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Achieving tunability of two dimensional (2D) transition metal dichalcogenides (TMDs) functions calls for
the introduction of hybrid 2D materials by means of localized interactions with zero dimensional (0D)
materials. A metal-semiconductor interface, as in gold (Au) - molybdenum disulfide (MoS2), is of great
interest from the standpoint of fundamental science as it constitutes an outstanding platform to investigate
plasmonic-exciton interactions and charge transfer. The applied aspects of such systems introduce new
options for electronics, photovoltaics, detectors, gas sensing, catalysis, and biosensing. Here we consider
pristine MoS2 and study its interaction with Au nanoislands, resulting in local variations of
photoluminescence (PL) in Au-MoS2 hybrid structures. By depositing monolayers of Au on MoS2, we
investigate the electronic structure of the resulting hybrid systems. We present strong evidence of PL
quenching of MoS2 as a result of charge transfer from MoS2 to Au: p-doping of MoS2. The results suggest
new avenues for 2D nanoelectronics, active control of transport or catalytic properties.

R
ecent advances in isolating single or few layers of Van der Waals (VdW) materials, such as graphene, have
led to the discovery of unusual physical properties that result from 2D quantum confinement, giving rise to
behavior such as quantum Hall effect1–4, Berry phase1,5 or ballistic carrier transport6,7 in graphene. However,

the absence of bandgap in graphene results in very low current switching and absorption (only 2.3%) of solar
photons, limiting its potential for applications in electronics and optoelectronics. Recently, another VdW mater-
ial, MoS2, has attracted tremendous interest due to its tunable bandgap from 1.2 eV in bulk to 1.8–1.9 eV in single
layers. As a result, single layer and few layers MoS2 exhibit promising behavior for applications in transistor with
high current switching8,9, light emitting devices10, photo-transistors11–13, catalysis14 and solar cells15,16. The trans-
ition to a direct bandgap in pristine MoS2 monolayers17–21, which in turns is directly related to the enhanced PL
observed in monolayers, also triggered interesting work on electroluminescence10, valley-Spin polarization22–24,
and tunable p-n diodes25. Other 2D layered materials and heterostructures resulting from stacking of different 2D
layers are believed to hold exciting promises26–28. However, in most cases the production of such heterostructures
is hindered by significant challenges due to the complications in obtaining other 2D materials and their control
placements on top of each other. Hence, 0D-2D hybrid structures may offer a more immediate benefit for
tunability of 2D TMDs functions: because layers of VdW (2D) materials are so thin, physical or chemical
modifications of their surface can significantly impact their functionalities. Thus, exploring the interactions of
0D and 2D materials is crucial to the quest for highly efficient and functional hybrid nanodevices. Here, by
creating hybrid 0D-2D systems, we propose to modify the properties of MoS2. Hence, we investigate the effect of
Au nanostructures on the electronic properties of MoS2 and discuss the consequences of Au-MoS2 interactions in
electronics and optoelectronics.

Results
MoS2 was mechanically exfoliated8,29,30 and transferred to a SiO2 substrate (see Experimental Section and
Figure 1). Figure 1 shows the optical (Figure 1a) and AFM images of pristine MoS2 (Figure 1b). The optical
image exhibits areas of different contrasts across the flake, which are representative of a variation from two (2 L)
to four layers (4 L). The number of layers of the exfoliated MoS2 flake was confirmed by AFM height measure-
ments (as shown in Figure 1c) using the height profile C extracted from the AFM image (white C line) in
Figure 1b. The transition from SiO2 to MoS2 indicates a thickness of 1.8 nm, in good agreement with previously
reported thickness of two layers of MoS2

31. The number of layers in the flake was further confirmed by Raman
spectroscopy (as shown in Supporting Information Figure S1) with a difference between the E1

2g and A1g peak
positions of 21.5 cm21 for the 2 L and 24.3 cm21 for the 4 L area32. About 2.0 nm (thickness) of Au was then
deposited by thermal evaporation (see Methods). Further AFM (Figure 1d) and Scanning Electron Microscopy
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(SEM) characterization (Figure 1e) of the Au-MoS2 hybrid system
confirmed the formation of Au nanostructures. An average height of
1.6 nm for 2.0 nm Au deposition on MoS2 was measured using root
mean square (RMS) data analysis (Supporting Information Figure
S4) on the corresponding AFM image (Figure 1d). SEM images
(Figure 1e) revealed elongated Au nanostructures, with feature size
varying from 5 to 30 nm in width. AFM images indicate that the Au
on MoS2 exhibit some height variations within the elongated struc-
tures (Figure 1d) suggesting that they are made of several Au islands
connected to each other at their base.

