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Abstract

The structural and electronic properties of silicane layers and bulk, the effects of a biaxial tensile
strain and an external electric field (E-field) on the electronic properties of silicane monolayer and
bilayer are investigated using density functional theory computations with the van der Waals (vdW)
correction. It is demonstrated that the weak vdW interaction between silicane layers can efficiently
tune the electronic properties of silicane multilayers. The silicane multilayers (up to 5) are indirect
bandgap semiconductors whose bandgap slightly decreases with the number of layers, whereas bulk
silicane is a direct bandgap semiconductor. The bandgaps of both silicane monolayer and bilayer can
be flexibly modulated by applying a biaxial tensile strain, and indirect-direct transition occurs when
the biaxial tensile strain reaches +4% and +2%, respectively. Besides, the bandgaps of the silicane
monolayer and bilayer can also be continuously modulated by an external E-field, with an indirect-
direct transition observed when its magnitude reaches 0.5 and 0.7 V/A, respectively. A larger E-field
can trigger a semiconductor-metal transition at approximately 0.8 /A for both silicane monolayer
and bilayer. Our results provide rather effective and flexible approaches to tune the electronic
properties of silicane layers for application in silicane-based electronic and optoelectronic devices.

1. Introduction

Silicene [1,2], the silicon analog of graphene, is a two-dimensional (2D) crystal with a hexagonal
lattice structure. A number of experiments have realized the epitaxial growth of silicene on some
metal substrates, such as Ag [1-7], Ir [8] and ZrB, thin films [9]. As reported by early theoretical
works, silicene is a zero-bandgap semimetal, similar to graphene. Silicene also exhibits linear energy
dispersion behavior around the Fermi level at the K point, which can lead to high carrier mobility
[1,10]. Some fantastic features, such as a quantum spin Hall effect [11,12], giant magnetoresistance
[13] and multiple topological interface states [14] have been predicted for monolayer silicene. Despite
its outstanding electronic properties and effective integration with current silicon-based
microelectronics, silicene cannot be used in many fields, such as field-effect transistors (FETS),
because its zero bandgap restricts the achievability of on-off current ratio. Hence, some effective
strategies should be adopted to open a bandgap in silicene.

Doping [15-24], adsorption [25-29] and functionalization [30,31] are three effective approaches to
tuning the electronic and magnetic properties of 2D materials. For silicene, chemical functionalization
[32—47] is a pretty effective technique for tuning its properties. For instance, the electronic and
magnetic properties of silicene can be well tuned by half-hydrogenation, as reported by many
theoretical [41,42] and experimental works [43,44]. An extreme example, which had previously been
investigated by many theoretical works [40,45,46] is silicane (fully hydrogenated silicene). It is an
indirect semiconductor with a bandgap of 2.94 eV (by Heyd-Scuseria-Ernzerhof (HSE06)) [47].
Potential applications such as high-performance FET [48], optoelectronic devices [49] and even
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hydrogen storage [50] have been proposed for this promising 2D material. Considering the
controllable bandgap engineering of semiconductors is an essential part of nanoelectronics and
optoelectronics, a comprehensive investigation on modulating the electronic properties of silicane is
of great interest and critical to widen the range of its applications.

Recently, the weak van der Waals (vdW)-like coupling between layers, such as in graphane [51],
germanane [52], phosphorene [53-55], transition metal dichalcogenides [56-58], and many vertical
heterostructures [59-69] has been well investigated. For example, Fokin et al. [51] computationally
demonstrated that graphane can form multi-layered structures similar to graphene due to the weak
vdW interaction, which is really dumbfounding because it was believed that all the bonds in graphane
are fully saturated so that it can hardly form vdW interaction between two monolayers [70]. Li et al.
[52] demonstrated correspondingly that there exists the weak vdW interaction between germanane
layers. The interactions between these layers play an important role in bandgap engineering. These
intensive studies on the weak vdW-like interaction between layers inspired us to answer a motivating
guestion: How does this interaction affect the electronic properties of silicane layer? Moreover, can
we efficiently modulate the electronic properties of silicane layers by some feasible approaches?

