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Abstract

Graphene’s applicability in nanoscale devices is somewhat limited because of the
absence of a finite band gap. To overcome this limitation of zero band gap, we
consider the vertically-stacked heterostructures consisted of graphene and SnO
knowing that two-dimensional SnO films were synthesized recently. Calculations
based on density functional theory find that the oxide monolayer can induce a
noticeable band gap in graphene; the gap is 45 meV in graphene/SnO/graphene and
115 meV in SnO/graphene/SnO heterostructures. Additionally, graphene’s band gap
can be maintained under a relatively high electric field (zIO9 V/m) applied to the
heterostructures because of the electrostatic screening effect of the oxide layer. The
calculated results suggest relative superiority of the graphene/oxide heterostructures

over graphene/BN heterostructures for the nanoscale devices based on graphene.
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1.0 Introduction

Graphene has attracted interest due to its remarkable electronic and mechanical
properties [1-5], though the absence of a finite band gap has somewhat impeded
graphene from practical applications. To overcome this limitation of zero band gap,
several approaches including chemical doping [6, 7], mechanical strain [8-10],
interlayer interaction with substrate [11, 12], and external electric field [13], have
been employed to fabricate graphene-based nanoscale devices. Among these methods,
fabrication of a van der Waals (vdW) heterostructure attracts particular attention. For
example, opening of a small band gap at K was reported for the graphene/BN bilayer
[14]. Other bilayer heterostructures, such as g-C;Na/graphene [15], MoS,/graphene
[16], and phosphorene/graphene [17], have also been used to induce the band gap in
graphene. Compared to the bilayer heterostructures, the sandwiched trilayer structures
have the advantage of not only inducing the band gap, but also providing the
environmental stability to the graphene-based heterostructure. For example, a tunable
band gap can be opened in the sandwiched BN/graphene/BN structure [18, 19] which
could effectively reduce the environmental sensitivity of graphene in the

graphene-based devices.

Recently, two-dimensional (2D) tin monoxide (SnO) films with intrinsic p-type
semiconducting properties were synthesized [20-22]. A single phase SnO thin film
which was fabricated on (001) yttria-stabilized zirconia substrate displayed superior
performance in the p-channel thin film transistors [23]. SnO films with thickness of
a few atomic layers were also fabricated on sapphire and SiO; substrates [24]. Recent
experimental efforts include synthesis of the wafer-scale SnO monolayer from the
interfacial oxide layers of metallic liquid tin [25]. On the theoretical front, first
principles calculations reported the layer-dependence of the electronic properties of
SnO films [26]. Calculations also demonstrated that 2D SnO films can be promising
candidate for the photocatalytic water splitting [27] and sodium ion battery

applications [28]. Our recent theoretical work predicted applicability of the bilayer
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configuration composed of the SnO/graphene as field effect transistors (FETs). This is
facilitated by a formation of the Schottky contact between the two layers which can

tuned from p-type to n-type to Ohmic contact with an external electric field [29].

In this paper, we consider the vertically stacked heterostructures composed of
graphene and the oxide monolayer to determine their stability and electronic
properties. The considered heterostructures are tri-layers and are expected to be well-
suited for device fabrication than the bilayer heterostructure. Our results based on
density functional theory show that a band gap as large as 115 meV can be opened in
graphene when it is sandwiched between SnO monolayers. Furthermore, we find the
finite band gap to be robust under the external electric field up to ~ 0.3x10'° V/m.
This robustness is found to be due to the electrostatic screening effect of the SnO
layers as revealed in the charge density plots. Moreover, the predicted robustness is
found to be relatively superior to that predicted for the graphene/BN heterostructure

[30] under the applied electric field.

2.0 Computational method

Calculations were performed in the framework of the density functional theory
(DFT). The generalized-gradient approximation (GGA) with Perdew-Burk-Ernzerhof
(PBE) [31] exchange correlation functional together with Grimme’s D2 method [32]
representing the van der Waals interaction were employed as implemented in the
Vienna ab-initio Simulation Package (VASP) program [33, 34]. We set the energy
convergence to 107 eV and the kinetic energy cut-off to 520 eV. For the structural
optimization, we use a grid of (5x3%1) k-points for sampling in reciprocal space. The
criterion for force convergence was set to less than 0.01 eV/A on each atom. For
electronic properties calculations including total energy and density of states (DOS),
we used a much denser k-points grid of (33x17x1). To eliminate the interaction
between replicas due to periodic boundary conditions, a large vacuum layer more than

15 A is built in the out-plane direction.
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Calculations of the oxide/graphene heterostructures were performed in the
context of the commensurate lattice approximation using graphene as a reference
lattice. The periodic supercell was consisted of (1x3) cell for graphene and (1x2) cell
for the SnO monolayer. The lattice mismatch between the oxide monolayer and
graphene induced elongation (shortening) along x-(y-) direction in the oxide
monolayer. A comparison of the results obtained using the (7x3) graphene/(8x2) SnO
supercell and (1x3) graphene/(1x2) SnO supercell found the smaller supercell to
reproduce very well structure and electronic properties of the bilayer heterostructure
[29]. Note that the position of the Dirac point depends on how we choose the shape or
size of the supercell for calculations. In our work, we have used rectangular 12-atom
unit cell, and that there exists zero band gap for the freestanding graphene in this
rectangular cell, thus confirming that the k-points grid is large enough to ensure the

accuracy of calculations (Fig S2, Supplementary Information).

The calculated structural and electronic properties of the pristine SnO bulk [29]
agree well with the previously reported experimental [24, 35] and theoretical results
[22, 36-40] affirming the accuracy and reliability of the modeling elements employed
in this study. It is to be noted that the heterostructures with a noticeable lattice
mismatch have been predicted to have novel properties such as

phosphorene/graphene [17] and WSe,/graphene [41].

3.0 Results and discussions
3.1 Structural properties:

The geometrical configurations of the vertically-stacked heterostructures, namely
SnO/graphene/SnO and graphene/SnO/graphene are shown in Fig. 1. Following the
stacking nomenclature of graphite, the ABA-stacked configuration is composed of the
AB-stacked bilayers displaying mirror symmetry relative to the central layer. The
AAA-stacked configuration is composed of the AA-stacked bilayers on both side of
the central layer. And the ABC-stacked configuration is composed of the AB-stacked
bilayer on one side and the AA-stacked bilayer on the other side of the central layer.

Initially, the registry index RI method [42] was employed to search the lowest energy
5
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configurations for SnO/graphene bilayer as discussed in our previous work [29]. The
results of the bilayer structures were then used to construct the trilayer configurations
as shown in Figure 1. The total energy of the trilayer configuration was calculated
with respect to displacement of the graphene layer. The ABA-stacked trilayer is found
to be the energetically preferred configuration as displayed in Figure S2

(Supplementary Information).

