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1. Introduction

Graphene [1–3] marked the first step into the realm of 
‘flatland’, and was a catalyst for the study of other two-
dimensional (2D) materials. By replacing carbon by 
its neighbors in the group IV of the periodic table (Si, 
Ge, Sn) one obtains silicene [4], germanene [5, 6], 
or stanene [7, 8], that share a similar, but buckled, 
honeycomb structure. Moving along the period 
one can obtain 2D sheets of boron and phosphorus 
(borophene [9] and phosphorene [10]), although with 
more complicated structures. Many other 2D systems 
can also be created by mixing more than one element, 
such as 2D boron nitride [11] and transition-metal 
dichalcogenides [12], or by functionalizing already 
known materials [13, 14].

Here, we are interested in silicene, the 2D silicon 
analog of graphene. The growing interest in this mat-
erial comes from the fact that silicon is ubiquitous in 
semiconductor devices, and that silicene would be 
naturally compatible with already existing technolo-
gies. In fact, silicene is by now actively researched for 
applications in spintronics [15], ion batteries [16, 17], 
and electronics [18, 19].

Both silicene and graphene share a similar elec-
tronic band structure, with a linear crossing of the 
bands at the Fermi level [20]. However, when com-
pared to its carbon cousin, silicene exhibits lower 
carrier mobilities [21] and mechanical strength [20], 

but higher thermoelectric figure of merit [22]. Struc-
turally, there is a major difference between graphene 
and silicene. While carbon naturally forms planar 
sp2 bonds, silicon, due to its larger core and greater 
extent of its valence orbitals, can only form tetrahe-
dral sp3 bonds. This explains why no layered allotrope 
of silicon exists in nature [23]. For this same reason, 
planar silicene is not dynamically stable, leading to a 
deformed structure with a buckling of about 0.46 Å. 
This considerably affects the stability of silicene, that 
apparently can only be synthesized in supported con-
figurations [24].

Several studies have already shown that silicene is 
not the lowest-energy 2D polymorph of silicon, and 
that the binding of additional silicon atoms yields a 
considerable decrease of the total energy per atom 
[25–28]. For example, [25] builds several low-energy 
2D sheets by taking the surface layer of the 

√
3 ×

√
3, 

5 × 5 and 7 × 7 reconstructions of the silicon surface. 
These structures turn out to be more stable than 
silicene by 48, 6 and 17 meV per atom, respectively. 
[26] uses a different approach, studying the effect 
of attaching silicon atoms on supercells of silicene. 
Beside explaining the growth process of silicene on 
Ag(1 1 1), the authors also discover four new silicene 
phases. These structures, composed of a honeycomb 
basis with dumbbells atoms, and therefore called 
‘dumbbell silicene’, are all lower in energy than 
silicene.
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Abstract
We perform ab initio structure-prediction calculations of the low-energy crystal structures of two-
dimensional silicon. Besides the well-known silicene and a few other allotropes proposed earlier in 
the literature, we discover a wealth of new phases with interesting properties. In particular, we find 
that the ground state of two-dimensional silicon is an unreported structure formed by a honeycomb 
lattice with dumbbell atoms arranged in a zigzag pattern. This material, that we call zigzag dumbbell 
silicene, is 218 meV/atom more stable than silicene and displays a quasi-direct band gap of around 
1.11 eV, with a very dispersive electron band. These properties should make it easier to synthesize 
than silicene and interesting for a wealth of opto-electronic applications.

PAPER
2018

RECEIVED  
18 October 2017

REVISED  

15 February 2018

ACCEPTED FOR PUBLICATION  

27 March 2018

PUBLISHED  
16 April 2018

https://doi.org/10.1088/2053-1583/aab9ea2D Mater. 5 (2018) 035010

publisher-id
doi
https://orcid.org/0000-0002-4920-2370
mailto:silvana.botti@uni-jena.de
https://doi.org/10.1088/2053-1583/aab9ea
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/aab9ea&domain=pdf&date_stamp=2018-04-16
https://doi.org/10.1088/2053-1583/aab9ea


2

P Borlido et al

By now it is clear that silicene is, from the struc-
tural point of view, a much more complex system than, 
e.g. graphene. Our objective is therefore to perform a 
comprehensive study of the possible 2D phases of sili-
con, and in particular to reveal the true ground-state 
phase of 2D silicon. For that we study 2D free-standing  
silicon using a constrained structure-prediction 
approach, recently presented by some of us in [29]. 
This powerful approach, described in the section 2, is 
based on the minima-hopping method [30, 31] and 
yields the complete phase diagram of 2D materials as a 
function of the area per atom in the unit cell.

