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The geometric and electronic properties of silicene on doping ultrathin silicon nanosheet were performed
using dispersion-corrected density-functional theory. The results show that the substrates modify the
electronic properties of silicene due to the difference of charge population between the two sublattices.
A sizable band gap is created at the Dirac point, which could be widened by bias voltage. It is theorized
that the hetero-structures could provide a viable route to silicene-based electronic devices.
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Silicene exhibits fascinating electronic properties, for example, it
has relativistic Dirac fermions [1–4], and has strong spin–orbit
coupling for potential topological insulator candidates [5]. More
importantly, these specific electronic properties are expected to be
experimentally realized via silicon-based nanotechnology in the
near future [6]. In a silicene structure, hexagonal mesh of silicon
atoms are ordered in a low-buckled structure [7–8], and this struc-
tural flexibility may give rise to altered electronic properties [9].
Recent experimental studies have revealed silicene monolayer hon-
eycomb structures could be achieved experimentally on Ag(111)
[10–11], ZrB2(0001) [12], (2 � 1) reconstructed Au(110) [13], and
Ir(111) surfaces [14]. The above successful synthesis of silicene rib-
bons and sheets takes a further step towards the applications of sil-
icene as a nanoscale device. However, the absence of a band gap
around the Fermi level in silicene limits its applications. Therefore,
the urgent troublesome problems need to be solved in this field is
to developing methods to functionally tailor band gap size.

Van der Waals (vdW) hetero-structure has recently been paid
significant attentions [15]. As we know, hetero-structures of
graphene on hexagonal boron nitride (h-BN) have promised a cru-
cial advantage over graphene for broader applications, such as
graphene/BN multilayer transistors [16–18]. Very recent work
has demonstrated that the hetero-structures could open a sizable
band gap through designing suitable substrates [19–21]. Besides
that, studies have been carried out to address the effects of sub-
strate on the electronic properties of silicene. For example, by
using the ZnS(0001) as a substrate, Houssa et al. [19] achieved a
band gap of 0.7 eV and found that the ZnS substrate strongly inter-
acts with the silicene. In contrast, the band gap cannot be opened
when the silicene is located at the substrate containing h-BN and
SiC(0001) [20]. Gao et al. [21] studied silicene on twelve different
substrates with band gap ranging from 4 to 181 meV. In addition,
Ding et al. [22] reported that the band gap of silicene/GaS nano-
sheets can be modulated by strain and external electric field. The
involvement of substrates is indeed an effective way to open a
band bap in silicene. Nevertheless, some important issues remain
largely unexplored, for example, how to choose a suitable sub-
strate; what is the mechanism to open the band gap; and how to
control the width of the band gap.

The growth of silicene on semiconductor or insulating sub-
strates is required for its potential applications in nanoelectronic
devices [19–20]. As a substrate, functional ultrathin silicon
nanosheets are suitable choice. Both experimental and theoretical
studies have demonstrated the feasibility of fabricating such nano-
sheets [23,24]. These wide-gap nanostructures process a layered
structure, which is very similar to that of silicene [21,23–25]. The
lattice mismatch of silicene with these nanostructures are small,
and the two atoms in the unit cell are chemically inequivalent.
Therefore, it would be of great importance to understand how
functional ultrathin silicon nanosheets affect the atomic and
electronic structures of silicene.

In this Letter, we carried out density-functional theory (DFT)
calculations to study the detailed geometric and electronic proper-
ties of silicene on the substrates of hydrogen (or fluorine) func-
tional and phosphorus substitutional doping ultrathin silicon
nanosheets. The H-saturated silicon sheets (silicane) have been
synthesized in the form of layers polysilane since 1993 [26–27],
and many theoretical studies have focused on the silicane [23–
24]. Due to the fact that vdW interactions play an essential role
in hybrid layered materials, the vdW-inclusive method DFT-D2 of
Grimme [28] is utilized in our calculations. The computations
employed an all-electron method [29–30], using generalized
gradient approximation (GGA) with exchange–correlation potential

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.06.047&domain=pdf
http://dx.doi.org/10.1016/j.cplett.2014.06.047
mailto:amweiliu@gmail.com
mailto:yhzhao@njust.edu.cn
http://dx.doi.org/10.1016/j.cplett.2014.06.047
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


162 S. Li et al. / Chemical Physics Letters 609 (2014) 161–166
prescribed by Perdew-Burke-Ernzerhof (PBE) [31], as implemented
in the DMol3 package [28–31]. In addition, double numerical plus
polarization (DNP) [32] is chosen as the basis set with orbital
cutoff of 4.4 Å [33]. The Brillouin zones are sampled by a set of
k-points grid (8 � 8 � 1) according to the Monkhorst–Pack approx-
imation. The convergence tolerance of energy of 1 � 10�6 Ha
(1 Ha = 27.21 eV), maximum force of 0.002 Ha/Å, and the maxi-
mum displacement of 0.005 Å in the geometry optimization are
taken. Periodic boundary condition is used to simulate 2D infinite
sheet, and a vacuum width of 30 Å is used in the direction normal
to the sheet in order to avoid interactions between image atoms.

