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A B S T R A C T   

We present a computational and experimental study for various heterostructures and heterointerfaces comprising 
two-dimensional (2D) molybdenum disulfide (MoS2) and graphene (Gr) supported on gold (Au). These structures 
are useful for photo-electrochemical and nanophotonic applications, as well as for hydrogen generation. The 
frequency-dependent dielectric function, the refractive index, and the reflectivity are calculated using light 
polarization parallel and perpendicular to the respective monolayer c axis. We identify the transitions within 
MoS2 and graphene, which correspond to peaks in the imaginary part of the frequency-dependent dielectric 
function. The Gr-MoS2 dielectric function appears as a composition of the corresponding dielectric functions 
from the isolated monolayers with their peaks being shifted. However, for the Gr-MoS2-Au heterointerfaces, some 
of these peaks from the isolated monolayers are no longer detected. Charge transfers and work function calcu
lations show that MoS2 and graphene are n and p-type semiconductors, respectively, which agree with our 
experimental local photoconductivity measurements. The heterojunction behavior for Gr-MoS2 is attributed to 
the interlayer electronic coupling, while minimizing Fermi level pinning at the MoS2/Au interface and charge 
transfers from graphene to MoS2. Thus, interfacing MoS2 with graphene signifies substrate engineering, allowing 
tunable MoS2 physical properties for diverse applications across the electromagnetic spectrum.   

1. Introduction 

The isolation of a single layer graphene from graphite by micro
mechanical exfoliation and its remarkable properties with demonstra
tive performance sparked enormous interests in two-dimensional (2D) 
materials, for both in the fundamental mesoscale physics and in the 
applied sciences [1–3]. Graphene (Gr) has a zero bandgap (though a 
very small bandgap opens with substrate interaction), therefore limiting 
nanoelectronics and photonic applications [1]. Among the van der 
Waals layered solids, and more specific the 2D transition metal dichal
cogenides, molybdenum disulphide (MoS2) is a promising class of 
atomic thin semiconductors awaiting its usage in industry applications 
besides in hydrogen evolution reaction and in photo-electrochemical 

anodes [4–6]. The thickness dependent transition to direct electronic 
bandgap (Eg ~ 1.80 eV) at the MoS2 monolayer limit (MoS2-1L) [7], 
gives rise to strong light absorption resulting in efficient photo- 
generated electron-hole pairs (known as excitons) coveted for exciton- 
photon physics and many-body quantum science [8–10]. Thus, the 
application of new layered materials in nanotechnology opens new 
perspectives and enables ground-breaking innovations. Moreover, the 
creation of van der Waals heterostructures (vdWHs) with tunable 
properties from various combinations of modern 2D materials with 
clean interfaces is a promising task focused on improving the parameters 
for nanoscale devices. Furthermore, the semiconductor-metal junction is 
the most effective for device performance. The large-area and single- 
crystalline epitaxial growth of 2D transition metal chalcogenides 
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(TMDs) is one of the most important requirements to meet the chal
lenging demands implied by the semiconductor industry. Therefore, 
their integration relying on industry-compatible manufacturing pro
cesses is still a major challenge, thereby restricting their applications 
primarily to research laboratories environments. 

Recently, the vdWHs are exemplified by experimental demonstration 
of vertical and lateral heterostructures consisting of graphene (semi
metallic), hexagonal boron nitride (dielectric; h-BN), and TMDs (semi
conducting) [11–15]. Therefore, it can create an extensive library of 
vdWHs displaying new physics [16,17] and unique functionality [18], 
not available in the individual constituents and bulk counterparts. For 
example, Lopez-Sanchez and co-workers have shown that the TMDs 
heterostructures are used in photovoltaic and optoelectronic devices 
because they exhibit very strong light–matter interactions [19]. Other 
reports include flexible photovoltaics with enhanced external quantum 
efficiency (~30 %), broadband photodetector with higher responsivity 
based on Gr/MoS2(1L)/Gr over a long working wavelength (405 to 
2000 nm) [9,20–22], and augmented brightness and reduced contact 
resistance light emitting diodes constructed from WS2/Gr [23]. The 
introduction of graphene offered an ideal platform to unveil 2D 
semiconductor-2D semimetal heterojunction along with other aspects. 
Thus, interfacing MoS2 with graphene, in contrast to similar TMD-based 
heterostructures, has been proved versatile due to weaker interlayer 
coupling contributing to marginally improved physical–chemical 
(electronic, optical, electrochemical, and electrocatalytical) properties 
[24]. Although, the photonic and electronics properties of Gr/MoS2 
vertical heterostructures have been previously studied [25,26], those 
reports are focused on nanoelectronic transport mobilities and do not 
usually discuss the role of graphene in influencing the physicochemical 
properties. Besides, many theoretical studies have focused on the elec
tronic properties and the formation of the Schottky barrier in the vdW 
heterostructures [27]. It is conceivable that the physical–chemical 
properties and applications of the vdWHs depend on the stacking 
sequence of the constituent layers, the layer number, and the supporting 
platform. 

