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Abstract: Monolayer MoS2 is an emerging two-dimensional semiconductor that has seen 
wide applications in optoelectronic and light-emitting devices. Here we report on the antenna-
enhanced spontaneous emission of monolayer MoS2, which has weak absorbance and low 
intrinsic quantum yield. The ultrathin silver platelet antennas we use can both increase the 
absorption cross-section and improve the transmission efficiency via controlling the optical 
field at nanometer scale. Experimental results indicate the photoluminescence enhancement 
can reach 4 times, which is also supported by numerical analysis of both excitation and 
emission processes with respect to the thickness of spacer layer. This ultrathin structure can 
facilitate the development of on-chip emitters and valley-based devices, especially in cases of 
large area sample or flexible substrate. 
© 2017 Optical Society of America 

OCIS codes: (160.2540) Fluorescent and luminescent materials; (250.5230) Photoluminescence; (250.5403) 
Plasmonics; (260.5740) Resonance. 
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1. Introduction 

The remarkable properties of two-dimensional materials allow for emerging research and 
applications in electronic and optoelectronic area [1, 2]. Transition metal dichalcogenides 
(TMDCs), such as MoS2, MoSe2, WS2 and WSe2, are layered materials with strong intralayer 
bonding and weak interlayer adhesion, which enables them to be exfoliated into two-
dimensional layer with thickness on the order of a single unit cell [3]. Compared with 
graphene, MoS2 has band gap that changes from indirect to direct in monolayer [4], providing 
significant advantages in optoelectronic applications including photodetectors, sensors, and 
photovoltaic devices [5–9]. Moreover, the strong spin-orbital splitting at K valley as result of 
missing inversion symmetry leads to the emerging of valley-based devices [10, 11]. 

However, in optoelectronics and photonics applications, atomically thin nature of 
monolayer thickness poses a challenge due to the weak light-matter interaction [12]. The 
reported experimental results have shown that both light absorbance and emission are weak in 
monolayer MoS2 slab [5, 13]. Given this inherent limitation in the atomically thin slab, 
optical antennas can be used to boost the light-matter interaction [14–17]. They can convert 
freely propagating electromagnetic wave into localized field, typically on nanometer scale 
[18], which is compatible with the thickness of monolayer MoS2. On the other hand, they can 
also serve as transmitters to direct the radiative wave, thus significantly improving the 
emission efficiency. Nanostructures of noble metals can serve as antennas in the visible range 
due to the collective oscillation of electrons in the conduction band in resonance with optical 
field. Researchers have reported the enhanced spontaneous emission by lithographically 
defined nanostructures [19, 20], among which a giant effective enhancement up to ~20,000-
fold has been achieved by transferring WSe2 onto gold trenches [21]. Simulation work 
regarding the gap-dependent emission enhancement in another TMDC MoSe2 has also been 
reported [22]. In our study, we use solution-processable silver platelet antennas among all 
types of metallic nanostructures due to their polarization-independent resonance in the range 
of interest [23]. We report on boosting the light-matter interaction in monolayer MoS2 by 
leveraging single crystalline ultrathin antennas to control both excitation and emission 
processes. These antennas have large potential to improve the quantum yield of nearby 
emitters at nanoscale [15]. Emission enhancement up to 6-fold in TMDC with drop-casted 
asymmetric gold nanorods has been experimentally demonstrated [24, 25]. Here we have 
achieved the polarization-insensitive emission enhancement in platelet antenna-MoS2 hybrid 
system by both experiment and simulating the optical processes involved. 

2. Methods 

2.1 Preparation of monolayer MoS2 and platelet antennas 

Monolayer MoS2 flakes is synthesized using chemical vapor deposition (CVD) method with a 
double-temperature-zone furnace [26–29]. High pure sulfur powder (99.9% Alfa Aesar) and 
MoO3 powders (99.9% Alfa Aesar) are used as initial reactants, and polished silicon substrate 
(100) with 300 nm thermal oxide layer is used as the epitaxy substrate. The growth 
temperature is kept at 800 °C with Ar flow of 100 standard cubic centimeter per minute 
(sccm) at ambient pressure. MoS2 triangular flakes with size of around 20 μm are obtained 
after 20 minutes. The thickness and morphology of MoS2 is confirmed by using atomic force 
microscopy (AFM) working under tapping mode as shown in Fig. 1(a). 