A low-buckled silicene with a (2 � 2) supercell was placed on
top of the monolayer sheet (or double-layer structure). Note that
we also used (3 � 3) and (4 � 4) supercells to check the conver-
gence of our calculated results and confirmed that the (2 � 2)
supercell is large enough for our calculations. Due to the large dif-
ference in electronegativity between H atom and F atom, three
decorated silicene configurations with H and F atoms (defined as
XSiY, where X and Y are H or F) are considered in this study: a fully
hydrogenated (HSiH), fully fluorinated (FSiF) silicene, and half-
hydrogenated and half-fluorinated silicene with H on one side
and F on the other side (HSiF). For the free-standing silicene, our
Figure 1. Side (top) and top (bottom) views of four atomic configurations for AB and AA s
AA-2. Yellow and white spheres denote Si and H atoms, respectively. (e) Adsorption ener
(f) Comparison of the adsorption results of AB-1 using PBE and DFT-D2. (For interpretati
version of this article.)
computed lattice constant (3.828 Å) and the optimized Si–Si bond
length (2.252 Å) agree well with other theoretical results [8,34].

There are four possible stacking structures for the silicene/sili-
cane (Si/HSiH) systems, which are denoted as AB-1, AB-2, AA-1
and AA-2 [see Figure 1a–d]. Figure 1e shows the cohesive energy
of Si/HSiH as a function of interlayer distance l0 using the
DFT-D2 method, which illustrates that the AB-1 stacking is 10–
30 meV/atom more stable than the AB-2, AA-1 and AA-2 structures.
Correspondingly, the calculated l0 for the AB-1 structure is signifi-
cantly shorter than the rest, with the sequence of AB-1
(1.990 Å) < AA-2 (2.749 Å) < AA-1 (2.763 Å) < AB-2 (2.792 Å). The
AB-1 structure has a distinctly energy minima at �2.0 Å, a typical
distance for chemisorption [34–36]. The above findings have also
been confirmed by the PBE+vdW method [37] (l0 = 2.066 Å for AB-1).

Although both PBE and DFT-D2 calculations indicate that silicene
can stably attach on silicane without any energy barriers (Figure 1f),
the pure PBE functional without vdW correction fails to give a stable
adsorption state. Specifically, there is no well-defined minimum in
the cohesive-energy curve, and the cohesive energy is significantly
underestimated compared to the vdW-inclusive results. The forma-
tion energy Ef, which describes the binding strength between the
pristine silicene and the substrate, is defined as:
tacked bi-layers of Si/HSiH in a (2 � 2) supercell, (a) AB-1, (b) AB-2, (c) AA-1 and (d)
gy of silicene on silicane as a function of interlayer distance between the two layers.
on of the references to colour in this figure legend, the reader is referred to the web



Table 1
The formation energy Ef (eV) of optimized geometries of silicene on substrate systems
by vdW-inclusive method DFT-D2 in four types stacking and PBE exchange-correction
functional in AB-1 stacking structure.

DFT-D2 PBE

AA-1 AA-2a AB-1 AB-2b AB-1

Si/HSiH 0.344 0.388 0.610 0.357 0.085
Si/FSiF 0.425 – 0.541 0.386 0.136
Si/FSiH 0.343 0.303 0.439 0.301 0.066
Si/HSiF 0.326 0.360 0.615 0.370 0.084
Si/PDL 0.562 – 1.215 1.071 0.328
Si/DLH 0.387 0.452 0.685 0.452 0.082

a When the substrate are FSiF and P-DL, the heterostructures in AA-2 stacking are
unstable.

b AB-1 and AB-2 Si/DLH have the same structure.
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Ef ¼ ðEsilicene þ Esub � EsystemÞ ð1Þ
where Esilicene, Esub, and Esystem are the cohesive energy of the free
standing silicene, the substrate, and the hetero-structure with the
same unit cell, respectively. The formation energy for silicene on
different substrates with all stacking structures are listed in Table 1,
which clearly shows that the AB-1 structure is the most favorable
stacking structure. The DFT-D2 formation energy (0.610 eV) for
the configuration shown in Figure 1a is significantly larger than
the PBE result (0.084 eV) but somehow close to the LDA result
(0.729 eV) [21]. It is also notable that the AB-1-Si/HSiH is thermody-
namically stable since no imaginary frequency appears from the
phonon analysis.

