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Abstract: The effects of strain, charge doping, and external electric field on the electronic structure of
a free-standing silicene layer decorated by hydrogen atoms are studied by first-principles density
functional theory. Various phases, including insulating, metallic, spin-polarized, and half-metallic
have been found, depending on these external factors. The most efficient way of switching the system
between these phases is charge doping. The character of the energy gap of the H/silicene system can
also be modified, and for charged or for strained systems, the originally indirect gap can be tuned to
become direct. The obtained results are very promising in view of the silicene functionalization and
potential applications of silicene in the fields of spintronics and optoelectronics.
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1. Introduction

Two-dimensional materials have been an area of intense research focus in recent years due to their
unusual transport properties [1–3]. One of the particularly intensively studied materials is silicene
(silicon equivalent of graphene), showing the same atomic structure as a monolayer of atoms arranged
in a honeycomb lattice [4–7]. This material is also twin of graphene in terms of energy structure, with
bands of linear dispersion derived from the π-type bonds [8–10]. In spite of numerous similarities
between silicene and graphene, many differences make silicene more attractive from the point of
view of possible applications in the current and future electronics. Silicene enables a significant
improvement in the current devices based mainly on silicon, minimizing them with much less effort
than would be required in the conversion from silicon technology to technology based on graphene.

Unfortunately, the essential drawback of silicene is the difficulty in preparing it such that its
two-dimensional character—and thus excellent transport properties—are not damaged. An intense
discussion on silicene on silver (the most commonly used as a substrate for silicene growth) showed that
silicon atoms bind too strongly to silver, so that they do not form a two-dimensional quasi-freestanding
crystal [11–21]. Several other surfaces have been used to produce silicene [22–24], and others have
been proposed as potentially suitable for silicene formation [25–32], but the problem still does not
have a clear solution. Another problem is the exposure of silicene to ambient conditions [33]. However,
Tao et al. reported the first field-effect transistor based on silicene on a thin Al2O3 layer obtained using
the novel method of encapsulated delamination from silicene on Ag(111) [34].

Despite these disadvantages, intensive theoretical work is aimed at predicting the features of
silicene under different conditions. Unlike graphene, freestanding silicene exhibits a corrugated
structure on the atomic scale, which is associated with the mixed sp2 and sp3 hybridization of their
atomic orbitals [8,9,35]. Such a structure makes silicene much more susceptible to functionalization.

The studies indicate that with only adsorption of foreign element atoms on silicene, its transport
and magnetic properties can be modulated in a wide range such that silicene behaves like a
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semiconductor, metal, insulator, or a half-metal with magnetic ordering [36–41]. However, other
methods of affecting the atomic and electronic structure of silicene are also commonly used; e.g.,
electric field, charge doping, and strain [42–47].

Recently, studies that combine several methods for the functionalization of silicene are also under
consideration—for example, a combination of the electric field and strain shows the possibility of
increasing the band gap caused by the spin–orbit interaction [48]. Moreover, both tensile strain and
electric field were proved to enhance adsorption of hydrogen on silicene [49,50]. Silicane—a fully
hydrogenated silicene layer—is also under consideration thanks to its mechanical and transport
properties [51–54]. Although it is not possible to produce silicane experimentally, the studies
on the hydrogenation of silicene on Ag(111) (e.g., half-hydrogenated silicene) have shown that it
can be employed as a method of modifying silicene properties, and indicated that the structure
2
√
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√

3R30◦ contains no defects or alloy with Ag [55], contrary to the earlier reports [56,57].
It has also been shown that the hydrogenation of silicene is a reversible process and can be effectively
used for hydrogen storage [58]. Still, future applications of silicene demand a profound analysis of
possible external factors that will influence its properties and possibly increase its utility.

In our previous paper [59], we investigated structural, kinetic, and magnetic properties of
hydrogen-decorated free-standing silicene subjected to external electric field, charge doping, uniform
and nonuniform strains. It was shown that the charge doping and the strain are the most effective
ways of changing the hydrogen–silicene binding energy. The strain also has the strongest impact on
the diffusion of H atoms, and can change the diffusion barrier by 50%. The system in its equilibrium is
a ferromagnet with locally antiferromagnetic order, and can easily be driven into a nonmagnetic phase
by the charge doping and strain.

The purpose of this paper is to show how to modify and control the electronic properties of the
system (such as magnitude and character of a band gap) by charge doping, external electric field,
and uniform and nonuniform strains. We show that these methods allow significant modifications
of the band gap and the magnetic ordering of the system. The most effective way of tuning the
electronic properties is charge doping. It can drive the originally spin-polarized insulating H/silicene
system to various phases, including non-magnetic insulating, metallic (magnetic or non-magnetic),
and half-metallic. The character of the band gap can also be modified and switched from an indirect to
a direct one in a charged or strained H/silicene system. These findings are very promising in view of
silicene functionalization and potential applications of silicene in the fields of spintronics and modern
optoelectronics.

