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¢ The structural, electronic and optical properties of graphene hybrid with stanene, the tin counterpart of graphene are
investigated by means of density functional calculation with the inclusion of the band gap opening and enhanced visible
light response. The lattice mismatch between graphene and stanene is taken into consideration and several stacking methods
for model construction are proposed to study the possible effects. The Dirac feature can be observed in this bilayer system
with relatively stronger interlayer interaction than weak van der Waals, which is ascribed to the unsaturated P orbital of
stanene. Despite the mutual semi-metal nature of the graphene and stanene, it is also of significance to note that the band
gap opening and the electrical neutrality of the bilayer. The combination of high carrier mobility of graphene and the
excellent spin Hall effect of stanene is expected to coexist in the their bilayer structure. In addition, we found that the
stanene monolayer has relatively lower work function than graphene and more importantly, it exhibits more pronounced
optical adsorption capability than graphene. The results indicate that graphene/stanene heterobilayer will facilitate the

performace of the stanene related spintronic devices and is a good candidate for photoelectronic devices.

1. Introduction

Since its first discovery in 2004, graphene has inspired
tremendous research interests into the novel two-dimensional
(2D) materials®®, in which special attention has been focused
into the group-IV materials including silicene, germanene, and
stanene which also inherit the exotic electronic properties of
graphene. However, the mutual drawback of these 2D group-1V
materials is the absence of band gap which give rise to their
poor performance in the field effective transistor (FET)
applications. The alternative way to solve this issue is the
realization of heterostructures that are expected to combine the
materials with various properties by mechanical stacking or
epitaxial growth. This technic allows for atomically precise
fabrication of novel structures that the unusual properties
together with new phenomenon can be observed®'’. It has been
theoretically reported or experimentally confirmed that the
combinations of graphene/silicene with semiconductor''™'*
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(TMCs including MoS,, MoSe,; C3N,, BC;, etc.) or insulator 15-
17(8i0,, SiC, HfO,, etc.) substrates would bring about band gap
opening of 2-160 meV with the preservation of the Dirac cone.
Besides, the graphene incorporated with nanoparticles'®* like
TiO,, ZnO, CeO,, MnO, and CdS, etc. shows enhanced
capability for catalytic, fuel cell, capacitor applications. In a
nutshell, heterostructures holds great promise and potentials in
diverse applications.

Recently, the monolayer
fabricated by molecular beam epitaxy growth**, which spurs

stanene was experimentally
further experimental investigation of its unique theoretically
predicted properties, electric
conduction at room temperature ascribed to the large-gap 2D

such as the disspationless
quantum spin Hall (QSH) state®® making it an excellent
topological Besides, possesses
topological superconductivity as well as quantum anomalous
Hall?® (QAH) effects near room temperature. However, the
investigation about its optical response is lacking. In this work,

insulator. stanene also

electronic structure and optical properties of graphene/stanene
nanocomposites have been investigated via first principles
calculations. Several representative models are proposed to
investigate the influence of different stacking methods on the
relevant properties of the bilayer. The band gap opening of the
hybrid system is observed with the Fermi level of it located in
the gap, and the Dirac feature is reappeared with the proper
configuration construction and the high carrier mobility of
graphene can be maintained. The imaginary part of the
dielectric function is predicted for the graphene, stanene
monolayer and the nanocomposites. We find that the stanene
has more pronounced optical response than graphene. While the
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Fig. 1. Top view of the atomic model of the graphene/stanene
heterobilayer: (a) Pattern i, (b) Pattern ii, (c) Pattern iii of the
G(4)/Sn(2) supercell, (d) G(5)/Sn(\7) supercell, 0 is the
rotational angle between two layers. (e) is the side view of the
graphene/tanene bilayer. D denotes interlayer distance, Ad is the
buckling height of the stanene layer. The C atom of the
graphene, and the Sn atoms in upper/lower level are represented
by grey, blue and yellow balls respectively. The unit cells are
shown in red dashed lines.

nanocomposites may exhibit enhanced response in the visible
light region. We believe that the experimental realization of this
heterobilayer will be benefit from the compatibility with
conventional semiconductor process.