In this article, we present a systematic investigation of the structural and electronic properties of
silicane layers by using vdW-corrected density functional theory (DFT) computations. Our
calculations reveal that there is the weak vdW interaction between silicane layers. Silicane multilayers
inherit the indirect bandgap characteristic of the silicane monolayer. Significantly, the bandgaps of the
silicane monolayer and bilayer can be constantly modulated by a biaxial tensile strain and an external
electric field (E-field), so that an indirect-direct bandgap transition can be triggered. Our
investigations could pave the way for applications of such few-layered silicane in FETs with a high
on-off current ratio and optoelectronic devices functioning under visible light.

2. Calculation methods

First-principles calculations are implemented by the Vienna ab initio Simulation Package (VASP)
[71-73], which uses a projector augmented wave [74] formalism. The generalized gradient
approximation for the exchange-correlation functional of the Perdew-Burke-Ernzerhof (PBE) [75,76]
form is employed. The vdW correction proposed by Grimme (DFT-D2) [77] is chosen to describe the
weak interactions. It is relatively well-known that Generalized Gradient Approximation (GGA)
constantly leads to an underestimation of the bandgap of semiconductor. To tackle this issue,
calculations based on the HSE hybrid functional [78-81] were also performed simultaneously for
many critical results. The energy cutoff is taken to be 550 eV. In order to avoid interactions between
adjacent layers, a vacuum region of 20 A in z direction has been sandwiched. The Brillouin zone is
sampled using a 21 x 21 x 1 Monkhorst-Pack [82] grid. All the structures are fully relaxed until the
Hellmann-Feynman forces are less than 0.01 eV/A.

3. Results and discussion

3.1 Structural and electronic properties of the silicane multilayers

Fig. 1(a) depicts the optimized geometric structure of a silicane monolayer in a 4 x 4 supercell. The
most stable form of the silicane layer favors a chair-like conformation with hydrogen adatoms
alternately adsorbed on two sides of the layer, structurally like graphane [83]. The system belongs to
P6smc group with Cs, symmetry. The optimized lattice parameter, Si-Si bond length, Si-H bond
length and buckling height are 3.89, 2.36, 1.50 and 0.72 A, respectively, which are consistent with
previously reported results [84-86]. Computed with the PBE functional, the silicane monolayer is
semiconducting with an indirect bandgap of 2.19 eV (see Fig. 1(b)), and it is smaller than the HSE06



functional result, 2.94 eV (see Fig. A.1(a) in Appendix). The conduction band minimum (CBM) and
valence band maximum (VBM) of the silicane monolayer are located at the M and /" points
respectively (see Fig. 1(b)). The partial charge density of CBM and VBM of silicane monolayer is
analyzed, as shown in Fig. 1(c). The CBM is mainly contributed by the Si-H o* anti-bonding state of
H s and Si s p, orbitals while the VBM is dominated by the Si py orbitals.

The silicane bilayer can be formed by stacking two silicane monolayers together. To obtain the most
stable structure of the silicane bilayer, we consider four logical structures (see Fig. 2). Generally, the
binding energies for these structures are in the range of 61 to 103 meV/unit-cell.

The most stable structure of the silicane bilayer (see Fig. 3(a)) has two Si skeletons in AA stacking,
and the H atom of the bottom layer points straightly to the Si atom of the upper layer with an
interlayer Si-H distance of 3.30 A, and the average H-H bond length is 2.48 A. Denis et al. [39] also
showed that the most stable structure of the silicane bilayer has AA stacking previously, even though
they used a different code. However, Li et al. [52] revealed that the lowest-energy structure of the
germanane bilayer addresses an AB stacking. They performed the computations using the DMol® code
[87,88]. We examined the favorite structure of the germanane bilayer energetically by using VASP
code and found results in agreement with those of Li et al. [52]. Therefore, it is obvious that the
lowest-energy structure of the silicane bilayer is different from the situation of the germanane bilayer.

