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Abstract
Graphene-based two-dimensional van der Waals heterostructures (vdWH) have recently shown a great potential for high-
performance nanodevices. Here, we design a novel vdWH, consisting of the graphene and a noble transition metal dichal-
cogenide PtS

2
 monolayer and investigate its electronic properties as well as the effect of electric field. We find that the key 

intrinsic characteristics of both the graphene and PtS
2
 monolayers are well preserved due to the weak vdW interactions. 

The graphene is found to form an n-type Schottky contact with the PtS
2
 monolayer with a small barrier height of 0.11 eV. 

Moreover, this small barrier height of the G∕PtS
2
 vdWH is known to be very sensitive to the external electric field. It can 

be controlled and turned to the Ohmic contact under electric field. These findings could provide significant knowledge for 
designing novel electronic and optoelectronic devices of such heterostructure.

1 Introduction

Graphene [1] with the desirable properties has discovered 
and opened a new direction for future nanotechnologies, 
especially for high-frequency nanoelectronic devices [2, 
3]. However, it has certain limits in applications in nano-
electronics due to the semimetal behavior with zero energy 
gap [4]. For that reason, in parallel with continuing research 
to overcome the limitations in graphene, scientists are also 
advocating for two-dimensional (2D) graphene-like mate-
rials with the appropriate electronic, and transport prop-
erties for high-performance applications [5–7]. Today, 
2D transition metal dichalcogenides (TMDs) are gaining 
great attention with their promising physical and chemical 
properties for future applications in electronic and opto-
electronic devices [8–12]. Currently, the noble Platinum 

disulfide ( PtS2 ) TMD material, a new type of TMDC has 
received growing attention due to its promising properties 
for future optoelectronic nanodevices [13–15]. Zhao et al. 
demonstrated that the PtS2 material is known to be a layer-
dependent indirect bandgap semiconductor [13]. Interest-
ingly, the PtS2 monolayer has a high carrier mobility of 
about 1000 cm2/Vs at room temperature of 300 K. This value 
is still larger than that of the MoS2 monolayer [16]. Thus, 
the PtS2-based optoelectronic nanodevices may have a bet-
ter performance than the MoS2-based nanodevices. These 
interesting promising properties of the PtS2 materials make 
it suitable for future high-performance applications.

Another research field has recently emerged, that is the 
combination of monolayers of different 2D materials to form 
layered van der Waals heterostructures (vdWHs). Hetero-
structures have been shown to have many interesting prop-
erties, which do not exist in individual monolayers. Based 
on these new features, the applications of these materials 
in high-performance electronic and optoelectronic devices 
can be opened up. The successful hybridizations between 
graphene and a variety of other 2D semiconductor materials 
such as G/TMDs [17–21], G/GaSe [22–24], G/phosphorene 
[25], G/GaS [26], and so on have recently been synthesized 
and investigated using different methods both experimen-
tally and theoretically. Theoretically, Ma et al. have studied 
the electronic properties of G/MoS2 vdW stacking struc-
tures in different stacking patterns by density-functional 
density theory (DFT) [27]. Jin and his group showed that 
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the G/MoS2 vdWH forms n-type Schottky contact [21]. Both 
the Schottky barrier and Schottky contact can be adjusted 
when placed in an electric field. This result demonstrated 
the potential application of the G/MoS2 vdW stacking struc-
ture in the high-frequency electronic components [17]. In 
addition, the G/WSe2 vdWH heterostructure has also been 
investigated by DFT calculations [19]. They indicated that 
the interaction between the graphene and the WSe2 in this 
structure is the weak vdW interaction. This weak interaction 
holds the superior properties of the graphene in such vdWH. 
At the same time, this structure forms the p-type Schottky 
contact with a barrier height of 0.51 eV. In particular, they 
have shown that this barrier height can be adjusted when 
placed in an electric field or strain, resulting in a transition 
from p-type to n-type Schottky contact. This feature opens 
up the potential application of the G/WSe2 vdWH in the 
fabrication of future Schottky devices.

Based on the extraordinary properties of the graphene and 
similar materials, it is possible to predict that these mate-
rials possess a number of interesting properties that need 
to be investigated in detail. These above studies show the 
great potential applications of monolayer 2D materials and 
their vdW heterostructure in future nanodevices. However, 
in addition to their apparent properties, there are many inter-
esting properties that need to be researched to put them into 
practical application. Moreover, to the best of our knowl-
edge, up to now, there is no literature about the electronic 
properties of the G∕PtS2 vdWH as well as the effects of 
electric field on their properties. Therefore, in this work, 
we design the G∕PtS2 vdWH and investigate its electronic 
properties at the ground state and under electric field.

