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Recent findings of group-V nanosheets provide new building units for van der Waals hetero-nanostructures.
Based on first-principles calculation, we investigate the structural and electronic properties of bilayer hetero-
sheets composed of group-V (arsenene/antimonene) and group-IV (graphene/silicene) layers. These hetero-
sheets exhibit typical van der Waals features with small binding energies and soft interlayer elastic constants.
In the hetero-sheets, the Dirac characteristics of the group-IV layer and the semiconducting feature of the
group-V one are well preserved, which causes a Schottky contact at the metal-semiconductor interface.
The Schottky barriers are always p-type in the Si-based hetero-sheets, whereas in the C-based ones, the
interfacial feature is sensitive to the interlayer distance. A tensile strain would induce a p-type-to-n-type
Schottky barrier transition for the As—C hetero-sheet, while a compressive strain can cause a Schottky-to-
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ohmic contact transition in the Sb—C one. Moreover, due to the inhomogeneous charge redistribution,
a sizeable band gap is opened at the Dirac point of the Sb-Si hetero-sheet, which could be linearly
modulated by perpendicular strains around the equilibrium site. The versatile electronic structures and
tunable interfacial properties enable the group-V—-group-IV hetero-bilayer structures to have many potential
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1 Introduction

Since the discovery of phosphorene, two-dimensional (2D) group-V
nanosheets have received substantial scientific attention from
physicists, chemists, and materials scientists."® By similar
approaches as for graphene, few-layered P nanosheets have
been fabricated from black phosphorus by mechanical and
liquid exfoliation.””*° This black-P sheet is a puckered hexagonal
lattice, in which P zigzag lines are alternated up and down in the
z direction.*® The structural anisotropy brings some unusual
properties to the black-P sheet, such as anisotropic mechanical
characteristics with a negative Poisson’s ratio,"*™** orientation-
dependent carrier mobilities and thermal transport properties.'®>!
Besides the black-P sheets, theoretical studies also predict that
there are several possible buckled conformations co-existing

“ Department of Physics, Center for Optoelectronics Materials and Devices,
Zhejiang Sci-Tech University, Xiasha College Park, Hangzhou, Zhejiang 310018,
People’s Republic of China. E-mail: wangyanli-04@tsinghua.org.cn
b Department of Physics, Hangzhou Normal University, Hangzhou, Zhejiang 310036,
People’s Republic of China. E-mail: dingyi2001@tsinghua.org.cn
t Electronic supplementary information (ESI) available: (Fig. S1) The atomic
structures and band structures of As(3,1)-C(3,3) and Sb(5,0)-Si(4,2) hetero-
sheets, (Fig. S2) The partial charge densities of the valence band and conduction
band states at the Dirac point of the Sb-Si hetero-sheet, (Fig. S3) the height
distributions of atoms at the interface of As/Sb-C/Si hetero-sheets, (Fig. S4) the
minimum and maximum values of the interlayer distances in the As/Sb-C/Si
hetero-sheets, and (Table S1) the relative energies for the top, hollow, and bridge
site conformations of As/Sb-C/Si hetero-sheets. See DOI: 10.1039/c5cp04815j

This journal is © the Owner Societies 2015
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for phosphorene.*”>> Among them, the blue-P sheet, a chair-
buckled honeycomb akin to silicene, is an energetically near-
degenerate allotrope of the black-P one.”*' Very recently, this
chair-like buckled structure has been identified as the ground
state for arsenene and antimonene (As and Sb) nanosheets.*>™*°
For these As and Sb nanosheets, the corresponding parent bulk
materials, i.e. the layered grey arsenic and antimony analogues,
exist in reality.”’ Experimentally, ultra-thin Sb films, which are
composed of multi-layered Sb sheets, have already been prepared.*?
Thus, it is expected that monolayer and few-layered arsenene and
antimonene nanosheets could be synthesized as other 2D nano-
materials.**™** Akin to phosphorene, theoretical calculations show
that these As and Sb nanosheets are also semiconductors with
tunable band gaps.**3*3¢*7

