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ABSTRACT

Graphene has shown great promise in many electronic devices and systems since it was 
discovered. However doping control limits its use in devices. For addressing this problem, 
graphene/MoXY (X/Y=S, Se, Te and X Y) heterostructures have been investigated in this ≠
work. We analyze electronic and optical properties of the graphene/MoXY heterostructures 
under various effects such as interlayer distance, external electric field and mechanical strain 
by the first principles method. We find that interlayer distance and external electric field are 
two prominent parameters to induce tunable homogeneous doping of graphene (G). 
Compared with interlayer distance modulation, the tuning range of the carrier density in the 
graphene layer by the external electric field is wider. In the graphene/MoXY heterostructures, 
the highest carrier density of graphene is simulated to be  for the 4.62 × 1013/𝑐𝑚2

G/TeMoS stacking under the electric field strength of 1.0V/ Å. The doping concentration of 
the graphene layer can be tuned from  (hole) to  3.94 × 1013/𝑐𝑚2 2.00 × 1013/𝑐𝑚2

(electron) subject to the external electric fields of -1.0V/ Å and 1.0V/ Å for the G/SMoTe 
type. In addition, the optical absorption coefficient of the heterostructure graphene/MoSSe is 
higher than 105/cm in the wavelength range from 550 nm to 800 nm. The results indicate that 
these graphene/MoXY heterostructures will have great applications in tunable nanoelectronic 
devices.

KEYWORDS: Graphene/MoXY heterostructure, Electronic property, Optical property, 
Interlayer distance, External electric field, Mechanical strain

1. INTRODUCTION

Since graphene was discovered as a promising 2-dimensional (2D) material in 20041, many 
extraordinary physical and chemical properties of graphene have been discovered, such as 
high electrical conductivity and carrier mobility2-6, high thermal conductivity7, and superior 
mechanical properties8-9. However, its applications in field-effect transistors (FETs) devices 
are limited because it does not have a bandgap due to the Dirac cone effect 10. In this context, 
many other 2D materials with a bandgap were discovered and explored like hexagonal boron 
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nitride (h-BN) 11-12, transition metal dichalcogenides (TMDs) 13-15 and phosphorene (BP) 16-17. 
In order for 2D materials to have even better physical and chemical properties for their use in 
transistor/sensor devices, changing the planner symmetry of TMDs can be a very effective 
approach, such as constructing MoSSe – Janus TMDs 18. The monolayer MoSSe can be 
fabricated by fully replacing one side S with Se atoms using the chemical vapour deposition 
(CVD) 18. Compared with traditional monolayer MoS2, monolayer MoSSe has a stronger 
stability in structure asymmetry 19 due to the replacement of one of the S atoms with Se atom 
within the MoS2 monolayer, which bring a larger intrinsic dipole18, 20 and piezoelectricity 21 
properties. Relevant applications for the Janus TMDs include the solar water splitting 22-24, 
bandgap engineering 25, optoelectronic devices 26-27 and natural doping 28.

In parallel with the investigation on novel 2D materials, the research of 2D materials based 
on van der waals (vdW) heterostructures has also been investigated theoretically and 
experimentally. In particular, graphene can build weak interlayer coupling with other 2D 
materials because it lacks of interlayer dangling bonds, such as graphene/h-BN 29-31, 
graphene/MoS2 32-37, graphene/BN 38-39, and graphene/GaSe heterostructures 40. Graphene 
based vdW heterostructures show some new optoelectronic properties far beyond the isolated 
2D materials, and keep the intrinsic electronic properties of individual 2D materials without 
degradation. More recently, the electronic properties of graphene/MoSSe heterostructures 
were researched. In 2017, two research groups reported that the Schottky barrier between 
graphene layer and MoSSe layer can be effectively modulated by interlayer distance and 
external electric field 41-42. This finding demonstrated that the graphene/MoSSe 
heterostructures can be used to design high performance FETs. Mattias et al reported that 
Graphene/MoSSe/graphene trimorphic type can cause a high doping in graphene and build 
cross plane pn-junctions 28. Interestingly, when graphene acting as electrodes and MoSSe 
being the transport channel, the photocurrent of the graphene/MoSSe/graphene device is 
larger than that of the corresponding silicon device, which illustrates that 
graphene/MoSSe/graphene stacking has a great potential as photovoltaic devices. Although 
there have been few theoretical efforts reported on the interlayer Schottky barrier and 
photocurrent curve of graphene-MoSSe structure, the influence of the interlayer distance, 
electric field and strain on the doping of graphene and optical properties of graphene/MoXY 
heterostructures have not been fully understood, especially for graphene/MoSTe and 
graphene/MoSeTe heterostructures.  

