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Abstract

Using first-principles calculations to obtain the crystal and electronic structures, we show that the
1x1 phase of silicene is energetically more favorable than the v/3x+/3 silicene superstructure on a
semiconducting Bi/Si(111)-v/3x+/3 substrate. The band gap of the system is found to be influenced
strongly through the participation of Bi-orbitals, which possess a larger spin-orbit coupling strength
compared to Si. In particular, the non-trivial (topological) band gap of a few meV in freestanding
1x1 silicene enlarges to 150 meV and becomes trivial in the presence of the substrate. We further
show how an out-of-the-plane external electric field can be used to tune the band gap and restore

the non-trivial topological phase.
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I. INTRODUCTION

Silicene, a one-atom-thick two-dimensional (2D) crystal of silicon with a hexagonal lat-
tice structure like graphene,[1] has generated enormous interest since it was first proposed
theoretically.[2] Freestanding silicene was predicted to be a 2D topological insulator(TI) or
a quantum spin Hall (QSH) insulator [3—6]. The characteristic feature of TIs is that these
novel materials are insulators in the bulk, but harbor gapless edge states on the boundaries
protected by constraints of time-reversal symmetry. Numerous studies have shown that
silicene could be grown on various metallic substrate such as Ag(111) [7-13], Ir(111) [14]
and Au(110) [15]. Lattice mismatch between silicene and the metallic substrate results in
many surface reconstructions, and the v/3x+/3 [11, 12], 2v/3x2v/3 [7, 8], V7x+/7 [10], and
3x3 [10] phases have been reported experimentally. The disadvantage of growing silicene on
a metallic substrate is that the band topology is ill-defined in a metallic system. Moreover,
metallic substrates do not retain the 1x1 pristine phase of silicene. It is highly desirable

therefore to explore other substrates, which can support a nearly freestanding silicene.

Metallic elements such as those of groups 111 (Al, Ga, In, T1), IV (Pb and Sn), and V (As,
Sb, Bi) have been studied extensively on the Si(111) substrate, where they act as a surfactant
cover on the Si(111) surface, and yield a rich tapestry of phases with interesting electronic
properties. [16-21] In particular, the structural model of Bi adsorbed on Si(111) has been
investigated experimentally [22-27] as well as theoretically [25]. The well-known structural
reconstruction proposed for the V3xV3R30° phase (hereafter referred to as the V3 phase)
consists of trimers (milkstool model) at 1 ML coverage [25, 28]. The Bi/Si(111)-1/3 discussed
in this article is an example of a semiconducting substrate with metallic bonding via the
Bi trimer layer lying on its top. The idea of growing silicene in this way is in the spirit of
growing graphene on metal-intercalated substrates [29, 30]. Notably, the lattice of Si(111)
substrate is essentially perfectly matched to that of silicene. Interestingly, the underlying Bi

bilayers can enhance spin-orbit coupling effects and induce Rashba spin splitting of states

in the surface [29, 31, 32].

In this study, we employ first-principles calculations to delineate the crystal and electronic
structures of Bi-intercalated silicene/Si(111) at 1 ML Bi coverage. The lowest energy atomic
configuration of the buckled silicene layer is identified. The combined system exhibits charge

transfer from silicene to the underlying layer of Bi trimers. By direct evaluation of the Z,
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topological invariant as well as by using adiabatic continuity arguments, we show that the
Bi-intercalated silicene/Si(111) system is a topologically trivial insulator. However, an out-
of-the-plane external electric field turns the system into a Zs topological insulator with a

band gap larger than that of freestanding silicene.

FIG. 1. (Color online) Various different models of Bi-intercalated silicene on Si(111)-v/3 x /3.
White and dark green spheres denote Si and Bi atoms, respectively. The blue (red) spheres repre-
sent atoms in the top (bottom) layer of silicene. The relevant structural information is summarized

in Table I.

The present calculations were carried out by employing the Perdew-Burke-Ernzerhof
exchange functional [33] to the density-functional theory (DFT) [34] using the projector-
augmented-wave (PAW) [35] scheme as implemented in the Vienna ab-initio simulation
package (VASP) [36]. A vacuum layer of 20 A was included in the supercell to model
the 2D-system. For structural relaxation, three Si(111) bilayers were used as the substrate,
where Si atoms in the bottom layer were passivated by H atoms. Except for the bottom
Si bilayer and the associated H atoms, all other atoms were relaxed until the residual force
on each atom was smaller than 0.001 eV/ A . The cutoff kinetic energy was set at 250 eV.
A T-centered 12x12x1 Monkhorst-Pack [37] grid was used for structural relaxations. All
electronic structure computations were converged to a self-consistency of 1076 eV. Spin-orbit

coupling (SOC) was included in self-consistency cycles and band computations throughout
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this work unless specified otherwise.
The surface lattice constant of Si(lll)—\/g x1/31s 6.70 A. Stabilities of various structural

models were considered by defining the formation energy, Ey, as
Ef = Eitot — Esup — Esilicenea (1)

where E},, is total energy of silicene on Bi/Si(111)-v/3, Ey,; is total energy of the Bi/Si(111)-
V/3 substrate, and Elijicene iS total energy of freestanding silicene. Here, we assume that
freestanding silicene and Bi/Si(111)-v/3 are both stable phases, and the formation energy
is the energy difference resulting from the merging of the two systems. The phonon zero-
point energy was not included in our computations. The negative value of formation energy
implies that the merged system is more stable compared to the two separated systems.

