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Different MoS,/Au heterostructures can play an important role in tuning the photoluminescence (PL) and optoelec-
trical properties of monolayer MoS,. Previous studies of PL of MoS;/Au heterostructures were mainly limited to the
PL enhancement by using different Au nanostructures and PL. quenching of monolayer MoS; on flat Au surfaces. Here,
we demonstrate the enhanced excitonic PL emissions of monolayer MoS;/Au heterostructures on Si/SiO, substrates. By
transferring the continuous monolayer MoS; onto a stepped Au structure consisting of 60-nm and 100-nm Au films, the
MoS;/Au-60 and MoS;/Au-100 heterostructures exhibit enhanced PL emissions, each with a blue-shifted PL peak in com-
parison with the MoS,/SiO,. Furthermore, the PL intensity of MoS,/Au-60 is about twice larger than that of MoS,/Au-100.
The different enhanced excitonic PL emissions in MoS,/Au heterostructures can be attributed to the different charge transfer
effects modified by the stepped Au structure. This work may provide an insight into the excitonic PL and charge transfer
effect of MoS; on Au film and yield novel phenomena in MoS,/Au heterostructures for further study of PL tuning and

optoelectrical properties.

Keywords: MoS,, stepped gold, heterostructures, enhanced photoluminescence

PACS: 78.67.-n, 78.55.-m, 71.35.y, 71.35.Pq

1. Introduction

Molybdenum disulfide (MoS,),
dimensional (2D) transition metal dichalcogenides (TMDC),

as a typical two-

has drawn much attention due to its outstanding proper-
ties and various promising applications.!'™*! Numerous ef-
forts have been made to tune excitonic photoluminescence
(PL) and optoelectrical property of monolayer MoS,, show-
ing its great potentials in nanophotonics, micro-lasers, opto-
electronic devices, efc.!58 These promising investigations in-
dicate that the MoS,/Au heterostructure plays an important
role due to the surface plasmon resonance and charge trans-
fer effects across the interface. Various Au nanostructures
have been utilized to modulate the PL and optoelectrical per-
formance of 2D MoS, through surface plasmon effect, in-
cluding nanoparticles, nanorods, nanotriangles, nanoholes and

9-141 The surface plasmons generated in the

nanostripe arrays.!
metallic nanostructures are conducive to generating excitons
and achieving higher optical absorption via enhancing local-
field coupling in MoS,/Au heterostructures, leading to dra-
matic enhancement of PL and Raman emission.!!>1®) Mono-
layer MoS; on Au grating array was used to explore the strong
coupling regime of ultrafast plasmonic hot electron transfer,
localized surface plasmons (LSPs) and surface plasmon po-
laritons (SPPs), where SPPs with a unique nonradiative feature
can reuse the radiative energy of LSP and contribute to hot car-
rier generation.!'”] Such prior researches suggest that the dif-
ferent MoS,/Au heterostructures can create new phenomena
and play an important role in tuning the PL and optoelectri-
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cal properties of monolayer MoS,. However, these reported
studies of MoS,/Au heterostructures have mainly focused on
different Au nanostructures.

Except for the surface plasmon effect due to Au nanos-
tructures, the PL tailoring of monolayer MoS; by Au contin-
uous thin films is still limited. The MoS,/Au heterostructures
can suppress the charge recombination by efficient charge
transfer, which was critical for efficient exciton dissociation
and good electron transport. The PL quenching of mono-
layer MoS; on flat Au surface by exfoliation method and
by the chemical vapor deposition (CVD) method have been

18,19

reported.[!®1°1 The PL quenching phenomenon observed in a

MoS;/Au junction was due to highly efficient interlayer charge

(201 The temper-

transfer as compared with that in MoS,/SiO;.
ature increase and annealing processing reduced the interlayer
spacings between the monolayer MoS, and metals, which can
promote the interlayer charge transfer. It was also reported the
vacuum annealing can induce the oxygen atoms to be removed
from sulfur vacancies and reduce the inherent van der Waals
gap at the MoS,/Au interface, which facilitates the trapping
of photo-generated electrons and the carrier separation.[>!]
Micro-Raman spectra revealed that the variation of out-of-
plane Az mode strongly is correlated with the strength of the
MoS,—Au interaction, which can be affected by the roughness
and cleanliness of the underlying Au.[*?! The Au substrates
with TiO, spacer layers of different thickness values were re-
ported to be able to enhance the PL emission of monolayer
MoS; on Au due to the Fabry—Perot interference.>*>*1 The