We now study the electronic properties of Si/XSiX structure
(X = H and F). Silicene is a zero-gap semimetal, while HSiH and FSiF
are insulators with a theoretical band gap of 3.07 and 1.46 eV [38],
respectively. To understand the role of layer interactions on the
electronic properties of silicene, we computed the band structures
of AB-1 type Si/XSiX heterosheets. As shown in Figure 2a and c, the
interaction of silicene with H-terminated substrates can open a
band gap by 115–139 meV. We find that the major factor inducing
band gap is the H-terminated surface, which implies that the het-
erostructures are identical if the substrate is H-terminated Si
Figure 2. Electron band structures and the valence charge density distribution of bi-lay
and (d) AA-2-Si/HSiH. The dot lines are Fermi level. The yellow and blue isosurfaces corres
of the references to colour in this figure legend, the reader is referred to the web versio
(111). It is notable that a very recent paper has shown that the
X-terminated Si(111) (X = H, N, F, or Cl) can now be readily
obtained in experiments [39].

In contrast, the silicene becomes metallic for the Si/FSiF system,
which is readily seen from Figure 2b. Since the conduction band
minima (CBM) of F-silicene is lower than the CBM of silicene, upon
the interaction of silicene with F-silicene substrate, the Fermi
energy of the Si/FHF is lowered as compared to the silicene struc-
ture [20]. Hence, the segment of the Dirac cone is well preserved,
but the entire Dirac cone is above the Fermi level.

Figure 2a and d illustrate that the band gap is largely dependent
on the nature of the stacking of the interfaces. For AA-2-Si/HSiH,
there is 27 meV energy gap at the K point, while the gap is
115 meV in the case of AB-1-Si/HSiH. To gain more insights into
the phenomenon, we investigated the charge transfer mechanism
between silicene and substrates by analyzing the charge density
difference, Dq, for interfaces Dq is defined as,

Dq ¼ qtotal � qsilicene � qsub ð2Þ

where qtotal, qsilicene, and qsub denote the total charge densities of
hetero-structures, free silicene and substrates, respectively. The
Si–H bonds of silicane pointing straight to the center of the hexag-
onal center is referred to as the Si–H/p structure, which induced the
charge located in the center of the honeycomb structure [40]. For
the AA-2-Si/HSiH structure, the charge located in the Si atoms,
while for the AB-1-Si/FSiF structure, the charge transform from sil-
icene to the interface. The Mulliken population analysis (see Table 2)
shows that in the AB-1-Si/HSiH structure, the silicon atoms of sili-
cene uniformly possess �0.010 |e| of charge and in the AA-1-Si/
HSiH the silicon atoms of silicene uniformly possess �0.003 |e| of
charge. In contrast, in the AB-1-Si/FSiF structure, the silicon atoms
of silicene uniformly carry 0.033 |e| of charge, the considerable
redistribution of electron density occurs in AB-1-Si/FSiF structure.

The charge populations of any two neighboring silicon atoms
different (|e1 � e2|) may be the major reason to open a larger Eg

[21–22]. The superposition of an external electric filed F would sig-
nificantly amplify the charge distribution. Besides that, Lu’s group
[41] reported that the band gap of silence increase linearly with the
ers of Si/XSiX hetero-structures (a) AB-1-Si/HSiH, (b) AB-1-Si/FSiF, (c) AB-1-Si/HSiF,
pond to charge densities of 0.002 and�0.002 |e|/Å3, respectively. (For interpretation
n of this article.)