In addition to the DFT-D2 method, we also tested the performance of the untouched PBE method for
describing the layer interaction in silicane bilayer systems. The PBE approach gives a vanishingly
small binding energy of 8 meV and a very long H-H bond length of 3.11 A. These results are quite
different from those of the DFT-D2 approach. Moreover, the total energy of the four silicane bilayer
structure predicted by the PBE method is almost equal (with an energy difference of less than 2 meV).
Thus, PBE is incapable of describing the interaction between the two silicane layers. These results
also demonstrate great usefulness of the DFT-D2 approach in describing weak interactions.

Next, we move on to explore the electronic structure of the silicane bilayer. The band structure
calculated by PBE functional for the most stable structure of the silicane bilayer is shown in Fig. 3(b),
while the one calculated by HSE functional is shown in the Fig. A.1(b) in Appendix. When two
monolayers are piled to form a bilayer, we found an indirect bandgap of 2.09 eV and 2.83 eV using
the PBE and HSE functionals respectively, which are slightly smaller than the values for a silicane
monolayer (2.19 and 2.94 eV respectively).

Since the energy difference between the four silicane bilayer structures is relatively small (no more
than 41 meV), we also investigated the band structures of the other three metastable structures (see
Fig. 2). These structures also exhibit indirect semiconducting behavior. The bandgaps vary from 2.12
to 2.17 eV (using the PBE functional), slightly larger than the most stable one (2.09 eV).

We next explored the band structure of silicane multilayers with a layer number up to 5 and three-
dimensional bulk silicane (see Fig. 4), which can be seen as the extreme case of silicane multilayers.
Interestingly, in stark contrast to phosphorene (bulk black phosphorus is an indirect bandgap material
but transforms to a direct bandgap semiconductor when thinned to a monolayer) [89], silicane is an
indirect bandgap material in its few-layer form but a direct bandgap semiconductor in its bulk form.
The bandgaps were 2.04, 2.03, 2.01 and 2.03 eV for trilayer, tetralayer, pentalayer and bulk silicane
respectively. Calculations based on the HSE06 functional also showed that bulk silicane is a direct
bandgap semiconductor with an energy gap of 2.81 eV (see Fig. A.2 in Appendix). In parallel, the
energy differences between the indirect and direct bandgaps (that is also the energy differences



between the first and second conduction band) were approximately 0.22, 0.10, 0.07, 0.05, 0.04 and -
0.11 eV for monolayer, bilayer, trilayer, tetralayer, pentalayer and bulk silicane respectively. As the
layer number increases, the difference becomes smaller. Hence, although the vdW interaction between
silicane layers is rather weak, this type of weak interaction can still fine-tune the electronic properties
of multilayer silicane systems. It is straightforward to conclude that these systems have potential
applications in nanoelectronics, such as in FETs with a high on-off current ratio. Silicane in its bulk
form in particular can have potential applications for optoelectronic devices functioning under visible
light.

3.2 Modulation of the band structure via biaxial tensile strain

Applying tensile strain has proven to be a very efficient method of modulating the electronic and
magnetic properties of 2D materials [49,90,91]. Recently, Shu et al. [49] predicted an indirect-direct
bandgap transition in a silicane monolayer under a strain of 2.74%. Hence, can we effectively
modulate the band structure of a silicane bilayer to induce an indirect-direct bandgap transition?

To answer this question, we first calculated the band structure of a silicane monolayer under a biaxial
tensile strain (see Fig. 5(a)). In accordance with the previous investigation [49], we found an indirect-
direct bandgap transition under a strain of approximately 4%. Then, we investigated the band
structure of a silicane bilayer under a biaxial tensile strain. We find an indirect-direct bandgap
transition under a strain of 2% from Fig. 5(b). The direct bandgap occurs at the 7" point. It is
significant that both the silicane monolayer and bilayer perseveres with direct-gap semiconductors for
a very wide range of strain with values up to 10%. These are considerably important results from the
application point of view since the direct-gap semiconducting behavior is vital for optoelectronic
applications.

