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mic contact against angle rotation
in noble transition-metal-dichalcogenide/
graphene heterobilayers

Siyao Hou,a Lihong Han,a Liyuan Wu,a Ruge Quhe *ab and Pengfei Lu *ac

Stacked 2D crystals provide great possibilities to achieve desired functionalities with varying thickness and

composition properties. In this work, the electronic properties of heterobilayers of noble transition-metal-

dichalcogenide (PdS2, PtS2)/graphene with interlayer rotation angles are systematically investigated by

density functional theory calculations. The two layers are combined by weak van der Waals interactions.

Each component preserves its band structure in the hybrid system. A charge transference occurs at the

interface of the bilayers leading to p-type doping for graphene and n-type doping for PdS2 (PtS2).

Schottky barriers ranging from 0 eV to 0.057 eV appear in both heterobilayers with different orientations

between the two monolayers. These results suggest that PdS2 (PtS2)/graphene heterobilayers have

quasi-ohmic contact against interface angle rotation.
1. Introduction

Since the successful invention of isolated graphene in experi-
ments, two-dimensional (2D) materials have received much
attention.1–5 Layered transition-metal dichalcogenide (TMDC)
nanostructures, which consist of one layer of transition metal
atoms (Mo, W, V, or Ti) sandwiched between two layers of
chalcogen atoms (S, Se, or Te), are now rapidly emerging, as they
display unique chemical and physical properties that are absent
or difficult to obtain in other 2D materials.6 As many TMDCs are
inherent semiconductors by nature, a wide range of TMDC
based applications in electronics, optoelectronics, photovoltaics,
and catalysis have been demonstrated.7–13 While intensive
interests are focused on MoS2 and WSe2, a new type of TMDC,
noble-transition-metal dichalcogenides (nTMDCs), remains
rarely explored, and understanding the physics behind this
system is fundamental to their practical applications. The pio-
neering work by Grønvold et al. indicates that the noble metals
Pt and Pd can form layered structures with S atoms.14–16 These
monolayer noble-transition-metal disuldes MS2 (M ¼ Pt and
Pd) are typical semiconductors with indirect band gaps of
1.75 eV for PtS2 and 1.11 eV for PdS2.17 The PtS2 crystal has
a layer-dependent indirect bandgap from 1.6 eV (monolayer) to
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0.25 eV (bulk).18 Moreover, the phonon-limited mobility of
platinum disulde (PtS2) can be as high as 1107 cm2 V�1 s�1 at
room temperature, about four times the carrier mobility of
MoS2.19 Therefore, PtS2 may show better performance than MoS2
when it serves as a channel in eld effect transistors (FETs).

Recent efforts have focused on taking advantage of the
individual properties of different 2D materials by fabricating
heterostructures, which are vertical stacks of 2D layers of
dissimilar materials held together by van der Waals (vdW)
forces.20 Graphene is an ideal component of multilayer hetero-
junctions including graphene/silicene, graphene/hexagonal
boron nitride, graphene/stanene, graphene/phosphorene, and
graphene/MoS2,21–26 due to its high stability and outstanding
electronic properties. Such heterostructures may lead to the
opening of a bandgap in graphene without impairing its elec-
tronic mobility.27–29 Moreover, graphene is a suitable source
electrode for TMDC based FETs. PtSe2/G has a tunable layer-
dependent Schottky barrier.30 The traditional backgate MoS2
eld effect transistor with ion gel dielectrics has a rather low
carrier mobility of 0.5–20 cm2 V�1 s�1, while the characteristics
of highmobility from graphene and high on-off ratio fromMoS2
are properly balanced in the MoS2/graphene heterojunction
based FET with an on–off ratio of 105 and a carrier mobility of
58.7 cm2 V�1 s�1.31–33 Different interlayer orientations might
form in the synthesis of multilayer 2D materials, and interlayer
orientation may affect the electronic properties.34–41 To the best
of our knowledge, the inuence of interlayer rotation on the
electronic properties of nTMDC/graphene hybrids is unknown.