/
g
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i
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(
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Figure 1. The stacking configurations of SnO/graphene heterostructures considered.
Color code: C: small brown sphere, Sn: large grey sphere and O: small red sphere.

Table 1 lists the calculated structural properties and the band gap of
SnO/graphene heterostructures. Not surprisingly, the ABA-stacked configuration is
more energetically stable for the SnO/graphene/SnO and graphene/SnO/graphene

heterostructures. In the ABA-stacked configuration with the mirror symmetry, the
6
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interlayer distances are very similar: =3.46 A for SnO/graphene/SnO and =3.42 A for
graphene/SnO/graphene. In the AAA-stacked configuration, the interlayer distance is
~3.48 A, very close to the interlayer distance of 3.47 A calculated for the AA-stacked
bilayer [23]. While in the ABC stacked mode, the interlayer space is 3.42 A on the
‘AB-stacked’ side and 3.45 A on the ‘BC-stacked’ side. This is similar to what has
been calculated for the constituent bilayers: 3.42 A for AB-stacked and 3.47 A for the
AA-stacked bilayers. The intralayer bond distances, Rgy.0 and Re.¢, are calculated to
be 2.35 (2.24) A and 1.42 (1.41) A in x- (y-) direction, respectively. Note that bulk
SnO has a tetragonal PbO layered structure with the interlayer distance of 2.48 A [23].

The DFT results show that the heterostructures follow the trend in stability as
predicted for the bilayers [23] with ABA-stacked heterostructure being energetically
preferred. Additionally, the binding energy of a heterostructure is slightly higher than
the sum of binding energies of the constituent bilayers suggesting that the stable
oxide/graphene  heterostructures can be fabricated. A comparison of
SnO/graphene/SnO and graphene/SnO/graphene heterostructures within the same
stacking mode finds the latter heterostructure to have a smaller binding energy. This is
due to the fact that the SnO monolayer owns a certain thickness which enlarges the
distance between two graphene layers thus reducing contributions from the interlayer
interactions. For example, the calculated distance between two graphene layers in
ABA-stacked graphene/SnO/graphene is 9.1 A while distance between the oxide
layers in ABA-stacked SnO/graphene/SnO is 6.9 A.
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Table 1. Calculated binding energy (Epinding), interlayer spacing (dinterlayer) and band

gap (Eg,p) of SnO/graphene heterostructures.

Stacking Ebinding / unit cell  dinerlayer Egap
Heterostructure
configuration (eV) (A) (meV)
SnO/graphene AB 0.484 342 8
SnO/graphene AA 0.460 3.47 -
SnO/graphene/SnO ABA 0.993 346,345 115
SnO/graphene/SnO ABC 0.987 342,345 34
SnO/graphene/SnO AAA 0.955 348,347 58
graphene/SnO/graphene ABA 0.969 342,343 45
graphene/SnO/graphene ABC 0.983 342,345 7
graphene/SnO/graphene AAA 0.925 348,347 68

3.2 Electronic properties

To simulate SnO/graphene/SnO trilayer, we have employed rectangular unit cell

containing 12 carbon atoms for which the high-symmetric points are indicated by X,

Y and S points in the first Brillouin zone (BZ) (Fig S2, Supplementary Information).

In this k-point setup, the band structure of free-standing graphene (Fig. 2(a)) is

displayed showing that the Dirac point of free-standing graphene is located at the T’

for the rectangular 12-atom unit cell. Figs. 2(b), 2(c) and 2(d) displays the band

structures of the energetically preferred configurations of the SnO/graphene/SnO and

graphene/SnO/. The high symmetry points in the first BZ of the rectangular supercell

are shown in the inset of Fig 2(a).
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Figure 2. Calculated band structures of (a) free-standing graphene and (b) ABA
stacking SnO/graphene/SnO heterostructure (c) zoom-in band structures around I'
indicated by the blue dash line box in 2 (b), and (d) graphene/SnO/graphene
heterostructure.

In the ABA-stacked SnO/graphene/SnO heterostructure, a noticeable finite band
gap of 115 meV is opened up in graphene which is about two times of that predicted
for the ABA-stacked BN/graphene/BN heterostructure [30]. Note that calculations
using the hybrid functional HSEQ06 yieldthe band gap to be 240 meV. Such a large gap
opening is mainly due to interaction between the oxide layers and graphene which
breaks the equivalence in carbon sublattice of graphene. This unequal interaction is
clearly illustrated by the partial charge density plots displayed in Fig. 3 (a).

In Fig. 3 (a), the partial charge density is plotted in the energy range from -1 eV
to 0 ¢V (i.e. Fermi energy) and the isosurface in the 3D plot is 0.02 ¢/A °. Slice 1, 2, 3
are the 2D views sliced at the positions of different carbon atoms indicated in the 3D

partial charge density plot. From 2D view of the slices, we can clearly see that C
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atoms which are beneath Sn atoms (slice 1) interact more strongly than the other C
atoms (slice 2, 3), and the interaction is enhanced by the presence of the
mirror-symmetric oxide layer. Likewise, the charge density difference plots shown in
Fig. S3 (Supplementary Information) confirm the presence of interaction between
graphene and the oxide monolayer.

In contrast, a loss of mirror-symmetric layer for the ABC-stacked heterostructure
leads to a smaller degree of interaction yielding the gap opening of =34 meV. This is
also the case with the graphene/SnO/graphene heterostructure for which absence of a
mirror-symmetric layer in the ABC-stacked configuration leads to a smaller degree of
C-Sn atomic interaction yielding a negligible gap opening of ~7 meV (Table 1).

The extent of the interlayer interaction in the heterostructures can also be seen in
the electron localization function (ELF) plots given in Fig. 3 (b). For the ABA-stacked
SnO/graphene/SnO heterostructure, deformation of the Sn atom’s lone pair sphere
facing C atom is mainly due to a higher degree of the interlayer interaction in the
heterostructure. Note that the ELF sphere is associated with the lone pair formed by

Sn (5p,) and Sn (5s)-O(2p,) orbitals at the oxide monolayer surface [22].

10
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Figure 3. ABA-stacked SnO/graphene/SnO heterostructure: (a) the partial charge
density plots in the energy range from -1 eV to O (i.e. Fermi energy) with the
iso-surface of 0.02 ¢/A °. 2D slices indicated by the black, red and blue lines are also
plotted. (b) ELF with the isosurface value of 0.8.

To determine the sensitivity of our results on the functional forms describing vdW
interactions, we perform a limited set of calculations using optB88-vdW functional
form [43-46]. The results show that stability and opening of the band gap do not
sensitively depend on the way we describe vdW interactions in these trilayer

configurations (Tables. S1 and S2, Supplementary Information).