2. Computational methods

In the present work, the first principle calculations were
performed using density functional theory (DFT) including in
DMOL?® package®’ . The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional was used to describe the exchange-
correlation interaction. To take the van der Waals (vdW) into
consideration, DFT-D (D stands for dispersion) method
proposed by Grimme®' was used through all calculations. To
evaluate the reliability of the DFT-D method, the benchmark
calculation is carried out and it gives the interlayer distance of
3.344 A and binding energy (E;) of 31.7 meV for the bilayer
graphene, which correspond well with the experimental
results’® (c= 3.35 A and E, = —26 meV) and theoretical
investigations®> ** (c= 3.34 A and E, = —31 meV). Besides,
double numerical atomic orbital plus polarization (DNP) was
chosen as the basis set with the global cutoff of 4.9 A to ensure
the high computational quality. The K points of 20x20x1 was
set for the geometry optimization and 30x30x1 for accurate
electric characteristics calculations, and the smearing value was
0.002 Ha (1Ha = 27.2114 eV). Moreover, the atomic positions
and cell vectors are relaxed until the energy, maximum force
and maximum displacement are less than 10 Ha, 0.0015 Ha/A,
and 0.003 A, respectively. Furthermore, a vacuum space larger
than 20 A was utilized to prevent the interactions between
neighbouring layers in the direction normal to the graphene and
stanene surface. The optical properties were calculated in
CASTEP code®®, with a plane-wave kinetic energy cutoff of
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300 eV, and the K point mesh was set to 8x8x1 considering the
limited computational resources.

The lattice constant, buckling height and the Sn-Sn bond
length of the stanene after the geometry optimization in our
calculation are 4.669 A, 0.888 A and 2.839 A respectively,
which is similar to the previous theoretical®® and experimental
studies®. Besides, the optimized lattice constant of the
graphene is 2.46 A, so we proposed two appropriate supercells
for the graphene/stanene bilayer system, namely, the supercell
composed of 4x4 graphene and 2x2 stanene (G(4)/Sn(2)), and
the other supercell made up of 5x5 graphene and V7x\7
stanene (G(5)/ Sn (\7)). It should be pointed out that, graphene
is subjected to strains to adjust the lattice constant of the other
layer to form commensurability structures in many
heterostructure investigations'" '* 37 3 however, the possible
consequences are deserved to be further studied. According to
the dissimilarity of the lattice parameters, the G(4)/Sn(2)
supercell would inevitably result in the lattice mismatch
amounted to 4.7%, therefore we have to carry out three
commensurability conditions marked as A, B and C to take the
possible effects into deeper consideration. In the A situation,
the in-plane lattice constant of the bilayer supercell is set as the
lattice constant of single-layer stanene, which would introduce
a homogeneous compressive strain of 4.7% to graphene. In the
B situation, the lattice constant of stanene is adjusted to adapt
the one of graphene, concomitantly, and the stanene monolayer
is stretched by 4.7%. With respect to the C situation, we choose
the average lattice constant of two layers, which means the ratio
of the elongation as well as the compression of them is identical
(~2.38%). Meanwhile, three stacking patterns of the G(4)/Sn(2)
supercell denoted as i, ii and iii are shown in Figs. 1(a), (b) and
() respectively. As for the G(5)/Sn (V7) bilayer shown in Fig.
1(d), the appropriate supercell is constructed by rotating the
stanene with respect to graphene. The base vectors of graphene

and stanene primitive cells without rotation are***!:

a4, = (v3/2,-1/2)u d, = (V3/2, 1/2)u

b, = (V3/2,-1/2)v b, = (V3/2, 1/2)u
in which u and v are the lattice constant of graphene and
stanene. The base vector of the graphene/stanene supercell is
defined as:

Zl = nd; + ma, Zz = —ma, + (m + n)a,
The new supercell of the stanene must be rebuilt to match the
lattice of graphene, with its base vector given as:

¢, = sby + th, ¢, = —thy + (s + )b,
Then the rotation angle 6 to realize the coincidence of Zl and
C1s Zz and ¢, can be calculated as:
_ A, -8 _ ns + mt + (ms + nt) /2
A x1&] VmEEnZ fmnxVs? F 2 + st

cos 6

Accordingly, the calculated rotation angle is 19.1° with a very
tiny lattice mismatch less than 0.5%, which is small enough that
adapting the lattice constant of graphene to the stannene would
not lead to notable effects on the results. The lattice constants
of the supercells were kept fixed to maintain the original
structure for investigation during the optimization process.
Alternatively, the optimized-cell option (the cell parameters

This journal is © The Royal Society of Chemistry 20xx
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will be optimized during the geometry optimization) was also

Table 1 Structure/electronic properties of G(4)/Sn(2) with 1, ii, iii
pattern and G(5)/Sn(V7), including the distance between the
lower Sn atom to the graphene plane (D), binding energy per Sn
atom (Eb), band gap (Eg) and charge transfer (AQ) by Hirshfeld
method, the positive signs denote that the charges transfer from
stanene to graphene.

Configuration D E, (meV  E; ( 40
/Pattern A ) meV) (e)
i 3.355 206 91 0.145
A ii 3.300 215 88 0.152
iii 3.305 213 71 0.162
i 3.381 -185 120 0.176
B ii 3.302 -190 77 0.190
iii 3.332 -189 47 0.182
i 3373 -195 123 0.157
C ii 3.307 -199 113 0.167
iii 3.325 -198 82 0.162
G(5)/ Sn(\7) 3.323 -182 30 0.279

carried out for comparison.

To calculate the optical properties of graphene/stanene
bilayer,
determined by the Fermi golden rule within the dipole

the frequency-dependent dielectric matrixes are

approximation. The imaginary part of the dielectric function
due to the occupied and unoccupied electronic states can be

expressed as**:
4

2,2
a(hw) = g ) 1< YTy >28(EE ~ EY ~ )
ok

where () is the unit-cell volume, w is the photon frequency, u is
the vector defining the polarization of the incident electric field,
c and k represent the conduction band and valence band,
respectively. Via the Kramers-Kronig relations, the real part &;
of the dielectric function is obtain from &,. Other optical properties

such as absorption coefficient can be gained by the following
43,

equation™:
a(w) = V20[ ’slz(u)) + e2(w) — & (w)]*/?

To quantitatively evaluate the interaction intensity, the
binding energies (E,) per Sn atom are calculated as,
Ey, = (Egys — Eg — Es)/N

where Eg s is the total energy of the graphene/stanene bilayer,

ARTICLE

E; and Es are the energies of the isolated graphene and stanene
monolayer with the same structure as they are in the
corresponding heterobilayer’” **, N is the number of the Sn
atoms. It should be clarified that the E; are different from each
other in different commensurability situations in which the
graphenes undergo different strains, so are the Es. Therefore,

Energy(eV)

r

Fig 2. The band structure of: pristine (a) graphene; (b) stanene.

the E}, can’t be the criterion of the stability for the bilayer in
contrast to E¢/s.

3. Results and discussion

The optimization results suggest that the graphene/stanene layer
structure is stable with no distortion on structure. The lattice
and the properties of the
graphene/stanene bilayers are concluded in Table 1. The result of the