As the new member of 2D nanomaterial, semiconducting
group-V nanosheets provide new building units for van der Waals
hetero-nanostructures.*®*” In experiments, phosphorene-MoS,,
phosphorene-TiO,, phosphorene-BN and phosphorene-graphene
hetero-bilayer structures have already been synthesized.** > It shows
that the P sheet can form a type-II heterojunction with the MoS,
sheet, which will be a highly efficient nanomaterial for solar
energy.”"** For the phosphorene-graphene hetero-sheet, it possesses
an intrinsic Schottky contact at the P-C interface, and the Schottky
barrier can be modulated by strains and electric fields.>*™®
Motivated by this progress, it is natural to explore hetero-systems
composed of arsenene/antimonene and graphene/silicene sheets.
Could they form stable van der Waals hetero-bilayer structures?
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Do they possess unique electronic properties? How can we
tailor their properties? To address these issues, we perform a
comprehensive first-principles investigation on the structures
and properties of As-C, Sb-C, As-Si, and Sb-Si hetero-sheets.

2 Methods

The first-principles calculations are performed using the VASP code
with the Perdew-Burke-Ernzerhof (PBE) projector augmented wave
pseudopotentials.>”*® Plane-wave basis sets with a cutoff energy of
500 eV are used, and the Grimme-D3 correction (DFT + D3) method
is adopted for the dispersion correction in the hetero-bilayer
structures.>>*® To avoid the spurious interaction between replicas,
a vacuum layer of about 15 A is adopted in the calculations. For
pristine C, Si, As, and Sb sheets, a 15 x 15 X 1 k-mesh is used to
fully relax the lattice constants. The obtained results are shown in
Fig. 1, which shows the lattice constants a are 2.47, 3.85, 3.57 and
4.06 A for C, Si, As, and Sb sheets, and the buckling heights are 0,
0.47, 1.40, and 1.66 A, respectively. These DFT + D3 results agree
well with previous data.***?*

Due to the various lattice constants, two layers in the hetero-
sheets will have different orientations to form a proper super-
cell to match each other. Here, following the symmetry of the
lattice, the periodical lattices of the As (Sb) layers are set as
a=ma, +na,,a’ = —na; + (m + nja, (|a;| = |ay| = a,). For the C (Si)
layers, they are b = pb, + gb,, b’ = —gb, + (p + q)b, (|bs| = |by| = by).
The lattice mismatch between two different layers is

’ao\/m2 +n? +mn — bo\/p* + ¢* +pq‘

(aoV/m? 02+ mn + bo /9 + ¢ + pq) /2

A=

and the rotation angle 0 between them is®

0 = arccos mp +ng + (mq + np)/2
V2 2+ mn x \/p? + ¢* + pq

(b) Silicene (c)

Fig. 1
the periodical lattice in the honeycomb sheet.
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The parameter space of (m,n)-(p,q) is scanned to seek out
commensurable supercells that satisfy 4 < 1%. Owing to the
computational constraints, supercells with the minimum total

atom number (N =2x (\/m2 +n? + mn + \/P2 +q? +PQ)> are

used in the calculations. For all the hetero-bilayer systems, the
dipole correction is applied in the calculations. It is found that the
total energy change is about 0.1 eV per supercell without the dipole
correction. During structural relaxation, all the atomic coordinates
of the supercells are fully optimized until the maximum residual
force is less than 0.01 eV A~