In this paper, we have investigated the structure and elec-
tronic properties of nTMDC/graphene heterojunctions (PdS2/G
and PtS2/G). Furthermore, we study the effect of interlayer
orientation between two different 2D materials as a tuning
This journal is © The Royal Society of Chemistry 2017
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parameter for the electronic properties of the bilayer hetero-
structure. The relative orientation of graphene with respect to
the MS2 layer apparently inuences the interlayer spacing and
the binding energy, but only slightly inuences the value of the
bandgap in MS2. Robust quasi-ohmic contact against angle
rotation is found in both PtS2/G and PdS2/G heterostructures.
2. Methods and computational details

Our calculations were performed using the Vienna ab initio
simulation package (VASP) within the framework of the plane-
wave pseudopotential DFT method.42,43 The ion–electron inter-
actions were described by the projected augmented wave
method (PAW), and the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) was employed to describe
the exchange–correlation interactions.44–47 In addition, the van
der Waals interactions were considered using the DFT-D2
method.48 The Brillouin zone was sampled by a k-point mesh
of 0.05 Å�1 separation in reciprocal space within the Mon-
khorst–Pack scheme, and the kinetic energy cutoff was chosen
to be 400 eV.49 A vacuum region larger than 15 Å was added to
avoid spurious interactions between periodic images. All atomic
positions were fully optimized until the forces acting on each
atom were less than 0.01 eV Å�1.

Twisted bilayers were modeled using accidental angular
commensurations.50 In a hexagonal lattice whose basis vector is
a1 and a2, a skewed supercell with a basis vector (na1 + ma2) has

a corresponding skewed angle, q ¼ tan�1ð ffiffiffi
3

p
m=2nþmÞ. The

MS2/G hybrid sheets were designed by looking for pairs of
commensurate skewed cells of the two lattices with similar
periodicity. The rotation angle of graphene relative to PdS2
(PtS2) can be expressed as qG � qMS2, namely the angle between
the two zigzag directions, as shown in Fig. 1. Heterostructures
are modeled by expanding the two monolayer unit cells to
search the proper lattice combinations. To reduce the impact of
external strain on MS2 as much as possible, we chose the MS02
Fig. 1 Atomic geometries of the MS2/G heterobilayer (M ¼ Pt, Pd). (a an
degrees, respectively. (b) Side view of the MS2/G heterojunction, Dd indic
blue and silver spheres indicate sulfur, M and carbon atoms, respectively

This journal is © The Royal Society of Chemistry 2017
lattice parameter as the lattice parameter of the studied system
when modeling the heterostructures. To avoid a large amount
of computation and to sustain the original stability of the atom
layers, we searched the combinations which could reach the
balance between a little mismatch and a small number of
atoms. We restricted the mismatch range from �5% to 5%. In
this way, we found six twisted superstructures with relatively
smaller numbers of atoms, namely,ffiffiffiffiffi
13

p
: 3

ffiffiffi
3

p
;

ffiffiffiffiffi
19

p
:

ffiffiffiffiffi
39

p
;

ffiffiffiffiffi
39

p
: 2

ffiffiffiffiffi
21

p
;

ffiffiffiffiffi
31

p
: 67 and 5 : 4

ffiffiffi
3

p
. In

these superstructures, the number of atoms inside the unit cell
increases as the orientation angle increases. In order to study
the difference between the zigzag (ZZ) direction and the
armchair direction (AC), we need a superstructure where the AC
direction of graphene coincides with the ZZ direction of the MS2
layer. However, to reduce the computational complexity, we
adopted four typical superstructures as shown in Fig. 1, namely,

2 : 3;
ffiffiffiffiffi
19

p
:

ffiffiffiffiffi
39

p
;

ffiffiffiffiffi
13

p
: 3

ffiffiffi
3

p
and 5 : 4

ffiffiffi
3

p
, corresponding to

rotation angles of 0, 7.3, 13.9 and 30, respectively. The interlayer
displacement is conned to a stacking order where a C atom of
graphene and a S atom of MS2 are superimposed within each
unit cell, considering that the interlayer bonding is insensitive
to their mutual translation.
3. Results and discussions
3.1 Structure and energetics

The key geometrical properties of the two 1 � 1 non-twisted
congurations are listed in Table 1. For PtS2/G, the lowest S
atom layer lies about 3.51 Å below the graphene. For PdS2/G, the
interface distance is about 3.45 Å. These interlayer distance
values are close to those of the van der Waals systems such as
graphite. Therefore, we infer that the interactions between
graphene and PtS2 or PdS2 in the heterostructures are relatively
weak. The interlayer distance has little change when the
orientation is considered in a range of 0.01 Å, and this is very
similar to twisted MoS2/graphene heterobilayers.41 To
d c–e) Top views of MS2/G with rotation angles of 0, 7.3, 13.9 and 30
ates the interlayer distance between the two monolayers. The yellow,
.