We remark that the problem of crystal-structure 
prediction for 2D materials has attracted increasing 
attention [32–37]. In a recent publication, Chae et al 
[36] applied one of these new methods for 2D struc-
ture prediction to obtain a new family of slab-like sili-
con crystals with varying thickness, characterized by 
perfectly planar surfaces, consisting of distorted hex-
agonal networks. These structures can not appear in 
our simulations as we restricted the allowed thickness 
of our layers to lower values. The effects of surface oxi-
dation are also studied in that work, as oxidation stabi-
lizes the structures and opens the band gap.

2. Methods

To obtain the energies and forces required for the 
structure-prediction simulations we used a tight-
binding formulation [38, 39]. This technique is 
considerably faster than standard density-functional 
theory (DFT), allowing us to perform a very extensive 
search of the phase space. Moreover, it is still based 
on quantum mechanics, therefore it is capable of 
describing atoms in different chemical environments 
and bonding configurations. As a crosscheck of our 
results, we used two different tight-binding methods, 
the highly optimized tight-binding model of [38], 
and the density-functional tight-binding method of  
[39, 40].

Our structure-prediction simulations at con-
strained area yielded a total of around 50 000 different 
minima of the ground-state potential energy surface. 
In all steps both the atomic positions and the primitive 
cell parameters were relaxed. The lowest-energy struc-
tures were then re-optimized and characterized using 
DFT as implemented in the Vienna ab initio simulation 
package (vasp) [41] within the projector-augmented 
wave method [42], and a plane-wave cutoff energy 
of 320 eV. The Perdew–Burke–Ernzerhof (PBE) [43] 
approximation to the exchange-correlation functional 
was used for the structural optimization runs, along 
with the Heyd–Scuseria–Ernzerhof hybrid functional 
(HSE06) [44] for the calculation of selected band 
structures [45] and the Perdew–Zunger LDA func-
tional [46] for phonon calculations [47], after an LDA 
structural relaxation. These functionals are selected 
as they provide accurate electronic properties for sili-
con. We performed calculations for silicene using a 

13 × 13 × 1 k-point grid which, for consistency, was 
scaled for all other structures in order to maintain the 
same density of k-points in the Brillouin zone. Peri-
odic copies were separated by a vacuum layer of 15 Å.  
To draw the energy curves as a function of the area per 
atom, we performed structural relaxation for each 
structure at constant area and converged the forces 

to 10−3 eV ̊A
−1

. Phonon calculations were performed 
using the finite differences method as implemented in 
the phonopy package [48], using 3 × 3 × 1 supercells.

3. Results

Figure 1 depicts the energy as a function of the area 
per atom for the low-energy structures found in our 
simulations. More information about the labeled 
structures can be found in the supporting information. 
Each curve is colored according to the thickness of the 
polymorph (defined as the vertical distance between the 
topmost and lowest atoms) that can be due to buckling, 
the existence of dumbbells, or other out-of-plane 
configurations. Naturally, thin sheets are characteristic 
of phases with a large area per atom, while rather thick 
layers are found on the opposite side of the plot.

Silicene (labeled Si-XI in the figure) is the most sta-
ble structure for areas between approximately 6.3 and 

7.1 ̊A
2
/atom. For larger strains it gives place to Si-XII, a 

rather complicated structure containing large cavities. 
On the other side of silicene we see appearing a series 
of phases (Si-VIII, Si-IX, Si-X), with structures remi-
niscent of the so-called haeckelites [49], but contain-
ing few dumbbell atoms. Si-VIII consists of pentagons 
and octagons. Despite the presence of pentagons, this 
structure is very different from the recently proposed 
siliconeet [50]. Finally, Si-IX and Si-X share the same 
basic in-plane pattern (composed of penta-, hexa- and 
decagons), but differ in the position of the respec-
tive dumbbells. The energy minima of the two latter 
structures are not very far apart, possibly owing to the 
low density of dumbbells, which makes the structure 
less sensitive to their location. The electronic struc-
ture of both Si-VIII and Si-IX is rather interesting, as 
they both exhibit a distorted Dirac cone located at the 
Fermi energy (see supporting information).