2. Details of Calculations

The calculations were performed within density functional theory (DFT) using the Siesta
code [60–64]. The exchange-correlation energy was used in Perdew–Burke–Ernzerhof form [65] of the
generalized gradient approximation (GGA), and Troullier–Martins norm-conserving pseudopotentials [66]
were used to simulate the core–electrons interaction. The Brillouin zone (BZ) was sampled
by 30× 30× 1 k-points, and the energy cutoff was set to 300 Ry in all the calculations.

The system was modeled as the 4× 4 unit cell of silicene with a single H atom above one of the Si
atoms. Such a unit cell allows interaction between neighboring hydrogen atoms to be avoided, and
corresponds to the uniform coverage of one H atom per 32 Si atoms (i.e., θ = 1/32). The system was
relaxed to the maximum forces below 0.01 eV/Å. The lattice constant for the system in equilibrium
conditions was equal to 3.87 Å, which is very close to the value for a freestanding layer; thus, the
presence of a hydrogen atom does not strongly affect the atomic structure of silicene. However,
the methods in use do affect this value, and the lattice constant was modified and adjusted for any
considered case.

The uniform strain ε is defined as (a − a0)/a0, where a and a0 are the lattice constants of the
strained system and the system in its equilibrium, respectively. The uniform strain was modeled by
changing a. In the calculations for a nonuniformly strained system, the lattice constant was changed in
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the zigzag (ZZ) direction (εZZ), while the system was allowed to relax in the armchair (AC) direction,
and thus the effect of strain was partially compensated. Using this method, we analyzed the lattice
deformation in both perpendicular directions simultaneously, as tensile strain in one direction is
accompanied by compression in the other direction, and vice versa.

3. Results and Discussion

In equilibrium (i.e., without any external perturbations), the H/silicene system is a ferromagnetic
insulator, although with locally antiferromagnetic order [40,59]. The insulating character is a direct
consequence of the inversion symmetry breaking due to the adsorption of an H atom [19,26,67,68].
The adsorbed H atoms are also responsible for the magnetism of the system, as they break the silicene
π bonds, and two dangling pz orbitals are formed. One orbital is involved in the bonding with the
H atom, while the other one forms the spin-polarized state localized in the vicinity of the adsorbed
H atom [59].

A fully-hydrogenated silicene may be an indirect- or a direct-gap semiconductor, depending on
the atomic configuration [69]. At lower H coverage (like discussed here), the system is an indirect band
gap insulator [40], which somehow limits its potential applications in nanoelectronics. The adsorption
of H atoms leads to a large energy gap between the valence Sv and conduction Sc bands at the K point
of the silicene Brillouin zone, and to in-gap flat bands S0, as demonstrated in Figure 1b.
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Figure 1. Side and top views of the atomic structure of the H/silicene system with a hydrogen
atom indicated in purple, and silicene in yellow (a), and the corresponding electronic structure (b).
The valence, conduction, and in-gap flat bands are denoted by Sv, Sc, and S0, respectively. (c) Projected
band structure on H adatom orbitals and (d) on 3pz orbitals of Si1 atoms averaged over the Si1 atoms.
Red (dark) and cyan (light) symbols indicate the spin-up and spin-down bands. The thickness of
symbols in (c) and (d) is proportional to the atomic character of bands.

The flat bands substantially suppress the energy gap, which in the present case yields 100 meV,
a value slightly larger than in the previous studies [40]. These bands are spin polarized, and
were previously misinterpreted as the bands mainly derived from H orbitals [40]. If it was true,
the H atoms should feature large magnetic moments (µ), which is not the case, as µ = 0.05 µB [59].
Thus, the origin of the S0 bands must be different. Indeed, these bands come mainly from dangling



Condens. Matter 2017, 2, 1 4 of 10

pz orbitals of Si atoms—nearest neighbors of the H adsorption site, marked as Si1 in Figure 1a. Each
of these atoms carries higher magnetic moment (0.20 µB) than the H atom. This scenario is fully
confirmed by the projected band structure, shown in Figure 1c,d. Clearly, the main contribution to the
spin-polarized flat bands around the Fermi energy EF comes form the 3pz orbitals of Si1 atoms, not
from the H adatom. Similar conclusions have also been drawn in a very recent study [70]. Moreover,
the Si3 atoms also contribute to these states (see Figure S1 of Supplementary Materials), as they carry
more than half of the magnetic moment of Si1 atoms [59]. The contribution of the remaining atoms is
much smaller or even negligible.

The above shows that the H/silicene system in equilibrium is an indirect-gap ferromagnetic
insulator. This situation may change if the external factors (such as charge doping, strain or electric
field) come into play. As a result, the value and character of the energy gap, as well as the magnetic
properties of the system can be tuned and controlled.