Computationally, Qiu et. al., [28] reported electronic and optical 
properties for Gr/MoS2(1L) heterostructures using density functional 
theory (DFT) [29,30] calculations and compared them with corre
sponding calculations from isolated graphene and MoS2 monolayers. 
The authors reported that a minigap appears at the graphene Dirac point 
of the Gr/MoS2, in agreement with other reports [31,32]. Moreover, 
they also reported that the absorption coefficient, refractive index, and 
the reflectance are redshifted in the heterostructure. The electronic 
properties of MoS2(1L)/Au (111) have been reported by Bruix et al. 
using angle-resolved photoemission spectroscopy, scanning tunneling 
spectroscopy, and DFT [33]. The authors found that the MoS2(1L) 
bandgap of MoS2/Au (111) is the same to those of the freestanding 
monolayer MoS2. Yortanli and Mete reported Gr/Au (111) electronic 
calculations, where they found a downward shift of the Fermi energy 
(EFermi) with respect to graphene’s Dirac point showing a p-type doping 
character [34]. However, we are not aware of a computational study of 
MoS2(1L)/Gr/Au heterointerfaces. 

In the present work, we consider the electronic and optical properties 
of the MoS2 layers and their heterostructures with graphene and gold 
heterointerfaces using DFT for calculating band structure, electronic 
density of states, surface work function, and resulting charge transfers at 
various interfaces. The frequency-dependent dielectric functions and 
reflectivity spectra are calculated in a large wavelength window useful 
for optoelectronics, quantum optics, and single-photon emitters for 
telecommunication. The real and imaginary parts of the dielectric 
function are related to the refractive index and the absorption coeffi
cient, respectively. While the monolayer MoS2 is a direct semiconductor, 
and graphene is gapless, the MoS2/Gr heterostructure still reveals a 
direct bandgap somewhat than that of the monolayer MoS2. In the 
heterostructures, while the contribution of Mo-d orbitals to the con
duction band is outstanding, the Mo-p, Mo-d, and C-p orbitals contribute 

to the valence band. The relocation and rehybridization of the orbital in 
the monolayer MoS2 to form a heterostructure with graphene brought 
interesting properties that can be applied in the phototransistors based 
on MoS2/Gr heterostructures. The computational findings are correlated 
with experimental optical (photoluminescence spectroscopy), vibra
tional properties (Raman spectroscopy), and work function from Kelvin 
probe force microscopy (KPFM) elucidating the effect graphene layer 
has on MoS2(1L) properties. 

2. Experimental 

2.1. Materials and methods 

The experimental methods and measurements carried out are 
described briefly here, (see ref. [35] for details). We fabricated vertical 
heterostructures comprising of MoS2(1L) and graphene using an effi
cient dry transfer method on freshly prepared gold Au (111) coated 
SiO2/Si substrates imaged using electron microscopy (SEM) and atomic 
force microscopy (AFM). We investigated optical (UV–Visible absorp
tion, photoluminescence-PL, and Raman spectroscopy) and electronic 
(work function and photoconductivity) properties to explore various 
surfaces and heterointerfaces to signify the interaction with Au substrate 
and graphene layer, the latter interspersed as ‘nanospacer’ to minimize 
PL quenching due to underneath gold and enhance photoconduction for 
optoelectronic properties and energy harvesting applications. 

2.2. Computational calculations of electronic and optical properties unit 
cell modeling 

The isolated monolayers 2H-MoS2 (MoS2-1L) and graphene (Gr) 
were generated as 4 × 4 P63/mmc supercell lattices, with lattice con
stants 12.76 ̊A and 9.87 ̊A, respectively. The isolated MoS2(1L) supercell 
is three-layered totaling 48 atoms, with 32 S atoms occupying the top 
and bottom layers and 16 Mo atoms residing in the middle layer. The 
isolated graphene supercell has 32 atoms. Four-layer Au supercells, at 
the (111) crystallographic phase, were used. The Gr/MoS2 and MoS2/ 
Gr/MoS2 heterostructures supercells were selected as 4 × 4 and 5 × 5 
supercells for MoS2 and graphene, respectively, such that the lattice 
mismatch is small. Similar selection of supercells is used for the 
remaining structures of this work. Figs. 1 and 2 show the DFT optimized 
unit cells and the electronic structure for Gr/MoS2, Gr/MoS2(1L)/Gr, for 
Gr/Au, and for MoS2(1L)/Au, MoS2(2L)/Au, and MoS2(1L)/Gr/Au, 
respectively. 

Simulations Design and Data Analysis: We performed DFT elec
tronic structure calculations for the optimal geometries of various MoS2- 
graphene heterostructures and corresponding heterointerfaces with Au 
(111) using the periodic code Vienna Ab initio Simulation Package 
(VASP) [36–39]. The projector augmented-wave (PAW) pseudopoten
tials were used [40,41]. The Kohn–Sham equations were solved using 
the generalized gradient approximation (GGA) under the Per
dew–Burke–Ernzerhof (PBE) functional [42]. We used the D3 semi
empirical correction by Grimme [43], which improves the DFT 
functionals descriptions for the long-range electron correlations 
responsible for van der Waals interactions. The kinetic energy cutoff for 
all calculations is 600 eV, thus ensuring the integrity of our results. The 
electronic band structures are plotted including the per atom and cor
responding (s, p, d) orbital contributions. The convergence criteria for 
energy self-consistent field (SCF) and geometry optimizations were set 
at 10-9 eV and 10-4 eV/Å per atom, respectively. The Brillouin-zone (BZ) 
was sampled using the Γ-centered 6 × 6 × 1 BZ grid for all calculations 
in this work. For the isolated graphene, the denser 9 × 9 × 1 grid was 
also used. The work function Φ was obtained from the equation: 