In this work, we analyze electronic and optical properties of graphene/MoXY 
heterostructures in terms of the interlayer distance, external electric field and strain using the 
first principle method. The first principles method has been widely employed tools for 
investigating heterostructures and their derivatives 28, 41-45. The Graphene/MoXY 
heterostructures can be obtained experimentally by the epitaxial growth or mechanical 
stacking. Annealing method, field-effect transistor devices and flexible substrates can be used 
to vary the interlayer distance, apply external electric field and strains on the 
heterostructures46-48. Although several research groups have theoretically analyzed the 
electric properties of the graphene/MoSSe heterostructure, there is a lack of work on the 
graphene/MoSTe and graphene/MoSeTe types, especially on their optical properties. Our 
results show that the interlayer distance and external electric field are two prominent factors 
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to change doping of graphene in the graphene/MoXY heterostructures. Compared with the 
interlayer distance modulation, external electric field can induce wider tuneability on the 
carrier density. For the graphene/MoXY heterostructures, the calculated highest carrier 
density of graphene can be   for G/TeMoS stacking under 1.0V/ Å electric 4.62 × 1013/𝑐𝑚2

field strength. In additional, compared with the pristine monolayer MoSSe, the optical 
absorption coefficient is enhanced for the graphene/MoSSe within the wavelength range from 
550 nm to 800 nm and absorption intensity is higher than105/cm. It is also found that the 
optical absorption spectrum of the graphene/MoSSe can be modulated by the interlayer 
distance, external electric field and strain. Adjustable carrier density under strain could lead 
to realization of novel strain gated transistors. Superior optical absorption coefficients of 
these heterostructures make them promising candidates in photovoltaic applications. 

2. COMPUTATIONAL PROCEDURE

In the present model, the ab initio simulations are performed using the density functional 
theory (DFT) with the Linear Combination of Atomic Orbitals (LCAO) method as 
implemented in the Quantum Atomistix ToolKit (ATK2018) simulation tools 49. In the 
structure optimization, the exchange-correlation functional chooses the generalized gradient 
approximation (GGA) with the parametrization of Perdew-Burke-Ernzerhof (PBE). For the 
van der Waals (vdW) interaction in the graphene/MoXY interface , we use the semi-empirical 
corrections by Grimme DFT-D2 model, which takes account the long-range vdW interaction 
50. In addition, the structure is fully relaxed until the force on each atom becomes smaller than 
0.01 eV/Å, and the stress error tolerance is 0.001 eV/ Å3. The cut-off energy of 500 eV and 
20×20×1 k-points grid were used in the Brillouin zone. To avoid the interaction of the 
periodic boundary conditions, a large vacuum spacing of at least 25 Å is added along the 
x-direction. We examine the stability of the constructed Graphene/MoXY heterostructures by 
Born-Oppenheimer molecular dynamics (BOMD) simulation in ATK51. In the NVT Nose 
Hoover scheme, we set temperature at 450 K and the simulation has run through 3 ps 
thermostat timescale with 1 fs time step. After the BOMD simulation, only small changes 
appear in the Graphene/MoXY interior structure, which demonstrates a good thermal stability 
for Graphene/MoXY heterostructures. The GGA-PBE method usually underestimates the 
bandgap. The Heyd-Scuseria-Ernzerhof (HSE) and GW methods (it is approximated that the 
self-energy is the product of the single-particle Green function G and the screened interaction 
W) are two advanced methods in the electrical and optical properties simulation 52. However, 
previous research show that GW method often estimates a higher bandgap than HSE method 
in TMDs 52. For example, HSE and GW bandgaps of the monolayer MoS2 are 2.04 eV and 
2.53 eV, while the experiment result is about 1.80 eV 13. In our paper, we used the HSE 
method, which often leads to an accurate simulation for the bandgap and lower 
computationally expensive than GW method 53. In the optical absorption simulation, the 
absorption coefficient ( ) can be calculated by 54:𝛼𝑎

               (1)                          𝛼𝑎 =
2𝜔
𝑐

𝜖2
1 + 𝜖2

2 ― 𝜖1

2   

Where c, ,  and  are speed of light, angular frequency of light, real and imaginary 𝜔 𝜖1 𝜖2
parts of complex dielectric constant, respectively. 
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3. RESULTS AND DISCUSSION

3.1. Crystal structure and electronic properties of monolayer MoXY

As shown in Figure 1(a) and (b), to construct the models of graphene/MoXY heterostructures, 
we first optimized the lattice parameters of the individual monolayer MoSSe, MoSTe and 
MoSeTe. For the monolayer MoSSe, the optimized lattice parameters are a=b=3.25 Å. The 
distance between S and Se atom is 3.23 Å and the angle between the Mo-S and Mo-Se bonds 
is 81.4o, which is consistent with the prior experimentally results 18. For the monolayer 
MoSTe, the lattice parameters are a=b=3.36 Å and the distance between S and Te atom is 
3.37 Å and the angle between the Mo-S and Mo-Te bonds is 81.6o, which agrees well with 
previous reported 22, 55. For the monolayer MoSeTe, the lattice parameters, distance from Se 
to Te atom and the angle between the Mo-Se and Mo-Te bonds are a=3.43 Å, b=3.48 Å and 
82.4o, which are also consistent with the theoretically reported by other groups 22, 55.