Placing freestanding silicene in an electric field perpendicular to its plane induces polarization
of its sublattices, which leads to the opening of an energy gap. It was shown that the width of this
energy gap grows linearly in a wide range of electric field intensity [43]. In the present case, the
symmetry between sublattices is already broken due to the adsorption of H atoms, and the charge
distribution is inhomogeneous. Since the hydrogen atom attracts negative charge, the top silicene
sublattice is charged positively, and the bottom one negatively, even without an external electric
field [59]. Thus, unlike freestanding silicene, the insulating character of the H/silicene structure is
observed at equilibrium. When the negative (positive) perpendicular electric field is applied to the
H/silicene plane, the polarization between sublattices is enhanced (suppressed), which results in the
widening (narrowing) of the energy gap. The situation is illustrated in Figure 2.
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Figure 2. (a) Energy gap as a function of the perpendicular external electric field; (b) Separations
between flat S0, valence Sv, and conduction Sc bands (defined in Figure 1b), determined at the K point
of the Brillouin zone.

Note that electric field does not change the character of the energy gap. Only its magnitude
changes linearly with the field. It does not spoil the magnetic order either [59]. The main effect of the
electric field is the shifting of the whole band structure—except S0 states, which are pinned at the EF
(see Figure S2). This is reflected in separations between S0 and Sc(v) bands, shown in Figure 2b. Going
from negative to positive values of the electric field, the Sc and Sv bands move up towards higher
energies. At much higher—perhaps unrealistic—positive (negative) electric field (not shown), the S0

and Sv (Sc) of the same spin channel overlap and start to hybridize, which leads to a transition into a
non-magnetic metallic phase. However, in this case, the structure may not be stable. Thus, the electric
field maintains the equilibrium properties of the H/silicene system, and only tunes the magnitude of
the energy gap.
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When silicene is formed on the surface, the charge transfer always occurs [71,72]; thus, we
analyze the influence of charge doping on the system. It is well known that the effect of additional
charge introduced to a system results in an almost rigid shift of electron bands [73]. Indeed, such a
shift of the bands with no band-gap opening has been predicted for freestanding silicene, since
the additional charge is distributed equally on both sublattices [42]. As mentioned previously,
when an H atom adsorbs on a silicene layer, sublattice polarization is induced and the energy gap
develops. Thus, besides the trivial shift of the electron bands, we can also expect other modifications
of the electronic structure.

The additional negative charge is transferred to the hydrogen atom, but it partially remains in
the layer and reduces the sublattices’ polarization. However, if the electrons are subtracted from the
system, but the hydrogen atom is still negatively charged, the sublattices’ polarization increases [59].
Thus, in the former case, the energy gap should narrow, while in the latter case, it should widen.
However, the situation is more complicated, as shown in Figure 3a.

Figure 3. (a,b,d) Energy gap as a function of charge doping, uniform strain, and nonuniform
strain, respectively; (c) Brillouin zone of unstrained silicene with high symmetry points marked
and corresponding Brillouin zones for nonuniformly compressed and stretched systems. The shaded
area FM in panel (a) marks the doping region in which ferromagnetism exists. The marked region in
panel (b) denotes the uniform strain at which the direct energy gap occurs.

First of all, we should remember that the ground state of the H/silicene system is magnetic with a
non-zero energy gap. Furthermore, the magnetism is governed by the quasi-localized S0 states, and
disappears for both electron and hole doping higher than 0.05 per primitive (1× 1) cell [59]. Above
these values of doping, the S0 states are below or above the EF (see Figure S3), which means that
the dangling 3pz orbitals of Si atoms are fully occupied or empty, and thus no net spin is present.
Obviously, the electronic spectrum is gapped. However, the energy gap for the undoped system
develops between spin-polarized S0 states, while at higher doping (i.e., in the nonmagnetic state),
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the energy gap appears either between Sc and S0 or between S0 and Sv states, depending on the nature
of the doping. For the electron doping, the originally indirect band gap changes into a direct one, as
the Fermi level falls in between Sc and S0 states (see Figure S3). For the hole doping, the band gap
still is indirect. Thus, to think about applications in optoelectronics, one should dope the H/silicene
system by electrons. Further increase of doping results in ordinary metallic character of the bands
associated with crossing the EF either by Sc or by Sv.

The transition from the magnetic to nonmagnetic gapped phase is accompanied by the gap closing
at low charge doping, but still maintaining the non-zero spin polarization. Interestingly, one can tune
the band structure in such a way that electrons with only one spin orientation will be mobile; i.e.,
the system becomes a half-metal with 100% spin polarization (see Figure S3b,e). A similar phase has
also been predicted in the case of the adsorption of single Ti and Cr atoms and for half-brominated
silicene [36,37]. However, it is important to realize that the metallic character associated with the S0

states should be taken with care, as these states are very weakly dispersive, and thus quasi-localized—it
might be difficult to utilize them in spintronics applications. Perhaps the solution to this problem
might be increasing the H coverage, which makes these states more dispersive [40,70].