3 Results and discussion

The group-V-group-IV hetero-sheet is a bilayer structure, which
is composed of an As/Sb layer and a C/Si layer. The optimized
results of (m,n)-(p,q) for As/Sb-C/Si hetero-sheets are listed in
Table 1, which are (3,0)(3,2) for As-C, (5,1)-(3,3) for As-Si,
(2,1)-(3,2) for Sb-C, and (3,2)-(4,1) for the Sb-Si ones. The
corresponding lattice mismatch 4, rotation angle 6, and total
atom number N are also provided in Table 1. The non-zero value of
0 suggests the moiré pattern will appear in these bilayer systems.
For each hetero-sheet, three possible conformations have been
considered, in which the upper As/Sb atom at the origin is located
at the top, hollow, or bridge site of the lower C/Si layer. The relative
energies of the top, hollow, and bridge site conformations are listed
in Table S1 of the ESI.T It shows that in the As/Sb-C hetero-sheets,
the total energy of the hollow site conformation is about 1-6 meV
lower than the other conformations, and the energy differences are
increased to 5-25 meV in the Sb-Si hetero-sheet. While for the
As-Si one, the bridge site conformation has a lower energy than the
hollow and top ones by about 3 and 14 meV, respectively. Thus,
the As-Si hetero-sheet prefers the bridge site conformation, while
the other three hetero-sheets favour the hollow site one as depicted
in Fig. 2(a)-(d). These stable conformations are used as the
representatives of As/Sb—C/Si hetero-sheets hereafter.

(1,0) 1(2,0) 1(3,0) |(4,0)

32 (0,1) 1(1,1) 1(2,1) I(3.,1) I(4.1)

0,2) [(1,2) 2,2) |(3,2) |(4,2)
(0,3) 1(1,3) 1(2,3) 1(3,3) [(4,3)
(e) 0,4) [(1,4) |(2.4) |(3,4) [(4.4)
O 0O
O N ” N N
3574 o__ei*o
N7 0 9 09
o O Q.

Antimonene

(a—d) The structures of graphene (C), silicene (Si), arsenene (As) and antimonene (Sb) nanosheets. (e) The representation (m,n) (or (p.q)) stands for
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Table 1 The structural parameters of the group-V-group-IV hetero-
sheets. (m,n) and (p,q) stand for the periodical lattice of As/Sb and C/Si
layers, respectively. a is the lattice length of supercell for As/Sb-C/Si
hetero-sheets. 4 and 0 are the lattice mismatch and rotation angle
between As/Sb and C/Si layers. N, h, and E are the total atom number,
interlayer distance, and binding energy of the hetero-sheets. Since the in-
plane coordinates are not identical in the two layers, the interlayer distance
h is calculated as the difference between the average heights of atoms at
the interface in the upper and bottom layers of hetero-sheets. The
corresponding height distribution of interfacial atoms in the hetero-
sheets and the maximum/minimum values of interlayer distance are
depicted in Fig. S3 and S4 of the ESI

mn) (pg) ad) N A4(%) 0() h(A) E(mevA?

(
As-C (3,00 (3,2) 10.72 56 0.53 234 3.60 —15.6
As-si (5,1) (3,3) 19.89 116 0.64 21.1 3.01 —25.3
Sb-C (2,1) (3,2) 1075 52 0.23 43 351 —15.1
Sb-Si (3,2) (4,1) 1771 80 0.31 125 2.98 —26.1

To determine the stability of the hetero-sheets, the binding
energies are calculated using Ep, = Enetero — Eas/sb — Ec/si, Where
Ehetero 15 the total energy of the As/Sb-C/Si hetero-sheet, Eagsp
and Ec/s; are the energies of the isolated As/Sb and C/Si mono-
layer sheets, respectively. Fig. 1(e) and (f) plot the variation of
binding energies versus the interlayer distances (%) for the
As/Sb-C/Si hetero-sheets. It shows that the minimum binding
energies of As-C and Sb-C are —15.6 and —15.1 meV A™> at
h=3.60 and 3.51 A, and they are —25.3 and —26.1 meV A~ for
As-Si and Sb-Si at & = 3.01 and 2.98 A, respectively. All these
values of E;, are comparable to that of the bilayer graphene
(—18.6 meV A™2 by our DFT + D3 calculation), which suggests

Sb(3,2)-Si(4,1)
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that the As/Sb-C/Si hetero-sheets are typical van der Waals
systems. Besides that, since the As/Sb and C/Si sheets share the
same Cj, lattice symmetry, the interactions between two layers are
stronger than the phosphorene-based hetero-systems. Thus, the
binding energies of the As/Sb-C/Si hetero-sheets are a bit smaller
than the P-C (—9.4 meV A=2 °® and —10.4 to —7.6 meV A=2%%)
and P-MoS, (—12.7 meV A~2%?) ones. In experiments, P-C and
P-MoS, sheets have already been produced.*®**° Hence, the
favoured E}, of the As/Sb-C/Si hetero-bilayer structures indicates
the robust stability of the As/Sb-based van der Waals systems,
which will be feasible for the production in experiments.