RSC Adv., 2017, 7, 45896–45901 | 45897
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Table 1 Calculated properties of the two kinds of heterojunction.
a denotes the lattice parameter of certain primitive cells; Dd denotes
the surface distance between two layers; h denotes the height of the
MS2 layer; FTB denotes the tunneling barrier of certain heterojunctions

q (�) a (Å) Mismatch Dd (Å) h (Å) FTB (eV)

PtS2/G 0 7.19 �2.3% 3.51 2.65 3.95
7.3 15.66 1.9% 3.51 2.72 4.23
13.9 12.95 1.4% 3.55 2.66 3.75
30 17.96 5.2% 3.51 2.66 4.40

PdS2/G 0 7.07 �4.5% 3.45 2.74 3.64
7.3 15.40 1.9% 3.52 2.74 3.29
13.9 12.74 1.4% 3.53 2.75 3.48
30 17.66 3.6% 3.55 2.75 2.50
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quantitatively evaluate the interlayer interaction in the hetero-
junction, we calculated the binding energy (Eb), based on the
following equation:

Eb ¼ (EG + EMS2 � EMS2/G)/NC

where EG is the total energy of graphene, EMS2 is the total energy
of MS2, EMS2/G is the energy of the MS2/G heterobilayer, and NC

is the number of carbon atoms. The average binding energies
are about 265 meV for PtS2/G and 245 meV for PdS2/G per C
atom, respectively. Therefore, the PtS2/G and PdS2/G hetero-
structures are stable against thermal uctuations at room
temperature. The tendency of calculated Eb is plotted in Fig. 2.
Interface interactions become stronger with the increase of the
angles. When the rotation angle increases to 30�, the BE reaches
a maximum value of 308 (248) meV for PtS2/G (PdS2/G), similar
to the trend of the BE in the MoS2/G system, which increases
from 199 meV to 226 meV when the angle increases from 3
degrees to 25.9 degrees.41 Therefore, the system is more stable
when the ZZ direction of graphene coincides with the AC
direction of MS2. The effect of the rotation angle on the gra-
phene’s thickness and bond length is also almost negligible.

3.2 Electronic properties

The electronic properties of graphene-related heterostructures
might be affected by interlayer rotations. To reveal this effect on
Fig. 2 Variation of binding energy of stable PdS2/G (PtS2/G) hetero-
junctions with the interface angle.

45898 | RSC Adv., 2017, 7, 45896–45901
MS2, the band structures of the heterostructures with different
rotation angles have been calculated as shown in Fig. 3. The
PtS2 and PdS2 band gaps in the heterostructures will be greater
than the current PBE values in HSE, while the band structure of
graphene will not change signicantly.57 The spin orbital effect
is not considered because no signicant changes in the band
gap or the band structure were observed in any of the mono-
layers of PtS2 and PdS2, and the band gap has no obvious
change and the positions of the CBM and VBM do not move.17

To distinguish the contribution of each constituent layer more
clearly, the energy states originated primarily from graphene are
highlighted by red lines. All the Dirac points of graphene move
to gamma points because the primitive cells of graphene used