Figure 1(c) to (e) show the band structures of the Brillouin zone of high symmetry points 
along the path through Г-M-K-Г and the projected density of state (PDOS) of monolayer 
MoXY cells. Obviously, monolayer MoSSe and monolayer MoSeTe are direct bandgap 
semiconductor with bandgap value of 2.03 eV and 1.70 eV respectively. However, monolayer 
MoSTe is an indirect bandgap semiconductor with 1.48 eV bandgap. Calculation results show 
that the conduction band minimum (CBM) and valence band maximum (VBM) of monolayer 
MoSSe and monolayer MoSeTe are located at the K point in the Brillouin zone. While for 
monolayer MoSTe, the CBM is at the K point and the VBM is at the Г point. Moreover, as 
shown in the PDOS of monolayer MoXY, the PDOS of CBM and VBM of monolayer 
MoXY are contributed mainly from the Mo-d orbital. This result is consistent with prior 
research56. Interestingly, the monolayer MoXY has an asymmetric structure, which leads to 
the charge redistribution and an intrinsic dipole on the surface, inducing an internal electric 
field from Y atom to X atom. Taking monolayer MoSSe as an example. An electrostatic 
potential difference ( ) about 0.77 eV is formed between Se atom layer and S atom layer ∆𝜙
because the Se atom layer has a smaller electronegativity (positively charged) and the S atom 
layer has a larger electronegativity (negatively charged). The electrostatic potential difference 
of monolayer MoSTe and monolayer MoSeTe are 1.63 eV and 0.97 eV, respectively (Table 
1). We can conclude that > > , which indicates that the monolayer Δ𝜙𝑀𝑜𝑆𝑇𝑒 Δ𝜙𝑀𝑜𝑆𝑒𝑇𝑒 Δ𝜙𝑀𝑜𝑆𝑆𝑒
MoSTe has the strongest intrinsic dipole and internal electric field in the monolayer MoXY. 
The main lattice parameters, bandgap, electrostatic potential difference, ionization potential 
and electron affinity are summarized in Table 1. As shown in the Figure 1(f), we calculated 
the optical absorption coefficient of monolayer MoXY within the wavelength range from 300 
nm to 1600 nm. The monolayer MoXY exhibits a high absorption coefficient (>1 105/cm) ×
spectra from the ultraviolet region (300 nm) to the near infrared region (800 nm). 
Remarkably, the optical absorption coefficient of monolayer MoSTe and monolayer MoSeTe 
are higher than the monolayer MoSSe when the wavelength is longer than about 500 nm.

Page 4 of 23

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

Figure 1. The geometry structure (a), distance between X and Y atom (b) of monolayer MoXY. (c), (d) and (e) 
are the band structure and projected density of state of monolayer MoSSe, MoSTe and MoSeTe. (f) is the optical 
absorption coefficient of monolayer MoXY. 

Table 1. Lattice parameters (a). distance between X and Y atom ( ), bond angle ( ), bandgap ( ), 𝑑𝑋 ― 𝑌 𝜃 𝐸𝑔

electrostatic potential difference ( ), ionization potential ( ) and electron affinity ( ) for monolayer MoXY.∆𝜙 𝐸𝐼 𝐸𝐴

a (Å) 𝑑𝑋 ― 𝑌 (Å)  𝜃 Eg (eV)  (eV)∆𝜙 EI (eV) EA (eV)
MoSSe 3.25 3.23 81.4o 2.03 0.77 5.66 3.71
MoSTe 3.36 3.37 81.6o 1.48 1.63 5.33 3.74
MoSeTe 3.43 3.48 82.4o 1.70 0.97 5.09 3.50

3.2 Crystal structure and electronic properties of graphene/MoXY heterostructures 

As shown in Figure 2(a), we construct graphene/MoXY heterostructures by attaching 
monolayer graphene and monolayer MoXY together. The lattice match between the 
monolayer graphene and monolayer MoXY starts with the Generalized Lattice Match (GLM) 
method, which is for investigating the relationship between the mismatch strain and the 
number of atoms 57. Because the size of graphene and monolayer MoXY surface cells are not 
commensurate, strain is needed to build up at the interface to tune the lattice constant for one 
surface, thereby obtaining a stable interface geometry. The aim of match angle optimization 
is targeted to have a lower mismatch strain and at the same time a smaller number of atoms. 
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6

As shown in the Figure 2(b), the vectors u1 and u2 define the surface cell of the monolayer 
MoXY layer while the vectors v1 and v2 define the surface cell of the monolayer graphene 
layer. From the affine transformation matrix A, we can obtain the relationship between [u1, 
u2] and [v1, v2] as:

A[u1, u2] = [v1, v2]                           (2)

The rotation matrix U and 2D strain tensor matrix P have the forms as:

                     (3)       𝐔 = [cos (𝜙) ―sin (𝜙)
sin (𝜙) cos (𝜙) ]

       
                                                  𝐏 = 𝑼𝑻𝐀

                                        (4)= [𝟏 + 𝝐𝒙𝒙 𝝐𝒙𝒚
𝝐𝒙𝒚 𝟏 + 𝝐𝒚𝒚]

where,  is the interlayer angle between monolayer MoXY and monolayer 𝜙 = |𝜙𝑎 ― 𝜙𝑏|/2
graphene,  is the angle between vectors u1 and u2,  denotes the angle between vectors 𝜙𝑎 𝜙𝑏
v1 and v2. Strain tensor matrix P is defined by the 2D strain tensor ( ) 57. We choose to apply ϵ
strains only in the MoXY surface because we are interested in the detailed band structures of 
the graphene. Due to the monolayer MoXY has different atoms (X or Y) on each side, so we 
construct two stacking types with the monolayer graphene, named as G/XMoY and G/YMoX, 
respectively. The optimized interlayer angles, match strains, interlayer distance and atoms 
number with different stacking types as shown in Table 2. The strain value is applied 
differently among different models because the lattice parameters of monolayer MoSSe, 
MoSTe and MoSeTe are different, which require different strains to build a stable interface 
with graphene. In previous research the mismatch strains of heterostructures are usually less 
than 3% 58-59. However, in our heterostructures, the maximum strain of the lattice mismatch is 
around 1.54% (graphene/MoSeTe heterostructure), which means an acceptable lattice 
mismatch between these two layers.

. 
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Figure 2. (a) shows the side and top view of the atomic arrangement of graphene/MoXY heterostructures, d 
indicates the distance between two layers. (b) shows the selected surface cell of MoXY and graphene. 

Table 2. Interlayer angles, match strains, interlayer distance and atoms number of graphene/MoXY 
heterostructures.

G/SMoSe G/SeMoS G/SMoTe G/TeMoS G/SeMoTe G/TeMoSe
Interlayer 
angle

19.11o 19.11o 5.21o 5.21o 5.21o 5.21o

Match 
strain

0.10% 0.10% 0.18% 0.18% 1.54% 1.54%

Interlayer 
distance

3.27 Å 3.33 Å 3.50 Å 3.53 Å 3.51 Å 3.51 Å

Atoms 
number

26 26 47 47 47 47
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Figure 3. The computed fat band structure of G/SeMoS (a), G/SMoSe (b), G/TeMoS (c), G/SMoTe (d), 
G/TeMoSe(e) and G/SeMoTe (f). The green and purple lines represent the bands of graphene and MoXY.

Figure 3 shows the fat-band structure of graphene/MoXY heterostructures with six stacking 
types. The green and purple lines represent the bands of graphene and MoXY, respectively. 
Obviously, a Dirac cone is at the K point, which comes from the bands of graphene. 
Moreover, the VBM of MoSSe shifts from the K point (pristine monolayer MoSSe) to the Г 
point, which is attributed to the band dispersion subject to the lattice strain of MoSSe layer. 
Although the CBM and the VBM of MoSTe and MoSeTe did not shift compared with the 
pristine monolayer cell, the position of bands changed under the lattice strain and the vdW 
interaction. Because the monolayer MoXY has an intrinsic dipole on the surface, inducing an 
internal electric field from Y atom to X atom. A small number of charges can cross the 
interlayer barrier between graphene layer and MoXY layer under the build-in electric field. 
Taking the G/TeMoS stacking as an example, under the 1.63 eV electrostatic potential 
difference ( ) of monolayer MoSTe, electrons transfer from the valence band of monolayer ∆𝜙
MoSTe to the Dirac cone of graphene moving the tip of the Dirac cone under the Fermi level. 
The electrostatic potential difference of monolayer MoSSe and monolayer MoSeTe are 0.77 
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eV and 0.97 eV, respectively. We can see that the Graphene/MoSTe heterostructure has the 
largest Dirac cone shift in the Graphene/MoXY heterostructures. Comparing the band 
structures of the same Janus TMD layer with different stacking types (X or Y side to 
graphene), different band structures as shown in Figure 3(a) and (b) ((c) and (d), (e) and (f)) 
illustrate the necessity of building different stacking types.