The lowest energy model for Bi on Si(111)-v/3 at 1ML coverage is the well-known trimer
model in which the triangular center is located above the so-called H3-site and the three Bi
atoms lie near the T1-site [25]. Accordingly, we examined different structural models for the
growth of silicene on Bi/Si(111)-v/3 where atoms of top and bottom layers of silicene can
locate iteratively above the T1, or T4, or H3 sites, as shown in Figs. 1(a)-(c), leading to a
total of six structural models. Note that the atop T1 site lies above the topmost Si atom,
the 4-fold coordinated T4 site lies above the second layer Si atom, and the 3-fold hollow
H3 site lies on top of the center of the honeycomb in the first bilayer. For example, the
T4-T1 model has the upper layer of silicene at the T4 site while the lower layer is at the T1
site. All investigated structures were fully relaxed. The relevant data for various structural
models are summarized in Table I. Models with Si atoms of the lower layer in silicene lying
at the T1 site are generally seen to be of lower energy from the results of Table 1, with the
T4-T1 model displaying the lowest energy among the six models considered.

The v/3x+/3 phase of silicene has been observed experimentally on Ag(111) [11, 12],
where the three Si atoms are raised and lowered alternatively to create the V3 pattern.
We have tested the viability of using these /3 structures as the initial crystal structures
on both Ag(111) and Bi/Si(111)-v/3 substrates, and find that minimum energy structures
of silicene are substrate dependent. For silicene/Ag(111), the relaxed structure remains
V3, in agreement with experimental observations[9]. For the Bi/Si(111)-/3 substrate, on
the other hand, v/3 phase possesses a higher energy and the system relaxes back to 1x1

silicene. Notably, as a whole, in the minimum energy system of silicene on Bi/Si(111)-v/3
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the supercell is v/3x1/3, which is defined by the Bi patterns of the substrate, but the crystal

structure of the silicene layer part is similar to that of freestanding silicene and not /3.

TABLE I. Structural parameters for six different models of silicene considered in Fig. 1. Positions of
the top and bottom Si atoms with respect to the Si(111) substrate and the corresponding formation
energies, Ey, are given. d; is the vertical distance between the buckled silicene layers, while D is

the vertical distance between the bottom layer of silicene and the Bi atoms of the substrate, see

Fig. 1.

Model | Top-bottom Si ~ Ey dy D
Fig. (Site) evV) (A) (A
1(a) (T4-T1)  -0.1617 0.5620 3.2297
1(b) (H3-T1)  -0.0733 0.5506 3.2599
1(c) (H3-T4) 0.0150 0.5305 3.3372
1(d) (T4-H3) 0.0160 0.5292 3.3131
1(e) (T1-T4) 0.0176 0.5089 3.3792
1(f) (T1-H3) 0.0931 0.5097 3.5652

We focus now on analyzing the electronic structure of the lowest energy Bi-intercalated
T4-T1 model of Fig. 1(a). In this connection, the surface Brillouin zones (SBZ) of the 1x1
and v/3x+/3 structures are outlined in Fig. 2(a) with red and black lines, respectively. Fig.
2(b) shows the band structure for the T4-T1 model along the M’-I'-K’-M’ line, where the
bands have been unfolded into the 1x1 SBZ. Red circles give the band structure of 1x1
silicene, with the sizes of circles being proportional to the weights of silicene contribution to
various bands. The substrate is seen to enhance the band gap, which occurs at the K point,
to 150 meV, compared to a value of only a few meV in freestanding silicene. However, the
valence band of silicene now connects with that from Bi trimers, and the system becomes
metallic, and it is no longer in the topological phase of freestanding silicene. In fact, the
aforementioned 150 meV band gap is not driven by the SOC, and remains large even when
the SOC is artificially turned off in the calculations.

The band gap in freestanding silicene can be controlled via an out-of-the-plane external
electric field (E-field) [6, 38]. In Fig. 3(b), we have set the E-field to point along the

negative z-axis because if the electric field is taken to point along the positive z-axis, it



FIG. 2. (Color online) (a) Surface Brillouin zones for silcene-1x1 (red lines) and silicene on
Bi/Si(111)-v/3 x v/3 (black lines). (b) Band structure for the T4-T1 model along the M’-T-K’-M’
symmetry lines, where the bands have been unfolded into the 1x1 SBZ. Red circles give the band
structure of 1x1 silicene, with the sizes of circles being proportional to the weights of silicene

contribution to various bands.