are multiples of
ffiffiffi
3

p
. The free-standing PtS2 and PdS2 mono-

layers are semiconductors with bandgaps of 1.11 eV and 1.75 eV,
respectively.17 When in contact with graphene, the band struc-
ture of PtS2 (PdS2) and graphene can be easily recognized,
indicating the weak interlayer interaction. When the interlayer
rotation angle is zero, the band gaps of PtS2 and PdS2 are 0.95 eV
and 1.71 eV, respectively. The reduction of the bandgap of PtS2
(PdS2) aer contact with the graphene layer is caused by the
weak interlayer interactions. Remarkably, the Fermi level of the
heterojunction moves to the position near the conduct band
minimum (CBM) of MS2, indicating that MS2 is n-doped. The
DFT calculations also show that MoS2 and WS2 have been
slightly n-type doped in the MoS2/G and WS2/G hetero-
structures.51,52 In the experimentally fabricated MoS2 and WS2
transistors with graphene electrodes, such n-type transfer
characteristics have also been observed.53,54 We believe this
theoretical and experimental consistency with similar systems
to our studied ones provides strong support for the reliability of
our prediction. Now we can check the effect of different inter-
layer rotation angles. In both PtS2/G and PdS2/G hetero-
strucures, graphene always retains its semi-metallic character,
and there is no band gap opened at its Dirac point, as the
interlayer rotation angle changes. An obvious variation of the
MS2 band structure is the positions of the valence band
maximum (VBM) and conduct band minimum (CBM). When
the interlayer angle is greater than 7 degrees, the CBM moves
towards the K point in PdS2/G. For PtS2/G, the CBM and VBM all
locate between the K and gamma points, except for the inter-
layer rotation angles, which are 13.9 degrees. As the rotation
angle increases, the band gap of PdS2 is almost unchanged
while that of PtS2 changes signicantly from 1.71 eV to 1.56 eV
when in contact with graphene.

Due to the quasi-metal nature of graphene, this kind of
heterojunction can be regarded as a metal–semiconductor
contact. For n-type semiconductors, electrons near the CBM are
primarily responsible for electric conduction. At the metal–
semiconductor interface, the electrons of lowest-lying states
(located at the CBM) for an n-type semiconductor can sponta-
neously ow to the metal. The states will be offset when elec-
tronic transport occurs across the metal–semiconductor
interface known as the n-type Schottky barrier height (SBH). The
ow of electrons from the semiconductor to the metal is easier
than conduction in the opposite direction. The SBH controls the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Band structure of the monolayers PdS2 (a–d) and PtS2 (e–h) on graphene with different interface angles. The red lines and blue lines
represent the band structures of graphene and MS2, respectively. The Fermi level is set to zero and marked by dashed lines.
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transport of electrons crossing the metal–semiconductor inter-
face. Because the current ow across the MS2 interface depends
on the magnitude of the SBH, the SBH is clearly the most
important property of a metal–semiconductor interface. The
vertical Schottky barrier FV for the above case can be obtained
from the energy difference between the Ef value of the interfacial
system and the CBM (electron SBH) of the contacted MS2.

For MS2 in contact with graphene at an interlayer rotation
angle of zero degrees, the vertical Schottky barrier is absent,
which indicates that the heterojunction forms an ohmic
contact. The Schottky barriers are n-type with FV ¼ 0.035 eV,
0.021 eV, and 0.042 eV for PtS2/G at angles of 7.3�, 13.9� and 30�,
respectively, and with FV ¼ 0.017 eV, 0.015 eV and 0.057 eV for
PtS2/G at angles of 7.3�, 13.9� and 30�, respectively. Since the
values of the n-type SBH are all less than 0.06 eV in all cases, the
MS2/G heterojunction can be regarded as a robust quasi-ohmic
contact against the interlayer rotation angles.
3.3 Charge redistribution

To illustrate the nature of charge transference and Fermi level
shi at the MS2-graphene interface, the charge density differ-
ences of non-twisted PdS2/G and PtS2/G are plotted in Fig. 4(a)
and (b). Due to the difference in electronegativity between the
sulfur and carbon atoms, an electrostatic potential difference
between the two constituents will be established upon the
adhesion of graphene on MS2, leading to a spontaneous
polarization at the interface. The generated vertical electric eld
points from MS2 to graphene. Such charge transference from
PtS2 (PdS2) to the graphene layer has been veried by further
Bader charge analysis (Fig. 4(c)). Bader charge analysis can
This journal is © The Royal Society of Chemistry 2017
specically describe the inuence of the interlayer angle on the
interlayer charge transference with a measurable value. The
Y-axis Q is dened as the average electronic quantity gained by
a single carbon atom, which is shown in the equation below:

Q ¼
XN

n¼1

ðQG1 �QC1ÞþðQG1 �QC2ÞþðQG3 �QC3Þþ.þðQGn �QCnÞ

N

where n and N represent the order and total number of carbon
atoms of the graphene monolayer in the MS2/graphene bilayer;
QG and QC represent the electric quantity of a single carbon
atom of the calculated system and the electric quantity of
a pristine carbon atom, respectively.

