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Effects of out-of-plane strains and electric fields
on the electronic structures of graphene/MTe
(M = Al, B) heterostructures†

Dingbo Zhang, *a,b,c Yue Hu,a Hongxia Zhong,b Shengjun Yuanb and Chang Liub

Contacts between graphene and two-dimensional (2D) semiconductors have been widely investigated

because of their tunable Schottky barrier height (SBH) by means of applied out-of-plane strains, electric

fields, etc. Here, based on first-principles calculations, we study the effects of out-of-plane strains

(a tensile or compressive strain) and electric fields on the electronic structures of graphene/MTe (M = Al, B)

heterostructures. The calculated results indicate that p-type Schottky barriers are formed at the gra-

phene/AlTe and graphene/BTe interfaces with 0.72 and 0.49 eV, respectively. The increase in the inter-

layer distances (tensile strains) between graphene and MTe can induce a transition from a p-type to

n-type Schottky contact. On the other hand, the decrease in the interlayer distances (compressive strains)

can transform graphene/MTe into semiconductors, which originates from graphene/MTe with a large

compressive strain that makes the two carbon sublattices inequivalent, inducing a band gap. In addition,

the applied electric fields can modulate effectively the contact formation (a Schottky or Ohmic contact)

and the doping of graphene in graphene/MTe heterostructures. Our study suggests two facile methods to

tune the electronic properties of graphene/MTe heterostructures and offer a possibility for graphene/MTe

heterostructure-based electronic devices.

Introduction

Graphene, a one-atom-thick two-dimensional (2D) layer of sp2-
hybridized carbon, has become one of the hottest topics in the
fields of materials science due to its remarkable physical pro-
perties such as a high carrier mobility up to 106 cm2 V−1 s−1, the
Dirac cone-like structure, excellent optical transmittance and
exceptional mechanical strength.1–3 Nevertheless, the absence of
an electronic band gap and fast carrier recombination limits its
application in nano-electronic systems.4,5 Constructing hetero-
structures by combining graphene with various functional 2D
materials is a powerful strategy to expand the applied scope of
graphene.6 For example, graphene/metal shows low contact resis-
tance,7 graphene/WSe2 has ambipolar characteristics,8 graphene/
MoS2 has been used in memory devices with the on/off current

ratio being tuned to be up to 100,9 and graphene/phosphorene is
a potential candidate for further energy storage devices.10 These
graphene-based heterostructures possess Dirac cone-like struc-
ture, low contact resistance and many other novel optoelectronic
properties far beyond individual components, which can greatly
promote the development of graphene-based applications.

Under normal conditions, graphene-based semimetal–
semiconductor heterostructures form Schottky or Ohmic con-
tacts at the interfaces.11 The charge transfer easily occurs at
the interfaces because of different work functions WF

(the difference between the vacuum level Evacuum and the
Fermi level Ef ).

3 In the view of the Schotty–Mott model,12 the
n-type Schottky barrier Φn is the energy difference between the
conduction band minimum (CBM) Ec and the Fermi level
Ef (Φn = Ec − Ef ). Similarly, the p-type Schottky barrier Φp is
the energy difference between the Fermi level Ef and the
valence band minimum (VBM) Ev (Φp = Ef − Ev). When Φn or
Φp becomes a negative value, an Ohmic contact will be formed
at the interfaces. The controllable Schottky barrier height
(SBH) is a crucial factor for the efficient operation of electronic
devices.13,14 Previous reports show that in graphene/GaN,15

graphene/MoS2,
16 graphene/GaSe,17 graphene/SnS18 and

graphene/X(OH)2 (X = Ca, Mg),19 the SBH can be modulated by
the applied out-of-plane strains or applied external electric
fields.
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Recently, the two-dimensional structures of group III–VI
monolayers, MX (M = B, Al, Ga, In and X = O, S, Se, Te) have
been predicted theoretically to the geometry of monolayer GaS,
which have been synthesized.20 The structures of MX consist
of a four-atom basis in a unit cell with four layers in the order
of the X–M–M–X stacking, belonging to the space group D3h.