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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PL intensity of MoS,/TiO,/Au with a 41-nm-thick TiO, layer
was observed to increase by 15 times, which is attributed to the
fact that the local field enhancement originating from the metal
surface roughness became dominant for thin spacer less than
~ 10 nm. However, the evolution of excitonic PL change and
electron transfer of the MoS,/Au heterostructures have been
still unclear so far. In the present work, we investigate the
excitonic PL emission of continuous CVD-grown monolayer
MoS; on Au thin film with a stepped structure. The enhanced
PL emissions observed in the MoS,/Au heterostructures in
our experiments are different from the reported quenched or
reduced PL emission from monolayer MoS, on the flat Au
thin film. The A-excitonic PL emissions in MoS,/Au-60 het-
erostructures exhibit 2.4-fold and 3.3-fold PL intensities at the
peak energy, in comparison with those in MoS,/Au-100 and
MoS,/Si0;. The PL enhancement in MoS;/Au heterostruc-
ture can be attributed to the different charge transfer effects.

2. Experimental method

The stepped Au structures with the thickness values of
~ 60-nm and ~ 100-nm Au were built by sputtering on an
Si/Si0, substrate. MoS; monolayers were grown on SiO,/Si
substrates by the traditional CVD method in a furnace by
using sulfur powder and molybdenum (VI) oxide powder
as precursors.!?>! Then the continuous MoS, monolayer was
transferred to a target stepped Au structures on SiO,/Si sub-
strate by using poly(methyl methacrylate) (PMMA) and poly-
dimethylsiloxanes (PDMS). After being transferred, the re-
maining MoS, on the target substrate was rinsed by acetone

to remove organic residues. The 2D MoS,/Au heterostruc-
tures were successfully built by transferring the MoS, mono-
layers onto the Au stepped structures with different thick-
nesses, respectively. The micro-PL and micro-Raman spec-
tra were measured by a microscope system (Renishaw inVia)
at room-temperature. The samples were excited by using a
532-nm (2.33 eV) continuous wavelength (CW) laser that is
focused by a microscope objective lens (x50) into an about 2-
pm-diameter spot. The excitation power was kept less than
0.2 mW to minimize the laser heating effect. The surface
morphology and surface potential of MoS, and Au films were
measured using the atomic force microscopy (AFM, Bruker)
under the atmospheric environment.

3. Results and discussion

The PL measurements of MoS,/Au heterostructures con-
sisting of monolayer CVD-grown MoS, and Au thin film were
performed at room temperature under ambient atmosphere by
using 532-nm CW-laser excitation. As shown in Fig. 1, the
MoS,/Au heterostructures exhibit enhanced PL emission with
blue-shifted PL peak in comparison with MoS,/SiO;. The
A-excitonic PL peaks are located at 1.871 eV, 1.891 eV, and
1.894 eV, respectively for MoS; monolayers transferred on
Si0;, Au (60 nm), and Au (100 nm). The PL peak of MoS,
around 2.03 eV nm is attributed to the radiative recombination
of B excitons. The excitonic PL emissions in MoS,/Au-60
heterostructures exhibit 2.4-fold and 3.3-fold PL intensities in
comparison with those of MoS;/Au-100 and MoS,/Si0,.
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Fig. 1. (a) Optical image of Si/SiO; substrate and stepped Au structure with ~ 60-nm and ~ 100-nm-thick Au layer; (b) PL spectra and (c) normalized
PL intensity for transferred continuous CVD-grown monolayer MoS; on Si/SiO;, Au-60, and Au-100. Black, red, and green lines refer to the PL
emissions of MoS; at the position of the black, red, and green dots in panel (b), respectively.

