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Transport properties of a graphene-silicene bilayer system
are studied using density-functional theory in combination
with the non-equilibrium Green’s function formalism.
Depending on the energy of the electrons, the transmission
can be larger in this system as compared to the sum of the
transmissions of separated graphene and silicene
monolayers. This effect is related to the increased electron
density of states in the bilayer sample. At some energies,
the electronic states become localized in one of the layers,
resulting in the suppression of the electron transmission.
The effect of an applied voltage on the transmission
becomes more pronounced in the layered sample as
compared to graphene due to the larger variation of the
electrostatic potential profile.
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InTRODUCTION

Eecent advances in nanofabrication technology made it possible to create new

monolayer materials and to reveal their properties under different conditions. Among those
materials, graphene-a single layer of hexagonally arranged carbon atoms-is the most attractive
material due to its unique physical, chemical, and mechanical properties. According to the
theory, monolayer honeycomb structures similar to graphene can be obtained from the other
group-IV elements and their binary compounds [1-3]. Among them the most interesting
material is silicene, a silicon analogue of graphene, which has the potential for practical
applications, in part, due to silicon’s compatibility with existing electronics infrastructure
[4-7]. Due to the similarity of the lattice structures, silicene has similar electronic properties as
graphene. For example, the band structure of silicene resembles that of graphene with bands
crossing linearly at the Fermi level, resulting in a massless Dirac-like fermion character for its
charge carriers. However, unlike graphene, silicene is not stable in a flat configuration: it
forms a slightly buckled monolayer structure due to the fact that sp® hybridization for Si is
more stable than sp? hybridization [4, 9, 11].

Despite the number of theoretical reports predicting the stability of silicene, free standing
silicene has not been experimentally realized to date. Deposition of silicon on metal surfaces
that interact weakly with the silicon atoms is considered to be one of the promising routes to
synthesize silicene [12]. However, the structure of silicene on metallic surfaces was found to
be much more complicated than that of the theoretically predicted free-standing silicene
[13-22]. A plethora of very different crystallographic Si structures were obtained depending
on the growth conditions and the particular atomic arrangements of the substrate surface,
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where the interaction with the substrate and epitaxial strain becomes the determining factors.
Consequently, the electronic properties of silicene on metallic surfaces are considerably
different from those of free standing silicene [17, 19, 23-24].

Very recently, graphene has been proposed to be a possible substrate for silicene growth
[25-26]. Furthermore, graphene is a very good thermal conductor which will be an important
asset for device applications. Due to the weak coupling between silicene and graphene, both
structural and electronic properties of silicene are less affected in contrast to the case of
metallic substrates [27-28]. Theory predicts that the characteristics of silicene in graphene-
silicene multilayers are very close to those predicted for standalone buckled silicene. For
example, the silicene Dirac cone is preserved and it does not interfere with the graphene Dirac
point. In addition, such graphene-silicene-superlattice was predicted to be stable well above
room temperature [28].

In this work, we used first-principles density-functional theory (DFT) calculations in
combination with the nonequilibrium Green’s function formalism to study electronic transport
properties of graphene-silicene bilayer. This approach has recently been used to study the
electronic transport in silicone nanoribbons with hydrogen termination [29]. Here, we found
that the graphene-silicene bilayer shows enhanced transmission as compared to the sum of the
transmissions of individual grapheme and silicene sheets at energies near the Fermi level. The
reason of such larger transmission is traced back to the appearance of additional electronic
states that are extended into the interplanar spacing. However, away from the Fermi energy
some of the states become localized in one of the layers, which reduce the electron
transmission across the sample.