21

To the best of our knowledge, no work has been reported on
the electronic properties and Schottky contacts of graphene/
MTe (M = Al, B).

In this paper, we build graphene/MTe heterostructures and
investigate their electronic structures. Our density functional
calculations indicate that the graphene/MTe vdW hetero-
structures form p-type Schottky contacts. Both applied out-of-
plane strains and applied external electric fields can modulate
the SBH. Furthermore, the tunable doping type and tunable
charge carrier concentrations of graphene in the graphene/
MTe heterostructures can be achieved by the applied electric
fields.

Computational methods

Density functional theory (DFT) calculations were carried out
by using the Vienna Ab initio Simulation Package (VASP).22,23

We employed the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) parameterization to
describe electron exchange and correlation effects.24 The semi-
empirical DFT-D2 method was used to correct the vdW inter-
action in 2D systems.25 For all geometry relaxation, the shape
and lattice parameters of the supercell remained unchanged,
and the atoms were allowed to fully relax. All atomic positions
were relaxed until the maximal residual force per atom and the
energy difference were less than 10−2 eV Å−1 and 10−5 eV,
respectively. A cutoff energy of 500 eV and a 7 × 7 × 1 k-point
mesh for the first Brillouin zone integration were utilized.24 To
avoid the interactions between the adjacent slabs, a vacuum
region of at least 20 Å was used in our calculations.26

Results and discussion
Geometry structures of graphene/MTe (M = Al, B) heterostructures

The optimized lattice constants of graphene, AlTe and BTe
unit cells are ag = 2.46 Å, aAlTe = 4.25 Å and aBTe = 3.56 Å,
respectively, which are in good agreement with those reported
in previous studies.21,27 Meanwhile, the thermodynamical
stability of AlTe and BTe monolayers are again evaluated by
calculating phonon dispersion. No imaginary frequency was
observed in the two phonon spectra, as demonstrated in
Fig. S1(a and b) (ESI†), which indicates that both AlTe and BTe
are stable. However, there is a large difference of about 40%
(30%) in the lattice constants between graphene and AlTe
(BTe). A

ffiffiffi

3
p � ffiffiffi

3
p � 1 graphene and 1 × 1 × 1 AlTe supercell

therefore are used to build a graphene/AlTe system, while a
3 × 3 × 1 graphene and 2 × 2 × 1 BTe supercell are used to con-
struct a graphene/BTe heterostructure, as shown in Fig. 1.

Meanwhile, the average lattice constant is considered to mini-
mize the lattice mismatch. The lattice mismatch between
graphene and AlTe (BTe) is only 0.1% (1.7%) and has little
effect on our calculation results. Then, we investigated several
possible configurations of graphene/XTe heterostructures
(see Fig. S2(a–f ) and S3(a–f ) (ESI†)) and re-optimized fully the
atomic positions in the built heterostructures. To quantitat-
ively understand the stability of the graphene/MTe hetero-
structures, we compute the binding energies (Eb) according to
the following formula:28

Eb ¼ ðEgraphene=MTe � Egraphene � EMTeÞ
m

ð1Þ

where Egraphene/MTe, Egraphene and EMTe are the total energies of
the graphene/MTe heterostructures, graphene and MTe mono-
layers, respectively. m is the number of atoms in the studied
2D system, which is equal to 10 for graphene/AlTe and 34 for
graphene/BTe. Based on the computed bonding energies (see
Table 1 (ESI†)), the most stable structure of the graphene/AlTe
heterostructures is type-I-stacking configuration, while the
most stable structure of the graphene/BTe heterostructures is
type-II-stacking configuration. Thus, the type-I-stacking gra-
phene/AlTe and type-II-stacking graphene/BTe heterostructures
are mainly discussed in the following section. The binding
energies for type-I-stacking graphene/AlTe and type-II-stacking
graphene/BTe are −359.43 meV and −150.87 meV, respectively.