The PL spectra are fitted by Lorentzian curves with three
peaks denoted by the emission of neutral excitons (Ag), trions
(A7), and B excitons at 1.895 eV, 1.855 eV, and 2.03 eV, re-
spectively, as shown in Figs. 2(a)-2(c). Compared with MoS;
on Si0O;, the MoS;/Au (60 nm) heterostructure shows sig-
nificant A-excitonic PL enhancement, and suppressed B ex-
citonic PL, while the A-excitonic PL of MoS;/Au (100 nm)
decreases slightly. As shown in Figs. 2(d)-2(e), the excitonic

PL intensity from Ag (Ia,) are obviously stronger than those

form A~ (I5,-) in MoS,/Au heterostructures. The estimated
PL intensity ratio A~/A( decreases from 4.03 in Mo0S,/Si0,
to 0.80 in MoS,/Au-60, and 0.62 in MoS;/Au-100. The A~
recombination emission takes less spectral weight after the
MoS; has been transferred onto the Au thin film than onto the
Si0,/Si, indicating the decrease of electron density in mono-
layer MoSy/Au. The electron density n.; in monolayer MoS;
can be estimated from the trion PL spectral weight I- /Lo

analysis according to mass action model based on the dy-
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namic equilibrium among Ao, A, and free electrons as given

below:[20]

IA— /Itotal

Nel —
Ton <1 _ IA>
’}/AO Itotal

4mA0me Eb
s [(mzmA)kBT""‘P( ksr)]’ M

where kg is the Boltzmann constant, Ej, is the trion binding en-
ergy (~ 20 meV), my is the mass of free electron, m, (0.35my),
ma, (0.8mg), and mu- (1.15my) are the effective mass of elec-
tron, Ao, and A™, respectively, Yo-/¥a, refers to the relative

decay rate, and the value is ~ 0. 15.1271

As shown in Fig. 2(f), the corresponding estimated elec-
tron densities are 2.0x10'3 cm™2 and 1.55%x10"% cm™2 in
MoS,/Au-60 and MoS,/Au-100 respectively, both of which
are much smaller than that in MoS»/SiO, (1.01x10'* cm—2).
The PL emissions from MoS; on Au are obviously higher
than on SiO,, which is also in agreement with a dominant
PL contribution from Ay emission in MoS,/Au heterostruc-
ture with enhanced transition from A~ to Ag. Furthermore,
the B-excitonic PL emissions almost vanish in MoS,/Au-60

and MoS,/Au-100.
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Fig. 2. (a)—(c) Representative PL spectra fitted by Lorenz function with three PL peaks (Ag, A~, and B) for MoS; on SiO;, Au-60, and Au-100; (d) PL
intensity from Ag, A~, and B, (e) PL spectral weights and (f) estimated electron density in MoS; on SiO;, Au-60, and Au-100.
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Fig. 3. (a) Raman spectra, (b) Eﬁg peaks, and (c) Ag peaks for transferred MoS; on SiO3, Au-60, and Au-100.

Generally, the enhanced PL intensity in MoS; can be as-
cribed to the chemical doping effect, the plasmon effect, the
train effect, and charge transfer effect. There is no additional
chemical doping in our experiment. Since the roughness of
Au film is small (< 1 nm), the localized plasmon effect of
MoS; on Au film is negligible in comparison with the effect
To

uncover the enhanced PL emission in MoS;/Au heterostruc-

of Au nanoparticles and Au plasmonic nanostructures.

ture, the transferred monolayer MoS; on SiO; and stepped
Au are further characterized by Raman spectroscopy. Fig-
ure 3 shows that the Raman peaks of MoS; on SiO, are at
384.58 ¢cm~!, which is caused by the in-plane vibration of
S—-Mo-S atom (Eég mode), and 404.71 cm~!, which is in-
duced by the out-of-plane vibration of S atoms (Ag mode).
The frequency difference in frequency between the Raman
peaks of the transferred monolayer MoS; on the SiO,/Si struc-
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ture is 20.13 cm ™!

, in accordance with the reported value of
transferred monolayer MoS,. The E%g and Ay, peaks of Ra-
man spectra are 384.15 cm~! and 405.09 cm™! for MoS,/Au
(60 nm), and 384.26 cm~! and 405.63 cm~! for MoS,/Au
(100 nm). The obvious red shift of Eég peak and the blue shift
of the A peak for MoS;/Au with respect to MoS; on SiO; are
observed. The Ay peak is obviously shifted by ~ 0.92 cm™ !,
The differ-
ence in frequency between E%g and A, peak positions of
MoS, on Au-60 and Au-100 are Awa,_gp = 20.94 cm™! and

A®Wpu—100 = 21.37 cm ™!, respectively.

indicating interaction between MoS, and Au.