3.3 Effect of the tensile/compressive strain applied to heterostructures.

To affirm the fact that the interaction between the oxide monolayer and graphene
in the heterostructure is the cause of opening of the graphene’s band gap, additional
calculations were performed on the heterostructures applying the perpendicular strain

ranging from -10% to +10%. The results are shown in Fig. 4 (a). Interestingly, the
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graphene’s band gap increases to 140 meV for the compressive strain of 8% (i.e.
dinterlayer=3-16 A). On the other hand, application of the perpendicular tensile strain of
about 9% (i.€. dinterlayer=3.78 A) yields the band gap of 74 meV suggesting the reduced
degree of interaction between the oxide monolayer and graphene.

The orbital projected band structures shown in Fig. 4 (b)~(d) for the case of the
perpendicular compressive strain of 8% find lifting of degeneracy in the conduction
levels of graphene. The lone pair at the SnO monolayer surface formed by Sn (5p,)
and Sn (5s)-O(2p,) orbitals [22] overlaps with C (2p,) orbitals and induces a strong

interaction between the two layers in the heterostructure.
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Figure 4. ABA-stacked SnO/graphene/SnO heterostructure: (a) calculated band gap of
graphene as a function of strain applied perpendicular to the heterostructure. (b), (c)
and (d) the projected band structures around " associated with the perpendicular strain
of 0%, -4.3% and -8.7%. In (b), (c) and (d), the red, blue, yellow and green lines show
the orbital projected C_p,, O_p,, Sn_s and Sn_p, bands, respectively

3.3 Effect of the external electric field on the heterostructures

The electric field is applied vertically along the stacked direction of the

12
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heterostructure. Fig. 5 (a) displays variation in the band gap with the applied electric
field for the ABA-stacked heterostructures. Remarkably, the band gap is found to be
independent of the electric field up to 3 X 10° V/m for SnO/graphene/SnO
heterostructure. It should be pointed out that the electric field at the order of ~10° V/m
is within the range of the fabricated devices. In contrast, although a band gap is
induced in graphene trilayer by applying electric field, it is not stable; the band gap
opens up to its maxima at the electric field of 0.5X 10’ V/m and then begins to close
with the increase in the electric field [47, 48]. A similar results has also been seen for
the graphene/BN/graphene heterostructure where opening of the band gap of graphene

is only 57 meV for the electric field of 1 X 10° V/m [30].

(a) (b)
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Figure 5: ABA-stacked SnO/graphene heterostructures: (a) calculated band gap as a
function of the applied electric field. (b) Planar average electrostatic potential along
the z-direction. Color code: Black line, EF=0 and red dot line. EF=4 X 10° V/m. (c)
Projected band structure around I point at EF=4 X 10° V/m for SnO/graphene/SnO. (d)
Projected band structure around I point at EF= 1 X 10° V/m for
graphene/SnO/graphene. In (c) and (d), the red, blue, yellow and green lines stand for
the orbital projected C_p,, O_p,, Sn_s and Sn_p, bands, respectively
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Our calculations find that the band gap of SnO/graphene/SnO heterostructure is
solely derived from graphene. Application of an external electric field from bottom to
top leads to increase of the VBM edge of top SnO layer, while decreasing that of the
bottom SnO layer. The middle graphene layer appears to be relatively unaffected.
However, when the electric field becomes larger than 3X 10° V/m, the VBM of top
SnO layer is higher than that of graphene’s, yielding the gap to be between the VBM
of top SnO layer and the CBM of graphene layer (Fig. 5 (c)). Increasing the electric
field then induces a linear-like deduction of the heterostructure’s band gap due to the
stark effect till the band gap closes for the electric field of ~5X 10° V/m.

To further understand this robustness of the band gap under such a high electric
field, the planar average electrostatic potential is plotted in Fig. 5 (b). We find that a
wide barrier of the outer oxide layers is essentially shield graphene. This is not the
case with the graphene/SnO/graphene heterostructure for which the outer graphene
layers are directly exposed to the external electric field thereby closing the gap. The
Dirac point of graphene on the higher potential side goes below Fermi level while the
Dirac point of the other graphene layer goes above Fermi level as shown in Fig. 5 (d)
and overlap of Dirac cones yields nearly zero band gap under the external electric
field.

Additional calculations have been carried out to illustrate the influence of SnO
substrate’s thickness on the electronic properties of the heterostructure. For the
ABAA-stacked structure consisted of SnO monolayer/graphene/SnO bilayer and
ABAAA- stacked structure consisted of SnO monolayer/ graphene/ SnO trilayer, the
results show that top of the valence band associated with SnO layers have risen to the
Fermi level with the increase in the substrate thickness. Consequently, the band gap is
closed in graphene/oxide heterostructures with a thicker SnO substrate which will

result in an Ohmic conductivity of the device (Fig S4, Supplementary Information)

3.4 Electronic transport properties
Next, we calculate the I-V characteristics of the SnO/graphene heterostructure

using the scanning tunneling microscope (STM) setup [29]. The tunneling current

14
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from the sample to the tip at location 7 is obtained using the Tersoff and Hamann

approximation [49] :

10 V) ~ 2277 p (B = Z) ps (R E+ 5 F(E)dE (D).

Here, p,and p, are the electron density of the tip and the sample beneath the tip. F(E)
is the term including the effect of thermally excited electrons as proposed by He et al.
[50]. In calculations, a finite Au;s cluster with the icosahedral shape was used to
simulate the tip. The tunneling current is essentially an integration of the convolution
of density of states (DOS) of the tip and sample, and will depend on the valence and
conduction states near the Fermi level of a given heterostructure.

Fig. 6 (a) displays a comparison of the I-V characteristics of the SnO/graphene
heterostructures. The inset is the zoomed figure in the red rectangular box showing
that the graphene/SnO/graphene heterostructure behaves like a good conductor. This
is caused by the nearly zero band gap of graphene, thus the electron tunneling
between the tip and the top graphene layer occurs at a very small bias field. While for
the other two heterostructures (i.e. SnO/graphene and SnO/graphene/Sn0O), since the
electron tunnels between the tip and the top SnO layer, the [-V characteristics show
diode-like characteristics due to the band gap of the SnO monolayer. We also notice
that the breakdown voltage of SnO/graphene/SnO is lower than that of the
SnO/graphene bilayer. This is due to fact that the Schottky barrier of the trilayer is

about 0.1 eV lower relative to that in the bilayer.
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Figure 6: Calculated I-V characteristics of SnO/graphene heterostructures.