parameters relevant electronic
energy relaxation turns out that the configurations with pattern ii in
the G(4)/Sn(2) supercells have the lowest binding energies, shortest
interlayer distance as well as the almost highest charge transfer* in
comparison with the i and ii patterns. So in the following
calculations, we only consider this energetically favourable pattern
in which every hexagonal Sn atom ring of stanene embraces a
benzenoid ring of graphene and every Sn atom is on the top of the C
atom. Although A configurations have the lowest E,, the B
configurations have the lowest total energies, followed by the C
configurations. Furthermore, both the Aii and Cii configurations
transformed to Bii configuration if the optimize-cell option is taken
into account in the geometry optimization calculation, further
suggesting that the B configurations are the most stable ones thus we
mainly focus on the Bii configuration for the G(4)/Sn(2) bilayers.
The band structures of the optimized free-standing graphene and
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Fig 3. The band structures of (a) Aii, (b)Bii, (c)Cii patterns of G(4)/Sn(2), and (d) G(5)/ Sn(\7) heterobilayer. (Insets) Magnification of the
conical point around K point near the Fermi levels.The CBM and VBM are marked with black stars.
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Fig. 4. The real-space charge distribution valence band and
conduction band of G(5)/Sn(V7) and Bii configuration at I’
point. The isovalue is 0.02 ¢/A3. The blue and red color
represent different signs of the wave function.

stanene are given in Fig 2(a) and (b) respectively, where the filled-
state m and empty state n* bands of graphene touch each other at the
high-symmetry K point (Dirac point) of the Brillouin zone (BZ) on
the Fermi level (Ey) in formation of the Dirac cone, resulting in the
gapless semi-metal nature. In addition, pristine stanene shares the
similar Dirac feature and no band gap is observed in absence of the
Nevertheless, something
interesting happens when the hybrid graphene/stanene structure is

spin orbital coulping (SOC) effect.

taken shaped, that is, the band gap will be opened on the Ep, as can
be seen in Fig 3. Compared with the band structures of the free-
standing graphene and stanene, remarkable changes occur in the top
valence bands and the bottom conduction bands of G(4)/Sn(2)
bilayers, in which the former CBM and VBM seem like repulsing
each other, and symmetrically shift to the points near the K point in
the two-dimensional hexagonal BZ. Consequently the Dirac point is
perturbed, giving rise to the indirect band gap opeing of 88, 77 and
113 meV for the Aii, Bii and Cii configurations respectively.
Moreover, the locations of the VBMs are robust irrespective of the
commensurability conditions, while the CBMs are susceptible to
them. It is clear to see from the Figs. 3(a), (b) and (c) that the VBMs
of the Aii and Cii configurations are located near the K point of the
BZ, while the VBM of the Bii configuration shifts to the I" point.
This result indicates that the commensurability condition would play
an important role in determining the electronic properties of the
graphene/stanene heterostructure. As for the band structure of
G(5)/ Sn(\/7) plotted in Fig. 3(d), the VBM lies in the nearby position
of the K point similar to that of the G(4)/Sn(2) bilayer, whereas the
CBM locates in the corresponded position on the opposite side of the
Ef, giving rise to the reemergence of the Dirac feature with the direct
band gap of 30 meV on the Er. In addition, it is of significance to
find that all the highest valence bands and lowest conduction bands
in the bilayer system is broad with comparison to that of the stanene,
the

indicates the strong electron delocalization. Particularly,
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curvature of the lowest conduction band in the G(5)/Sn(\7) bilayer is
even larger than the one of stanene. As the effective mass is
inversely proportional to the band curvature, a higher charge carrier
mobility can be expected for the G(5)/Sn(V7) bilayer. From the
stanene point of view, the interlayer interactions will modulate and
facilitate the electronic properties as supported by the real space
charge density distributions shown in Fig. 4 (a). The valence band of
the G(5)/Sn(7) bilayer is completely localized in the stanene layer
and contributed by the Sn- Sn bond, showing a o bond
characteristics. While the conduction band is contributed by both
graphene and stanene, and representing the © bond feature, which
indirectly demonstrates the effects that interlayer interaction has on
the band structure. In regard to the Bii configuration of the
G(4)/Sn(2) bilayer, the valence band together with conduction band
is almost all localized on the stanene, implying that stanene is
responsible for the electronic property of the G(4)/Sn(2) structure
that the variation of the CBM locations in different configurations
can be ascribed to the extra strains applied to the corresponding
stanene monolayer.