In order to explore the potential nanoscale optical applications of graphene/MoXY 
heterostructures, we calculated the optical absorption coefficient with different stacking types. 
The optical properties of the heterostructures are mainly attributed to the band structures of 
MoXY. As shown in the Figure 4(a)-(c), graphene/MoXY heterostructures exhibit a broad 
absorption spectra range between ultraviolet light region and infrared light region. However, 
compared with the pristine monolayer MoXY, the optical absorption coefficient peak of the 
graphene/MoXY is lower. The physical mechanism is given as follows. The optical 
absorption coefficient of pristine monolayer MoXY and the graphene/MoXY heterostructure 
mainly come from the band extreme of these materials. Under the vdW interaction, the 
number of band extremes and the joint density of states decrease, which induced smaller 
probabilities of the electrons migrating across the bandgap. Interestingly, compared with the 
pristine monolayer MoSSe, the optical absorption coefficient is enhanced in the 
graphene/MoSSe heterostructure within the wavelength range from 550 nm to 800 nm 
(Figure 4(d)) and the absorption intensity can be higher than 105 /cm. Similarly results of the 
enhanced optical absorption coefficient by constructing a heterostructure can also be 
proposed in other 2D heterostructures 60-61. Moreover, the optical absorption of G/SeMoS 
stacking type is higher than the G/SMoSe stacking type within the wavelength range from 
550 nm to 800 nm. The high optical absorption coefficient and wide absorption wavelength 
in the visible light region will facilitate the graphene/MoSSe heterostructures being applied in 
the fields of optical sensors and photoelectrical detectors.
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Figure 4. The optical absorption coefficient of graphene/MoSSe (a), graphene/MoSTe (b), graphene/MoSeTe (c), 
and pristine monolayer MoSSe (d).

To understand the physical origin of electronic and optical properties of graphene/MoXY 
heterostructures, we applied dipole correction in our DFT simulation. The charge density 
difference ( ) of these heterostructures with different stacking types along z-direction in ∆𝑛𝑒
the Figure 5. The charge accumulation ( ) and depletion ( ) induce the charge ∆𝑛𝑒 > 0 ∆𝑛𝑒 < 0
redistribution process. Because of the surface charge repulsion effect between graphene layer 
and MoXY layer, a clear interlayer charge depletion appears between the C atom and X(Y) 
atom. Obviously, the graphene layer gains electrons and the X atom layer of MoXY 
monolayer loses electrons (gains holes), inducing in electron-hole puddles at the 
graphene/MoXY interface. A further Bader analysis has been performed, and it can be seen 
that there are about 0.02e, 0.02e and 0.01e transferring in the Graphene/MoSSe, 
Graphene/MoSTe and Graphene/MoSeTe interface, respectively. These effects induce new 
optical absorption properties of graphene/MoXY heterostructures shown in Figure 4, which is 
different from the monolayer MoXY in Figure 1(f). Accordingly, the rebuilt electron 
distribution causes the electrons transferring between MoXY layer and graphene layer, 
resulting in the electron-hole puddles at the graphene/MoXY interface. The charge 
redistribution accelerates the electrons polarization and builds an interlayer electric field 
between the graphene layer and MoXY layer. In the end, the heterogenous systems will 
achieve balance under the diffusion force. In summary, there are two factors that together 
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influence the interlayer coupling of graphene/MoXY heterostructures. The first is the intrinsic 
dipole in MoXY layer and the second is the interlayer dipole caused by the charge 
redistribution. As a result, these effects will induce new electrical and optical properties for 
the graphene/MoXY heterostructures.

Figure 5. The computed charge density difference of Graphene/MoSSe (a), Graphene/MoSTe (b) and 
Graphene/MoSeTe (c) heterostructures along z-direction.

3.3 Modulate the doping of graphene by the interlayer distance and external electric 
field 

The Dirac cone position of graphene in the vdW heterostructures is typically tunable under 
the external conditions, such as interlayer distance and external electric field 15, 32, 37, 41-42. As 
shown in the Figure 6, electrons transfer from the valence band of monolayer MoXY to the 
Dirac cone of graphene moving the tip of the Dirac cone under the Fermi level, which is 
categorized as the electron doping (e-doping). Instead, the electrons transferred from the 
graphene to the monolayer MoXY move up the Dirac cone to above the Fermi level, named 
as the hole doping (h-doping). From the band structure of graphene/MoXY heterostructures 
under the different interlayer distance and external electric field, the shift of Dirac cone ( ) 𝐸𝐷
relative to the Fermi level ( ) can be calculated by . From the linear 𝐸𝐹 ∆𝐸𝐷 = 𝐸𝐷 ― 𝐸𝐹
dispersion around the Dirac cone of graphene, the charge carrier (electron or hole) density 
( ) of doped graphene can be calculated by 62:𝑁ℎ/𝑒

                            (5)𝑁ℎ/𝑒 =
(∆𝐸𝐷)2

𝜋(ℏ𝑣𝐹)2

where,  is the Fermi velocity at the Dirac cone,  is the reduced Planck 𝑣𝐹 = 1 × 106𝑚/𝑠 ℏ
constant ( ).1.055 × 10 ―34 J ∙ s
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12

Figure 6. Doping of graphene (a) and external electric field (b) in the graphene/MoXY heterostructures.