The topology of the heterostructures can be characterized by the simulated STM
images and (14x18) A” images of SnO/graphene heterostructures are displayed in Fig.
7 obtained in the constant height mode with the tip distance of 3 A. For
SnO/graphene/SnO, the top Sn atoms are associated with the bright regions whereas

the top carbon rings in graphene/SnO/graphene are clearly seen.
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Figure 7. Calculated (constant height) STM images of (a) SnO/graphene/SnO and (b)
graphene/SnO/graphene.
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4.0 Summary

First principles calculations based on density functional theory were performed
on the SnO/graphene heterostructures to investigate the possibility of opening up of
graphene’s band gap. The results show the presence of a noticeable interaction
between the oxide monolayer and graphene opening up a noticeable gap in the
SnO/graphene/SnO heterostructure. Moreover, the outer oxide layers appear to shield
graphene from the external electric field yielding robustness in graphene’s band gap.
The diode-like I-V characteristics are predicted for SnO/graphene/SnO, though
graphene/SnO/graphene exhibits metallic characteristics. The STM images display

characteristics topological images for SnO/graphene heterostructures.
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Abstract

Graphene’s applicability in nanoscale devices is somewhat limited because of the
absence of a finite band gap. To overcome this limitation of zero band gap, we
consider the vertically-stacked heterostructures consisted of graphene and SnO
knowing that two-dimensional SnO films were synthesized recently. Calculations
based on density functional theory find that the oxide monolayer can induce a
noticeable band gap in graphene; the gap is 45 meV in graphene/SnO/graphene and
115 meV in SnO/graphene/SnO heterostructures. Additionally, graphene’s band gap
can be maintained under a relatively high electric field (zIO9 V/m) applied to the
heterostructures because of the electrostatic screening effect of the oxide layer. The
calculated results suggest relative superiority of the graphene/oxide heterostructures

over graphene/BN heterostructures for the nanoscale devices based on graphene.
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1.0 Introduction

Graphene has attracted interest due to its remarkable electronic and mechanical
properties [1-5], though the absence of a finite band gap has somewhat impeded
graphene from practical applications. To overcome this limitation of zero band gap,
several approaches including chemical doping [6, 7], mechanical strain [8-10],
interlayer interaction with substrate [11, 12], and external electric field [13], have
been employed to fabricate graphene-based nanoscale devices. Among these methods,
fabrication of a van der Waals (vdW) heterostructure attracts particular attention. For
example, opening of a small band gap at K was reported for the graphene/BN bilayer
[14]. Other bilayer heterostructures, such as g-C;Na/graphene [15], MoS,/graphene
[16], and phosphorene/graphene [17], have also been used to induce the band gap in
graphene. Compared to the bilayer heterostructures, the sandwiched trilayer structures
have the advantage of not only inducing the band gap, but also providing the
environmental stability to the graphene-based heterostructure. For example, a tunable
band gap can be opened in the sandwiched BN/graphene/BN structure [18, 19] which
could effectively reduce the environmental sensitivity of graphene in the

graphene-based devices.

Recently, two-dimensional (2D) tin monoxide (SnO) films with intrinsic p-type
semiconducting properties were synthesized [20-22]. A single phase SnO thin film
which was fabricated on (001) yttria-stabilized zirconia substrate displayed superior
performance in the p-channel thin film transistors [23]. SnO films with thickness of
a few atomic layers were also fabricated on sapphire and SiO; substrates [24]. Recent
experimental efforts include synthesis of the wafer-scale SnO monolayer from the
interfacial oxide layers of metallic liquid tin [25]. On the theoretical front, first
principles calculations reported the layer-dependence of the electronic properties of
SnO films [26]. Calculations also demonstrated that 2D SnO films can be promising
candidate for the photocatalytic water splitting [27] and sodium ion battery

applications [28]. Our recent theoretical work predicted applicability of the bilayer

3
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configuration composed of the SnO/graphene as field effect transistors (FETs). This is
facilitated by a formation of the Schottky contact between the two layers which can

tuned from p-type to n-type to Ohmic contact with an external electric field [29].

In this paper, we consider the vertically stacked heterostructures composed of
graphene and the oxide monolayer to determine their stability and electronic
properties. The considered heterostructures are tri-layers and are expected to be well-
suited for device fabrication than the bilayer heterostructure. Our results based on
density functional theory show that a band gap as large as 115 meV can be opened in
graphene when it is sandwiched between SnO monolayers. Furthermore, we find the
finite band gap to be robust under the external electric field up to ~ 0.3x10'° V/m.
This robustness is found to be due to the electrostatic screening effect of the SnO
layers as revealed in the charge density plots. Moreover, the predicted robustness is
found to be relatively superior to that predicted for the graphene/BN heterostructure

[30] under the applied electric field.

2.0 Computational method

Calculations were performed in the framework of the density functional theory
(DFT). The generalized-gradient approximation (GGA) with Perdew-Burk-Ernzerhof
(PBE) [31] exchange correlation functional together with Grimme’s D2 method [32]
representing the van der Waals interaction were employed as implemented in the
Vienna ab-initio Simulation Package (VASP) program [33, 34]. We set the energy
convergence to 107 eV and the kinetic energy cut-off to 520 eV. For the structural
optimization, we use a grid of (5x3%1) k-points for sampling in reciprocal space. The
criterion for force convergence was set to less than 0.01 eV/A on each atom. For
electronic properties calculations including total energy and density of states (DOS),
we used a much denser k-points grid of (33x17x1). To eliminate the interaction
between replicas due to periodic boundary conditions, a large vacuum layer more than

15 A is built in the out-plane direction.
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Calculations of the oxide/graphene heterostructures were performed in the
context of the commensurate lattice approximation using graphene as a reference
lattice. The periodic supercell was consisted of (1x3) cell for graphene and (1x2) cell
for the SnO monolayer. The lattice mismatch between the oxide monolayer and
graphene induced elongation (shortening) along x-(y-) direction in the oxide
monolayer. A comparison of the results obtained using the (7x3) graphene/(8x2) SnO
supercell and (1x3) graphene/(1x2) SnO supercell found the smaller supercell to
reproduce very well structure and electronic properties of the bilayer heterostructure
[29]. Note that the position of the Dirac point depends on how we choose the shape or
size of the supercell for calculations. In our work, we have used rectangular 12-atom
unit cell, and that there exists zero band gap for the freestanding graphene in this
rectangular cell, thus confirming that the k-points grid is large enough to ensure the

accuracy of calculations (Fig S2, Supplementary Information).

The calculated structural and electronic properties of the pristine SnO bulk [29]
agree well with the previously reported experimental [24, 35] and theoretical results
[22, 36-40] affirming the accuracy and reliability of the modeling elements employed
in this study. It is to be noted that the heterostructures with a noticeable lattice
mismatch have been predicted to have novel properties such as

phosphorene/graphene [17] and WSe,/graphene [41].