Φ = Evaccum − EFermi (1) 

where Evaccum is obtained from the planar average potential 
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Fig. 1. (a) The top view of the Gr/MoS2(1L) optimized unit cell and (b) it’s side view. (c) The Gr/MoS2(1L) electronic band structure with atom projections and 
corresponding total and (d) its projected DOS per atomic orbital. (e) The top view of the Gr/MoS2(1L)/Gr optimized unit cell and (f) its side view. (g) The Gr/ 
MoS2(1L)/Gr electronic band structure with atom projections and corresponding total and (h) its projected DOS per atomic orbital. (i) The top view of the Gr/Au 
optimized unit cell and (j) its side view. (k) The Gr/Au electronic band structure with atom projections and corresponding total and (l) its projected DOS per atomic 
orbital. In optimized geometries: Atoms are colored as follows: Mo, purple; S, yellow; Au, orange; C; brown. The thin lines denote the unit cell boundaries. In electronic 
band structure: The dashed horizontal line is the Fermi energy (EFermi). The solid double arrows show the MoS2 bandgaps (Eg). The black and blue dotted double 
arrows show transitions within the MoS2 and the graphene π→π* transitions, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 2. (a) The top view of the MoS2(1L)/Au optimized unit cell and (b) its side view. (c) The MoS2(1L)/Au electronic band structure with atom projections and 
corresponding total and (d) its projected DOS per atomic orbital. (e) The top view of the MoS2(2L)/Au optimized unit cell and (f) its side view. (g) The MoS2(2L)/Au 
electronic band structure with atom projections and corresponding total and (h) its projected DOS per atomic orbital. (i) The top view of the MoS2(1L)/Gr/Au 
optimized unit cell and (j) it’s side view. (k) The MoS2(1L)/Gr/Au electronic band structure with atom projections and corresponding total and (l) its projected DOS 
per atomic orbital. In optimized geometries: Atoms are colored as follows: Mo, purple; S, yellow; Au, orange; C; brown. The thin lines denote the unit cell boundaries. In 
electronic band structure: The dashed horizontal line is the Fermi energy (EFermi). The solid double arrows show the MoS2 bandgaps (Eg). The black and blue dotted 
double arrows show transitions with the MoS2 and graphene π→π* transitions, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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calculations. 
Bader-type ion charges [44] were obtained using the Bader Charge 

Analysis code by Henkelman and co-workers [45–48], which partitions 
the charge density grid into Bader-type volumes. This code scales line
arly with the number of grid points and can be used by large unit cells. 

2.3. Mathematical formalism of optical properties 

Since the substrate and the interface with other 2D materials in 2D- 
MoS2 strongly affects the physical properties, it is natural to expect that 
it also provides vital effects on the optical properties. To study the op
tical properties computationally, we use the frequency-dependent 
dielectric function written as: 

ε(ω) = εR(ω) + iεI(ω) (2) 

where εR(ω) and εI(ω) are the real and imaginary parts of dielectric 
function, respectively, and ω being the photon energy. The imaginary 
part εI(ω) can be obtained computationally from the summation over the 
occupied and unoccupied states following the equation [49,50]: 

εI
i,j(ω) =

4π2e2

Vm2ω2

∑

c,v

∫

BZ
dk〈Uck|pi|Uvk〉〈Uck|pj|Uvk〉δ(ωck(k) − ωvk(k)−ω)

(3) 

where e and m are the electron charge and mass, respectively, V is the 
unit cell volume, p is the momentum operator, c and v are the conduc
tion and vallence bands, respectively, Uck is the the crystal wave func
tion, which corresponds to energy Eck, and j = x, y, z. The real part is 
calculated from the imaginary part via Kramers-Kronig relation: 

εR(ω) = 1 +
2
π

∫ ω

1

ω1εI(ω1)dω1

ω2
1 − ω2 . (4) 

For compounds having hexagonal symmetry as opposed to cubic 
symmetry, the dielectric properties are performed with electric field 
parallel and perpendicular to the crystallographic c-axis [51]. Thus, the 
measured dielectric functions are denoted by εE||c

(R,I) and εE⊥c
(R,I) and given by 

[51]: 

εE⊥c(ω) =
1
2

[εxx(ω) + εyy(ω) ], (5)  

εE||c(ω) = εzz(ω) (6) 

The corresponding refractive index n(ω), the extinction coefficient k 
(ω), and the reflectivity R(ω) are given in terms of εR(ω), εI(ω), n(ω), and 
k(ω) following: 

n(ω) =
1̅

̅̅
2

√ (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[εR(ω)
2

+ εI(ω)
2
]

1
2

√

+ εR(ω) )
1
2 (7)  

k(ω) =
1̅

̅̅
2

√ (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[εR(ω)
2

+ εI(ω)
2
]

1
2

√

− εR(ω) )
1
2 (8) 

or α(ω) =
̅̅
2

√

c ω(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[εR(ω)
2

+ εI(ω)
2
]
1
2

√

− εR(ω) )
1
2, (8′). 

R(ω) = |

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εI(ω) + εR(ω)

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εI(ω) + εR(ω)

√
+ 1

|
2

=
(n(ω) − 1)

2
+ k(ω)

2

(n(ω) + 1)
2

+ k(ω)
2 (9) 

The optical properties are calculated using the independent particle 
approximation (IPA) [52]. We also used the random phase approxima
tion (RPA) [53] for graphene to check the accuracy of the IPA method. In 
general, RPA is superior to IPA. However, even for isolated graphene, 
RPA optical properties calculations requires huge RAM (>10 Tb) and 
thus it is impractical for being used by large supercells. All the calcu
lations were run on the Texas Advanced Computer Center (TACC) su
percomputer facilities, using the Stampede 2 and Lonestar 6 
supercomputers. 