2  Computational methods

We perform all the calculations on the basis of DFT method 
within the Quantum Espresso package [28]. The projection 
augmented wave (PAW) and the Perdew–Burke–Enzerhof 
(PBE) functional are used to treat the ion-electron and the 
exchange-correlation energy, respectively [29]. To correctly 
describe the weak vdW interactions, we adopt a Grimmes’ 
dispersion corrected DFT-D2 [30]. The energy cutoff is 
fixed at 500 eV. In the Brillouin zone, a ( 9 × 9 × 1 ) k point 
is sampled for both the structural relaxation and electronic 
property calculations. The atomic structure of the vdWH 
is fully optimized within the force and total energy con-
vergence less than 10−3 eV/Å and 10−6 eV, respectively. To 
calculate the charge transfers between graphene and PtS2 
monolayer (ML), we use a Bader’s charge analysis [31–34]. 
A large vacuum layer thickness of 20 Å along the z direction 
is adopted to eliminate the interaction between two adjacent 
periodic slabs.

3  Results and discussion

The G∕PtS2 vdWH was built using the supercell, con-
taining of a (3 × 3) supercell of graphene and a (2 × 2) 
supercell of the PtS2 ML. In addition, it should be noted 
that the electronic properties of the PtS2 ML are known 
to be very sensitive to strains [35]; thus, in this work, we 
chosen to fix the lattice parameters of the PtS2 ML and 
change the lattice parameters of graphene to match with 
the PtS2 ML. After composing the G∕PtS2 vdWH, we find 
that such vdWH has a small lattice mismatch of 2.7 %, 
which affects insignificantly the electronic characters of 
the vdWH. The relaxed atomic structure of the G∕PtS2 
vdWH is displayed in Fig. 1. After optimizing the geomet-
ric structure of the G∕PtS2 vdWH, we obtain the interlayer 
distance D = 3.35 Å between the G and the PtS2 layers in 
the vdWH. It is clear that this distance D is still smaller 
than the sum of the vdW radii of interfacial carbon and 
sulfur atoms, indicating that the layers are displaced and 
the atoms are not strictly on top of each other. This results 
are also consistent with the intermolecular interactions 
theory and thus demonstrate the weak vdW interactions 
in such vdWH. To verify it, we further calculate the bind-
ing energy per carbon atom in such vdWH as follows: 
Eb = [EG/PtS2

− EG − EPtS2
]∕N  , where EG/PtS2

 , EG and EPtS2
 

are the total energies of the vdWH, graphene and PtS2 
ML, respectively. N is the number of carbon atoms in 
the calculated supercell of vdWH. Our calculated Eb is 
−61.13 meV per C atom. Such Eb value has the same mag-
nitude order as compared to other vdWHs based on gra-
phene, for instance, Eb = 60 meV per C atom for G/phos-
phorene [36], Eb = 54 meV per C atom for G/WSe2 [37], 
but it is still larger than that in G/WS2 [38] ( Eb = 26.8 meV 
per C atom), G/MoSe2 [39] ( Eb = 21 meV per C atom). It 
should be noted that the greater the Eb is, the more stable 
the vdWH becomes. Thus, we can state that the weak vdW 
interactions are dominated in such G∕PtS2 vdWH. In addi-
tion, the negative value of the Eb indicates that the G∕PtS2 
vdWH is energetically favorable.

We now turn to investigate the interesting electronic 
properties, occurring in the G∕PtS2 vdWH that may not 
hold in the parent materials. For comparison, we first plot 
the band structures of the isolated graphene and PtS2 ML, 
as shown in Fig. 2a, b, respectively. The isolated gra-
phene shows a metallic behavior with a linear dispersion 
relation at the Dirac K point, whereas the isolated PtS2 
ML implies a semiconducting character with an indirect 
bandgap of 1.97 eV. The electronic band structure of the 
G∕PtS2 vdWH is displayed in Fig. 2c. It is interesting 
that the electronic band structures of both the isolated 
graphene and PtS2 ML are well preserved in the G∕PtS2 
vdWH. The nature of this preservation in the vdWH is 
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due to the weak vdW interactions, which is not enough to 
modify the electronic properties of both graphene and PtS2 
ML. Thus, the key electronic characteristics of the perfect 
graphene and PtS2 ML can be maintained in the G∕PtS2 
vdWH. The bandgap of the PtS2 part in the G∕PtS2 vdWH 
is almost unchanged as compared with that of the isolated 
PtS2 ML. More interestingly, we find that a small bandgap 
of 8 meV has opened in the graphenes’ Dirac cone due to 
the sublattice symmetry breaking. This observation was 
also occurred in other vdWHs based on graphene, such as 
G/MoS2 [40], G/GaN [41], G/PtSe2 [42, 43], G/GaSe [22] 
vdWHs, and so on. However, this opened bandgap in the 
G∕PtS2 vdWH is still smaller than the thermal fluctuations 
of 26 meV at room temperature; thus, it can be considered 
negligible and graphene will behave as metallic channel 
when it placed on the PtS2 ML to form a metal-semicon-
ductor heterojunction.