Fig. 1 Perspective, top and side views of the graphene/MTe hetero-
structures. The lattice constants of graphene and MTe are a1 and a2,
respectively. D represents the equilibrium distance between graphene
and MTe. The gray, yellow and blue balls denote carbon, M and Te
atoms, respectively.
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Compared with the binding energy (−60 meV) of the gra-
phene/phosphorene heterostructures,29 the considered gra-
phene/MTe heterostructures have much lower binding ener-
gies and have more strong vdW interactions, indicating that
fabricating a graphene/MTe system is feasible in the experi-
ment. The equilibrium distances, marked by D, at 3.55 Å and
3.68 Å are most stable in energy for graphene/AlTe and gra-
phene/BTe heterostructures, respectively. The values of D are
similar to that of other graphene-based heterostructures,30–32

which are typical in the vdW heterostructures. For instance,
the interlayer distance of the graphene/MoS2 vdW hetero-
structures is 3.40 Å.17 The equilibrium distance in the
graphene/SnS vdW heterostructures is 3.32 Å.3 The weak vdW
interaction therefore exists in graphene/MTe.

Electronic structures of graphene/MTe heterostructures

We now explore the electronic structures of the graphene/MTe
vdW heterostructures at the ground state by plotting the band
structures of graphene, AlTe and BTe monolayers and gra-
phene/MTe heterostructures. It is observed from Fig. 2(a) and
(d) that graphene has a zero band gap and possesses a linear
Dirac cone-like structure around the Fermi level. Moreover, the
Dirac cone-like structure of graphene exists at the Γ-point, as
expected. Fig. 2(b) and (e) show that AlTe and BTe are indirect
semiconductors with the band gaps of 1.68 eV and 1.52 eV,
respectively. These calculated results are consistent with the
previous report (1.74 eV for AlTe and 1.52 eV for BTe).21

Moreover, the PBE method always underestimates the band
gap of semiconductors. The Heyd–Scuseria–Ernzerhof (HSE)
method is often used to correct the gap values and band
edges.33 The band gaps of AlTe and BTe with HSE06 are 2.24
and 2.18 eV, respectively, and the corresponding band struc-
tures are shown in Fig. S4(a and b) (ESI†), respectively. HSE
requires extremely expensive computational costs, and the
trends in physical properties can be accurately described by

using the PBE method. Therefore, in this work, all electronic
properties of graphene/XTe heterostructures under out-of-
plane strains and electric fields are calculated with PBE. The
projected band structures of the graphene/AlTe and graphene/
BTe heterostructures are shown in Fig. 2(c) and (f), respect-
ively. Here, orange, gray and magenta symbols represent gra-
phene, AlTe and BTe, respectively. It is obvious that the band
structure of the heterostructures is the simple sum of each
constituent. The Dirac cone-like structure of graphene remains
intact around the Fermi level. The band shapes and values of
the band gap of MTe remain unchanged. These features men-
tioned above indicate further that the weak vdW interaction
exists in the graphene/MTe heterostructures.

Similar to graphene-based semimetal–semiconductor
heterostructures, such as graphene/arsenene,34 graphene/
black phosphorene35 and graphene/MoSeS,36 the graphene/
MTe heterostructures form Schottky barriers at interfaces. As
shown in Fig. 2(c) and (f ), for the graphene/MTe hetero-
structures, the Fermi level located at the Dirac point is close to
the valence band of MTe, as a result of which p-type Schottky
barriers are formed at the graphene/AlTe and graphene/BTe
interfaces with 0.72 and 0.49 eV, respectively.