3. Results and discussion 

3.1. DFT calculated electronic structure and optical properties 

Here, we discuss the electronic and optical properties of mono and 
bilayer MoS2 coupled with graphene and gold calculated using DFT for 
the optimized structures shown in Figs. 1 and 2. This study specifically 
focuses on the band structure, the density of states, the work function, 
the charge transfer, the frequency-dependent dielectric function, the 
refractive index, and the reflectivity. 

Isolated graphene. The DFT calculated dielectric functions for the 
isolated graphene and the MoS2 have been reported [54–60]. Here, we 
have also calculated the dielectric function ε, the refractive index n, and 
the reflectivity R for the above-mentioned optimized geometries using 
the IPA (Fig. S1, Supplementary Materials). The use of a denser BZ grid 
reveals several peaks in the energy region 0 − 5 eV, for the in-plane 
polarization component of the imaginary part of graphene’s dielectric 
function εE⊥c

I . Marinopoulos et. al., have assigned these peaks to the 
interband π→π* transitions, whereas the peaks between 11.67 − 19.91 
eV corresponds to the σ→σ* transitions [55]. Increased BZ grid mini
mally affects the peaks, which correspond to the σ→σ* transitions. 
Similarly, for the IPA calculations, the out of plane polarization εE//c

I 
component shows peaks at 10.92 eV and 14.47 eV, which correspond to 
the interband π→σ* and σ→π* transitions, respectively [59]. Our iso
lated graphene in plane component of the dielectric constant (i.e., 
εE⊥c

R (0)) is 5.63 and 7.46 for the IPA calculations under the 6 × 6 × 1 and 
9 × 9 × 1 BZ grids, respectively. The corresponding out of plane 
component εE//c

R (0) has a lower value of 1.56 for both type of grids. Our 
dielectric constant values comply with Rani et. al., who reported 
dielectric constant values of 7.6 and 1.25 for the in plane and out of 
plane components, respectively. Table 1 shows the energy locations 
from the εI(ω) spectrum for the most prominent transitions of graphene 
and MoS2 for all systems studied in this work. 

The imaginary part of the dielectric function (εI) for the isolated 
graphene has been also calculated using the random phase approxima
tion (RPA) under the 6 × 6 × 1 BZ grid. The RPA includes crystalline 
local effects. These RPA calculations were performed using a coarser 
grid for the representation of the pseudo-orbitals, which is about half the 
size used in all other calculations (Fig. S2, Supplementary Materials). 
This is due to the RPA’s high memory requirements. Fig. S2 shows an 
excellent agreement between IPA and RPA calculated εI for the in-plane 
polarization component (i.e., εE⊥c

I ). However, there are differences in the 
out of plane amplitudes εE//c

I between these IPA and RPA calculations. 
This is in agreement with a past report, which emphasizes the role of 
local effects in the out of plane calculations [55]. The RPA and IPA 
calculations using the coarser grid for the representation of the pseudo- 
orbitals show a continuum spectrum for the in-plane polarization εE⊥c

I , in 
agreement with past reports [54,59]. 

Isolated MoS2 monolayer. The imaginary part of dielectric function 
for the isolated MoS2 monolayer (MoS2-1L) shows peaks maxima at 2.89 
eV and 5.48 eV, for in plane and out of plane components, respectively 
(Fig. S3a-S3b, Supplementary Materials). The εE⊥c

I (ω) appears redshifted 
relative to εE//c

I (ω), in agreement with past work [28,61–63]. However, 
there are cases, that these spectra have been reported in a reverse order 
[57,64]. As it will be explained below, the MoS2(1L) maxima peaks from 
εE⊥c

I (ω) and εE//c
I (ω) also appear in the Gr-MoS2 heterostructures, thus 

verifying the correctness of our approach. Figs. 1 and 2 show the opti
mized unit cells, their band structures, and the densities of states (DOS) 
for all heterostructures and heterointerfaces examined here. The εE⊥c

I (ω)

and εE//c
I (ω) peaks for the isolated MoS2(1L) correspond to the transi

tions namely, Modxy,x2−y2 , Spz →Modxy,x2−y2 and Modxz,zy,z2 ,

Spx,y →Modxz,zy,z2 , respectively [58]. Our calculated MoS2 (1L) bandgap is 
1.61 eV, which is close to the experimental value of 1.80 eV [4]. The 
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high dielectric constant εR(0) out of plane component indicates that 
MoS2(1L) is suitable for solar cell applications [65], whereas the out of 
plane high refractive index of 3.73 at around 2.6 eV shows that 
MoS2(1L) can also serve as antireflection coating for flat panel displays. 
The MoS2(1L) high reflectivity shows that it is a good reflector from IR to 
UV (i.e., in a wider electromagnetic spectral window). The high value of 
the MoS2 refractive index in the visible (~2.0 − 2.75 eV) make it suit
able to serve as a heat preservation material. It is also noteworthy that 
such details on the optical properties are challenging to capture exper
imentally for all heterointerfaces examined here. 