will induce more charge to be transferred from silicene to Bi-trimers, making the system
more metallic, which is not desirable. The electric field of the surface dipole acts like an
external field and the substrate thus breaks the inversion symmetry of silicene. In fact,
silicene provides electrons to Bi-trimers in Fig. 2(b). We have verified this by observing
a hole-like Fermi surface (FS) from silicene and an electron-like F'S from Bi in the band
structure of the combined silicene-substrate system. The band structure when an E-field of
0.4 V/A is present along the —z axis is shown in Fig. 3(a). The external field balances that
due to surface dipoles, and there is little net charge transfer between silicene and Bi atoms.
The system becomes insulating with a band gap of 8 meV at the I'-point. In this way, the
external E-field provides a mechanism for producing spin-polarized states and realizing a

gating controlled topological phase transition. Figs. 3(c)-3(e) show band structures around
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I’ for three different applied E-fields. A topological phase transition is seen to take place

around 0.408 V/A where the band gap closes at I' [39] .
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FIG. 3. (Color online) Band structure of the most stable (T4-T1) model under an out-of-the-plane
E-field of 0.4 V/A. Red circles (blue crosses) give the contribution of silicene (Bi) to various bands.
(b) Schematic diagram of the T4-T1 model subjected to a transverse external electric field. (c)-

(e) Blow ups of band structures around the I'-point for three different values of the electric field

showing the critical point at 0.408 V/A in panel (d).

In order to ascertain the topology of the band structure in the presence of an external
electric field, we follow the method of Ref. [40] for computing the Z, invariant in terms
of the so-called n-field configuration of system, which is shown in Fig. 4 for applied field
strengths of 0.05 V/A and 0.5 V/A. Quantum spin hall (QSH) states are characterized by
7o topological numbers. The method involves creating a uniform grid in the first Brillouin
zone and counting the vorticities associated with the zeros of the pfaffian in half the Brillouin
zone. The n-field configuration indicates the properties and distribution of vorticities. The
white and black circles denote n = +1 and —1, respectively, while the blanks denotes 0.

The Z, invariant is then obtained by summing the n-field over half of the torus formed by
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the G; and Gy reciprocal space vectors. For a field of 0.5 V/ A, we thus obtain a nontrivial
Zs value of 1, while for 0.05V/A the Z, value is 0, confirming that the system undergoes a
topological phase transition between these two field values.

We note that the closing and reopening of the band gap in silicene on Bi/Si(111)-v/3
under an out-of-the-plane electric field takes place near the I'-point, which is different from
the K-point at which the band gap is located in freestanding silicene. An analysis of the
orbital characters indicates that this effect is not merely a consequence of band folding
reflecting the mapping of the K-point of the 1x1 unit cell to the I-point of the v/3 x /3
supercell. In freestanding silicene, bands near the Fermi level originate from p, orbitals of
Si atoms, and the size of the band gap is limited by the strength of SOC of Si. As shown
in Fig. 3(a), for silicene on Bi/Si(111)-v/3, on the other hand, while the valence bands are
primarily associated with Si, the conduction bands mainly arise from Bi. Therefore, the
band gap in the nontrivial phase under the electric field can be larger due to the stronger
SOC of Bi compared to Si.

In order to examine the robustness of our results, we have considered the effect of ex-
tending the size of the vacuum layer to 38 A, as well as that of relaxing the atomic structure
in the presence of electric field. In these two test computations, we found the magnitude of
field needed to recover the topological phase to be around 0.408 V/ A. We also considered
effects of increasing the number of bilayers in the substrate to four, five and six. A topolog-
ical phase transition was still observed, although the magnitude of E-field needed to recover
the topological phase is reduced to 0.22, 0.103, and 0.063 V/A with increasing number of
substrate layers. The slow convergence of the critical field here is due to poor screening in
the semiconducting substrate. Assuming an exponential decay with layer thickness, we ob-
tain an estimate of the critical field of 0.025 V/A for an infinite number of substrate layers.
Such an electric field could be realized in a gating device by using modern semiconductor
fabrication techniques.

To summarize, using first-principles calculations, we have investigated the crystal and
electronic structures of silicene on a Bi/Si(111)—(v/3x+/3) substrate. The 1x1 structure of
freestanding silicene is found to be stable without the reconstructions of silicene commonly
seen on various metallic substrates. Although the Bi-intercalated Si(111) substrate destroys
the topological phase of pristine silicene, we show how this phase can be restored by applying

an external out-of-the-plane electric field to drive the system through a topological phase
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FIG. 4. The n-field configuration for silicene on Bi/Si(111)-v/3 for an external electric field of (a)
0.05V/A and (b) 0.5 V/Aover the torus in the Brillouin zone spanned by the reciprocal lattice
vectors G and Go. White and black circles denote n = 4+1 and —1, respectively, while the blank
denotes 0. The Zs invariant is obtained by summing the n-field over half of the torus defined by

vectors Gy and Gg. Zg is 0 (trivial) in (a) and 1 (non-trivial) in (b).

transition. Our identification for the first time of a substrate that could support the 1x1
structure of pristine silicene, paves the way for exploiting novel properties of this material

for fundamental science studies as well as applications.
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