The most exciting part of figure 1 lies, however, 

between 3.6 and 5.5 Å
2
/atom. All low-energy phases 

in this domain share the same ‘recipe’, i.e. they can all 
be built from the traditional silicene honeycomb lat-
tice by adding dumbbell atoms at selected lattice sites. 
It is therefore a relatively simple task to exhaustively 
enumerate all the possible crystal structures that fol-
low this recipe. We used atat [51, 52] to obtain all such 
unit cells with less than 12 sites, leading to almost 300 
nonequivalent structures. This systematic procedure 
yielded exactly the same low-energy phase diagram as 
our structure-prediction runs. We note in passing that 
we applied the same strategy to the study of 2D ger-
manium, obtaining the same ordering of low-energy 
structures (but, as expected, smaller band gaps).

2D Mater. 5 (2018) 035010
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The low-energy phases, shown in figure 1 and in 
the supporting information, contain either armchair 
(Si-III) and zigzag (Si-VI) lines of dumbbells, or pairs 
(Si-IV) and isolated dumbbells (Si-II, Si-VI, Si-VII). 
We note that some of these are not typical dumbbell 
structures in the sense that neighboring sites can con-
tain two out-of-plane atoms. Among these structures 
we find the so-called full dumbbell silicene (FDS) 
and the large honeycomb dumbbell silicene (LHDS) 
phases, already reported in [26] (curves Si-II and Si-
VII, respectively). We also find dumbbell silicene 
reported in [28], with an energy/atom 202 meV lower 
than the one of silicene. However, in addition to these 
structures, our structure-prediction runs find two 
novel phases at an energy considerably lower than Si-
VII and dumbbell silicene, namely Si-III and Si-VI. 
In view of the pattern formed by the dumbbell atoms, 
we define the ground-state phase Si-VI ‘zigzag dumb-
bell silicene’, while we call Si-III ‘armchair dumbbell 
silicene’.

We remark that several structures that mix sp3 and 
sp2 hybridization can be found in the phase diagram of 
carbon. However, all these structures are rather unsta-
ble for Si, which admits only sp3 bonding. In (quasi-) 
2D the need of Si to form an extra bond leads to the 
formation of dumbbells.

The ground-state polymorph turns out to be zigzag 
dumbbell silicene (Si-VI), with an energy per atom of 
218 meV/atom below the one of silicene (and 38 meV/
atom lower than the planar silicene bilayer; see the sup-
porting information). It has a rectangular crystal lat-
tice containing a relatively low density of dumbbells 
in a zigzag structure (see figure 2(b)). This material is 
an indirect-gap semiconductor, with a highly disper-

sive conduction band with minimum at Γ and the top 
of the valence band close to the S point. The indirect 
band gap has a width of around 1.11 eV, remarkably 
close to the gap of bulk silicon. However, and contrary 
to bulk silicon, the direct band gap at Γ for this 2D mat-
erial is only slightly larger than its indirect gap, and is 
in the correct range for applications in photovoltaics 
[53]. This means that zigzag dumbbell silicene can effi-
ciently absorb visible light at frequencies just above its 
fundamental gap, as it can be seen from the calculated 
optical absorption spectrum shown in the support-
ing information. Finally, the phonon spectrum shown 
in the bottom panel of figure 2(b) proves that this is a 
dynamically stable structure.

The armchair dumbbell structure (Si-III) is only a 
couple of meV per atom higher in energy than zigzag 
dumbbell silicene. It forms a rectangular lattice com-
posed of armchair chains of dumbbell atoms separated 
by a line of empty silicon hexagons (see figure 2(a)). 
Like zigzag dumbbell silicene, this is also an indirect-
gap semiconductor with the bottom of the conduction 
band at Γ. However, in this case, the top of the valence 
band is at the X point. The fundamental band gap 
measures 1.60 eV, and it is again almost as large as the 
direct band gap at Γ. As expected, this is also a dynami-
cally stable system (see the phonon band structures in 
the right panel of figure 2(b)).