To investigate the effect of the Au nanostructures on the properties
of MoS2, we performed localized PL measurements on the pristine
MoS2 and Au-MoS2 hybrid flake, at the same location. The PL mea-
surements were carried out on a confocal Raman microscope system
(see Experimental Section). To ensure the reproducibility of the data,
we followed a careful alignment and optimization protocol. In addi-
tion, the laser power was maintained below 1 mW to avoid local
heating and oxidation of the samples. The integration time was also
carefully optimized to obtain a satisfactory signal-to-noise ratio
while maintaining acceptable data acquisition duration and avoiding
drift. Figure 2b shows the variations of the PL signal, acquired at
locations labeled ‘2L’ in Figure 2a, as a function of the selected focal
plane of the excitation laser. Two emission peaks at 1.85 eV and at
1.98 eV can be seen (Figure 2b – red curve), corresponding to the A1
and B1 exciton peaks of MoS2

17, whose intensities change with the
focal plane of the excitation laser focus. At some focal planes, the
intensity of peak B1 was higher than (f6 in Figure 2b) or equal to (f5
in Figure 2b) peak A1, while at other focal planes highest intensity for
peak A1 can be obtained (f4 in Figure 2b). Such variation is usually
not discussed in reported PL studies. Hence we suggest that the
variation in focal plane of excitation laser should be taken into
account to increase the reproducibility of 2D and hybrid systems
in view of more quantitative studies. After optimization, we selected
f4 for all the measurements reported in this study.

Figure 2c shows the PL spectra acquired at the same location
(marked ‘2L’ on the flake in Figure 2a) on pristine MoS2 (red curve)
and after deposition of 2.0 nm Au on the MoS2 surface (black curve).

Recent work by Splendiani et al17 described the prominent intensity
of A1 peak in PL of pristine MoS2 monolayers. However A1 peak at
,1.85 eV has also been observed for up to five layer (5 L) MoS2,
although with lower amplitude than in its single layer counterpart
(i.e. all parameters other than number of layers should be identical
for such comparison)17,33,34. The presence of A1 excitons around
1.85 eV in single layer MoS2 is attributed to the direct gap transition
between the maximum of the valence band and the minimum of the
conduction band at the K point of the Brillouin zone in monolayers
MoS2. As the direct excitonic transition at the Brillouin zone K point
remains constant independently of the MoS2 thickness, the indirect
bandgap increases as the number of MoS2 layers decreases17,18, lead-
ing to a transition from indirect to direct gap occurring at the single
layer level. The splitting between the A1 and B1 emission peaks is
caused by the spin orbital and interlayer couplings and varies
depending on the substrate34. The intensity of the B1 exciton peaks
is negligible in suspended monolayer configurations and an
enhancement of up to 104 has been reported for A118 while on sub-
strate the intensity ratio of the A1/B1 is typically less than 1017,33,35–37.
The present work was carried out on a flake made of 2 L and 4 L
MoS2 on a Si/SiO2 substrate. We find that in such conditions, the
intensity ratio of the A1/B1 is about 2 in 2 L (Figure 2c) in close
agreement with Liu et al37. For 4 L the intensity ratio was about 1.7
and a 20% decrease of the amplitude of the peaks was measured
compared to 2 L. We then performed the PL measurement at the
same location (marked ‘2L’) after Au deposition. As shown in
Figure 2c (black curve), both A1 and B1 excitons completely disap-
peared, suggesting that PL quenching has occurred.

In order to see whether the PL quenching is observed throughout
the flake after Au deposition or just at a few points, we acquired PL
intensity maps and peak position contour plots for A1 and B1 peaks.
The maps are presented in Figure 3. Figure 3a shows PL intensity
mapping of the A1 peak throughout the pristine MoS2 while
Figure 3c corresponds to the map of the intensity of the B1 peak.
We also considered the local variation in the position of the A1 and
B1 PL peaks: Figure 3e and 3 g represent the contour plot of the
position of peak A1 and peak B1, respectively. Interestingly, we

Figure 1 | Exfoliated MoS2 flake and 2.0 nm Au deposition. (a) Optical

image of exfoliated MoS2 flake. Different colors correspond to the different

number of MoS2 layers: 2 layers (2 L) and 4 layers (4 L). (b) AFM image of

the MoS2 flake as exfoliated (color scale: min 5 10.4 nm, max 5 18.4 nm).