We next try to explore in detail the weak vdW interac-
tions in the G∕PtS2 vdWH by establishing the charge trans-
fers between the graphene and PtS2 layers. Thus, we cal-
culate the charge density difference (CDD) in this vdWH 
as follows: �� = �G/PtS2 − �G − �PtS2 , where �G/PtS2 , �G , and 
�PtS2 are, respectively, the charge densities of the vdWH, the 
isolated graphene, and PtS2 ML. The CDD in the G∕PtS2 
vdWH is displayed in Fig. 3a. One can find that the charges 
are mostly accumulated in the interfacial area close to the 
graphene layer, whereas they are depleted mostly in the PtS2 
layer. It also indicates that in the G∕PtS2 vdWH, the charges 
are directed from the PtS2 layer to the graphene layer. By 
Bader charge analyzing, we find that at the equilibrium 
D = 3.35 Å, the charge transference of about 0.082 e elec-
trons are directed from the PtS2 layer to the graphene layer.

Although the interactions in the G∕PtS2 vdWH are weak 
and the charger transference from the PtS2 to the graphene 

Fig. 1  a–c Top and side views 
of the relaxed atomic structure 
of the G∕PtS

2
 vdWH. d The 

most stable stacking configura-
tion of the G∕PtS

2
 vdWH

Fig. 2  Electronic band struc-
tures of a the isolated graphene 
with a ( 3 × 3 ) supercell, b PtS

2
 

ML with a ( 2 × 2 ) supercell, 
and c the G∕PtS

2
 vdWH

(a) (b) (c)
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layers is small, it causes an interface dipole that cannot be 
neglected. This can be connected with a potential step ( �V  ) 
that formed at the heterointerface, as shown in Fig. 3b. 
The �V  is the difference in the work functions between the 
G∕PtS2 vdWH and the graphene, that is �V = WG/PtS2

−WG , 
where WG/PtS2

 and WG are the work functions of the hetero-
structure and the isolated graphene, respectively. It should 
be noted that the G∕PtS2 vdWH represent a metal/semicon-
ductor contact, forming a Schottky or Ohmic contact at the 
interface. It can be seen from Fig. 3b that the G∕PtS2 vdWH 
is known to form an n-type Schottky contact at the equilib-
rium state. The n-type Schottky barrier height of the G∕PtS2 
vdWH can be calculated following the Schottky–Mott rule 
as: �B,n = W + �V − �PtS2

 , where �PtS2
 is the electron affin-

ity of the semiconducting PtS2 ML. At the equilibrium state, 
the G∕PtS2 vdWH forms an n-type Schottky contact with a 
small Schottky barrier height (SBH) of 0.11 eV, which can 
be easily turned to Ohmic contact.

It is interesting that when G∕PtS2 is used as a compo-
nent in high-performance nanodevices, it can be subjected 
to an electric field ( Eperp ), which may cause changes in elec-
tronic properties of vdWH. Thus, it is necessary to have a 
deep knowledge of the effect of the Eperp on the electronic 

properties of such G∕PtS2 vdWH. Eperp is applied perpen-
dicular to the heterostructure surface along the z direction, 
as shown in Fig. 4a. Eperp , which pointed from the graphene 
layer to the PtS2 layer in the vdWH is defined as the positive 
direction. As we have mentioned above, the G∕PtS2 vdWH 
forms the n-type Schottky contact with the �B,n = 0.11 eV 
at D = 3.53 Å. It can be seen that when a negative Eperp is 
applied, the �B,n increases, while the �B,p decreases accord-
ingly. Quite the contrary, when a positive Eperp is applied to 
the G∕PtS2 vdWH, �B,p increases, whereas �B,n decreases. 
These variations are illustrated in Fig. 4b. More interest-
ingly, we find that when a positive Eperp = +1.2 V/nm is 
applied, �B,n decreases continuously and reaches zero. It 
indicates a transformation from the Schottky contact to the 
Ohmic contact when a positive E