In order to research the influence of interlayer distance (d) on the doping of graphene, the 
Dirac cone shift and carrier density as a function of the interlayer distance are shown in 
Figure 7. The interlayer distance varies from 2.5 Å to 4.5 Å. For the G/YMoX stacking type, 
the tip of the Dirac cone is above the Fermi level (hole doping) with the increase of interlayer 
distance. However, the tip of the Dirac cone is under the Fermi level (electron doping) with 
the increase of interlayer distance in the G/XMoY stacking type. In the Figure 7(a) and (b), 
the amplitude of Dirac cone shift in the G/SMoSe stacking type is higher than the G/SeMoS 
stacking at each considered interlayer distance, which means the carrier density of hole 
doping is always higher than the electron doping. When the interlayer distance increases from 
2.5 Å, the carrier density of hole doping has immediately increased, while the carrier density 
of electron doping remains unchanged from 2.5 Å to 3.3 Å then slightly increases after 3.5 Å. 
The carrier density maximum of electron and hole doping are about  and 0.47 × 1012/𝑐𝑚2

 when the interlayer distance is about 4.0 Å. After that the carrier density 1.89 × 1012/𝑐𝑚2

decreases until the interlayer distance reaches 4.5 Å. For the graphene/MoSTe heterostructure, 
the change of Dirac cone position with interlayer distance is shown in Figure 7(c). Clearly, 
the biggest change is for the G/SMoTe stacking, which is about 0.18 eV, smaller than the 
0.27 eV of G/TeMoS stacking type. Interestingly, Dirac cone is under the Fermi level for the 
interlayer distance between 2.5 Å and 4.5 Å for the G/TeMoS stacking, which means that the 
electron doping remains for each considered interlayer distance. In Figure 7(d), the highest 
carrier density of electron doping for G/TeMoS stacking type is about  at 5.39 × 1012/𝑐𝑚2

2.9 Å interlayer distance, which is 2.2 times higher than the carrier density of hole doping 
( ) with 3.5 Å and 3.7 Å interlayer distances for the G/SMoTe stacking. 2.39 × 1012/𝑐𝑚2

Moreover, the lowest carrier density of electron doping for the G/TeMoS stacking is 1.89 ×
 at 4.1 Å interlayer distance and the carrier density is unaffected with the increase 1012/𝑐𝑚2

of interlayer distance until 4.5 Å. In Figure 7(e), the biggest Dirac cone shift for the 
G/SeMoTe stacking is about 0.04 eV at 4.1 Å and 4.3 Å, which is 3.8 times lower than the 
Dirac cone shift for the G/TeMoSe stacking (0.15 eV) at 2.9 Å and 3.1 Å interlayer distances. 
Just like the graphene/MoSTe, the position of Dirac cone in the G/TeMoSe stacking type is 
also under the Fermi level for each considered interlayer distance. Carrier density as a 
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function of interlayer distance for the graphene/MoSeTe is as shown in Figure 7(f). In the 
G/TeMoSe stacking, the carrier density of electron doping goes up quickly from 2.5 Å to 2.9 
Å interlayer distance. After that, the carrier density stabilizes at around . 1.67 × 1012/𝑐𝑚2

After 3.1 Å interlayer distance, the carrier density of electron doping decreases with the 
increase of interlayer distance and reaches to  at 4.5 Å interlayer distance. 0.07 × 1012/𝑐𝑚2

For the G/SeMoTe stacking, although carrier density of hole doping changes with the 
increase of interlayer distance, the extent of change is far below the G/TeMoSe stacking. The 
peak carrier density of hole doping reaches to about  at the 4.1 Å and 4.3 0.11 × 1012/𝑐𝑚2

Å interlayer distance.

Figure 7. The Dirac cone shift and carrier density change in the graphene layer with interlayer distance 
increase for graphene/MoSSe (a, b), graphene/MoSTe (c, d) and graphene/MoSeTe (e, f) heterostructures.
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Next, the effect of external electric field on the doping of graphene is investigated. An 
external electric field is applied as shown in Figure 6(b). The direction of the external electric 
field is defined as from the graphene layer to the MoXY layer. The unit of electric field is V/ 
Å rather than V because we define the electric field intensity rather than potential difference. 
Dirac cone shift and carrier density as a function of external electric field strength are as 
shown in Figure 8. In our research, the positive (negative) direction of external electric field 
is defined as from graphene (MoXY) layer to MoXY (graphene) layer and the strength of 
external electric field is in the range between -1.0 V/ Å and 1.0V/ Å. In Figure 8, the Dirac 
cone position of G/YMoX stacking is under the G/XMoY stacking at each considered electric 
field strength and all curves across the Fermi level, which means the Dirac cone can move up 
and down the Fermi level subject to the external electrical field. The heterostructure changes 
the graphene from hole doping to electron doping at electric field strength of -1.0 V/ Å to 
1.0V/ Å. Moreover, a general trend as shown in the Figures 8(b), (d) and (f) that the carrier 
density increases with the rise of external electric field strength. In Figure 8(a), the maximum 
shift amplitudes of Dirac cone under the positive electric field are 0.60 eV and 0.31 eV for 
G/SeMoS and G/SMoSe stacking types, respectively. While under the -1 V/ Å electric field, 
the values are 0.38 eV (G/SeMoS) and 0.65 eV (G/SMoSe). Under the -0.2 V/ Å and 0 V/ Å, 
the Dirac cone of G/SeMoS stacking type remains on the Fermi level. However, for 
G/SMoSe stacking type, Dirac cone keeps on the Fermi level from 0.2 V/ Å to 0.4 V/ Å. For 
graphene/MoSSe heterostructures, the highest carrier density of electron doping for G/SeMoS 
and G/SMoSe stacking types are about  and , 26.64 × 1012/𝑐𝑚2 7.11 × 1012/𝑐𝑚2