C line (black) corresponds to the profile cross-section extracted (c) to

confirm the height of the two layer. (d) High resolution AFM image Au

nanoislands on MoS2 corresponding to boxed area (green) in (b) (color

scale: min 5 0.0 nm, max 5 2.9 nm) (e) SEM image of Au nanostructures

on MoS2.

Figure 2 | Effect of 2.0 nm Au deposition on MoS2 photoluminescence
(PL). (a) AFM image of MoS2 flake as exfoliated. Cross marks indicate the

location of the PL data presented in (b). (b) PL signal as a function of focal

plane from above the surface (f1) to several tens of nm below the surface

(f7). For clarity the curves were shifted of 4 units for each step. (c) PL

spectra of 2 L MoS2 flake as exfoliated (red) and after 2.0 nm Au

deposition (black). (d) Plasmonic response of the bare SiO2 substrate (red)

and SiO2 substrate covered with the Au nanoislands (black).
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observed local variations in PL intensity and peak position but no PL
quenching at any point on the pristine MoS2 flake. The intensity of
peak A1 varies locally from 22 to 25 CCD Cts within the 2 L region of
the flake, while the intensity of peak B1 varies from 8 to 17 CCD Cts.
In the 4 L region, the intensity of the A1 peak varied from 16 to 18
CCD Cts. Likewise, the position of peak A1 varies locally from
1.82 eV to 1.86 eV within the flake, while the position of peak B1
varies from 1.95–2.05 eV. Recent PL studies of MoS2 also show small
variations in peak position for both peak A1 and peak B117,33,35,36 and
intensity ratio of A1/B117,33,35,36 acquired using single point PL spec-
tra. The variations could be attributed to non-homogenous inter-
action with the substrate, local defects in the flake or various edges
configurations on the edges33,36–38. Although often neglected in single
spectra studies17,36,39, such 2D mappings could have a major impact
on the understanding of the behavior of MoS2 and defect- or hybrid-
MoS2. The results highlight the need for 2D mapping of the flakes to
avoid the misleading observation of a sheet that would be due to a
localized change in the 2D flake.

The 2D mappings were repeated after Au deposition, as presented
in Figure 3b (A1 intensity), d (B1 intensity), f (A1 position), h (B1
position). No peak could be observed in the range of 1.82–1.86 eV, as
can be seen in the intensity map in Figure 3b and corresponding
position contour plot in Figure 3f. Similar observation holds in the
range of 1.95–2.05 eV, as can be seen in the intensity map in
Figure 3d and corresponding position contour plot in Figure 3h.
Since Au nanostructures cover the entire MoS2 surface, the observed
PL quenching throughout the flake suggest strong charge transfer
interaction between Au and MoS2.

Recently, variations of PL intensity are reported for different sub-
strates34 and for liquid phase exfoliated MoS2

39. In substrate depend-
ent studies, although no quenching was observed, small variations
were attributed to the doping by the trapped charges of the sub-
strate34. While for the Li-intercalated MoS2 study, the absence of
PL was due to a phase transition of MoS2 to metallic phase39. In
our present study, all measurements were carried out on the same
substrate (Si/SiO2 substrate) and the absence of PL quenching in the
2D mapping of pristine MoS2 (without Au deposition) suggests that
the substrate induced defects are not responsible for the observed PL
quenching of MoS2 after Au deposition. To determine whether the
PL quenching is due to any structural change of MoS2 caused by Au
deposition, we performed X-ray photoemission spectroscopy (XPS)
on pristine MoS2 and after depositing Au. No change in the structure
could be found according to a comparison of XPS peak position and
peak FWHM (Supporting Information Figure S2). Thus it is clear

that the PL quenching is not due to any structural change in the
system.

Therefore, the variations of PL in our study suggest doping by the
Au nanostructures. We infer that the PL quenching observed in the
presence of Au can be attributed to a change in the electronic struc-
ture of the system. The Fermi level of a single layer of MoS2 and Au
was previously reported at 4.7 eV10,12,40,41 and 5.1 eV25,42 resulting in a
0.4 eV energy level offset (Figure 4a), which causes a band bending12

in the Au-MoS2 hybrid (Figure 4b). Upon illumination, the electrons
in the excited state of MoS2 transfer to Au, leaving a hole behind, thus
cause p-doping in MoS2. As electrons from MoS2 are transferred to
Au, they do not decay back to their initial ground state, leading to PL
quenching in the hybrid system.