3.0 Results and discussions
3.1 Structural properties:

The geometrical configurations of the vertically-stacked heterostructures, namely
SnO/graphene/SnO and graphene/SnO/graphene are shown in Fig. 1. Following the
stacking nomenclature of graphite, the ABA-stacked configuration is composed of the
AB-stacked bilayers displaying mirror symmetry relative to the central layer. The
AAA-stacked configuration is composed of the AA-stacked bilayers on both side of
the central layer. And the ABC-stacked configuration is composed of the AB-stacked
bilayer on one side and the AA-stacked bilayer on the other side of the central layer.

Initially, the registry index RI method [42] was employed to search the lowest energy
5



Physical Chemistry Chemical Physics

configurations for SnO/graphene bilayer as discussed in our previous work [29]. The
results of the bilayer structures were then used to construct the trilayer configurations
as shown in Figure 1. The total energy of the trilayer configuration was calculated
with respect to displacement of the graphene layer. The ABA-stacked trilayer is found
to be the energetically preferred configuration as displayed in Figure S2

(Supplementary Information).

/
g

Jd

i
il

(

AA stacked AAA stacked

Figure 1. The stacking configurations of SnO/graphene heterostructures considered.
Color code: C: small brown sphere, Sn: large grey sphere and O: small red sphere.

Table 1 lists the calculated structural properties and the band gap of
SnO/graphene heterostructures. Not surprisingly, the ABA-stacked configuration is
more energetically stable for the SnO/graphene/SnO and graphene/SnO/graphene

heterostructures. In the ABA-stacked configuration with the mirror symmetry, the
6
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interlayer distances are very similar: =3.46 A for SnO/graphene/SnO and =3.42 A for
graphene/SnO/graphene. In the AAA-stacked configuration, the interlayer distance is
~3.48 A, very close to the interlayer distance of 3.47 A calculated for the AA-stacked
bilayer [23]. While in the ABC stacked mode, the interlayer space is 3.42 A on the
‘AB-stacked’ side and 3.45 A on the ‘BC-stacked’ side. This is similar to what has
been calculated for the constituent bilayers: 3.42 A for AB-stacked and 3.47 A for the
AA-stacked bilayers. The intralayer bond distances, Rgy.0 and Re.¢, are calculated to
be 2.35 (2.24) A and 1.42 (1.41) A in x- (y-) direction, respectively. Note that bulk
SnO has a tetragonal PbO layered structure with the interlayer distance of 2.48 A [23].

The DFT results show that the heterostructures follow the trend in stability as
predicted for the bilayers [23] with ABA-stacked heterostructure being energetically
preferred. Additionally, the binding energy of a heterostructure is slightly higher than
the sum of binding energies of the constituent bilayers suggesting that the stable
oxide/graphene  heterostructures can be fabricated. A comparison of
SnO/graphene/SnO and graphene/SnO/graphene heterostructures within the same
stacking mode finds the latter heterostructure to have a smaller binding energy. This is
due to the fact that the SnO monolayer owns a certain thickness which enlarges the
distance between two graphene layers thus reducing contributions from the interlayer
interactions. For example, the calculated distance between two graphene layers in
ABA-stacked graphene/SnO/graphene is 9.1 A while distance between the oxide
layers in ABA-stacked SnO/graphene/SnO is 6.9 A.
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Table 1. Calculated binding energy (Epinding), interlayer spacing (dinterlayer) and band

gap (Eg,p) of SnO/graphene heterostructures.

Stacking Ebinding / unit cell  dinerlayer Egap
Heterostructure
configuration (eV) (A) (meV)
SnO/graphene AB 0.484 342 8
SnO/graphene AA 0.460 3.47 -
SnO/graphene/SnO ABA 0.993 346,345 115
SnO/graphene/SnO ABC 0.987 342,345 34
SnO/graphene/SnO AAA 0.955 348,347 58
graphene/SnO/graphene ABA 0.969 342,343 45
graphene/SnO/graphene ABC 0.983 342,345 7
graphene/SnO/graphene AAA 0.925 348,347 68

3.2 Electronic properties

To simulate SnO/graphene/SnO trilayer, we have employed rectangular unit cell

containing 12 carbon atoms for which the high-symmetric points are indicated by X,

Y and S points in the first Brillouin zone (BZ) (Fig S2, Supplementary Information).

In this k-point setup, the band structure of free-standing graphene (Fig. 2(a)) is

displayed showing that the Dirac point of free-standing graphene is located at the T’

for the rectangular 12-atom unit cell. Figs. 2(b), 2(c) and 2(d) displays the band

structures of the energetically preferred configurations of the SnO/graphene/SnO and

graphene/SnO/. The high symmetry points in the first BZ of the rectangular supercell

are shown in the inset of Fig 2(a).
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Figure 2. Calculated band structures of (a) free-standing graphene and (b) ABA
stacking SnO/graphene/SnO heterostructure (c) zoom-in band structures around I'
indicated by the blue dash line box in 2 (b), and (d) graphene/SnO/graphene
heterostructure.

In the ABA-stacked SnO/graphene/SnO heterostructure, a noticeable finite band
gap of 115 meV is opened up in graphene which is about two times of that predicted
for the ABA-stacked BN/graphene/BN heterostructure [30]. Note that calculations
using the hybrid functional HSEQ06 yieldthe band gap to be 240 meV. Such a large gap
opening is mainly due to interaction between the oxide layers and graphene which
breaks the equivalence in carbon sublattice of graphene. This unequal interaction is
clearly illustrated by the partial charge density plots displayed in Fig. 3 (a).

In Fig. 3 (a), the partial charge density is plotted in the energy range from -1 eV
to 0 ¢V (i.e. Fermi energy) and the isosurface in the 3D plot is 0.02 ¢/A °. Slice 1, 2, 3
are the 2D views sliced at the positions of different carbon atoms indicated in the 3D

partial charge density plot. From 2D view of the slices, we can clearly see that C

9
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atoms which are beneath Sn atoms (slice 1) interact more strongly than the other C
atoms (slice 2, 3), and the interaction is enhanced by the presence of the
mirror-symmetric oxide layer. Likewise, the charge density difference plots shown in
Fig. S3 (Supplementary Information) confirm the presence of interaction between
graphene and the oxide monolayer.

In contrast, a loss of mirror-symmetric layer for the ABC-stacked heterostructure
leads to a smaller degree of interaction yielding the gap opening of =34 meV. This is
also the case with the graphene/SnO/graphene heterostructure for which absence of a
mirror-symmetric layer in the ABC-stacked configuration leads to a smaller degree of
C-Sn atomic interaction yielding a negligible gap opening of ~7 meV (Table 1).