Table 2
Detailed electronic information for silicene/substrates by DFT with the vdW-inclusive
DFT-D2 method: |e1 � e2| (e), Q (e) and Eg (meV) stand for the difference of Mulliken
population for 1, 2 sublattices in silicene, total charge population and band energy,
respectively.

|e1 � e2| Q Eg

Si/HSiH AB-1 0.132 �0.010 115
AA-2 0.023 �0.003 27

Si/HSiF AB-1 0.154 �0.120 139
Si/FSiH AB-1 0.058 0.020 Metallic
Si/FSiF AB-1 0.041 0.033 Metallic
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vertical F. As such, one could expect that external F would signifi-
cantly modify the band gap of hetero-structures. To test the above
hypothesis, we superimposed external electric fields into these
systems, either along the z axial (positive) or reverse direction
(negative). Figure 3a shows the variation of Eg as a function of
the imposing F, which clearly shows that the Eg values of the Si/
HSiH structure can be indeed turned by electric field. Take the Si/
HSiH structure as an example, the band gap decreases monoto-
nously with increasing electric field when F > 0.01 V/Å. However,
when 0 < F < 0.01 V/Å a step appears and the band gap varies
Figure 3. (a) The variation of band gap as a function of external electric fi

Figure 4. The variation of band gap of Si/DL-H as a functi
slightly with the field. The band gap increases linearly with
increasing |F| when �0.06 < F < �0.01 V/Å. Figure 3b shows the
band gap of Si/HSiH under F = �0.15 V/Å. We also notice that the
band gap changes from direct gap at K point to indirect gap at C
point, when F > �0.13 V/Å.

We also studied the change of band gap with F for silicene on
the ultrathin double Si with hydrogenation (DL-H) as substrates
[23]. As shown in Figure 4a, the step is located between �0.016
and 0.01 V/Å, presumably because the external field needs to over-
come the intrinsic electric field. When F is smaller than �0.10 V/Å,
the band gap also changes to indirect one. The band gap of this het-
ero-structure is stable between �0.016 and 0.01 V/Å, when
F > 0.01 V/Å it changes to metallic, when F < �0.016, the band
gap increases linearly with increasing |F|.

We have also studied the strain modulated band structure for
the Si/DL-H hybrid structure. As shown in Figure 4b, the band
gap is sensitive to the in-plane strains, the strains are applied to
Si/DL-H hybrid structure by changing the lattices as e = (a� a0)/a0,
where a (a0) is the lattice constant under the strain (equilibrium)
condition. The band gap decreases with increasing tension,
whereas increasing first and then decreasing with compression.
When �0.013 < e < 0.025, the bang gap changes almost linearly
with the strain, ranging from 113 to 169 meV.
eld, and (b) the band structure of silicene/silicane under F = -0.15 V/Å.

on of the electric field intensity (a) and the strain (b).



Figure 5. (a) Side, top view valence charge density distribution of bi-layers of Si/P-DL heterostructure, the yellow and blue isosurfaces correspond to charge densities of 0.004
and �0.004 |e|/Å3

, respectively; (b) electron band structures of Si/P-DL heterostructure; (c) the variation of band gap as a function of F; (d) the band structures of Si/P-DL when F
vary from +0.01 eV/Å to +0.05 eV/Å; (e) the band structures of Si/P-DL when F vary from �0.01 eV/Å to �0.05 eV/Å.
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Although imposing F works well for opening the band gap of sil-
icene, some more polarizable atoms, such as P, cannot achieve this
goal. We used P-DL (see Figure 5a) as substrate, the P-DL structure
has an indirect band gap of around 1.5 eV [23], the Si/P-DL hetero-
structure is also a semiconductors with an indirect gap about
224 meV. The band structure of this hetero-structure has been
given in Figure 5b. As illustrated in Figure 5c, the Si/P-DL structure
changes from semiconductor to metallic when |F| > 0.05 V/Å, which
is presumably because the large amount of charge transfer van-
ishes the band gap of the heterostructure. In addition, the CBM
and VBM in K point decrease with F increases along the z axial
(see Figure 5d and e). Therefore, the band gap of Si/P-DL increases
first and then decreases. In addition, with increasing F reverse z
axial the CBM at C point and VBM between C and K point
decreases, the band gap of Si/P-DL decreases monotonously.

Conclusion

In summary, using first-principles calculations, we studied the
electronic structure of various hetero-structures of silicene with
chemical functional silicon ultrathin films. We have demonstrated
that the inter-layer weak interactions strongly affect the atomic
and electronic structures of the hetero-structures. The Si/DL-H
structures are expected to be a proper substrate for silicene: the
silicene layer remains simple buckling structure, and also retains
the characteristic Dirac-like band features, making them promising
2D semiconductors instead of zero-gap semimetals. Due to the
interface charge redistribution, a sizable gap is opened at the Dirac
point, which can be further modulated by external electric fields
and strains in these hybrid interfaces.
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