Gr/MoS2 and Gr/MoS2/Gr heterostructures. The electronic band 
structure calculations for the heterostructures Gr/MoS2(1L), Gr/ 
MoS2(1L)/Gr, and the heterointerface MoS2(1L)/Gr/Au show the pres
ence of the Dirac point at the Fermi energy (EFermi), located at the K 
point (Figs. 1-2, left panels). Interestingly for the Gr/Au case, the Dirac 
point is upshifted by about 0.17 eV, which is in an excellent agreement 
with the past report of Khomyakov et. al., [66] and indicative of phys
isorption of graphene on Au substrate. A small bandgap of the order of a 
few meV (minigap) is opened at the Dirac point for all graphene heter
ostructures in this work, as anticipated when monolayer graphene is 
placed on substrates. The presence of this minigap has also been re
ported previously for the Gr/MoS2(1L) heterointerface [31,32]. The 
MoS2(1L) bandgap is in the range of 1.27–1.77 eV (Figs. 1-2), which is 
close to the value for the isolated MoS2(1L) bandgap of 1.61 eV found 
here. While for more than one layer of MoS2(2L)/Au, the bandgap be
comes indirect, as in the MoS2 bulk case [67]. 

We examine the changes in the optical properties for the isolated 
graphene and the MoS2(1L) due to their presence in the Gr/MoS2(1L) 
and Gr/MoS2(1L)/Gr heterostructures. Fig. 3 shows the frequency- 
dependent optical properties ε, n, and R for all heterostructures and 
heterointerfaces of this work. The imaginary part of the dielectric 
function εI for the Gr/MoS2(1L) and Gr/MoS2(1L)/Gr heterostructures 
show peaks that correspond to transitions from graphene and MoS2. 
Table 1 shows that the locations of these peaks in both heterostructures 
are located at about the same energies to those from isolated mono
layers, for both the in plane and out of plane light polarizations. 
Moreover, all graphene allowed transitions from the π and σ bands to
wards the π* and σ* bands are detected computationally in the εI spectra, 
for both Gr/MoS2(1L) and Gr/MoS2(1L)/Gr heterostructures. However, 
this is not the case for the MoS2(1L)/Gr/Au heterointerface, as it will be 
discussed later in this section. The peaks of these transitions appear at 
about the same positions as the ones from isolated graphene, in a similar 
fashion as the peaks that correspond to transitions involving MoS2. This 
implies that the overlap between graphene and MoS2(1L) bands is rather 
small. 

The larger values of dielectric constants for the heterostructures 

relative to the isolated monolayers manifests that they are better di
electrics than those of isolated MoS2 and graphene. However, the in- 
plane component of the dielectric constant for the Gr/MoS2 is smaller 
than from Gr/MoS2(1L)/Gr, whereas the opposite is observed for the out 
of plane polarization. The heterostructures refractive index spectra are 
redshifted relative to the one for the isolated monolayers. This agrees 
with the past report by Qiu et al., on the DFT calculated optical prop
erties for Gr/MoS2 [28], as well as with our experimental optical ab
sorption and photoluminescence properties (Figs. 4-5). Moreover, in the 
visible region, the Gr/MoS2 has a higher refractive index value relative 
to the isolated MoS2(1L), whereas the opposite is observed for the Gr/ 
MoS2(1L)/Gr configuration. These results agree with those reported by 
Qiu et al.[28]. Therefore, the Gr/MoS2 is an improved material for heat 
preservation applications relative to the isolated MoS2 (1L). 

The reflectivity of the Gr/MoS2(1L)/Gr is smaller than for Gr/ 
MoS2(1L) energies up to about 11 eV for both the in plane and out of 
plane components. An exception to the above statement is observed for 
the in-plane reflectivity at energies less than 0.6 eV, where we found the 
following order: RGr/MoS2(1L) < RGr/MoS2(1L)/Gr. The Gr/MoS2(1L) hetero
structure will reflect light better in a wide optical region, since it’s out of 
plane reflectivity is larger as compared with those found for the isolated 
graphene and MoS2. 

MoS2(1L-2L)/Au heterointerfaces. The εE⊥c
I (ω) component for the 

MoS2(1L-2L)/Au heterointerfaces shows peaks at about 1.52 eV, which 
are absent from the corresponding spectra for the isolated MoS2 
monolayer. Johnson and Christy reported the dielectric function for Cu, 
Ag, and Au through reflection and transition measurements at room 
temperature [68]. The authors reported that the Au dielectric function 
imaginary part shows a curve that peaks at about 1.0 eV. In our case, the 
εE⊥c

I associated with Au intraband transition from the Au valance bands 
to the Au-Mo conduction bands peak occurs at about 1.57 eV. For 
MoS2(1L)/Gr/Au and Gr/Au, two peaks appear at 1.2 eV and 2 eV, 
which are associated with the Au intraband transitions, which involve 
graphene bands. There are significant differences in the real part of the 
dielectric function εR(ω) between the MoS2(1L)/Au and the MoS2(2L)/ 
Au, where the MoS2(1L)/Au εE//c

R spectrum is comparable to the one 
from the isolated MoS2(1L). The dielectric constant for the MoS2(2L)/Au 
is significantly higher than the MoS2(1L)/Au, which implies that an 
additional MoS2 layer on top of MoS2(1L)/Au improves the hetero
structure’s dielectric properties, as expected. However, both hetero
interfaces have similar refractive index n and reflectivity R values, for 
energies up to about 6 eV. The out of plane component of the refractive 
index n for the MoS2(1L-2L)/Au heterointerfaces is significantly larger 
than the corresponding value for the isolated MoS2(1L) and for the Gr- 
MoS2 heterostructures examined above, for energies up to about 1.6 eV, 

Table 1 
The peak positions for the imaginary part of the dielectric function and the corresponding transitions for graphene and MoS2. The valance and the conduction band for 
MoS2 are as follows: VE⊥c = Modxy,x2−y2 , Spz CE⊥c = Modxy,x2−y2 , VE//c = Modxz,zy,z2 , Spx,y , and CE//c = Modxz,zy,z2 . Values in square brackets are for the IPA calculations 
under the 9 × 9 × 1 BZ grid, whereas values in regular brackets refer to RPA calculations.  