The extent of the interlayer interaction in the heterostructures can also be seen in
the electron localization function (ELF) plots given in Fig. 3 (b). For the ABA-stacked
SnO/graphene/SnO heterostructure, deformation of the Sn atom’s lone pair sphere
facing C atom is mainly due to a higher degree of the interlayer interaction in the
heterostructure. Note that the ELF sphere is associated with the lone pair formed by

Sn (5p,) and Sn (5s)-O(2p,) orbitals at the oxide monolayer surface [22].

10
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Figure 3. ABA-stacked SnO/graphene/SnO heterostructure: (a) the partial charge
density plots in the energy range from -1 eV to O (i.e. Fermi energy) with the
iso-surface of 0.02 ¢/A °. 2D slices indicated by the black, red and blue lines are also
plotted. (b) ELF with the isosurface value of 0.8.

To determine the sensitivity of our results on the functional forms describing vdW
interactions, we perform a limited set of calculations using optB88-vdW functional
form [43-46]. The results show that stability and opening of the band gap do not
sensitively depend on the way we describe vdW interactions in these trilayer

configurations (Tables. S1 and S2, Supplementary Information).

3.3 Effect of the tensile/compressive strain applied to heterostructures.

To affirm the fact that the interaction between the oxide monolayer and graphene
in the heterostructure is the cause of opening of the graphene’s band gap, additional
calculations were performed on the heterostructures applying the perpendicular strain

ranging from -10% to +10%. The results are shown in Fig. 4 (a). Interestingly, the

11
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graphene’s band gap increases to 140 meV for the compressive strain of 8% (i.e.
dinterlayer=3-16 A). On the other hand, application of the perpendicular tensile strain of
about 9% (i.€. dinterlayer=3.78 A) yields the band gap of 74 meV suggesting the reduced
degree of interaction between the oxide monolayer and graphene.

The orbital projected band structures shown in Fig. 4 (b)~(d) for the case of the
perpendicular compressive strain of 8% find lifting of degeneracy in the conduction
levels of graphene. The lone pair at the SnO monolayer surface formed by Sn (5p,)
and Sn (5s)-O(2p,) orbitals [22] overlaps with C (2p,) orbitals and induces a strong

interaction between the two layers in the heterostructure.
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Figure 4. ABA-stacked SnO/graphene/SnO heterostructure: (a) calculated band gap of
graphene as a function of strain applied perpendicular to the heterostructure. (b), (c)
and (d) the projected band structures around " associated with the perpendicular strain
of 0%, -4.3% and -8.7%. In (b), (c) and (d), the red, blue, yellow and green lines show
the orbital projected C_p,, O_p,, Sn_s and Sn_p, bands, respectively

3.3 Effect of the external electric field on the heterostructures

The electric field is applied vertically along the stacked direction of the

12
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heterostructure. Fig. 5 (a) displays variation in the band gap with the applied electric
field for the ABA-stacked heterostructures. Remarkably, the band gap is found to be
independent of the electric field up to 3 X 10° V/m for SnO/graphene/SnO
heterostructure. It should be pointed out that the electric field at the order of ~10° V/m
is within the range of the fabricated devices. In contrast, although a band gap is
induced in graphene trilayer by applying electric field, it is not stable; the band gap
opens up to its maxima at the electric field of 0.5X 10’ V/m and then begins to close
with the increase in the electric field [47, 48]. A similar results has also been seen for
the graphene/BN/graphene heterostructure where opening of the band gap of graphene

is only 57 meV for the electric field of 1 X 10° V/m [30].
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Figure 5: ABA-stacked SnO/graphene heterostructures: (a) calculated band gap as a
function of the applied electric field. (b) Planar average electrostatic potential along
the z-direction. Color code: Black line, E7=0 and red dot line. Er=4X 10’ V/m. (c)
Projected band structure around I' at Ez=4X10° V/m for SnO/graphene/SnO. (d)
Projected band structure around I at Eg= 1X 10° V/m for graphene/SnO/graphene. In
(c) and (d), the red, blue, yellow and green lines stand for the orbital projected C p,,
O _p,, Sn_s and Sn_p, bands, respectively
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Our calculations find that application of an external electric field from bottom to
top leads to upward shift of VBM of top SnO layer, while lowering that of the bottom
SnO layer in SnO/graphene/SnO. The middle graphene layer appears to be relatively
unaffected. However, when the electric field becomes larger than 3 X 10° V/m, VBM
of top SnO layer is higher than that of graphene’s, yielding the gap to be between
VBM of top SnO layer and CBM of graphene layer (Fig. 5 (c)). A further increase of
the electric field then induces decrease in the heterostructure’s band gap due to the
stark effect till the band gap closes for the electric field of ~5X 10° V/m (Fig. 5(a)).

To further understand this robustness of the band gap under such a high electric
field, the planar average electrostatic potential is plotted in Fig. 5 (b). We find that a
wide barrier of the outer oxide layers is essentially shield graphene. This is not the
case with the graphene/SnO/graphene heterostructure for which the outer graphene
layers are directly exposed to the external electric field thereby closing the gap. The
Dirac point of graphene on the higher potential side goes below Fermi level while the
Dirac point of the other graphene layer goes above Fermi level as shown in Fig. 5 (d)
and overlap of Dirac cones yields nearly zero band gap under the external electric
field.

Additional calculations have been carried out to illustrate the influence of SnO
substrate’s thickness on the electronic properties of the heterostructure. For the
ABAA-stacked structure consisted of SnO monolayer/graphene/SnO bilayer and
ABAAA- stacked structure consisted of SnO monolayer/ graphene/ SnO trilayer, the
results show that top of the valence band associated with SnO layers have risen to the
Fermi level with the increase in the substrate thickness. Consequently, the band gap is
closed in graphene/oxide heterostructures with a thicker SnO substrate which will

result in an Ohmic conductivity of the device (Fig S4, Supplementary Information)

3.4 Electronic transport properties
Next, we calculate the I-V characteristics of the SnO/graphene heterostructure
using the scanning tunneling microscope (STM) setup [29]. The tunneling current

from the sample to the tip is obtained using the Tersoff and Hamann approximation

14
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[49] taking account of the effect of thermally excited electrons as proposed by He et
al. [50]. We define the bias to be positive when the sample is connected to a positive
potential and electrons tunnel from the tip to the sample. The tip is considered to be
separated from the sample by a vacuum barrier width of 5 A, mimicking a
non-bonded tip configuration for the STM measurements. It is to be noted that the
tunneling current depends exponentially on the separation of the tip to sample.
Therefore, the choice of tip-sample separation will determine the magnitude of the
tunneling current, but should not affect the predicted trend for the assembled
monolayers considered. In calculations, a finite Auj; cluster with the icosahedral
shape was used to simulate the tip, and the tunneling current is essentially an
integration of the convolution of density of states (DOS) of the tip and sample, and
will depend on the valence and conduction states near the Fermi level of a given

heterostructure.