Generally, Eég and A peak shifts are associated with the
strain and doping effect in MoS,. Raman peak shifts vary lin-
early with biaxial strain (from O to 1%), and the slopes are
—4.48 cm™" and —1.02 cm ™" per 1% of biaxial strain for E},
and Aj; modes, respectively, while the A exciton peak ex-
hibits a linear red-shift rate of —0.11 eV per 1% of biaxial
tensile strain.”®) Furthermore, the electron doping density of
1.8 x 1013 cm~2 could lead to —4-cm ™! shift in the Az mode
and —0.6-cm~! shift in the Eég mode.?°! It has been reported
that Aj, mode exhibits peak shift mostly dependent on the
charge doping, while E%g mode was more sensitive to the ten-

[30-32

sile strain resulting from MoS,. I Comparing with the ref-

erence case of a freestanding 1-L MoS, with E%g and A g peak

(0.1 um, 0.0 pm): 719.9 nm = 7.1992-007 m

‘ 1800
‘ 1600
1400
1200
1000
800
600
400

X position

(c)

Y position

frequencies at 385 cm~! and 405 cm™!, the biaxial tensile
strain and n-type doping (electron-doping) for MoS, on SiO;
are estimated at ~ 0.087% and 0.91 x 10'? cm™2, respectively.
A strain and a p-type doping density in MoS,/Au-60 are esti-
mated at ~ 0.200% and ~ 1.32 x 10'2 cm~2, while the tensile
strain and p-type doping (hole-doping) in MoS,/Au-100 are
estimated at ~ 0.193% and ~ 3.72 x 10'> cm™2, respectively.
The negligible difference in tensile strain suggests that there
is no obvious difference in strain effect between MoS,;/Au-60
heterostructure and MoS;/Au-100 heterostructure. The esti-
mated p-type doping in MoS;/Au can be attributed to the elec-
tron transferring from MoS, to Au, which is in agreement with
excitonic PL emission result. Since the A-excitonic PL can
exhibit a linear peak red-shifting and rapid intensity decreas-
ing with biaxial tensile strain increasing, [333#! the greater en-
hancement of PL intensity in MoS,/Au-60 is due to the differ-
ence in electron transfer effect rather than the small strain ef-
fect difference between MoS,/Au-60 and MoS,/Au-100. Fur-
thermore, the Raman intensity per area from the suspended
region was reported to be 50%—-100% higher than that from
the supported region in the literature.'33! The higher intensity
in MoS;,/Au-60 than in MoS,/Au-100 can be attributed to the
less contact between MoS; layer and Au-60, which is in ac-
cord with the above estimated p-type doping density.
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Fig. 4. (a) and (b) Morphology and SKPM surface potential, (c) PL intensity mapping, (d) PL emission peak mapping for monolayer MoS, transferred

on Si/SiO; and stepped Au structure.

To further study the charge transfer between MoS,
and underlying substrate, scanning Kelvin probe microscopy
(SKPM) measurement with an ElectriMulti75-G probe is car-
ried out so as to obtain the morphology and surface poten-

tial information of samples simultaneously. The surface po-
tential of monolayer MoS, and Au can be measured by the
contact potential difference, which refers to the difference
in work function between tip (¢yp) and sample (¢p), thus
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eVsuf = (¢tip -
tial of MoS,/SiOand MoS,/Au heterostructures are shown
in Figs. 4(a) and 4(b). The difference in measured con-
tact potential of Mo0S,/Si0, (black dot), MoS;/Au-60 (red
dot), and MoS,/Au-100 (green dot) are 0.490 V, 0.470 V,
and 0.480 V, respectively, while the contact potential dif-

®sample). The morphology and surface poten-

ference of Au is 0.383 V. In contrast with the work func-
tion of Au (~ 5.1 eV), surface work function of Mo0S,/Si0,,
MoS,/Au-60, and MoS,/Au-100 without laser illumination
are 4.993 eV, 5.013 eV, and 5.003 eV, respectively. Accord-
ing to the 2D model of electron gas at non-zero temperature,
the Fermi energy shift in MoS; monolayer (AEf = Th>An /me)
can be calculated from the electron density change by us-
ing an electron band mass of m. = 0.35mg, where my is the
electron mass. Comparing with MoS, on SiO,, the surface
potential of MoS,/Au-60 and MoS,/Au-100 are reduced by
20 mV and 10 mV, respectively, indicating that the calcu-

2 and

lated electron density differences are 2.92x10'> cm
1.46 x 10'2 cm

sity differences from surface potential without laser illumina-

2, respectively. The calculated electron den-

tion are much smaller than that estimated from A~/A ratio,
suggesting that the electron density of MoS; is increased un-
der laser illumination.