The dependence of the bandgap of silicane monolayer and bilayer on the biaxial tensile strain is
depicted in Fig. 6. For a silicane monolayer, with a biaxial tensile strain, the bandgap increases at first
and reaches a maximum value (2.23 eV) at approximately 2%, and then decreases monotonically with
a further increase of strain. However, for a silicane bilayer, the bandgap decreases almost
monotonically with the increase of strain. Moreover, the response of the bandgap of the silicane
bilayer to biaxial tensile strain is more sensitive than the monolayer one. The trend is very similar to
the case of germanane, where Li et al. [52] demonstrated that the bandgap of germanane monolayer
and bilayer decreases with increasing biaxial tensile strain. We also computed the dependence of the
bandgaps of silicane monolayer and bilayer on the biaxial tensile strain using the HSE06 functional
(see Fig. A.3 in Appendix). Indeed, the GGA method usually underestimates the value of the bandgap.
However, the general trends of the lines bear a strong likeness, so the trends predicted in Fig. 6 should
be highly reliable. Therefore, we demonstrated that strain can dramatically tailor the bandgaps of
silicane monolayer and bilayer and can thereby be used to modulate the bandgap of silicane in
nanoelectronic and optoelectronic applications.

3.3 Effect of an external E-field

An external E-field is a powerful tool for directly tuning the electronic properties of 2D materials [92—
95]. For instance, a widely tunable bandgap can be achieved in graphene bilayer by applying an
external E-field [92]. Li et al. [93] demonstrated that by applying an external E-field up to 15 V/nm,
the bandgap of pristine or deformed phosphorene can be continuously modulated and finally closed.
The bandgap versus the external E-field for a silicane monolayer and a silicane bilayer is plotted in
Fig. 7. Due to the existence of the inversion symmetry along the z direction in the silicane monolayer
and bilayer, we have performed calculations with the strength of the external E-field ranging from 0 to
1.0 VIA.



As shown in Fig. 7, for a silicane monolayer, its bandgap is rather robust under an external E-field
strength up to 0.4 VV/A. However, at an E-field of 0.5 /A, it exhibits a direct gap with both the CBM
and VBM at the " point (see Fig. 8(a)). If we further increase the strength to 0.6 /A, the bandgap is
significantly reduced while the direct bandgap feature is sustained. When the strength of the E-field
increases to 0.8 /A, a semiconductor-metal transition occurs. Further increase in the E-field does not
change the metallic behavior of the silicane monolayer. We also computed the electronic structure of
a silicane monolayer under an E-field by employing the HSEO06 functional (see Fig. A.4 in Appendix).
Indeed, we obtained much larger bandgaps than those using the PBE functional. However, the trend
should be reliable and the HSEO06 functional only increases the critical value of the E-field (0.9 V/A)
for the semiconductor-metal transition. For a silicane bilayer, the bandgap decreases sharply as the
strength of the external E-field increases. Similarly, an E-field of 0.7 /A gives a direct gap with both
the CBM and VBM at the 7" point (see Fig. 6(b)). We also observed a semiconductor-metal transition
like in the silicane monolayer when the field reaches 0.9 V/A. For a larger E-field, the system remains
metallic. Once again, the HSEO6 results confirm the trend of the field-modulated bandgap (see Fig.
A.4 in Appendix).

Conclusion

The structural and electronic properties of silicane layers and bulk, the effects of an external E-field
on the electronic properties of silicane monolayer and bilayer are thoroughly investigated using DFT
computations with the vdW correction. We found the following to be true: (i) The most stable
structure of the silicane bilayer has AA stacking and is characterized by the weak vdW interaction
between two adjacent layers. (ii) The bandgaps of few-layer (up to 5) silicane are all indirect, and the
bandgap slightly decreases with the number of layers. (iii) The indirect-direct bandgap transition can
be triggered in both silicane monolayer and bilayer by a tensile strain and an external E-field. Overall,
our investigation provides three effective approaches, namely, weak vdW interaction, tensile strain
and external E-field, for tailoring the electronic properties of silicane layers, and offering great
possibilities for the applications of silicane in electronic and optoelectronic devices.
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Fig. A.1 Electronic band structure of (a) silicane monolayer and (b) silicane bilayer computed using
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Fig. A.3 Energy bandgap of silicane monolayer and bilayer as a function of the biaxial tensile strain
computed using HSEO6 functional.
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Figure Captions

Fig. 1 (a) Crystal structure of chairlike silicane monolayer (top & side view). The blue and green balls
denote Si and H atoms respectively. (b) Electronic band structure of pristine silicane monolayer
computed using PBE functional. The zero energy value corresponds to the Fermi level. (c) The partial
charge densities of the CBM (up) and VBM (down). The isovalue is 0.002 e/A°,

Fig. 2 Crystal structure (left panel) and electronic band structure (right panel) of four silicane bilayer
configurations: (a) AA, (b) AB, (c) AA', and (d) AB' computed using PBE functional. The zero
energy value corresponds to the Fermi level. The binding energies are also given.