COMPUTATIONAL METHODS

We first optimized isolated silicene and grapheme using DFT calculations within the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) to represent the
exchange-correlation energy [30-31]. The Brillouin zone integration was performed using
6 x 6 x 6 k-point sampling [32]. The electrostatic potentials were determined on a real-space
grid with a mesh cutoff energy of 150 Ry and double-zeta-double-polarized basis sets of local
numerical orbitals were employed for all atoms. Once optimized, we constructed an interface
between silicene and graphene and minimized the system energy by relaxing the interplanar
spacing. Grimme’s DFT-D2 empirical dispersion correction to the PBE was used to account
for van der Waals interactions, which is known to be very important for the accurate
description of such multilayer structures [33]. To avoid a large unit cell due to the mismatch
between the lattice parameters of silicene and graphene, we strained both graphene and
silicene layer with less than 1.5%. The unit cell consists of 16 silicon atoms and 36 carbon
atoms shown in Fig. 1. To study the transport properties of the system, we have constructed a
two probe device geometry with 64 silicon atoms and 144 carbon atoms in the active layer, as
shown in Fig. 3. Quantum transport properties of the system are calculated using the
nonequilibrium Green’s function formalism with the Brillouin zone sampled with (6, 6, 100)
points within the Monkhorst-Pack k-point sampling scheme. All simulations were conducted
by using the first-principles computational package Atomistix toolkit [34].

STRUCTURAL PROPERTIES

We first conducted structural optimization for free standing silicene starting from the
planar honeycomb arrangement of Si atoms, which is known to be the least energetic and not
stable configuration [9]. The convergence for energy was taken as 10~ eV between two
consecutive steps, and the condition that the maximum force on each atom was less than 0.01
eV/A. During the optimization, the system was relaxed to a buckled structure with buckling
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parameter 8=0.52A and bond length 2.287A, which are in good agreement with the previous
DFT/PBE reports [35-36]. Once optimized, we created an interface between the silicene and
graphene sheets. The simulation unit cell consists of 16 silicon atoms and 36 carbon atoms
shown in Fig. 1. Next, we minimized the system energy by varying the interplanar distance d.
For that purpose, we performed explicit calculations for the energy as a function of distance d
taking into account dispersive interactions.
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Fig. 1. The total energy difference of graphene-silicene bilayer system as a function of interplanar distance d.
Inset shows the minimum energy configuration of the system with the parameters d = 3.52A and & = 0.52A.
Such energy distance optimizations are cumbersome in practice, especially when
calculating more complex structures. Calculated variation of the system energy as a function
of the interplaynar distance is presented in Fig. 1. The minimum energy state is observed for
d = 3.52A shown in Fig. 1, which is slightly larger than the interplanar distance in graphene-
silicene multilayers d = 3.42A [28]. The system energy increases rapidly with decreasing
interplanar distance, whereas the slope of the AE (d) curve is smaller at larger distances. We
tested whether the same level of accuracy can be achieved in a more straight forward manner,
that is, by a direct force and stress relaxation. The convergence of the directly optimized
lattice parameters towards the ones retrieved from explicit energy-volume optimization is
obtained with a difference less than 0.01A.

It was well known that both free standing graphene and silicene have Dirac Fermion
character, which is reflected in the linear band crossing in the band structure of the systems.
As was also predicted in pervious DFT calculations, the most unique property of these two
dimensional materials (the Dirac fermion-like electronic structure) is preserved in the
graphene-silicene bilayer structure [27-28]. This behavior is also reflected in the density of
states of the system as a linear dependence of DOS on the electron energy close to the Dirac
point shown in Fig. 2.

ZERO VOLTAGE TRANSMISSION

Based on the optimized graphene-silicene structure, we constructed a device geometry
shown in Fig. 3, which consists of left and right regions and the central (scattering) region
(a two probe configuration). On the left and right parts of the sample, we put metallic
electrodes with in plane periodic boundary conditions perpendicular to the sample metal
contacts.
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Fig. 2. Density of states of graphene (a), silicene (b), and graphene-silicene interface structure (c).

Fig. 3. Device geometry : graphene-silicene bilayer with 144 carbon and 64 silicon atoms. Periodic boundary
conditions are applied along the x- and y-directions and electronic transport occurs along the z-direction
through the metallic contacts (of size d = 7.55A). Vacuum spacing of more than 15A are left along the
x-direction to avoid the formation of a graphene/silicone superlattice structure.