As shown in Fig. 1(e) and (f), the E-% curves of As/Sb-C/Si
hetero-sheets exhibit specific intermolecular interaction features,
which can be fitted to an empirical potential within a Buckingham
(Exp-6) form:®?

e 6 h \°
=5 @)oo (-] - ()]

Here, the fitting parameters ¢ and &’ correspond to the depth
and site of the energy well, and o is a dimensionless quantity
representing the steepness of the repulsive part. For the As-C
hetero-sheet, a nonlinear fitting process gives ¢ = 15.5 meV A2,
K = 3.52 A, and « = 3.40, and for the As-Si one, they are
¢=25.4meVA2 K =295A, and o = 2.67. The quantities of the
Sb-C and Sb-Si hetero-sheets are similar to those of the
As-based ones as shown in Table 2. It should be noted that besides
the intermolecular features, there are no direct chemical bonds or
charge transfer between the layers. Thus, the interlayer inter-
action in the hetero-sheets will not be the covalent or ionic
bonding types. The fitted ¢ (or E}, from the first-principles) values
are in the range of physical adsorption for layered materials®* and
the 7'(h) values are also close to the interlayer distance in typical
van der Waals systems.®* These results suggest that the weak
interaction in the As/Sb-C/Si hetero-sheets is the van der Waals
type, which results in small interlayer elastic constants Cj;. Based
on the empirical analytic expression, this interlayer elastic con-
stant (Cj;) along the normal direction can be evaluated as
_ hO'E
=sarl,,
values are calculated to be 19.9 and 17.2 GPa, and for the As-Si
and Sb-Si ones, the C;; increases to 28.7 and 30.8 GPa, respec-
tively. Compared with the phosphorene-graphene hetero-sheets
(Css = 28 GPa®*) and bilayer graphene (Cs; = 38 GPa®*), the As/Sb-
Si ones show similar rigidity, while the As/Sb-C ones are much
softer. Therefore, just like other van der Waals systems, the low
values of C3; mean that the interlayer distance of the As/Sb-C/Si
hetero-sheets can be easily tailored by perpendicular strains.

Cs; %64 For the As-C and Sb-C sheets, the Ci;

Table 2 The fitted Buckingham parameters for the binding energies and
interlayer elastic constant of group-V—-group-I1V hetero-sheets

0 R 0 —t
% 3 = E i A
g E z <E’ 5t f
2 4 J’d"o:fff g 15 |
Py __i_.__._ P WRRARR®
W, w 20
——As-C 1 —— As-Si
_15 ——8b-C 25 —+— Sb-Si
3 4 5 6 7 8 9 e
(e) h (Ang) (f) h (Ang)

Fig. 2 The structures of (a) As-C, (b) Sb—C, (c) As-Si, and (d) Sb-Si
hetero-sheets. The binding energies as a function of interlayer distances
for the (e) As/Sb—C and (f) As/Sb-Si ones.
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& (mev A3 n (&) « Cs; (GPa)
As-C 15.5 3.52 3.40 19.9
As-Si 25.4 2.95 2.67 28.7
Sb-C 14.9 3.52 3.13 17.2
Sb-Si 26.2 2.94 2.75 30.8
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It should be noted that the discrepancies in 4, E, and Cs;
between As/Sb-Si and As/Sb-C systems stem from the intrinsic
difference between silicene and graphene. Graphene has a flat
plane, while silicene has a buckled structure, which is favour-
able for reducing the Pauli repulsion from the As/Sb layer. More
importantly, the Si atom has a larger polarizability than the
C atom, which causes a stronger van der Waals interaction
between the As/Sb sheet and silicene. Due to the stronger
binding strength, the As/Sb-Si hetero-sheets have smaller inter-
layer distances £, lower binding energies E,, and larger inter-
layer elastic constants Cs; than the As/Sb-C systems.