System Graphene MoS2  

π→π* σ→σ* π→σ* σ→π* VE⊥c→CE⊥c VE//c→CE//c  

(eV) 
Gr 1.36–3.82 11.67–19.91 10.92 14.47    

[0.90–4.00] [11.67–19.21] (12.18) (15.15)    
4.001; 4.62 13.81; 14.003 12.003 14.53   

MoS2 (1L)    1.79; 2.07; 2.86 3.67; 5.46     
1.704; 3.394; 2.804 3.71; 5.56 

Gr/MoS2 (1L)/Gr 0.49; 1.27; 3.78 11.17–16.34 11.39 14.15 2.06; 2.32; 2.79  3.71; 5.47 

Gr/MoS2 (1L) 1.04; 1.56; 3.76 11.14–18.67 12.18 14.09 1.98; 2.28; 2.78 3.71; 5.55 
MoS2 (2L)/Au     2.78 5.43 
MoS2 (1L)/Au     2.45; 2.91 5.47 
Gr/Au 0.68–2.39 not resolved 11.56 14.20   
MoS2 (1L)/Gr/Au 0.99–2.78 not resolved not resolved 14.05 2.85 5.50 

Note: 1RPA calculated value [59]; 2Experimental value [54]; 3RPA calculated values [54]. 4DFT values from [58]. 
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with nMoS2(1L)/Au > nMoS2(2L)/Au , with the MoS2(1L)/Au nE//c being the 
highest for all configurations of this work. This makes the MoS2(1L-2)/ 
Au and Gr/Au materials useful for thermal (IR) coatings. 

MoS2(1L)/Gr/Au and Gr/Au heterointerfaces. It was experimen
tally observed that freshly prepared gold coated Si substrate, used for 

investigating the exfoliated graphene and MoS2, influences their phys
ical properties (Figs. 4-5) [7,35,69,70]. Here, we investigated compu
tationally how Au influenced graphene optical properties for the 
MoS2(1L)/Gr/Au and the Gr/Au heterointerfaces. Specifically, the 
εE⊥c

I (ω) for the MoS2(1L)/Gr/Au and Gr/Au shows several peaks in the 

Fig. 3. (a) The imaginary part of dielectric functions εI for Gr/MoS2 (solid lines) and Gr/MoS2(1L)/Gr (dotted lines), (b) the real part εR, (c) the refractive indices n, 
and (d) reflectivity R, (e) the εI for MoS2(1L)/Au (solid lines) and MoS2(2L)/Au (dotted lines), (f) their εR, (g) n, and (h) R. (i) The εI for Gr/MoS2/Au (solid lines) and 
Gr/Au (dotted lines), (j) their εR, (k) n, and (l) R. The parallel (//) and the perpendicular (⊥) components are shown. The numbers in the εI peaks are related to 
transitions within the MoS2 from its valence band to its conduction band, as shown in Figs. 1 and 2. The label Au refers to transitions that involve Au bands 
predominantly. 
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Fig. 4. (a, b) SEM microscopy images in two magnifications showing graphene and MoS2 surfaces and interfaces contrast (c) Optical microscopy image (d) AFM 
image revealing surface topography. Corresponding (e) contact potential difference (CPD) measured using KPFM, (f) CPD distribution of MoS2/Au and MoS2/gra
phene interfaces, (g) photoconductivity maps, and (h) Variation of work function values. 
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energy range 0.99 − 2.68 eV and 0.69 − 2.39 eV, respectively, which 
correspond to the π→π* transitions. However, the σ→σ* transitions 
cannot be identified from heterointerfaces εE⊥c

I (ω) spectra. The intense 
peaks at about 1.2 eV and 2 eV in the εE//c

I (ω), which involve transitions 
within the Au bands mixed with graphene bands for the MoS2(1L)/Gr/ 
Au case, are corroborated with experimental observations reflected in 
the changes in the optical emission peaks through redshifts, as well as in 
the vibrational bands due to stronger electron–phonon coupling (vide 
infra). The MoS2(1L)/Gr/Au has the highest dielectric constant from all 
materials examined here, which makes MoS2(1L)/Gr/Au a suitable 
material candidate for photovoltaic solar cell applications. The out of 
plane component of the reflectivity for the Gr/Au heterointerface 
showed its highest value at about 2.25 eV from all structures of this 
work. 

Charge transfer and work function. Table 2 summarizes the 
charges per Mo, S, C, and Au relative to their isolated atoms charges and 
the work function for all configurations studied in this work. In all 
configurations, there is some small electron transfer per atom from 
graphene to Au and MoS2, which makes graphene is a p-type semi
conductor in the heterostructures and heterointerfaces. Similarly, there 
is a charge transfer from Au to MoS2, which makes MoS2 an n-type 
semiconductor. However, electron transfers from graphene do not 
correspond to shifts of the Dirac point relative to the Fermi energy, 
except for the Gr/Au case, in agreement with past reports [34,66]. Thus, 
charge transfers between graphene and Au and MoS2 do not necessarily 
correspond to Dirac point shifts. 