respectively (Figure 8(b)). In contrast, for the hole doping, the carrier density peaks are about 
 and  for G/SeMoS and the G/SMoSe stacking types, 10.69 × 1012/𝑐𝑚2 31.27 × 1012/𝑐𝑚2

respectively. As shown in Figure 8(c), under the Fermi level, the biggest change of Dirac 
cone for G/TeMoS stacking type is about 0.79 eV, which is higher than the G/SMoTe 
stacking type. However, under the negative electric field, Dirac cone shifts to about 0.27 eV 
and 0.73 eV for G/TeMoS and G/SMoTe stacking types at the -1.0 V/ Å. From 0.2 V/ Å to 
0.4 V/ Å, Dirac cone of G/SMoTe stacking type remains at the Fermi level. While for 
G/TeMoS stacking type, Dirac cone stays at the Fermi level under the -0.4 V/ Å. For positive 
electric field, the highest carrier density of electron doping for G/TeMoS and G/SMoTe 
stacking types are about  and , respectively. In 46.18 × 1012/𝑐𝑚2 20.01 × 1012/𝑐𝑚2

contrast, under the negative electric field, the maximum carrier densities of hole doping are 
about  (G/TeMoS) and (G/SMoTe). For 5.39 × 1012/𝑐𝑚2 39.43 × 1012/𝑐𝑚2

graphene/MoSeTe heterostructures, positive electric field causes the Dirac cone decline until 
-0.63 eV and -0.50 eV for G/TeMoSe and G/SeMoTe stacking types. However, the negative 
electric field induces the Dirac cone to increase to 0.30 eV and 0.65 eV for G/TeMoSe and 
G/SeMoTe stacking types. In Figure 8(f), the highest carrier densities of hole doping are 
about  (G/TeMoSe) and (G/SeMoTe) under the 6.66 × 1012/𝑐𝑚2 31.27 × 1012/𝑐𝑚2

negative electric field, whereas the highest carrier densities of electron doping for G/TeMoSe 
and G/SeMoTe stacking types can achieve  and  29.37 × 1012/𝑐𝑚2 18.50 × 1012/𝑐𝑚2

under 1.0 V/ Å.
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Figure 8. The shift of Dirac cone and carrier density change with the electric field strength for graphene/MoSSe 
(a, b), graphene/MoSTe (c, d) and graphene/MoSeTe (e, f) heterostructures.

Interlayer distance and external electric field are two effective ways to induced tunable 
doping in graphene for graphene/MoXY heterostructures. Compared with interlayer distance 
modulation, the influence of external electric field modulation is more pronounced. Because 
with a weak interaction of vdW, a small number of charges can cross the interlayer barrier 
between graphene layer and MoXY layer under the build-in electric field. However, under 
the external electric field, the electrostatic potential at the interlayer can enhance the charge 
transfer between bilayers. Taking the graphene/MoSSe as an example, the electrostatic 
potential (0.77 eV) and the electron affinity (3.71 eV) are shown in Table1. The electron 
affinity of the MoSSe monolayer is close to the work function of the graphene (4.30 eV) 15, 63, 
which means it is possible to transfer electrons between graphene layer and MoSSe layer. For 
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G/SMoSe stacking type, under the negative electric field, the electrons can be easily moved 
from Dirac cone to valence band because the external electric field has a same direction with 
the electrostatic potential of MoSSe (from Se atom to S atom). However, under the positive 
electric field, the electric field strength needs to be strong enough to offset the electrostatic 
potential of MoSSe and to make electrons overcome the bandgap of MoSSe (2.03 eV). As a 
result, the highest carrier density of G/SMoSe stacking type under the negative electric field 
( ) is higher than the positive electric field ( ). In contrast, 37.27 × 1012/𝑐𝑚2 7.11 × 1012/𝑐𝑚2

for the G/SeMoS stacking type, the highest carrier density under the negative electric field 
( ) is lower than the positive electric field ( ). In the 10.69 × 1012/𝑐𝑚2 26.64 × 1012/𝑐𝑚2

graphene/MoXY heterostructures, the highest carrier density of doping graphene is 4.62 ×
 for G/TeMoS stacking type, which falls in between typical doping values of back 1013/𝑐𝑚2

gates or molecular doping ( ) 64-65 and ultrahigh doping obtained by electrolytic ~1012/𝑐𝑚2

gating doping ( ) 66-67.~1014/𝑐𝑚2

3.4 Interlayer distance, external electric field and strain effect the optical absorption of 
the graphene/MoSSe heterostructure