Fig. 6 (a) displays a comparison of the I-V characteristics of the SnO/graphene
heterostructures. The inset is the zoomed figure in the red rectangular box showing
that the graphene/SnO/graphene heterostructure behaves like a good conductor. This
is caused by the nearly zero band gap of graphene, thus the electron tunneling
between the tip and the top graphene layer occurs at a very small bias field. While for
the other two heterostructures (i.e. SnO/graphene and SnO/graphene/Sn0O), since the
electron tunnels between the tip and the top SnO layer, the I-V characteristics show
diode-like characteristics due to the band gap of the SnO monolayer. We also notice
that the breakdown voltage of SnO/graphene/SnO is lower than that of the
SnO/graphene bilayer. This is due to fact that the Schottky barrier of the trilayer is

about 0.1 eV lower relative to that in the bilayer.
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Figure 6: Calculated I-V characteristics of SnO/graphene heterostructures.

The topology of the heterostructures can be characterized by the simulated STM
images and (14x18) A” images of SnO/graphene heterostructures are displayed in Fig.
7 obtained in the constant height mode with the tip distance of 3 A. For
SnO/graphene/SnO, the top Sn atoms are associated with the bright regions whereas

the top carbon rings in graphene/SnO/graphene are clearly seen.
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Figure 7. Calculated (constant height) STM images of (a) SnO/graphene/SnO and (b)
graphene/SnO/graphene.
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4.0 Summary

First principles calculations based on density functional theory were performed
on the SnO/graphene heterostructures to investigate the possibility of opening up of
graphene’s band gap. The results show the presence of a noticeable interaction
between the oxide monolayer and graphene opening up a noticeable gap in the
SnO/graphene/SnO heterostructure. Moreover, the outer oxide layers appear to shield
graphene from the external electric field yielding robustness in graphene’s band gap.
The diode-like I-V characteristics are predicted for SnO/graphene/SnO, though
graphene/SnO/graphene exhibits metallic characteristics. The STM images display

characteristics topological images for SnO/graphene heterostructures.
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S1: Brillouin zone of rectangular 12-atom unit cell

The position of the Dirac point depends on how we choose the shape or size of
the supercell for calculations. In our work, we have used rectangular 12-atom unit
cell for the SnO/graphene/SnO trilayer.

Figure S1 displays graphene’s first Brillouin zone of the Wigner-Seitz 2-atom unit
cell (shaded area), rectangular 4-atom unit cell (large black) and rectangular 12-atom
unit cell (small red). As discussed in Suzuki’s paper (2017, J of Modern Physics, 8,
607-621), the K and K’ points of the Wigner-Seitz 2-atom unit cell are folded to Q and
P points for the rectangular 4-atom unit cell. In our calculation, we used a unit cell 3
times of the 4-atom unit cell in Y direction (Figure S2(a)) which will reduce the b,
vector to 13 in the reciprocal space while keeping b; vector the same (show in
Figure S1(b), red rectangular). The P and Q-points of the rectangular 4-atom unit cell
are now folded to I' point, while the Y’ point is folded to Y point, the W point is
folded to S point and the X point remains the same.

Figure S1 (a) The unit cell of graphene consisted of rectangular 4-atom unit cell (black
line) and rectangular 12-atom unit cell (red dash line, this work) (b) The first Brillouin
zone of the Wigner-Seitz 2-atom unit cell (shaded area), rectangular 4-atom unit cell
(large black) [1]and rectangular 12-atom unit cell (small red). The high-symmetric
points within the rectangular unit cell are indicated by, X, Y, W and S within the
reciprocal lattice plane.

Page 42 of 51



Page 43 of 51

Physical Chemistry Chemical Physics

S2: Potential energy surface of the SnO/graphene/SnO
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Figure S2. Calculated energy surface of shifting the graphene layer in the
SnO/graphene/SnO trilayer configurations. Ax, Ay represent the displacement with
respect to the ABA-stacked configuration.

$3. Charge density difference of ABA -stacked SnO/graphene/SnO tri-layer
The charge density difference is derived using the following formula:
ACHG = CHG_total — (CHG_topSnO + CHG_graphene + CHG_bottom_SnO).

I”

Here, “total” is the tri-layer structure, “top_SnO” is the top SnO monolayer,
“graphene” is the middle layer and “bottom_SnO” indicates the bottom SnO
monolayer.

The charge density difference is mainly due to the shape deformation of electron
clouds which belong to different layers at the interface. Note that the contact in the
trilayer configuration is a semiconductor-graphene contact. So, unlike the
metal-graphene contact in the reference [2], there exists no extra unoccupied
orbitals below the Fermi level of the heterostructure leading to absence of the
p-doping at the interface.

Fig. S3 (b) shows the planar average charge density difference along the z-

direction indicating occurrence of the charge space distribution variation compare
3
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with the original SnO layers and graphene. A side- view of charge density difference
plot in Fig. S3 (c) depicts this charge density difference in a more intuitive way: the
blue regions around C atoms indicate reduction of electrons to the adjacent Sn atoms
which are surrounded by the yellow regions. Asymmetry in the charge transfer is
shown in the top view of charge density difference in Fig. S3 (c): a higher degree of
the charge reduction around carbon atoms which are adjacent to Sn atoms with
respect to carbon atoms which are far away from Sn atoms. This asymmetric charge
distribution variation in the carbon sublattices introduces the finite band gap in

graphene sandwiched between the oxide monolayers.

41
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Figure S3. ABA-stacked SnO/graphene/SnO heterostructure: (a) The profile of the
planar average charge density difference as a function of position along the
z-direction. (b) side and (c) top views of the charge density difference with the
isosurface value of 0.0014 e/A>. The yellow and blue colors represent electron-rich
and electron deficient regions, respectively. Color code: C: small brown sphere, Sn:
large grey sphere and O: small red sphere.
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S4. Comparison of results obtained using PBE-D2 and optB88-vdW functional forms

Note that both PBE-D2 and optB88-vdW level of theory provide similar results
(Table S1). The band gap difference between the PBE-D2 and optB88-vdW functional
forms comes out to be about 3~4 meV (Table S2). On the other hand, a larger gap is
predicted for the HSE functional form, as expected.

Table S1 Total energy of SnO/graphene/SnO trilayer calculated using optB88-vdW and
PBE-D2 functional forms.

Stacking Configuration Relative Energy (eV)
PBE-D2 optB88-vdW

ABA 0 0
ABC 0.005 0.003
AAA 0.035 0.016

Table S2. Calculated band gaps of the ABA-stacked SnO/graphene/SnO tri-layer for
the PBE-D2 optimized trilayer configuration.