In Fig. 4(c), the calculated Bader charge of the graphene layer
is negative, which means that graphene loses electrons and MS2
is n-type doped. In our work, the relative difference of the Bader
charge can quantitatively represent the charge redistribution
around the interface. The results show that this charge trans-
ference is getting weaker as the rotation angle reaches 30
degrees. As the rotation angle increases, the number of elec-
trons that the graphene layer gains becomes slightly less in both
the PtS2 and PdS2 cases. This slight change in the number of
transferred electrons might be related to the different local
interfacial geometries in the heterostructures with different
rotation angles.

3.4 Tunneling barrier

The tunneling barrier is an important gure of merit to evaluate
the charge injection efficiency of an electrical contact. The
RSC Adv., 2017, 7, 45896–45901 | 45899
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Fig. 4 Plot of charge density differences of PdS2/G (a) and PtS2/G (b). The green and orange areas represent electron increase and decrease,
respectively. The purple, cyan, yellow and gray spheres represent the Pd, Pt, S and C atoms, respectively. (c) Charge variation per C atom versus
rotation angles in the MS2/G systems.

Fig. 5 Plot of electric potential versus z potential for PdS2/G (a) and PtS2/G (b). (c) Tunneling barrier of two types of heterojunctions as a function
of rotation angle.
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tunneling barrier height FTB is dened as the potential energy
above Ef between the non-twisted MS2 and graphene surfaces
indicated by the red line in Fig. 5. The tunneling barrier heights
FTB of the heterostructures with different rotation angles are
listed in Table 1. The value of FTB elevates as the rotation angle
increases in the PtS2/G systems, while this characteristic is
completely opposite in the PdS2/G systems. The tunneling
probabilities TB from graphene to MS2 are measured using
a square potential barrier model such as:

TB ¼ e�2 �
ffiffiffiffiffiffiffiffiffiffi
2mFTB

p
ħ � uB

where m is the effective mass of a free electron, uB is the width
of the tunneling barrier (dened as the full width at half
maximum of FTB), and ħ is the reduced Planck constant. The
value of TB is computed by this equation to be 13.0 (10.0), 16.5
(9.7), 16.5 (13.9), and 22.1 (11.4) % as the rotation angle
increases from 0� to 7.3�, 13.9� and 30� for PdS2/G (PtS2/G),
respectively. These tunneling probabilities are not high
compared with the nearly 100% value in some bulk metal
contacted systems such as Ni contacted phosphorene55 and Ti
contacted MoS2.56 Interfacial strong covalent bonds are usually
formed in these electrical contacts with high tunneling proba-
bilities. The relatively low tunneling probability in the PtS2/G
and PdS2/G heterostructures comes from the weak interlayer
interaction.
45900 | RSC Adv., 2017, 7, 45896–45901
4. Conclusions

In conclusion, the structure and electronic properties of PtS2/G
and PdS2/G heterojunctions with different interlayer rotation
angles are studied by DFT calculations. The structure and elec-
tronic properties of MS2/G heterojunctions are almost robust
under stacking. The two layers are combined by weak van der
Waals interactions, and the heterojunction becomes more stable
as the AC direction of graphene coincides with the ZZ direction of
MS2. A slight charge transference from graphene to PtS2 (PdS2)
occurs, resulting in a vertical build-in internal electric eld and
PtS2 (PdS2) being n-doped. Schottky barriers change in a small
range from 0 eV to 0.057 eV in both heterobilayers with different
orientations between the two monolayers. In terms of the robust
quasi-ohmic nature against the interlayer rotation angle, MS2/G
heterobilayers are potential electrical contacts for high perfor-
mance nano-electronic devices.
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