In the previous analysis, we find that the optical absorption coefficient of the 
graphene/MoSSe heterostructure is stronger than pristine monolayer MoSSe within the 
wavelength range from 550 nm to 800 nm (Figure 4(d)). Although the band structure of 
Graphene/MoXY heterostructures is a metal type, the Graphene/MoSSe heterostructures 
exhibit high optical absorption coefficients (greater than 105/cm in the wavelength range of 
550 nm to 800 nm), which is attributed to the band structure of the MoSSe. Now, we 
investigate the interlayer distance influences on the optical absorption of graphene/MoSSe 
heterostructure. As shown in Figure 9(a) and (b), we simulated the optical absorption 
coefficient of the graphene/MoSSe with the G/SeMoS stacking type and G/SMoSe stacking 
type, respectively. Obviously, the simulation results show that a strong optical absorption 
coefficient (>1 105/cm) can be found in the visible light region for different interlayer ×
distances. In Figure 9(a), we find that the absorption spectra for G/SeMoS stacking type is 
sensitive to the interlayer distance from 500 nm to 760 nm. However, for G/SMoSe stacking 
type, the optical absorption coefficient is insensitive to the interlayer distance between 500 
nm and 760 nm. Interestingly, for the graphene/MoSSe heterostructure, the optical absorption 
coefficient has a trend of  in the visible region, which 𝛼𝑎 ― 2.9 > 𝛼𝑎 ― 3.3 > 𝛼𝑎 ― 3.7
demonstrates a stronger interlayer coupling, which results in a higher optical absorption 
coefficient. 

The influences of external electric field on the optical absorption properties of 
graphene/MoSSe heterostructure are also investigated under the -0.4 V/ Å, 0 V/ Å and 0.4 V/ 
Å. In the Figure 9(c), the results show that the optical absorption coefficient for G/SeMoS 
stacking type is sensitive to the external electric field strength within the wavelength range 
from 500 nm to 760 nm. While in Figure 9(d), for the G/SMoSe stacking type, the optical 
absorption coefficient is insensitive with the negative electric field in the visible region. 
Compared with -0.4 V/ Å and 0 V/ Å, the optical absorption coefficient under the 0.4 V/ Å 
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electric field is higher. 

The strain-dependent optical absorption coefficient of graphene/MoSSe heterostructure is 
also analyzed as shown in Figures 9(e) and (f). The symmetric biaxial external deformations 
with -3% (compressive strain), 0 and 3% (tensile strain) are applied. The magnitude of strain 
is defined as , where a0 and a are the equilibrium and strained lattice ∆𝜀 = (𝑎 ― 𝑎0)/𝑎0
values, respectively. In the Figures 9(e) and (f), the observation reveals that the absorption 
spectrum shifts toward longer wavelengths (red-shift) under the strains, which is consistent 
with the prior researches 23, 68. Compared with the compressive strain, the shift of optical 
absorption spectra under the tensile strain is more significant. These new properties indicate 
that the Graphene/MoSSe heterostructure will have potential applications in nanoscale optical 
sensors. 

Figure 9. The interlayer distance (a, b), external electric field (c, d) and strain effect (e, f) on the optical 
absorption coefficient for G/SeMoS (a, c, e) and G/SMoSe (b, d, f) stacking types.
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4. CONCLUSION

In this work, the electronic and optical properties of graphene/MoXY heterostructures under 
interlayer distance, external electric field and strain effect are analyzed by the first principle 
methods. Results show that interlayer distance and external electric field are two effective 
ways to induce tunable doping in the graphene layer. Compared with the interlayer distance 
modulation, influence of external electric field modulation is much more pronounced. In the 
graphene/MoXY heterostructures, the highest carrier density of graphene can be achieved to 
be   for the G/TeMoS stacking type under the 1.0V/ Å electric field 4.62 × 1013/𝑐𝑚2

strength. In addition, compared with the pristine monolayer MoSSe, the optical absorption 
coefficient is enhanced by the graphene/MoSSe heterostructure within the wavelength range 
from 550 nm to 800 nm and the absorption coefficient is higher than 105 /cm. Moreover, the 
optical absorption spectra of the graphene/MoSSe heterostructures can be easily modulated 
by interlayer distance, external electric field and mechanical strain. These results imply that 
potential applications in tunable nanoelectronic and photovoltaic devices can be explored 
with these techniques. 
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