Functional Band gap (eV)
form

PBE-D2 0.115eV
optB88-vdW 0.111 eV

HSEO6 0.240 eV
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S5. Calculated band structures of SnO monolayer and SnO Bulk
The calculated band structure of a SnO monolayer is distinctly different from
that of SnO bulk (Figure S4). A large direct band gap is predicted for SnO monolayer

while a very small indirect band gap exists for SnO bulk [3, 4]. We also notice that

the valence bands of SnO monolayer are much flatter that of bulk SnO.

(a) (b)
4 4
2t S 2+
rg’_ _____ X
S =
2 )
2 2 E
-4 -4
X r S X r S

Figure S4: Calculated (PBE-D2) band structures of (a) SnO monolayer, and (b) SnO
bulk.
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$6. Multilayer heterostructures : ABAA- stacked SnO/graphene/SnO-bilayer and
ABAAA-stacked SnO/graphene/SnO-trilayer heterostructures

As shown in Figure S5, top of the valence band associated with SnO layers has risen
to the Fermi level with the increase of the substrate thickness. Consequently, the
band gap is closed in graphene/oxide heterostructures with a thicker SnO substrate

which will result in an Ohmic conductivity in the heterostructure.

(a) SnO/graphene/SnO-bilayer (b) snO/graphene/SnO-trilayer

Figure S5: Calculated (PBE-D2) band structures of (a) ABAA
SnO/graphene/Sn0O-bilayer and ABAAA SnO/graphene/SnO-trilayer heterostructures.
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S7. Structure of the ABA and AAA stacked SnO/graphene/SnO trilayer

AAA cif:

# CRYSTAL DATA

ET

data_VESTA_phase_1

_pd_phase_name

_cell_length_a

_cell_length_b

_cell_length_c

_cell_angle_alpha

_cell_angle_beta

_cell_angle_gamma
_symmetry_space_group_name_H-M

_symmetry_Int_Tables_number

loop_
_symmetry_equiv_pos_as_xyz

1 1
X, ¥z

loop_
_atom_site_label
_atom_site_occupancy
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_adp_type
_atom_site_B_iso_or_equiv

_atom_site_type_symbol

Snl 1.0 0.618792
Sn2 1.0 0.119215
Sn3 1.0 0.618547
Sn4 1.0 0.119345
Sn5 1.0 0.617509
Sné 1.0 0.116944
Sn7 1.0 0.617113
Sn8 1.0 0.116657

'hetero
4.23948
7.37038
30.00000

90
90
90

|P 1|

0.000190
0.249696
0.500202
0.750700
0.001034
0.250309
0.501053
0.751763

0.298922
0.222843
0.298430
0.222844
0.529313
0.605457
0.529905
0.605464

Biso
Biso
Biso
Biso
Biso
Biso
Biso

Biso

1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
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o1 1.0 0.118180 0.000221 0.265403 Biso 1.000000 O
02 1.0 0.618204 0.249957 0.256335 Biso 1.000000 O
03 1.0 0.118216 0.500223 0.265025 Biso 1.000000 O
04 1.0 0.618234 0.750466 0.256337 Biso 1.000000 O
05 1.0 0.116606 0.001026 0.562811 Biso 1.000000 O
06 1.0 0.616504 0.250591 0.571955 Biso 1.000000 O
o7 1.0 0.116604 0.501023 0.563381 Biso 1.000000 O
08 1.0 0.616459 0.751488 0.571978 Biso 1.000000 O
C1 1.0 0.209002 0.500151 0.413824 Biso 1.000000 C
C2 1.0 0.544077 0.500176 0.413844 Biso 1.000000 C
Cc3 1.0 0.709984 0.666563 0.413851 Biso 1.000000 C
c4 1.0 0.043050 0.666555 0.413851 Biso 1.000000 C
C5 1.0 0.210017 0.166334 0.413930 Biso 1.000000 C
cé 1.0 0.543017 0.166366 0.413933 Biso 1.000000 C
Cc7 1.0 0.709978 0.333780 0.413886 Biso 1.000000 C
Cc8 1.0 0.043006 0.333752 0.413878 Biso 1.000000 C
Cc9 1.0 0.210026 0.833984 0.413899 Biso 1.000000 C
C10 1.0 0.543037 0.833982 0.413902 Biso 1.000000 C
Ci1 1.0 0.708993 0.000174 0.413920 Biso 1.000000 C
C12 1.0 0.044096 0.000162 0.413918 Biso 1.000000 C
ABA cif:

# CRYSTAL DATA

ET

data_VESTA_phase_1

_pd_phase_name 'hetero
_cell_length_a 4.23948
_cell_length_b 7.37038
_cell_length_c 30.00000
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 90
_symmetry_space_group_name_H-M P11

_symmetry_Int_Tables_number 1



loop_

Physical Chemistry Chemical Physics

_symmetry_equiv_pos_as_xyz

1 1
X, ¥z

loop_

_atom_site_label

_atom_site_occupancy

_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z

_atom_site_adp_type

_atom_site_B_iso_or_equiv

_atom_site_type_symbol

Snl
Sn2
Sn3
Sn4
Sn5
Sn6
Sn7
Sn8
01
02
03
04
05
06
o7
08
C1
Cc2
c3
ca
c5
c6
Cc7
c8
Cc9
Cc10
Cl1
C12

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.618792
0.119215
0.618547
0.119345
0.617509
0.116944
0.617113
0.116657
0.118180
0.618204
0.118216
0.618234
0.116606
0.616504
0.116604
0.616459
0.959002
0.294077
0.459984
0.793050
0.960017
0.293017
0.459978
0.793006
0.960026
0.293037
0.458993
0.794096

0.000190
0.249696
0.500202
0.750700
0.001034
0.250309
0.501053
0.751763
0.000221
0.249957
0.500223
0.750466
0.001026
0.250591
0.501023
0.751488
0.000151
0.000176
0.166563
0.166555
0.666334
0.666366
0.833780
0.833752
0.333984
0.333982
0.500174
0.500162

0.298922
0.222843
0.298430
0.222844
0.529313
0.605457
0.529905
0.605464
0.265403
0.256335
0.265025
0.256337
0.562811
0.571955
0.563381
0.571978
0.413824
0.413844
0.413851
0.413851
0.413930
0.413933
0.413886
0.413878
0.413899
0.413902
0.413920
0.413918

Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso
Biso

Biso

1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 Sn
1.000000 O
1.000000 O
1.000000 O
1.000000 O
1.000000 O
1.000000 O
1.000000 O
1.000000 O
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
1.000000 C
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