In order to further confirm the doping of Au on MoS2, we repeated
the study for 1.0 nm Au deposition on another MoS2 flake. The results
are summarized in Figure 5. Figure 5a shows the optical image of the

Figure 3 | Photoluminescence (PL) mapping of Au-MoS2 hybrid nanoflake. Intensity (a) and position (e) of peak A1 across the exfoliated MoS2 flake,

Intensity (b) and position (f) of peak A1 across the exfoliated Au-MoS2 flake (after 2.0 nm Au deposition). Intensity (c) and position (g) of peak B1

across the exfoliated MoS2 flake, Intensity (d) and position (h) of peak B1 across the exfoliated Au-MoS2 flake (after 2.0 nm Au deposition).

Figure 4 | Electron transfer mechanism in Au-MoS2 hybrid nanoflake.
(a) The energy band diagram for MoS2 and Au shows the relative positions

of Fermi level with respect to vacuum level before establishing a contact.

The direction of the arrow represents the transfer of electrons from MoS2

to Au after the contact is established, (b) The energy band diagram of Au-

MoS2 showing band bending after establishing the contact between Au and

MoS2. Electron transfer from MoS2 to Au causes p-doping and PL

quenching.
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pristine MoS2 flake considered for this sequence of measurements.
The optical contrast (Figure 5a) and AFM topography (Supporting
Information Figure S3) images show 2 L (1.9 nm thickness) and 3 L
(2.4 nm thickness) areas on the flake, which was further confirmed
from Raman study (Supporting Information Figure S3). The high
resolution AFM image (Figure 5b) shows the morphology of the
hybrid MoS2 surface after 1.0 nm Au deposition with average height
of 0.6 nm (extracted by RMS analysis, Supporting Information Figure
S4). SEM characterization (Figure 5c) of the Au-MoS2 hybrid system
showed the formation of isolated triangular Au nanostructures on
MoS2, with size variation of 5 nm to 17 nm, corresponding to a lower
coverage compared to the 2.0 nm deposition sample.

A PL spectrum of the flake was acquired (at the location indicated
by the cross labeled ‘2L’ in Figure 5a) on pristine MoS2 (red curve in
Figure 5d). Small variations in the intensity of both emission peaks
were observed in the 2 L and 3 L, and at the 2 L–3 L transition on
pristine MoS2 (Figure 5e, Figure 5g and Supporting Information
Figure S5). A PL spectrum of the flake at the same location was
acquired after 1.0 nm Au deposition (black curve in Figure 5d). As
in the 2.0 nm deposition case, we observed a significant photolumi-
nescence quenching of the A1 peak on Au-MoS2, but a small reduction
of the B1. The partial quenching of the B1 peak may be due to varia-
tions in the Au nanostructures dimensions and shape. To study a local
variation in the flake we acquired intensity maps of these two peaks A1
and B1. Figure 5e–h show the PL intensity maps of A1 (Figure 5e, f)
and B1 (Figure 5g, h) for pristine and hybrid Au-MoS2. PL quenching
was observed on both 2 L and 3 L in presence of Au (Figure 5f and
Figure 5h). The measurements confirm the p-doping of MoS2 by
thermally deposited Au nanostructures on 2 L to 4 L MoS2.

Different groups have reported decoration of MoS2 with Au, using
chemically synthesized nanostructures43–48. Some of these studies
presented electrical transport data, with one study showing p-doping
and the other showing n-doping. Our study, on the other hand, was
performed using thermally deposited Au structures, and the PL study
showed p-doping. Similarly, both p- and n- doping of Au on gra-
phene has been observed43,46,49,50. Although the p-doping confirmed
by our PL quenching result is in agreement with recent electrical
transport data of MoS2