To gain deeper insight into the electronic properties, it is worth to
their the
graphene/semiconductor hybrid
systems dominated by the weak van der Waals interaction, their

interactions. In
16, 48

investigate interlayer

14, 38, 46. 47 oraphene/insulator

band structures are mainly the simple sum of those of each
constituent, where the 7 and n* bands with linear dispersion filled in
the band gap of the substrate and the magnitude of binding energies
are typically lower than 100 meV per C atom. However, in the

374951 in formation of

graphene/metal (Co, Ni or Pd) hybrid systems
stronger covalent bonds, the graphene bands are significantly
perturbed and the Dirac cones are completely destroyed, finally
acquire a mixed graphene-metal character due to the significant
interaction®'. When the graphenes are adsorbed on the metal layers
(Al, Ag or Pt) with weaker interaction, their conical points at the K
point can still be observed but the bands will upshift or downshift
crossing the Er, exhibiting the doping characteristics. On contrary, in
graphene/stanene heterobilayer structures, the electrical neutrality
are kept, where the Er lies in the gap, contrasting to the
graphene/silicene and graphene/germanene hybrid bilayers™.
Besides, the optimal interlayer distances in graphene/stanene
bilayers are equal or greater than 3.300 A, which is obviously larger

than the typical lengths of the Sn-C bonds™ and the sum of the

| == Heterobilayer
| ——Graphene
! e Stanene

Bii configuration

-
o

e

G(5)/Sn(\7)

PDOS (electrons/eV)
w

-
o

% 48 A6 4 A2 0 & 6 4 2 0 2 4
Energy (eV)
Fig. 5. The density of states for the Bii configuration (upper) and the

G(5)/Sn(\7) (bottom) heterobilayers. The Fermi level is set to 0.

This journal is © The Royal Society of Chemistry 20xx




page56¢f8— ————————————Physical Chemistry Chemical Physics

Journal Name

Fig. 6. The cha
the G(5)/Sn(V7) bilayer. Blue and yellow respectively represent
charge accumulation and depletion in the space with respect to
isolate graphene and stanene. The isovalue is chosen to be 0.002

e/A3.

covalent radii®® of the Sn and C atoms, indicating the absence of Sn-
C covalent bonds in the hybrid structures. What’s more, the
calculated binding energies per Sn atom at the optimum spacing is
more than 180 meV, higher than the typical binding energies of the
weak vdW interactions, suggesting that the stanene and graphene are
bound to each other via other mechanism, for example, orbital
hybridization or electrostatic interaction'” instead of weak vdW
interaction. In other words, the interfaces between the single-layer
graphene and stanene are more energetically stable and easier to
realize in experiment.

To shed more light on the interlayer interaction along with
electronic characteristics, the total and atom projected density of
states (PDOS) of G(5)/Sn(V7), and the Bii configuration of
G(4)/Sn(2) are plotted in Fig 5, from which we can conclude that the
PDOSs of isolated graphene and stanene originated from the hybrid
system are very similar to that of the pristine ones unlike the hybrid
system with strong chemical interaction®, which means that the
interactions are not rather intensive, so their electronic properties
could be preserved in some extent. Clearly, the electronic states in
the characteristic peaks in the conduction band (-2 to 0 eV) of the
heterobilayers are predominantly contributed by the stanene, which
is consistent with the real space charge density distributions in the
Fig. 5. Besides, the peaks on the conduction band (0-2 eV) consist of
both graphene and stanene states, which are dominated by their p
orbitals. Doubtlessly, the role that P orbital of stanene (Sn p) plays is
prominent not only in the electric properties but also in the stability
of the bilayer system because of its unsaturated nature which lead to
a strong chemical activity. As we can see from the PDOS that the C
s and Sn p, the Sn s and C p orbitals of the G(5)/Sn(7) structure
respectively share the similar states within the range of -8 to -6 eV
and -1 to 0 eV, indicating the slight orbital hybridization, eventually
lead to higher binding energy as well as larger Mulliken charge
transfer compared with the vdw hybrid systems. We also plotted the
charge density difference (CDD) of the G(5)/Sn (V7) structure and
the Bii configuration for G(4)/Sn(2) in Fig. 6, which can be
expressed as:

Ap = pgss — Pc — Ps
Where pg/s, pe and pg are the total charge density of the
heterobilayers, isolated graphene and stanene monolayer in the
corresponding heterobilayer, respectively. The CDDs of
G(4)/Sn(2) and G(5)/Sn (V7) share the similar features. It is of

This journal is © The Royal Society of Chemistry 20xx
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significance to find that the evident charge rearrangement
localized at the interlayer region, which is the result of the
orbital overlaps. In addition, the electrons are depleted on the
lower Sn atoms and the C atoms while the majority of them are
accumulated at the upper Sn atoms, that is to say, large charge
transfer occurs between the sublattice of the stanene, leading to
the broken of symmetry. The calculated Mulliken charges
transfer from stanene to graphene, arising from the unsaturated
P orbital except for the A configuration. The Mulliken charges
in the B configurations of G(4)/Sn(2) are nearly three times
higher than that of the A and C configurations, further
hindering the higher stability.

The work functions (WF) and optical properties of the
graphene/stanene bilayer are calculated to explore its possible
applications in field emission and the photo-related fields. The
WFs are calculated by aligning the Fermi level corresponded to
the vacuum level, which have been performed in the graphene
heterostructure®® 47 3> The obtained WF for graphene is 4.57
eV, which is comparable to the experimental results’® and
theoretical calculation®. In addition, the calculated WF of the
stanene is 4.22 eV, lower than the experimental measurement
of the bulk tin (4.32 eV). While the calculated WF for the
graphene/stanene bilayer is 4.43 ¢V, a little weaker than that of
graphene. The external field (E-Field) with its direction vertical
to the infinite plane of the bilayer was introduced to the
G(5)/Sn(\7) bilayer to investigate its effects on the electronic

10
—s—Top
—e— Bottom

st
—
>
)
-
< 6}
o 6
.‘5‘
c -vi2
2 a4t
x SO
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(]

B S e
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+V/2
0 1 L 1 1 1 1
-0.009 -0.006 -0.003 0.000 0.003 0.006

Electric field (a.u.)

Fig. 7. The calculated work function of the G(5)/Sn(V7) as a
function of applied electric field. (bottom inset) The positive
direction of the electric field is pointed by the yellow arrows from
graphene to stanene. The infinite plane of graphene/stanene bilayer
is perpendicular to the electric field. (Upper inset) The band
structure of G(5)/Sn(\7) under the 0.003 a.u.

properties. The direction of the E-Field is shown in the inset of
Fig. 7. Under the negative external electric field, the band gap
increases to 59 meV at first, then vanishes at a very tiny
intensity of ~ -0.002 a.u. because the lowest conduction band
will down shifted and penetrates the Er. When the positive
electric field is applied, the band gap values would oscillate
irrespective of the field intensity. However, it is very interesting
to find that both the CBM and VBM shift to the K point of the
BZ, with the the very tiny band gap of 12 to 13 meV when the

J. Name., 2013, 00, 1-3 | 5
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Fig 8. The calculated imaginary part of dielectric function for the
G(4)/Sn(2) and G(5)/Sn( \/7) bilayer with the polarization vector
perpendicular (a) and parallel (b) to the surface.

field intensity reaches 0.003 to 0.004 au, lead to the graphene-
like Dirac cone emerging in the heterobliayer as show in the
upper-right insert in Fig. 7. The highest valence band is broader
and the highest conduction band is smoother due to the charge
rearrangement induced by the E-Field. In other word, the higher
carrier mobility is ensured. It is worth to investigate the spin
Hall effect and evaluate the possible applications in the
spintronic devices in view of the intriguing phenomenon in the
graphene/stanene bilayer. Furthermore, Fig. 7 also shows the
WFs as a function of the E-Field, from which we can see the
negative relationship between the WFs and the positive E-field
intensity. Besides, the WFs increase with the increase of
negative E-field, showing that WF is a linear function of the
applied E-Field. The work function of the heterostructure will
split into two values of the bottom layer and the top layer when
the E-Field is stronger than 0.005 a.u. or -0.005 a.u. This wide
range of adjustable work function enables the graphene/bilayer
bilayer to be a suitable material for field-emitted devices.