The metallic contact is taken as an electron gas with a fixed chemical potential. The
system is periodic along the x- and y-directions. As a typical example, we consider the system
with 144 carbon and 64 silicon atoms in the scattering region and the electrode size d = 7.55A.
This size of the active region (L = 30.2A) was large enough to avoid electrode interactions, at
the same time providing accurate modeling with a reasonable computational cost. For
reference, we also consider the device configurations consisting of only graphene and silicene
layers. We start by calculating the equilibrium transport properties (no voltage biasing) of the
system. Figure 4(a) shows the zero voltage transmission spectra, 7(E), as a function of the
electronic energy for the considered samples. Dashed-dotted-green curve shows the sum of the
transmission of individual graphene and silicone devices. Zero energy is set to be the Fermi
level of the system. Solid-black curve in this figure shows the transmission spectrum of
graphene, which exhibits a sequence of steps and finite transmission at the Fermi level, which
are typical for graphene. Solid-black curve in Fig. 4 (b) shows the device density of states
(DDOS) of graphene, which shows a strong correlation with the transmission coefficient,
especially as far as the location of their peaks is concerned. This indicates that there is a
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correspondence between the energy levels of the system and the transmission spectrum.
Dashed-red curve in Fig. 4 (a) shows the zero bias transmission spectrum of silicene. It shows
enhanced transmission for the charge carriers of all considered energies. This is consistent
with the recent first-principles calculations [29]. Finally, dotted-blue curve shown in Fig. 4 (a)
shows T(E) of the graphene-silicene bilayer system. Interestingly, this system shows enhanced
transmission near the Fermi level. In fact, the transmission is larger than the sum of the
transmissions of separated graphene and silicone samples [compare dotted-blue and dashed-
dotted-green curves shown in Fig. 4 (a). Such an enhancement is accompanied by an increase
in DDOS of the system shown in Fig. 4 (b). However, away from the Fermi energy the
electron transmission in the bilayer system becomes comparable to or smaller than the sum of
the transmissions in the other two systems. This happens despite the similar or even larger
DDOS in the bilayer system shown in Fig. 4 (b). It is known that localization of electronic
states is one of the main factors affecting the electronic transmission in nanoscale devices.
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Fig. 4. (a) Zero bias transmission spectrum (7 (E)) of pristine grapheme (solid-black curve), pristine silicene
(dashed-red curve), and the grapheme silicene bilayer system (dotted-blue curve) as a function of electron
energy (the Fermi energy is taken at E = (). Dashed-dotted-green curve shows the sum of the transmissions of
graphene and silicene systems. (b) Device density of states of all three systems as a function of energy with zero
energy broadening. Panels 1-6 : isosurface plots of the projected self-consistent Hamiltonian eigen states of
graphene (1 and 4), silicene (2 and 5), and graphene-silicene bilayer (3 and 6) corresponding to the energies
indicated on the 7(E) curves.

REsuLts & piscussion

o see if this mechanism could explain the enhanced transmission in the coupled
graphene-silicene bilayer, we calculated and compared the projected self-consistent
Hamiltonian (PSH) eigenstates of all three systems at different energies. This can be achieved
by projecting the self-consistent Hamiltonian onto the Hilbert space spanned by the basis
functions of the central atoms. The eigenstates of the PSH are associated with the poles of the
Green’s function and, in general, roughly correspond to the peaks in the transmission
spectrum. Panels 1-6 in Fig. 4 show some samples of isosurface plots of the PSH eigenstates
corresponding to energies indicated on the transmission curves. For small energies in the
conduction band, all the states are delocalized between the electrodes (panels 1 and 2). In the
bilayer system, the electronic states are extended between the layers with higher electron
density on the silicene layer (panel 3). At higher energies, most of the states are on the silicene
layer, where they are localized near the electrodes (panel 6). Such localization reduces the
probability of the electrons to cross the system, i.e., it results in a smaller transmission. Thus,
the graphene-silicene system shows enhanced transport of electrons near the Fermi energy as
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compared to pristine silicone and graphene due to the enhanced DDOS. However, deeper
inside the conduction and valence bands, the electron transmission in the bilayer system
becomes smaller due to the energies of localized electronic states.