In practice, a tunable SBH is very important in the electronic
device applications.37,38 We thus tune the position of the Dirac
point of graphene with respect to the band edge of MTe by
adjusting the interlayer distance D between graphene and MTe.
This method, applying out-of-plane strains, can effectively
control the SBH of graphene-based vdW heterostructures and
be achieved in the experiment via vacuum thermal annealing,39

nano-mechanical pressure5 and so on.40,41 We firstly calculate
the electronic structures of the graphene/AlTe heterostructures
with different interlayer distances. Fig. 3(a–c) show projected
band structures with the selected interlayer distances (D = 2.55,
2.95 and 4.55 Å). As the interlayer distance is 4.55 Å, the Dirac
point of graphene is close to the CBM of AlTe, forming an
n-type Schottky contact at the graphene/AlTe interfaces.
Compared with Φp (0.72 eV) at an equilibrium interlayer dis-
tance, Φp (0.27 eV) at D = 2.95 Å gets smaller. Interestingly,
when D = 2.55 Å, the Dirac point of graphene disappears, and
the graphene/AlTe heterostructures become semiconductors
with the type-II band alignment and a band gap of 0.19 eV.

Fig. 3(d) shows the evolution of binding energies as a func-
tion of the interlayer distances. The lowest stability of the gra-
phene/AlTe heterostructures is found at D = 3.55 Å, similar to
the previous calculated value in this work. Fig. 3(e) shows the
SBH of graphene/AlTe as a function of the interlayer distance.
As the interlayer distance decreases, Φp gradually decreases
while Φn increases, forming a crossover at D = 3.75 Å and
achieving a transition from a p-type Schottky to n-type
Schottky contact. When the interlayer distance decreases to
2.60 Å, the graphene/AlTe heterostructures become semi-
conductors. The reason is that the graphene/AlTe hetero-
structures with a large compressive strain makes the two
carbon sublattices inequivalent. The sublattice-symmetry-
breaking generates directly an intrinsic and robust mass for
the Dirac fermions, inducing a band gap.42 Such physical

Fig. 2 The band structures of (a)
ffiffiffi

3
p � ffiffiffi

3
p � 1 graphene, (b) 1 × 1 × 1

AlTe, (c) graphene/AlTe heterostructures, (d) 3 × 3 × 1 graphene, (e) 2 ×
2 × 1 BTe and (f ) graphene/AlTe heterostructures.
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phenomena are found in other vdW heterostructures, such as
graphene/h-BN,8 MoS2/h-BN/graphene.

43 The band gaps as a
function of the applied out-of-plane strains is plotted in
Fig. 3(f ). The applied tensile strain has little influence on the
band gap. However, as the strength of the applied compressive
strain increases, the band gap of the graphene (AlTe) mono-
layer increases (decreases). This can be explained based on the
fact that compressive strains destroy slightly the vdW inter-
action between graphene and AlTe, as a result of which gra-
phene and AlTe monolayer cannot retain independently its
intrinsic electronic properties.

To deeply explore the mechanism of the applied out-of-
plane strain effect on the evolution of the Schottky barrier, we
plotted the charge density difference of the graphene/AlTe
heterostructures at an equilibrium distance (see Fig. S6(a)
and (c) (ESI†)) and computed the number of electrons that
flow from graphene to AlTe according to the Bader charge
analysis.4 It can be seen from Fig. 3(g) that when the interlayer
distance decreases, more and more electrons transfer from
graphene to AlTe monolayer. As a consequence, the position of
the Dirac point of graphene moves towards the valence band
of AlTe. Intrinsic p-type transforms into an n-type Schottky
contact at the graphene/AlTe interfaces until the interlayer dis-
tance reduces to a critical value (2.60 Å).

Fig. S5(a–g) (ESI†) exhibit the corresponding electronic
structures of the graphene/BTe heterostructures under
different applied out-of-plane strains. The results present that
the electronic structures are similar to the graphene/AlTe
heterostructures. The only difference is that the evolution of
the SBH is more insensitive to the applied out-of-plane strain
in the graphene/BTe heterostructures. For instance, a tran-
sition occurs under a tensile strain of 0.53 Å from a p-type to
n-type Schottky contact at the graphene/BTe interfaces, larger
than that under a tensile strain of 0.19 Å at the graphene/AlTe
interfaces, as shown in Fig. 3(e) and Fig. S5(e) (ESI†). The
results imply that the modulated SBH in the graphene/MTe
heterostructures can tune the contact resistance by applying
an appropriate out-off-plane strain.