Fig. 3 displays the band structures of the As-C and Sb-C
hetero-sheets, showing the contributions from the C layer are
separated from the As/Sb ones. The Dirac cone is still kept in
the C layer and no band gap is opened at the Dirac point. The
Fermi level is across the Dirac point, indicating charge neutrality
for the C layer in the As-C and Sb-C hetero-sheets. Since there
is no charge transfer between the layers, the semiconducting
characteristics are also preserved in the As and Sb layers. The
corresponding band gaps are 1.52 and 1.16 eV for the As and Sb
ones, respectively, very close to the values (1.51 and 1.13 eV) of
the isolated arsenene and antimonene sheets. Similar to the
phosphorene-graphene hetero-bilayer structure,”>”° the semi-
metallic C layer and the semiconducting As/Sb one form a
Schottky contact at the interface. According to the Schottky-
Mott rule, the corresponding Schottky barrier height (SBH) is
determined from the energy positions of band edges in the
semiconductor and the Fermi level in the metal.®® Here the p-/
n-type SBH values are calculated from the energy differences
between the Dirac point of the C layer and the valence band
maximum (VBM)/conduction band minimum (CBM) of the
As/Sb layer. In the Sb-C sheet, as shown in Fig. 2(d), the Dirac
point is close to the top valence band of the Sb layer. The Ayj is
0.05 eV, much smaller than the Ay of 1.12 eV. Thus, it is a
typical p-type Schottky contact in the Sb-C interface. In the

E(eV)

E(eV)

Ir

(d) Sb-C

Fig. 3 The band structures of ((a) and (b)) As—C and ((c) and (d)) Sb-C
hetero-sheets. The bands projected to As/Sb and C orbitals are highlighted

by orange and cyan circles, and the size corresponds to the weight of each
species in the bands.

(c) Sb-C
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As—C one, the Ayg and Aqg are 0.71 and 0.81 eV, which also
exhibits a p-type feature for the Schottky contact. It would be
noted that previous studies have shown that when a noticeable
interaction exists in the interface, it will perturb the electronic
structure of the semiconducting part and pin the Fermi level,
which leads to the failure of the Schottky-Mott rule.®®®” While
in this work, all the As/Sb-C/Si hetero-sheets are van der Waals
bilayer systems, in which the bands of the semiconducting
layers are well preserved. Thus, akin to the case of graphene-
phosphorene,”>° the Schottky-Mott rule will also be valid in
the As/Sb-C/Si hetero-sheets.

In these As/Sb-C hetero-sheets, the SBH values can be further
modulated by the perpendicular strains, which even alter the
contact features. As shown in Fig. 4(a) and (b), when the distance
between the As/Sb and C layers is larger than 5 A, the Ayp/Acp
converges to 1.04/0.48 and 0.45/0.70 eV for the As-C and Sb-C
hetero-sheets, respectively. This suggests that the Schottky con-
tact of the Sb—C system is still p-type, but the As—C one turns out
to be n-type. Such transformation is attributed to the different
work functions (WF) of arsenene, antimonene and graphene.
The band alignment between isolated As, Sb, and C sheets are
depicted in Fig. 4(c), which shows that their WFs are 4.52, 4.12,
and 4.26 eV, respectively. Upon combining with the gap of
1.52 eV, the Dirac point of graphene will be closer to the CBM
than the VBM of arsenene. Thus, from the view of the isolated
case, the Schottky barrier would involuntarily be n-type when the
interlayer distance of the As-C sheet is large enough. As shown
in Fig. 4(a), starting from the equilibrium site, the Ayg (4¢g) is
increased (decreased) when % is increased. The conversion point
of SBH, where Avg = Acg, is about Ak = 0.1 A. Utilizing the fitted
Buckingham formula, we estimate that it corresponds to a
tensile pressure of 0.48 GPa to induce the p-type-to-n-type