An interesting result is that there seems to be a 
direct connection between the size of the gap and the 
stability of the structures. Silicene is, of course, a semi-
metal with a Dirac cone at the Fermi level. FDS, just 
marginally more stable than silicene, is a metal. The 
LHDS phase already exhibits a gap, although rather 
small, that then opens to values above 1 eV for the most 

Figure 1. Energy per atom as a function of the area per atom for the 2D silicon polymorphs. Our naming convention reflects 
the order of the minima of each curve with respect to the area per atom. The zero of the energy scale was set to the minimum 
energy of silicene (Si-XI). Curves are colored according to the thickness of the 2D sheet. We also show on the secondary x-axis the 
corresponding engineering strain for silicene: ε = (l − l0) /l0, where l and l0 correspond to the strained and equilibrium lattice 
parameters of silicene. The zero of strain is set to the minimum of the silicene energy curve. The curves are cut when a structure 
becomes unstable and transforms to a lower energy phase. The structures of the labeled curves can be seen in figure 2 or in the 
supporting information (stacks.iop.org/TDM/5/035010/mmedia). As a reference, the energy of bulk silicon is Ebulk = −0.64 eV/
atom.

2D Mater. 5 (2018) 035010
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stable Si-V, armchair dumbbell silicene and zigzag 
dumbbell silicene.

We complete our description of the phase diagram 
in figure 1 with Si-I. For these values of area per atom, 
dumbbell structures are no longer favored. Instead, 
Si-I exhibits a highly buckled hexagonal structure with 
pairs of silicon atoms above or below some hexagons 
(see the supporting information).

To address the question of temperature stability of 
the most stable 2D structures that we have identified, 
we performed tight-binding molecular-dynamics sim-
ulations using a Langevin thermostat at temperatures 
from 100 K to 1600 K, with a temperature step of 100 K. 
More information on the parameters and a summary 
of the results is given in the supporting information. 
Both zigzag dumbbell silicene and armchair dumbbell 
silicene maintain their crystalline structure, despite an 
increasing distortion of the bonds, up to T  =  1000 K. 
At T  =  1100 K we can observe the onset of disrup-
tion of the honeycomb arrangement of the sheet and 
beyond this temperature the Si sheets become com-
pletely disordered.

Finally, we note that in [54] the convex hull of 
SinC1−n was built using an evolutionary algorithm for 
crystal-structure prediction. In that work, graphene 
and silicene were taken as elemental reference phases. 
However, as shown here, the convex hull of stability 
should be drawn using the energy of zigzag dumbbell 
silicene as the reference chemical potential. In doing 
so, one sees that the SinC1−n structures found in [54] 
are actually all above the hull and, thus, thermody-
namically unstable.

4. Conclusions

In conclusion, we performed a comprehensive study 
of two-dimensional free-standing silicon phases using 
a constrained crystal-structure prediction algorithm. 
We find a wealth of novel structures, with extremely 
interesting properties. We identify the ground-state 
structure and call it zigzag dumbbell silicene, as it is 
composed of dumbbell atoms arranged in a zigzag 
pattern. Surprisingly, this system is a quasi-direct 
band-gap semiconductor, with a fundamental gap of 
around 1.11 eV. In nature, no layered silicon allotrope 
exists and, so far, all experimental samples of 2D silicon 
have been grown on substrates. We can expect that the 
zigzag dumbbell structure should be substantially easier 
to synthesize than silicene, as it has a cohesive energy 
significantly lower (218 meV/atom) than the one of 
silicene. Moreover, the interesting electronic properties of 
the lowest energy 2D polymorphs of silicon make them 

promising candidates for opto-electronic applications.
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Figure 2. Side and top view of the atomic structures (left), electronic band structures calculated with the HSE06 functional 
(middle), and LDA phonon bands (right) for armchair dumbbell silicene (Si-III) and zigzag dumbbell silicene (Si-VI). The band 
structures were aligned with respect to the highest occupied state. The color of the Si atoms denotes their position: below (blue), at 
(yellow), or above (red) the 2D plane.
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