From the above discussed results, electrons flow from gra-
phene to MTe monolayers, creating an interface dipole,
defined by a potential step (ΔV) at the graphene/MTe interfaces
(see Fig. 4).44 Considering the influence of ΔV on the
Schottky–Mott rule, the SBH should be re-written as formula
(2), then the calculated SBH will be in agreement with the
values measured in the experiment.

Φn ¼Wgraphene þ ΔV � χgraphene‐MTe

Φp ¼ Igraphene‐MTe � ðWgraphene þ ΔVÞ ð2Þ

here, Wgraphene is the work function of graphene. χgraphene-MTe

and Igraphene-MTe are the electron affinity and ionization poten-
tial of graphene-MTe, respectively. ΔV is defined as ΔV =
Wgraphene-MTe − Wgraphene, and WXTe is the work function of
MTe. The calculated value of ΔV is essentially determined by
the number of electron transfer: the more the electron trans-
fers, the larger the interface dipole and ΔV. In this work, the
work functions of graphene, AlTe and BTe are calculated to be
4.21, 4.88 and 4.23 eV, respectively. At the equilibrium dis-
tance, the work functions of graphene/AlTe and graphene/BTe
are 4.92 and 4.29 eV, respectively. χgraphene-AlTe, Igraphene-AlTe,
χgraphene-MTe and Igraphene-BTe are computed to be 3.49, 5.17,
3.34 and 4.86 eV, respectively. Based on formula (2), Φn and

Fig. 3 (a–c) The projected band structures of the graphene/AlTe heterostructures at interlayer distances of D = 2.55, 2.95 and 4.55 Å. Orange and
gray symbols represent graphene and AlTe, respectively. (d) The variation of the binding energies, (e) the evolution of Schottky barriers, (f ) the band
gap of graphene and AlTe and (g) transferred electrons from graphene to AlTe in the graphene/AlTe heterostructures as a function of the interlayer
distance.

Fig. 4 The band diagram in the graphene/MTe heterostructures.
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Φp of the graphene/AlTe heterostructures are 1.43 and 0.27 eV,
respectively, and Φn and Φp of the graphene/BTe hetero-
structures are 0.95 and 0.57, respectively. These values of Φn or
Φp are greatly different from the corresponding values without
ΔV. Thus, the interface dipole at the graphene/MTe interfaces
must be considered within the vdW interaction range.
Nonetheless, as the interface electron redistribution becomes
negligible at a large enough interlayer distance, graphene/MTe
has the same work function as that of graphene, resulting in
ΔV ≈ 0, thus Φn and Φp converge to Wgraphene − χXTe and IXTe −
Wgraphene, respectively. For instance, when the interlayer dis-
tance between graphene and AlTe is D = 4.55 Å, χAlTe and IAlTe
are calculated to be 3.25 and 4.93 eV, respectively. The con-
verged Φn (Φp) of the graphene/AlTe heterostructures are
further computed to be 0.96 (0.72) eV, agreeing with the values
shown in Fig. 3(e).

In the experiments, graphene-based heterostructures as a
building block works successfully in field effect transistors
(FETs), such as MoS2/h-BN/graphene

45 and graphene/MoS2
15

heterostructures. Therefore, the graphene-based hetero-
structures are always subjected to the applied electric fields.
To understand the effect of the applied electric fields on the
Schottky barrier, the SBHs are computed with different
strengths of applied electric fields, and the positive direction
of the electric fields is defined as the direction from MTe to
graphene. The SBH in the graphene/AlTe heterostructures can
be linearly tuned by the applied electric fields as shown in
Fig. 5(e). We can see that when the applied negative electric
fields decrease to −0.01 V Å−1, a shift occurs from a p-type to
n-type Schottky contact at the graphene/AlTe interfaces. More
interestingly, when the applied negative electric field decreases
to −0.15 V Å−1, the n-type Schottky contact transforms into an
Ohmic contact with a SBH of zero. When the applied positive
electric fields increase to 0.14 V Å−1, conversion from the
p-type Schottky to Ohmic contact occurs.