Ah(Ang) Ah(Ang)
-0.4 0.0 0.4 0,8 1.2 1.6 2.0 -0.4 0.0 0.4 0.8 1.2 1.6 20
w1 "AsC] P77 T sbe
AR RSSO TeY 12 b s s a4 o e
e ACE .
_, TS 1 o8t * A ."-.....
% .. - Ag...__,..---x:... E 5 AVB *eccese
T ol ':l-'. Ag‘ +ACB- Y e e
-.,....,_LAVB
0.4' '--...-..-._ 0.0 .."'
35 4_0 45 5.0 5_‘5 35 410 4.5 5.‘0 55
(@) h(ang) (b) h(Ang)
0
35] 4.52 4.12 -4.26 4.59
S ol — | | 8
-5.04
s5] T
6.0 . . . .
As Sb G Si
(c) (d) Sb-C Ah=-0.4

Fig. 4 The variations of Schottky barriers for (a) As—C and (b) Sb-C
hetero-sheets. (c) The band alignment of band edges for isolated As, Sb,
C, and Si nanosheets, where the zero point is adopted to the vacuum level.
(d) The band structures of the Sb—C hetero-sheet under a compression
strain of Ah = —0.4 A, where the bands projected to Sb and C orbitals are
also highlighted by orange and cyan circles, and the size corresponds to
the weight of each species in the bands.
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Schottky barrier transition in the As-C hetero-sheet. For the
Sb-C one, the variation of # does not change its SBH feature,
which is always p-type as shown in Fig. 3(b). However, it would be
noted that when Ak < —0.1 A, the Ayg value becomes negative.
This means that the Dirac point of the C layer is below the VBM
of the Sb layer. As shown in Fig. 4(d), the Fermi level crosses the
valence bands of the Sb layer and the conduction bands of the
C layer. Such metallicity transforms the Schottky contact to an
ohmic contact at the Sb-C interface. Based on the fitted
Buckingham formula, we estimate that the required compres-
sive pressure is about 0.58 GPa for the Schottky-to-ohmic
transition in the Sb-C hetero-sheet.

The electronic structures of the As/Sb-Si hetero-sheets are
depicted in Fig. 5. Akin to the As/Sb-C ones, their band structures
are also a superposition of the Dirac-like properties of the Si layer
and the semiconducting character of the As/Sb layer. Due to the
special supercells of p — g = 3k (k is an integer), the Dirac point of
the Si layer is folded to the I" point. In the As-Si hetero-sheet, a
tiny band gap of 0.008 eV is opened at the Dirac point, and in the
Sb-Si one the gap is increased to 0.09 eV. Despite the small band
gaps, the As/Sb-Si hetero-sheets still possess a Schottky contact at
their interface. The Ayp/Acg values are 0.66/0.96 and 0.30/0.88 eV
for the As-Si and Sb-Si hetero-sheets, respectively, indicating
the p-type SBHs for both systems. Such p-type feature is robust
against perpendicular strains as shown in Fig. 5(c) and (d).
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Fig. 5 The band structures of ((a) and (c)) As—Si and ((b) and (d)) Sb-Si
hetero-sheets. The bands projected to As/Sb and Si orbitals are highlighted
by orange and cyan circles, and the size corresponds to the weight of each
species in the bands. The variations of Schottky barriers for (e) As—Si and
(f) Sb—Si hetero-sheets. The inset of (f) depicts the variations of the opened
band gap at the Dirac point versus the interlayer distance.
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The Ayg is always smaller than the Acp in the As/Sb-Si hetero-
sheets. When # is large, their 4y converges to 0.64 and 0.06 eV
for the As-Si and Sb-Si ones, which is consistent with the band
alignment of the isolated As, Sb, and Si cases shown in Fig. 4(c).
The p-type SBHs in hetero-sheets are related to the isolated
cases as Ayg = Ec — Eygm — AV, where Ec and Eygy are the
absolute energies of the Dirac point in graphene and the
valence band maximum (VBM) in the As/Sb layer, and AV is
the potential step formed at the interface.®” Based on the data
in Fig. 4(a) and (b), AV can be estimated to be 0.33/0.44 eV in the
As/Sb-C hetero-sheets, which are analogous in the two systems.
Thus, the SBHs are strongly dependent on the Eygy of the
semiconducting layer. Since the Eygy of the Sb layer is closer
to the E of graphene, the Sb-C hetero-sheet has a much smaller
Ay than the As-C one, which leads to a stronger p-type feature.
We have also performed additional calculations on larger super-
cells such as As(3,1)-C(3,3) and Sb(5,0)-Si(4,2) hetero-sheets,
which also satisfy the lattice mismatch constraint of less than
1%. The corresponding band structures are plotted in Fig. S1 of
the ESI, which are analogous to the ones of As(3,0)-C(3,2) and
Sb(3,2)-Si(4,1) in Fig. 3 and 5. It indicates that the obtained
electronic and interfacial properties of the hetero-sheets are
insensitive to the used (m,n)—(p,q) values of supercells.