The work function for the isolated MoS2 is larger than the one for the 
isolated graphene, which is not surprising since MoS2(1L) is a semi
conductor and graphene is a semimetal. Moreover qualitatively, the 
higher the work function the lower the electrical conductivity. The 
MoS2(1L-2L) adsorption on Au decreases the MoS2(1L) bandgap and its 
work function value relative to the isolated MoS2(1L), indicating an 
improved conductivity for the MoS2(1L-2L)/Au heterointerfaces. The 
MoS2(1L)/Gr/Au has the highest work function from all hetero
structures and heterointerfaces in this work. This indicates that the 
presence of graphene between MoS2(1L)/Au interface changes the 
conductivity, such that it becomes useful for photoconductive properties 
(see Fig. 4) and for devising range of optoelectronic devices. 

3.2. Expanding correlations with experimental results 

We further expand on correlating the above calculations with 
experimental findings, and discuss the results related to the work 
function, the photoconductivity, and the lattice vibrational and optical 
properties. Fig. 4 shows the SEM images (panels a and b), the optical 
image (panel c) and the AFM topography (panel d) identifying various 
surfaces and heterointerfaces and unambiguously visualizes layer 

Fig. 5. (a) Confocal Raman spectra measured using 633 nm excitation showing 
prominent bands associated with MoS2 (E2g

1 , A1g), graphene (G, 2D) and het
erointerfaces. (b) UV–Vis optical absorption spectra of graphene, quasi- 
graphene, MoS2 and mix of graphene and MoS2 showing characteristic gra
phene and MoS2 bands. (c) Room temperature photoluminescence (PL) spectra 
showing neutral exciton (A) and charged exciton-trion (A-) peaks. The dashed 
line is drawn to guide eye. 

Table 2 
Charge transfers per atom relative in units of e with the corresponding error in 
these calculations and the work function Φ = Evaccum − EFermi. ΦMoS2(1L) =

5.585 eV and.ΦGr = 4.257eV.

System q (e)  Φ(eV)

Mo Au S C Error  

MoS2(1L)/Au  −1.194 -3.8×10−3   0.606  10−6  4.930 

MoS2(2L)/Au  −1.212 -3.4×10−3   0.610  10−6  4.951 

Gr/Au  3.8×10−4  -5.5×10−4  10−5  5.035 

MoS2(1L)/Gr/ 
Au  

−1.190 9.9×10−4  0.598 -3.1×10−3  10−6  5.122 

Gr/MoS2(1L)  −1.082   0.542 -6.8×10−4  10−6  4.542 

Gr/MoS2(1L)/ 
Gr  

−1.064   0.536 -1.2×10−3  10−5  4.447  
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numbers through contrast for both graphene and MoS2, as well as MoS2/ 
Gr heterostructures. Here, we measured electronic and optical surface 
properties to probe buried interfaces for MoS2 on Au and MoS2 on gra
phene. The AFM topography was measured in combination with KPFM 
obtaining contact potential difference (CPD) showing regions with dark 
(MoS2) and bright (graphene or gold) contrast levels. The average CPD 
was determined through measuring the distribution over nanoregions 
(Fig. 4f). The work function was calculated using the following eVCPD =

Φtip − Φsample, where VCPD in volts, Φtip is tip work function calibrated 
with HOPG, Φsample is of samples and e the electron charge. These values 
are summarized and plotted in Fig. 4h along with computational values, 
which are in reasonable agreement with experiment. The tunable work 
function of MoS2 (1L and 2L)/Au (111) was calculated to be 4.80 eV and 
4.772 eV. The work function of the MoS2/Gr heterostructure decreased 
depending upon the number of graphene layers ranged between 40 and 
70 meV confirming charge transfer from graphene to MoS2 at 2D-MoS2/ 
graphene heterostructures. Partial change of work function values is 
attributed to the interface dipole between graphene and MoS2 and the 
electron density redistribution. Fig. 4g shows conductive AFM (C-AFM) 
measuring local photo-conductive mapping under laser illumination. 
The contrast is due to photocurrent modulation of local electric field at 
the barrier interface, wherein the concentration of charged carriers is 
varied due to the injection of electrons upon laser illumination. These 
findings manifested in optimal electronic coupling of dissimilar 2D 
layers layered materials for light energy harvesting [71]. 

The lattice vibration properties were also probed using confocal 
Raman spectroscopy [72,73]. Recall that the space group of a single 
layer MoS2 is P63/mmc (point group D3h). Consequently, systems with 
even numbers of layers belong to the space group P3m1 (with inversion 
symmetry) and systems with odd numbers of layers to the P63/mmc 
space group (without inversion symmetry) [74]. The first- and second- 
order Raman spectra (Fig. 5a) highlight signatures associated with 
planar MoS2 flakes and mono-/bilayer graphene layers, both on Au, and 
MoS2 heterostructured interface with the underlying graphene layer. 
Briefly, the prominent vibrational bands associated with MoS2 include 
the in-plane E’(E1