Fig. 5(b) shows the projected band structure of the gra-
phene/AlTe heterostructures under an applied electric field of
−0.22 V Å−1. The Dirac point of graphene lies above the Fermi
level, resulting in p-type (hole) doping of graphene in the gra-

phene/AlTe heterostructures. Moreover, the CBM of AlTe sinks
below the Fermi level, forming an Ohmic contact at the gra-
phene/AlTe interfaces. The evolution from a Schottky to Ohmic
contact can be explained based on the fact that the charge
carrier (electron) flows from AlTe to graphene. When an elec-
tric field of −0.12 V Å−1 is applied, the Dirac point of graphene
is close to the CBM of AlTe, leading to the formation of an
n-type Schottky contact, as shown in Fig. 5(c). On the other
hand, we can see from Fig. 5(d) that under an applied electric
field of 0.12 V Å−1, the Dirac point of graphene is close to the
VBM of AlTe, forming a p-type Schottky contact. Fig. 5(e)
shows that when the applied electric field is 0.22 V Å−1, the
VBM of AlTe moves up and crosses the Fermi level and the
Dirac point of graphene is located below the Fermi level,
which implies that the Ohmic contact and n-type (electron)
doping of graphene is found in the graphene/AlTe hetero-
structures, respectively. Therefore, the applied electric fields
tune the contact formation (Schottky and Ohmic contacts) and
the doping (hole or electron) of graphene in the graphene/AlTe
heterostructures.

Here, the influence of the applied electric fields on the
doping of graphene in the graphene/AlTe heterostructures is
further studied. ΔED can describe the hole or electron doping
type of graphene in the graphene/AlTe heterostructures, where
ΔED is the difference between the Dirac point (ED) of graphene
and the Fermi level (EF) (ΔED = ED − EF). When ΔED > 0 and
the Dirac point of graphene is located above the Fermi
level (EF), the p-type (hole) doping of graphene is found. When
ΔED < 0 and the Dirac point of graphene is located below the
Fermi level (EF), the n-type (electron) doping of graphene is
observed. In the inset of Fig. 6, one can see that when the
strength of the applied electric fields is less than −0.12 V Å−1,
ΔED is larger than zero and increases linearly, the doping type
of graphene in the graphene/AlTe heterostructures therefore is
p-type. When the applied electric field is more than 0.12 V Å−1,
ΔED is less than zero and decreases linearly, so the doping type
of graphene in the graphene/AlTe heterostructures is n-type.

Based on the linear dispersion around the Dirac point of
graphene and by following eqn (3),46 we investigate the influ-

Fig. 5 Schottky barriers Φn and Φp in the graphene/AlTe heterostructures as a function of the applied electric field. (b–e) The projected band struc-
tures of the graphene/AlTe heterostructures under applied electric fields of −0.22, −0.12, 0.12 and 0.22 V Å−1. Orange and gray symbols represent
graphene and AlTe, respectively.
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ence of the applied electric fields on the doping charge carrier
(hole or electron) concentrations of graphene.

Nh=e ¼ ðΔEDÞ2
πðℏvFÞ2

ð3Þ

as shown in Fig. 6, the doping charge carrier concentrations of
graphene in the graphene/AlTe heterostructures maintain zero
when the applied electric field ranges from −0.12 to
0.12 V Å−1. However, when the applied electric field is less than
−0.12 V Å−1 (or more than 0.12 V Å−1), the doping charge
carrier concentrations of graphene increase significantly, which
can be up to 1012 cm−2 comparable to that of graphene/MoS2.