Fig. 3 (a) Crystal structure of silicane bilayer (top & side view). The blue and green balls denote Si
and H atoms respectively. (b) Electronic band structure of silicane bilayer computed using PBE
functional. The zero energy value corresponds to the Fermi level.

Fig. 4 Crystal structure (left panel) and electronic band structure (right panel) of: (a) silicane trilayer,
and (b) silicane tetralayer, (c) silicane pentalayer and (d) bulk silicane computed using PBE functional.
The blue and green balls denote Si and H atoms respectively. The zero energy value corresponds to
the Fermi level.

Fig. 5 Electronic band structure under biaxial tensile strain of: (a) silicane monolayer and (b) silicane
bilayer. The zero energy value corresponds to the Fermi level.

Fig. 6 Energy bandgap of silicane monolayer and bilayer as a function of the biaxial tensile strain
computed using PBE functional.

Fig. 7 Energy bandgap of silicane monolayer and bilayer as a function of the external E-field
computed using PBE functional.

Fig. 8 Electronic band structures of (a) silicane monolayer under the external E-field of 0.5 /A and
(b) silicane bilayer under the external E-field of 0.7 V/A computed using PBE functional. The zero
energy value corresponds to the Fermi level.
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Fig. 1 (a) Crystal structure of chairlike silicane monolayer (top & side view). The blue and green balls
denote Si and H atoms respectively. (b) Electronic band structure of pristine silicane monolayer
computed using PBE functional. The zero energy value corresponds to the Fermi level. (c) The partial
charge densities of the CBM (up) and VBM (down). The isovalue is 0.002 e/A°,
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Fig. 2 Crystal structure (left panel) and electronic band structure (right panel) of four silicane bilayer
configurations: (a) AA, (b) AB, (c) AA', and (d) AB' computed using PBE functional. The zero
energy value corresponds to the Fermi level. The binding energies are also given.
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Fig. 3 (a) Crystal structure of silicane bilayer (top & side view). The blue and green balls denote Si
and H atoms respectively. (b) Electronic band structure of silicane bilayer computed using PBE
functional. The zero energy value corresponds to the Fermi level.
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Fig. 4 Crystal structure (left panel) and electronic band structure (right panel) of: (a) silicane trilayer,
and (b) silicane tetralayer, (c) silicane pentalayer and (d) bulk silicane computed using PBE functional.

The blue and green balls denote Si and H atoms respectively. The zero energy value corresponds to
the Fermi level.



! Monolayer Monolayer Monolayer Monolayer I Monolayer | M Monolayer ]
[ 0% I 2% 1T 4% i 6 % i 8% [ 10%

M

Energy (eV)
4 o

rr MK rr MmkK rr mK rcr mkK I

Bilaye! Bilaye
EU% '\ [ 4U?b

Energy (eV)

r ™k rr mkK rr mkK rr MmK rcr mk rmmvmek r

Fig. 5 Electronic band structure under biaxial tensile strain of: (a) silicane monolayer and (b) silicane
bilayer. The zero energy value corresponds to the Fermi level.
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Fig. 6 Energy bandgap of silicane monolayer and bilayer as a function of the biaxial tensile strain
computed using PBE functional.
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Fig. 7 Energy bandgap of silicane monolayer and bilayer as a function of the external E-field
computed using PBE functional.
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(b) silicane bilayer under the external E-field of 0.7 /A computed using PBE functional. The zero
energy value corresponds to the Fermi level.



Highlights

1. The band gaps of silicane multilayers slightly decrease with the number of layers.
2. The bulk silicane is a direct band gap semiconductor.
3. The electric field can trigger an indirect-direct transition in silicane layers.