FINITE VOLTAGE BIASING

In what follows, we study the response of the considered samples to finite voltage biasing.
As a typical example, we present in Fig. 5 the transmission spectrum of graphene (a), silicene
(b), and coupled graphene-silicene (c) samples for two values of the applied voltage (the
transmission spectra at zero voltage are given for reference). The variation of the transmission
spectra with the applied voltage is clearly seen for all the three samples. As a general trend,
the transmission is reduced for all electron energies; in fact, electrons can be totally reflected
near the Fermi energy. Energy dependent asymmetry is preserved at finite biasing. The area
under the transmission spectrum decreases further with increasing applied voltage (blue-dotted
curve), implying that the conductance also decreases rapidly according to Landauer’s current
formula [37]. The most prominent feature of the voltage dependence of the transmission is the
appearance of a well separated peak in the transmission spectrum at the Fermi energy, which
spreads to energies away from the Fermi level with further increase in the applied potential
difference.
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Fig. 5. Transmission spectrum of graphene (a), silicene (b), and coupled graphene-silicene bilayer (c) as a
function of energy (with respect to the Fermi energy) for zero voltage biasing (solid-black curves) and for finite
voltage biasing with AV'= 0.5 V (dashed-red curves) and AV =1V (dotted blue curves). Insets show the
LUMOs of the samples at AV =1V, the energies of which are indicated by symbols on the transmission curves.

This indicates the opening of new transport channels for electrons when applying a finite
voltage (see the lowest unoccupied molecular orbital (LUMO) of the system in the insets of
Fig. 5). The graphene-silicene system also shows a similar response to voltage biasing: (i)
reduction of the electron transmission (in fact, the reduction is larger as compared to the other
samples) and (ii) the appearance of finite transmission near the Fermi level at larger biasing.
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Calculations of the electron transmission eigenstates show that some states near the Fermi
energy becomes more extended, which enhances the electronic transmission through the
system. Thus, all considered systems show similar response to the applied voltage with new
features in the transmission spectrum. However, the effect of voltage biasing is less
pronounced in graphene as compared to the other two samples. This is consistent with recent
DFT calculations, where the effect of the applied voltage was related to the change in the
electrostatic potential profile. The latter depends on the ionic size and becomes more
pronounced in silicene as compared to the graphene sample [29]. This is also seen in Fig. 6,
where we plot the electrostatic difference potential along the transport direction for all three
samples at AV =1 V. The potential profile of the silicene sample shows larger oscillations as
compared to that of the graphene sample, which implies higher scattering at these sites
according to the Biittiker formalism. The amplitude of the oscillations becomes slightly larger
in the case of the coupled graphene-silicene bilayer.

Concrusion

irst-principles DFT calculations in combination with the non-equilibrium Green’s
functional formalism have been performed to study the structural and electronic transport
properties of coupled graphene-silicene bilayer system. The system shows enhanced
transmission as compared to both individual silicene and graphene samples.
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Fig. 6. Electrostatic difference potential along the transport direction for graphene (solid-black curve), silicene

(dashed-red curve), and coupled graphene-silicene bilayer (dotted-blue curve) for a potential difference across

the sample of AV =1 V. The results obtained for silicene and grapheme silicene bilayer are shifted vertically by
0.1 eV and 0.3 eV, respectively.

In addition, depending on the energy of the electrons, the electron transmission in the
bilayer system can be larger as compared to the sum of the transmissions of separated
graphene and silicone monolayers. We relate this effect to the increased electron density of
states in the bilayer sample. Localization of the electronic states has also been observed, which
results in the suppression of the electron transmission. The effect of applied voltage on the
transmission becomes more pronounced in the layered sample as compared to graphene due to
the larger variation of the electrostatic potential profile. Our theoretical findings can be helpful
for potential future engineering of nanoscale devices where enhanced transport properties will
be an asset.
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