2g for bulk) mode at 384.0 cm−1 (383.8) and out-of- 
plane A1

′ (A1g for bulk) mode at 403.4 cm−1 (404.5), with frequency 
difference Δf = 19.5 cm−1 for mono- (1L) and 20.8 cm−1 for bilayer (2L) 
consistent with the most of the literature values [4,35]. The spectra in 
Fig. 5a (middle panel) are related to graphene and interfaces showing a 
characteristic G band at 1580 cm−1 associated with the in-plane 
tangential mode. The disorder-activated D band at about 1340 cm−1 

was almost absent. The overtone 2D peak ~ 2670 cm−1 (Fig. 5a, last 
panel) exhibits frequencies and line shapes matching the characteristic 
mono or bilayer graphene [3,35]. While the in-plane vibration provides 
information about in-plane strain, out-of-plane mode provides evidence 
on the quality of the interfacial contacts. Notably, compared to the MoS2 
(1L-2L)/Au, the E’ and A1

′ mode was red shifted by 1.0 cm−1 and blue 
shifted by 1.6–2.0 cm−1, respectively. In the case of the MoS2/Gr het
erostructure, the vdWH contact is also characterized by a shift of 12–13 
cm−1 in the graphene 2D peak. These result from the interlayer in
teractions with underlying graphene indicates doping of MoS2 mono
layer. However, the position of the G band was almost invariant within 
the uncertainty of the Raman instrumental resolution (less than1 cm−1). 

The optical properties were studied by UV–Visible absorption 
(Fig. 5b) and photoluminescence (PL) emission (Fig. 5c) spectroscopy. 
The absorption spectrum yields a reliable measurement of the bandgap 
either in configuration space or in light scattering momentum space. An 
obvious broad peak located at ~ 230 nm (and 268 nm) is related to 
graphene, which differs from larger flakes of 2D-MoS2 that shows peaks 
at ~ 620 nm and ~ 668 nm (1.856 eV) ascribed to B and A neutral 
excitonic peaks, respectively, arising from the K point BZ 
[4,14,35,69,70]. The π→π* transitions in the absorbance data are 
detected at ~ 250 nm, which is equivalent to about 4.6 eV. The strongest 
luminescence peak at 450 nm (2.76 eV) is due to direct transitions from 

deep valence to conduction band, which shifts with excitation wave
length. The room temperature PL spectra also shows a neutral exciton 
(A) peak at 1.885 eV, for MoS2(1L)/Au. This finding is in contrast with 
the reported observation of quenching of PL signal, which we attributed 
to conformal contact of MoS2 with Au [10,75,76]. On the other hand, 
exciton A peak intensity becomes stronger two to four times on graphene 
layers than those when placed on Au. The red shift in A peak transition 
energy by 43 meV is observed for MoS2(1L)/Gr(1L) heterostructures 
(Fig. 5c). The crystalline flakes comprised in these heterostructures are 
randomly misoriented and therefore it is likely the interaction between 
MoS2, and graphene is weak. The observed shifts and the enhanced PL 
signal arise due to the interaction with graphene ‘nanospacer’ resulting 
in direct changes in the MoS2 electronic structure as observed through 
calculations. Furthermore, the spectral shape of the exciton A is modi
fied such that the emergence of the charged exciton (or trion) peak (A-) 
is observed peaking at 1.835 eV for MoS2(1L)/Gr heterostructures, 
yielding trion binding energy of 30 meV, slightly higher than those for 
MoS2 (ca. 20 meV) and is suggestive of robust excitons at room tem
perature. These can be exploited for exciton-photonics technologies, 
such as quantum sensing and light-energy harvesting. An obvious 
exciton splitting is attributed to built-in electric field at the MoS2/Gr 
interface regardless of the number of graphene layers. 

Our experimental results directly and/or indirectly support the op
tical and electronic properties inferred from calculated band structure, 
the work function, and the optical properties. The PL spectra can be used 
to determine changes in the MoS2 bandgaps. This is in a similar fashion 
as used by Weber and Alonso for determining bandgaps from PL spectra 
on Si-Ge alloys [77]. Fig. 5c shows that the addition of a second MoS2 
monolayer on top of MoS2/Au decreases the bandgap, in agreement with 
our calculations. This is due to the change of the monolayer MoS2 (1L) 
bandgap from direct to indirect in the bilayer MoS2 (2L). However, the 
change in the absorbance is a better approach for determining bandgap 
changes relative to using the PL spectra. The absorbance data shows that 
the absorbance peak for MoS2(1L)/Au is observed at higher wavelengths 
(smaller eV) than the one from the MoS2/Gr/Au. This means that the 
MoS2 bandgap is less in units of eV for the MoS2(1L)/Au relative to 
MoS2(1L)/Gr/Au, in agreement with our calculations. However, the PL 
spectra showed otherwise albeit marginally. 

4. Conclusions 

In summary, we performed DFT calculations in MoS2 and graphene 
heterointerfaces placed on Au and their heterostructures to unravel the 
electronic band structure and density of states per atom energy and their 
work function, as well as their optical properties. We also complemented 
these calculations with experimental findings, specifically correlated 
with surface work function and optical photoluminescence bands, 
highlighting the interaction of the MoS2 with the Au substrate and 
graphene. The frequency-dependent dielectric function, the refractive 
index, and the reflectivity were calculated for light polarization parallel 
and perpendicular to the plane of respective top nanolayer in hetero
interfaces and heterostructures. The calculated electronic and optical 
properties were in reasonable agreement with the past computational 
reports and with our experimental results. The insertion of graphene 
layer in-between gold and MoS2 (or vice versa) has significant effects on 
their electronic and optical behavior despite the weak interlayer inter
action. Consequently, interfacing MoS2 with graphene signifies engi
neered manipulation of physical properties thereby paving the way for 
their applications in diverse technologies from semiconductors to light 
energy harvesting and electrocatalysis. 
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