouin zone where the edges are located are given between
round brackets, while the notation VBM-1 is used to denote the
first band below the VBM (in the band structure without strain).
As can be seen from Fig. 9(b) and (c), while the CBM(X)s slightly
decrease in a monotonic way, the VBM(M) crosses the VBM-1(M)
once under uniaxial strain, and two crosses, first the VBM(M)
switches its position from M to Y, and then back to M but for a
lower band, occur for biaxial strain. These crosses give rise to
abrupt changes in the band gaps.
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L 02 BB Biaxial
g 0.15

g 01

ool

0 2 4 6 10
Strain (%)
+—= VBM(M) e—e CBM(X) =—= VBM(Y)
e CBM(x) = VBM-IM) o VBM(M) +— VBM-1(M)
=1 T T -4.6 : T ‘ ‘
481 ] I ]
SC(b) 12 4s8L(c) .

Band edgesl (eV)

| | | -5.6 | |

0 2 4 6 8 10 0 2 4 6
Uniaxial strain (%) Biaxial strain (%)

Fig. 9 Band gaps (a) and band edges for uniaxially (b) and biaxially (c)
strained AB¢ bilayer penta-silicene.

4 Summary and Conclusions

In this work, we proposed several stable structures for few-layer
penta-silicene. The stability of these structures was confirmed via
their phonon spectrum, finite-temperature molecular dynamics,
and their mechanical properties. The type of stacking mode, AA
or AB, of few-layer penta-silicene has a crucial influence on the
electronic properties: AA-stacked systems are metallic, while AB?
stacked ones are semiconducting . Surprisingly, the AB¢ stacked
bilayer penta-silicene has lower energy than the most stable bi-
layer hexagonal silicene structures, which makes it the most sta-
ble predicted form of bilayer silicon. We found that it is possi-
ble to engineer the electronic properties by tensile strain. Both
quantitative and qualitative changes can be induced in this way.
We explained the variation of the band gap from the band edge
crossings that occur under strain. In conclusion, the proposed bi-
layer penta-silicene structure is the most stable form of bilayer
silicon predicted so far and it was shown to have interesting tun-
able properties.
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