⟂
= +1.2 V/nm is applied 

to the vdWH.
We now discuss how does the electric field affect the 

electronic properties of the G∕PtS2 vdWH. The band struc-
tures of the G∕PtS2 vdWH under different Eperp are plot-
ted in Fig. 5. We find that the Fermi level of the G∕PtS2 
vdWH shifts downwards from the conduction band mini-
mum (CBM) to valence band maximum (VBM) of the sem-
iconducting PtS2 part when a negative Eperp is subjected, 

Fig. 3  a Charge density differ-
ence with an isosurface value of 
10

−3 e/Å−3 . The green and yel-
low areas represent the electron 
accumulation and depletion, 
respectively. b The energy band 
diagram of the G∕PtS

2
 vdWH. 

c The schematic model of FETs 
based on the G∕PtS

2
 vdWH

(a) (b)

(c)
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as shown in Fig. 5a–c. It leads to a(an) decrease (increase) 
in the �B,p(�B,n) , as we have discussed above in Fig. 4b. 
Quite the contrary, the Fermi level shifts upwards from the 
VBM to the CBM of the semiconducting PtS2 part of the 
G∕PtS2 vdWH when a positive Eperp is applied, as shown 
in Fig. 5d–f. More interestingly, under Eperp = +1.2 V/nm, 
the Fermi level shifts continuously and crosses the CBM of 
the PtS2 part. Therefore, the n-type Schottky contact of the 
G∕PtS2 vdWH is turned to the Ohmic contact. The reason of 

this transformation can be explained as follows. As is well 
known that in the G∕PtS2 vdWH, the charge transference 
is pointed from the PtS2 to the graphene layer, creating a 
built-in electric field. This built-in Eperp leads and the charge 
transfer in the G∕PtS2 vdWH leads to the change in the posi-
tion of the Fermi level. When a negative Eperp is applied, a 
built-in Eperp and the charge transfer directed from the gra-
phene to the PtS2 layer. The Fermi level, therefore, shifts 
downwards from the CBM to the VBM of the PtS2 part. On 

Fig. 4  a Schematic model of 
applied electric field along the z 
direction of the G∕PtS

2
 vdWH. 

b Variation of the n-type and 
p-type Schottky barrier height 
of the G∕PtS

2
 vdWH as a func-

tion of an applied electric field

(b)(a)

Fig. 5  Electronic band struc-
tures of the G∕PtS

2
 under 

different E
⟂
 of a −1.0 V/nm, b 

−0.5 V/nm, c 0 V/nm, d +0.5 V/
nm, e +1.0 V/nm, f +1.2 V/nm

(a) (b) (c)

(d) (e) (f)
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the contrary, when a positive Eperp is applied, a built-in Eperp 
and the charge transfer pointed from the PtS2 to the graphene 
layer. Thus, the Fermi level moves upwards from the VBM 
to the CBM of the PtS2 part, and the n-type Schottky contact 
are transformed to the Ohmic contact. These findings clearly 
show that the negative and positive Eperp affect differently 
the band edge positions of the PtS2 part. This is due to the 
spontaneous electric polarization, which may originate from 
the electronegativity difference between carbon and sulfur 
atoms. Therefore, we can conclude that the Schottky contact 
of the G∕PtS2 vdWH is known to be strongly sensitive to 
the Eperp , which can turn the n-type Schottky contact to the 
Ohmic contact. In addition, it should be noted that such a 
large of electric field, which is required to induce a sizeable 
effect on the SBH, may be introduced in experiments by 
gate voltage [44] or by the pulsed ac field technology [45].

4  Conclusion

In summary, we have designed an ultrathin G∕PtS2 vdWH 
and investigated comprehensively its electronic properties 
using DFT calculations. We find that in the G∕PtS2 vdWH, 
the graphene is connected with the PtS2 layer by the weak 
vdW interactions with the interlayer spacing of 3.35 Å and 
the binding energy of −61.13 meV/C atom. It is interest-
ing that the electronic band structures of both the isolated 
graphene and PtS2 monolayers are well preserved in the 
G∕PtS2 vdWH. The nature of this preservation in the vdWH 
is due to the weak vdW interactions, which is not enough 
to modify the electronic properties of both graphene and 
PtS2 ML. Thus, the key electronic characteristics of the per-
fect graphene and PtS2 ML can be maintained in the G∕PtS2 
vdWH. The G∕PtS2 vdWH form a p-type Schottky contact 
with a small Schottky barrier height of 0.11 eV. This small 
Schottky barrier height of the vdWH can be controlled and 
turned to the Ohmic contact by applying the electric field. 
These results provide a valuable information for designing 
high-performance optoelectronic nanodevices based on the 
G∕PtS2 vdWH in the near future.
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