43, this quenching is rather unexpected as
Au nanostructures are well known for their plasmonic characteristics
and their ability to enhance materials responses51. Absorption
around 500–600 nm has been reported for 40 nm Au nanoparticles

in colloidal solutions52 and on quartz substrates53. Moreover, no PL
signal on the Si/SiO2 substrate before Au deposition (Figure 2d (red
curve), acquired at the location marked ‘SiO2’ in Figure 2a), whereas
a broad absorption centered around 2.1 eV (i.e. 590 nm) could be
observed in the presence of Au nanostructures (Figure 2d (black
curve)). Similar behavior was observed for 1.0 nm deposited Au
(see high intensity of the substrate in Figure 5h). This suggests plas-
monic activity of the Au nanostructures on Si/SiO2, but did not lead
to any PL enhancement on MoS2. Interestingly, recent study by
Sohbani et al45, indeed shows PL enhancement on Au coated silica
nanospheres of ,180 nm indicating a strong size effect of the Au
nanostructures on the PL and doping of MoS2. This suggests that PL
and doping of MoS2 by metal nanostructures is likely related to their
geometry and need to be addressed in future theoretical and experi-
mental works.

Conclusion
In summary, we have investigated the behavior of Au-MoS2 hybrid
nanoflakes resulting from Au thermal deposition. The size of the
nanostructures was controlled by the thickness of Au deposited.
The results show a drastic PL quenching as a result of the Au nano-
structures on MoS2, irrespective of the number of MoS2 layers (from
2 L to 4 L). We suggest that the change in the electronic structure of
the system consists of electrons transfer from MoS2 to Au, as the
work function of MoS2 is lower than that of Au. Thus the electrons in
the excited state of MoS2 transfer to Au, leaving a hole behind, cause
p-doping in MoS2. In addition, our study demonstrates the need for
more comprehensive studies of hybrid TMDs to fully understand the
effect of dimension, materials, and spacing on the electronic prop-
erties of the system. However, the present results offer new options
for localized tunability of the 2D TMDs properties as quenching will
occur where patches of Au nanostructures are patterned. We expect
these results to have numerous applications in nano-electronics and
nano-optics.

Methods
Few layers of MoS2 were mechanically exfoliated onto highly doped Si wafer with
250 nm thermally grown oxide layer using scotch tape. The exfoliation was per-
formed from naturally occurring, crystalline bulk MoS2, commercially available from
SPI supply. Optical images to identify the MoS2 flakes were acquired with an Olympus
BX51 optical microscope with 1003 objective.

Figure 5 | Effect of 1.0 nm Au evaporation on the photoluminescence properties of exfoliated MoS2. (a) Optical image of exfoliated MoS2 flake.

Different color contrasts show the different number of layers, corresponding to 2 layers (2 L) and 3 layers (3 L) as indicated on the image. (b) AFM image

of MoS2 flake after 1.0 nm Au deposition. (c) SEM image of MoS2 flake after 1.0 nm Au deposition. (d) PL curve of the pristine MoS2 flake (red) and Au-

MoS2 hybrid after 1.0 nm Au deposition (black) acquired at crossed labeled 2 L in (a), showing PL quenching of peak A1 and B1. PL intensity maps of

peak A1 (e, f) and B1 (g,h) before (e,g) and after (f,h) 1.0 nm Au deposition. Contours were used in (f) to facilitate the comparison.

www.nature.com/scientificreports
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Raman and PL spectra were recorded with Witec alpha300 RA confocal Raman
system. The samples were illuminated with 532.0 nm laser light in ambient air
environment at room temperature. The laser power was set at 0.6 mW for all data
acquisition in order to avoid damage to the sample including defect formation. The
measurements were collected for an integration time of 1 s. Emitted Stokes Raman
signal was collected by a Zeiss 1003 objective (N.A 5 0.9) and dispersed by a
1800 lines/mm grating for Raman measurement and a 600 lines/mm grating for PL
measurements.

Au nanostructure deposition. Au was deposited on the mechanically exfoliated
MoS2 layers by thermal evaporation, at a base pressure of 1.5 3 1026 mBar at a
deposition rate of 0.02 Å per second. AFM imaging and SEM images confirmed the
formation of Au nanostructures. The AFM and SEM images were used to estimate the
height and size of the Au nanostructures resulting from 2.0 nm and 1.0 nm
deposition. AFM images were taken on a Dimension 3100 scanning probe
microscope (Veeco Instruments Inc) using tapping mode. The SEM images of Au-
MoS2 hybrid system was taken by Zeiss Ultra-55 SEM using Inlens detector with an
accelerating voltage ,5 kV. XPS was carried out on Physical Electronics 5400 ESCA
system utilizing a monochromatized Al Ka X-ray source.
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