The optical properties of the graphene/stanene bilayers are
discussed on the basis of the dielectric function with
comparison to the one of pure graphene and stanene monolayer.
The imaginary parts of dielectric function under parallel (&, ) and
perpendicular ( g, ) polarization are taken into account.
Considering the underestimation of band gap in the DFT calculation,
the adsorption edges of these curves should have a red shift about
150 nm®’. For the perpendicular polarization, as shown in Fig. 8
(a), the calculated &, of graphene is similar to that of the
calculated result of Hu er at>, indicating our calculation is
reasonable. Contrast to graphene which only exhibits short-
wavelength light adsorption, stanene has more pronounced UV
adsorption ranged from 200-300 nm. Therefore, the UV light and
visible light response of stanene are more effective and it displays
great potential in the photo-related applications with the
consideration of its low work function. The general tendencies of the
g, for G(4)/Sn(2) and G(5)/Sn(N7) bilayers are similar and all
of these structures and shows narrowed adsorption feature in
the range of 100-280 nm. While the slightly enhanced
adsorption in the visible light region is observed compared with
their isolated constituents. For parallel polarization shown in

6 | J. Name., 2012, 00, 1-3

Fig. 8 (b), all these structures exhibit enhanced light adsorption
from far ultraviolet to visible light region. Likewise, the overall
adsorption profile of stanene is higher than that of the graphene.
It should be noted that the enhanced optical performance of all
the heterobilayers is clear, and most of them display more
prominent visible light response in the region from 400 nm to
800 nm. As has been verified in many previous research
works®® 3 that the interlayer coupling plays a very important
role in modifying the optical properties of the hybrid system.
The enhanced optical absorption of the graphene/stanene
heterobilayer in the wavelength range larger than 400 nm
(lower than 3 eV) is mainly due to the electronic state overlaps.
This phenomenon can be found in the PDOS that the electronic
states around the Fermi level are dominated by the stanene,
which facilitates the transition between C 2p state of graphene
and Sn 2p state of stanene. Therefore, the direct electrons
excitation can occur between graphene and stanene.
Concomitantly, the hybrid graphene/stanene nanostructure may
be expected to display enhanced photoresponse under the
visible light irradiation, which shows their potential in photo-

related application prospect.

Conclusions

In summary, we have performed density functional
calculations to study the electronic and optical properties of the
graphene/stanene heterobilayers in different
commensurabilities. The interactions between graphene and
stanene monolayer are relatively stronger than the weak van der
waals effect which would improve the stability because of the
slight orbital hybridization caused by the chemically active
stanene layer. The Dirac cone is disturbed in the G(4)/Sn(2)
bilayers which give rise to the indirect band gaps opening
around 80 meV. On the contrary, in the G(5)/Sn(V7) bilayer, the
Dirac feature is observed with its CBM and VBM located at the
positions next to the high symmetry K point of the Brillouin
zone. Excitingly, the lowest conduction band curve is even
larger than that of the pristine stanene. What’s more, the
introduction of the external electric field will shift the positions
of the CBM and VBM to the K point of the BZ, leading to a
graphene-like Dirac cone emerging, eventually, high charge
carrier mobility is expected in the heterobilayer. This
interesting phenomenon would pave a way for the investigation
of the QSH insulator and high-speed spintronics devices.
Furthermore, the calculated work function of the bilayer is 4.43
eV, lower than graphene, and it can be modulated by the
external electric field, indicating the potential of the
graphene/stanene bilayer in the field-emitted devices. For
optical properties, both the G(4)/Sn(2) and G(5)/Sn(\7 )
bilayers show enhanced visible light absorption, this unique and
tunable optical properties of graphene/stanene heterostructure
implicate the applications on the spintronic devices and the
photoelectric devices.
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