Compared with the phosphorene-graphene (P-C) hybrid
system,>>° the p-type-to-n-type Schottky barrier transition is only
present in the As—C hetero-sheet, while other systems possess a
robust p-type feature against strains. The electronic properties of
As/Sb-C/Si hetero-sheets are more versatile than the P-C ones.
The C layer is still gapless on the As/Sb sheets, while the Si layer
opens a small band gap due to the substrate effect. Particularly, a
Schottky-to-ohmic contact transition occurs in the Sb-C hetero-
sheet, which has not been reported in the P-C system. These
distinct electronic and interfacial properties enable the As/Sb-C/
Si hetero-sheets to have many potential applications in nano-
electronics and nano-devices.

Finally, it would be noted that among the As/Sb-C/Si hetero-
sheets, only the Sb-Si one opens a sizeable band gap at the Dirac
point. In order to gain more insight into this phenomenon, the
charge density difference of the hetero-sheets is calculated,
which is defined as Ap = pretero — Pasisb — Pcssi- HET€, Phetero 1S
the total charge density of the As/Sb-C/Si hetero-sheet, paysp, and
pcssi are the charge densities of the isolated As/Sb and C/Si layers
with the same positions in the hetero-sheet. Fig. 6(a)-(d) display
the plane-integrated Ap perpendicular to the hetero-sheets. It
can be seen that there are some charge redistributions in the
interval between the two layers. For the As/Sb-C systems, such
redistributions are small as shown in Fig. 6(a) and (b), whose
peaks are only up to ~0.1 e A™*, too small to affect the Dirac-like
band structure of graphene. Whereas in the As/Sb-Si hetero-
sheets, the redistribution is remarkable, for which the maximum
of the peaks is about 1 e A, Fig. 6(c) and (d). When we integrate
the positive region in the interlayer space, the charge accumula-
tions are obtained as 0.54 and 0.60 e for the As-Si and Sb-Si
hetero-sheets, which are much larger than the values of 0.06
and 0.08 e in the As-C and As-Si ones. Obviously, the charge
redistributions are more pronounced in the As/Sb-Si sheets,
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Fig. 6 The plane-integrated change density differences for the (a) As-C,
(b) Sb—C, (c) As—Si, (d) Sb—Si hetero-sheets. The cross view on the charge
density difference of (e) As—Si and (f) Sb—Si systems.