Figures 4(c) and 4(d) refer to the PL intensity mapping
and PL peak mapping of MoS; in the region of black rectan-
gle in Fig. 4(a). The difference in PL intensity in M0S,/SiO;,
MoS,/Au-100, and MoS,/Au-60 can be attributed to the dif-
ferent charge transfer situations. As Kwon et al. reported,
the measured surface potential of monolayer MoS; in con-
tact with the Au stripe in dark is greater than that of the sus-
pended MoS; surface, while the surface potential of MoS; on
Au stripe is smaller than that of the suspended MoS, surface
under light illumination with a wavelength of 532 nm. %! Fur-
thermore, Li et al. reported that the work function is 4.93 eV
for CVD-grown monolayer MoS; on an Si/SiO; substrate and
5.50 eV for that on a Pt substrate in dark, which decreases to
4.74 eV and increases to 5.56 eV under 355-nm laser exci-

[37] Therefore, we consider that the work

tation, respectively.
function of MoS,/SiO, will decrease, and the work function
of MoS,/Au-60 will be higher than that of MoS,/Au-100 un-
der 532-nm laser excitation. Thus, the excess electrons in
MoS,/Au-100 can move towards the MoS;/Au-60 under laser
illumination as shown in Fig. 5(a). Additionally, the electrons
in MoS,/Au-100 can also be readily transferred into the Au
film at the MoS,/Au interface. Thus, as shown in Fig. 5(b),
the electrons transfer in MoS, occurs between MoS,/Si0»,
MoS,/Au and the underlying Au film, which will finally lead
to a transient dynamic equilibrium and band alignment under
the laser excitation.*8] As a result, the decreasing of electron
density in MoS;/Au gives rise to the blue-shift of PL peak and
PL enhancement of Ag radiative recombination. It should be

noted that the laser used in our study has a size of ~ 2 um in di-
ameter and average power of less than 0.2 mW. During the PL
measurement, MoS,/SiO;, MoS,/Au-100, and MoS,/Au-60
cannot be irradiated simultaneously. The photo-induced elec-
trons from irradiated MoS; region can drift to um-irradiated
region. The dynamic equilibrium will be different when the
laser irradiates the MoS,/Si0O,, MoS;/Au-100, and MoS,/Au-
60, respectively. In addition, since O»/H,O molecules from
ambient air can be physically and chemically adsorbed by the
defects on MoS, surface, the charge transfer can also occur
between monolayer MoS; and gas molecules. The PL emis-
sion of MoS,/Au heterostructures can be tuned by changing
the charge transfer between MoS, and gas molecules, which
will be further investigated in the future.

% % % MOSQ
M 100
Au-60

SiO,

E (b)

Eac
CB
_!__._!\ 1_‘1‘—\11

////////////////////////

_60) 100)
XOC"Z( ‘mo\gbz(‘m&?o so(BY >

Fig. 5. Schematic illustrations of (a) charge transfer and (b) expected electron
transfer at Fermi energy levels between Mo0S,/Si0;, MoS,/Au, and underly-
ing Au under laser excitation.

4. Conclusions and perspectives

In this work, we have built MoS,/Au heterostructures by
transferring CVD-grown monolayer MoS; onto a stepped Au
structure with Au thickness of ~ 60 nm and ~ 100 nm on
Si/Si0, substrate. The MoS,/Au-60 and MoS,/Au-100 het-
erostructures exhibit enhanced PL emission with blue-shifted
PL peaks in comparison with MoS,/SiO,. Furthermore, the
PL intensity of the MoS;/Au-60 sample is twice larger than
that of the MoS;/Au-100 sample. The difference in enhance-
ment extent of excitonic PL. among the MoS;/Au heterostruc-
tures can be attributed to the difference in their charge trans-
fer effects modified by the stepped Au structure, which deter-
mines the PL emission from Ay and A~. Our results demon-
strate a novel method to quantitatively tune the excitonic PL
emission from MoS,/Au vertical heterostructure, and are also
conducive to the understanding of the charge transfer between
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CVD-grown MoS; and Au, and provide a valuable insight into

the excitonic PL and optoelectrical properties of MoS,/metal

heterostructures.
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