17

The effect of the applied electric fields on the contact for-
mation (Schottky and Ohmic contacts) and the tunable doping
of graphene in the graphene/AlTe heterostructures can be
explained as follows. The applied electric fields affect the inter-
face charge transfer in the graphene/AlTe heterostructures.
From the previous calculated band structure of the graphene/
AlTe heterostructures in this work (Fig. 2(c)), the Dirac point of
graphene is almost located in the center of the band gap of
AlTe in the graphene/AlTe heterostructures. The electrons that
transfer between from the Dirac point of graphene to the CBM
of AlTe and from the VBM of AlTe to the Dirac point of gra-
phene need a little different strength of the applied electric
fields. As a result, when the applied electric field is −0.22 V Å−1,
p-type (electron) doping of graphene is obtained in the
graphene/AlTe heterostructures, and the doping charge carrier
concentration is as high as 2.7 × 1012 cm−2. When the applied
electric field is 0.22 V Å−1, n-type (electron) doping of graphene
is deserved in the graphene/AlTe heterostructures, and the
doping charge carrier concentration is unchanged.

The corresponding properties of the graphene/BTe hetero-
structures under the applied electric fields are exhibited in
Fig. S7(a–g) and S8 (ESI†). The results are also similar to that
of the graphene/AlTe heterostructures. Notably, an applied
negative electric field of −0.65 V Å−1 can achieve a shift from a
p-type to n-type Schottky contact at the graphene/BTe inter-
faces. When the applied negative electric field decreases to

−0.21 V Å−1, the n-type Schottky contact transforms into the
Ohmic contact. When the applied positive electric field
increases to 0.09 V Å−1, the p-type Schottky contact transforms
into the Ohmic contact. Thus, the electronic structures of the
graphene/BTe heterostructures are more insensitive to the
applied positive electric fields, compared with that of the gra-
phene/AlTe heterostructures. The reason for this phenomenon
is that the Dirac point of graphene is closer to the CBM of AlTe
than the VBM of AlTe, as shown in the projected band struc-
ture of the graphene/AlTe heterostructures (Fig. 2(f )).

Conclusions

In summary, we investigated the geometry and electronic struc-
tures of the novel graphene/MTe heterostructures. Our density
functional calculations imply that the weak vdW interaction
exists in graphene/MTe. The p-type Schottky barriers are
formed at the graphene/AlTe and graphene/BTe interfaces with
0.72 and 0.49 eV, respectively. Additionally, as the interlayer
distance decreases, more and more electrons transfer from gra-
phene to MTe monolayers. As a consequence, the position of
the Dirac point of graphene shifts towards the valence band of
MTe. An intrinsic p-type Schottky contact transforms into an
n-type Schottky contact at the graphene/MTe interfaces, until
the interlayer distance reduces to the critical value (2.60 Å for
graphene/MTe and 2.88 Å for graphene/BTe).

In addition, for the graphene/AlTe heterostructures, an
applied negative electric field decreases to −0.01 V Å−1, and a
shift occurs from the p-type to n-type Schottky contact in the
graphene/AlTe heterostructures. When an applied negative
electric field decreases to −0.15 V Å−1 or an applied positive
electric field increases to 0.14 V Å−1, the conversion from the
p-type Schottky to Ohmic contact takes place. Interestingly, the
hole doping of graphene in the graphene/AlTe heterostructures
can be achieved as an applied electric field is less than −0.12 V
Å−1. When an applied electric field is more than 0.12 V Å−1,
the doping type is electron doping of graphene. Moreover, an
applied electric field can modulate the charge carrier concen-
trations, which can be tuned up to 1012 cm−2. For the gra-
phene/AlTe heterostructures, its electronic structures are
similar to that of the graphene/AlTe heterostructures. We
believe that our results provide potential guidance towards gra-
phene/MTe heterostructure-based electronic devices.
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Fig. 6 The doping charge carrier concentration Nh/e (1012 cm−2) as a
function of the applied electric fields in the graphene/AlTe hetero-
structures. The difference ΔED between the Dirac point of graphene and
the Fermi level is plotted in the inset.
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