which stem from the stronger interlayer coupling and the smaller
distance between the As/Sb and silicene layers. As a result, the
Dirac-like properties of the Si layer are significantly modified. For
the silicene one, owing to its bi-particle feature, the band gap of
the Dirac point will depend on the on-site difference between the
two sublattices.”®* In Fig. 6(c) and (d), a cross view on the charge
density difference of the As/Sb-Si systems is provided. For the As—
Si hetero-sheet, the accumulated charges are located on the top of
some Si atoms, which are evenly distributed in the supercell.
While in the Sb-Si one, the charges prefer to be accumulated on
one sublattice locally in the top right corner. The corresponding
partial charge densities of the valence band and conduction band
states at the Dirac point are depicted in Fig. S2 of the ESL It can
be seen that the two valence band states are composed of the Si p,
orbitals at the outside of hetero-sheet, while the two conduction
band states are made up of the Si p, orbitals in the inside region,
pointing towards the Sb layer. As a result, the sublattice symmetry
of silicene is broken by the Sb substrate, and the Coulomb
repulsion between the layers pushes the conduction band states
to higher energies than the valence band states, which causes the
gap opening in the Sb-Si hetero-sheet. When the interlayer
distance of Sb-Si becomes larger, the effects of charge redistribu-
tion will be weaker. Thus, the band gap is reduced under tensile
perpendicular strains on the Sb-Si hetero-sheet, for which the
zero-band-gap feature appears when 4 > 3.8 A. On the other
hand, a compressive interlayer strain will enhance the charge
redistribution effect, which increases the band gap. Around the
equilibrium site, a linear gap-strain relationship can be seen
in the range of Ak = —0.2-0.4 A. The slope, ie. deformation
potential, is about 0.2 eV A~" for the Sb-Si hetero-sheet. Combin-
ing with the fitted Buckingham formula, it suggests that the gap
of the Sb-Si hetero-sheet can be controllably varied from 145% to
55% when the pressure is in a range from the compression of
3.13 GPa to the tension of 1.44 GPa. This tunable band gap of
the Sb-Si hetero-bilayer structure enables it to be a promising
candidate as a nano-mechanical sensor.

Experimentally, the compressive pressure can be easily
generated on 2D materials by a common diamond anvil cell
method. For instance, a high pressure of up to 50-60 GPa has
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been applied to few-layered graphene, MoS,, and MoSe, sheets
in the experiments.”*”> Here, for the As/Sb-C/Si hetero-sheets,
the required pressure is of the magnitude of 0.5-3.1 GPa, which
is affordable in experiments. On the other hand, controllable
tensile pressure on the nanosheets is still a challenge currently.
Since the effect of tensile pressure is to expand the interlayer
distance, this can be achieved by using the intercalation technique.
In the experiments, through controlling the relative humidity, the
inserted water molecules could gradually increase the interlayer
distance by about 1 A in the bilayer graphene oxide.” Thus, upon
utilizing these advanced experimental methods, the effective
pressure would be applied to the As/Sb-C/Si systems, which
changes the interlayer distances and modulates their electronic
and interfacial properties.

4 Conclusion

In summary, we have investigated the electronic structures of
group V-group IV hetero-bilayer structures. Due to the same
lattice symmetry of As, Sb, C, and Si nanosheets, commensur-
able supercells are found for the hetero-sheets, which reduce
the mismatch of two layers and enhance the stabilities of the
hetero-bilayer structures. The binding energies of As/Sb-C and
As/Sb-Si hetero-sheets are about —15 and —25 meV A~ stronger
than the phosphorene-based ones. The intrinsic electronic proper-
ties of As/Sb and C/Si sheets are well preserved in these hetero-
bilayer structures, which form a p-type Schottky contact in these
semiconductor-metal interfaces. The Schottky barrier can be
tuned by perpendicular strains, which can induce a p-type-to-
n-type Schottky barrier transition for the As-C hetero-sheet and a
Schottky-to-ohmic contact transition in the Sb-C one. Moreover,
due to the inhomogeneous charge redistribution in the interval, a
sizeable band gap is opened at the Dirac point of the Sb-Si hetero-
sheet, which can be tailored by perpendicular strains with a linear
varying trend around the equilibrium site. Our study demon-
strates that the As/Sb nanosheets would form the stable hetero-
bilayer structures with the graphene and silicene ones, which have
versatile electronic structures and tunable interfacial properties
for nano-devices and nano-electronics applications.
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