Thus, the charge doping appears as a very efficient way of tuning the H/silicene band structure.
It can drive the originally ferromagnetic insulator through the ferromagnetic metal, half-metal to an
ordinary nonmagnetic insulator, and then to an ordinary metal. It can also change the character of the
band from indirect to direct.

The strongest impact on the energetics of the H/silicene system was due to tension and
compression of the silicene layer, as it leads to the most dramatic changes in the nature of bonds [59].
Thus, we also expect substantial modifications in the electronic properties of H-decorated silicene.
Figure 3b shows the variation of the energy gap as a function of the uniform strain ε.

The band structure is gapped only for tensile strain up to ε = 0.10. In this region (i.e., 0 ≤ ε < 0.10),
the ground state does not alter its equilibrium phase (i.e., the system is a ferromagnetic insulator).
Unlike the case of the charge-doped H/silicene, the band gap in the strained system always occurs
between spin-polarized S0 states, as Figure S4 shows. Interestingly, for small positive values of ε

(marked in Figure 3b), the character of the gap changes from indirect to direct, which points to the
possibility of utilizing strained H/silicene in applications.

When either uniform compression or uniform stretching with ε > 0.10 is applied to the silicene
layer, the system becomes metallic. However, these insulator–metal transitions have different origins.
The gap closing for ε < 0 is accompanied by the suppression of magnetism, while for ε > 0.10,
the system is still in the ferromagnetic phase (see Figure S4a,f). The metallic phase at the compressive
strain is achieved owing to the structural phase transition. The originally low buckled silicene enters
the rippled phase as soon as the compression is applied to the system [59]. On the other hand, at large
tensile strain, the insulator–metal transition is associated with the flattening of the silicene layer and
charge transfer from π to σ bands (see the modifications of the band structure near the Γ point, shown
in Figure S4e,f). The system is stable in a wide range of tensile strain. It does not disintegrate even for
ε = 0.17, which is known to be the limit of silicene and silicane mechanical stability [74,75].

The nonuniform strain εZZ applied to the H/silicene layer in the zigzag direction leads to
essentially very similar results to the case of the uniform strain, although a few differences do exist.
First of all, K1 and K2 points in the Brillouin zone are no longer equivalent, since the uniform strain
changed the shape of BZ, as Figure 3c shows.

Thus, the band structures in Γ−K1 and in Γ−K2 directions are different, which results in different
magnitudes of energy gaps in these directions, as Figure 3d illustrates. Note however that the Γ−K2

direction will vary with the magnitude of the εZZ as the shape of the BZ changes. Furthermore,
it is known that for both free-standing graphene and silicene subjected to nonuniform tension,
the Dirac cone moves from the K point of the BZ along the line connecting points Γ and K in the strain
direction [76,77]. Nevertheless, the gapped phase occurs in a similar region like in the case of the
uniform strain. This phase also survives in weakly compressed H/silicene system, which is associated
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with the fact that the lattice constant in the direction perpendicular to the strain direction is allowed
to relax and keeps trying to maintain its equilibrium value [59]. The gapped phase is also magnetic,
and unlike the previous case, only an indirect gap is observed. The transition to a metallic phase for
negative strain is due to the same reasons as for the uniform strain. For large values (over 0.075) of
both positive and negative strain, the system loses its stability and disintegrates. Thus, the uniform
strain seems to be superior over the nonuniform strain, due to the possibility of changing the character
of the energy gap.

4. Conclusions

We have analyzed the electronic and magnetic properties of H-decorated silicene subjected to
external factors such as charge doping, electric field, and uniform and nonuniform strain. We have
shown that all these methods allow controlling the band gap and the magnetic ordering of the system.
The most efficient method of tuning the electronic properties is charge doping. It can drive the originally
spin-polarized insulating H/silicene system to various phases, including non-magnetic insulating,
metallic (magnetic or non-magnetic), and half-metallic. The character of the band gap can also be
modified and switched from an indirect to a direct one in charged or strained H/silicene systems.
These findings reveal efficient methods of functionalization and tuning the electronic properties of
silicene, and are promising from an application point of view in the fields of spintronics and modern
optoelectronics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3896/2/1/1/s1.
Figure S1: The electronic structure of H/silicene system projected on the 3pz orbitals of different Si atoms;
Figure S2: The band structure of H/silicene in external electric field; Figure S3: Variations of the band structure
for doped system; Figure S4: The band structure of strained H/silicene system.
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