Micro-photoluminescence (PL) measurements are conducted at room temperature using a 
confocal Raman microscope equipped with a solid-state laser diode. An objective lens with 
large numerical aperture (NA = 0.9) is used for optical measurement, so that most of the 
radiated power can be collected by the objective lens. In the setup, the laser spot size is 
around 1 μm2 when NA is 0.9. 532 nm pump laser is used since it is away from the emission 
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wavelength of the excitons in monolayer MoS2 [13]. The PL spectrum is shown in Fig. 1(b). 
The strong peak at 680 nm and the small peak at 635 nm correspond to A exciton and B 
exciton respectively, which result from spin-orbital splitting at the valence band maximum 
[30]. The absence of indirect transition from the bulk value of 1.3 eV (~954 nm) to around 1.6 
eV (~775 nm) in PL curve is an indicator of monolayer MoS2 [13]. In the Raman spectrum in 
Fig. 1(c), E2g mode (387 cm−1) corresponds to in-plane lattice vibration, while A1g mode (408 
cm−1) corresponds to out-of-plane vibration. The peak around 525cm−1 comes from the silicon 
substrate. The frequency difference 21 cm−1 between E2g and A1g modes is another indicator 
of the monolayer nature [31]. 

 

Fig. 1. Characterization of monolayer MoS2. (a) AFM image of MoS2 flakes grown by CVD 
(scale bar: 10 μm). (b) Photoluminescence spectra of as-prepared monolayer MoS2. (c) Raman 
spectra of as-prepared monolayer MoS2. The peaks at 387 cm−1 and 408 cm−1 correspond to in-
plane and out-of-plane lattice vibration, respectively. The peak around 525cm−1 comes from 
the silicon substrate. 

Ultrathin silver nanoplates are obtained using a seed-mediated growth method [32]. The 
size of the nanoplates, and therefore the resonance peak, can be tuned by the number of 
growth cycles. In the synthesis process, two steps are involved. In the first step, a suspension 
of spherical seeds is prepared by reducing silver nitrate solution with sodium borohydride. 
After the solution has been aged for 5 hours, it is mixed with capping agent trisodium citrate, 
stabilizer polyvinylpyrrolidone and a milder reducing agent L-ascorbic acid. Then the 
solution is treated by centrifugation to remove the excessive polymer and is concentrated for 
future use. The nanoplates can be grown further if we repeat the second step [32]. The size of 
the nanoplate is sensitive to the recipe in the synthesis process. The extinction curve in Fig. 
2(b) measured by UV-Vis spectroscopy shows that the plasmon resonance of the silver 
platelet antennas in the water is between 740 and 760 nm. The peak at around 400 nm is due 
to the presence of a small number of spherical particles [33]. The shape and size of the 
platelet antennas are characterized by high-resolution transmission electron microscope 
(HRTEM), and shown in Fig. 2(a). The inset Figure corresponds to the side view of the 
platelet antennas. It is obtained when the solution is concentrated and dried down onto the 
TEM grid. These Figures verify the antenna has circular disc shape with diameter of around 
80 nm and thickness of about 6 nm. The Mie scattering cross-section of a single platelet 
antenna on a SiO2/Si substrate in Fig. 2(c) is calculated by finite-difference time-domain 
(FDTD) simulation [34]. The resonance of the antennas will red shift due to the presence of 
the substrate or supporting material. There is some overlap between the spectrum of antenna 
resonance and PL of MoS2 in Fig. 2(c), which indicates that the optical processes in MoS2 can 
be controlled by the antenna. 
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Fig. 2. Plasmon resonance of silver platelet antennas. (a) Shape and size of the platelet 
antennas characterized by HRTEM. Scale bar: 100 nm. (Inset: side view. Scale bar: 20 nm.) 
(b) Absorbance of the colloidal silver platelet antenna solution measured by UV-Vis 
spectroscopy. (c) Antenna resonance on SiO2/Si substrate calculated by FDTD simulation and 
MoS2 photoluminescence. 

2.2 Theoretical formulation 

Figure 3(a) shows a schematic representation of the MoS2/antennas heterostructure including 
MoS2/SiO2/Si layers. Since the antennas are randomly distributed, the coupling effect among 
them is ignored. Perfectly matched layer (PML) boundary condition is used in the FDTD 
simulation. The antenna can affect both light absorption and emission of MoS2. The resulting 
PL enhancement is expressed as [35] 

 
0 0
exc

F E Q
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q
f f f
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γ
γ
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Fig. 3. Simulated spontaneous emission enhancement of MoS2. (a) Schematic view of the 

antennas/MoS2/SiO2/Si heterostructure. (b) Simulated excitation rate enhancement Ef  (gap = 

12 nm). (c) Simulated radiative rate enhancement
0/r rγ γ and (d) nonradiative rate 

enhancement 
0/abs rγ γ (gap = 12 nm). (e) Field enhancement Ef (red square) and quantum 

yield enhancement Qf (blue circle) with respect to the gap thickness. (f) Theoretical PL 

enhancement (PLE) Ff with (red line) and without (black line) spacer layer. 

where excγ  is the excitation rate and q  is the quantum yield in the presence of the antenna. 

The superscript '0' denotes the quantities in the absence of the antenna. Ef  and Qf  represent 

excitation rate enhancement and quantum yield enhancement, respectively. The theoretical PL 
enhancement is obtained by FDTD simulation. The excitation rate enhancement, also known 
as field enhancement, is [15, 17] 

 

2

0 20

ˆ

ˆ

exc pexc
E

exc exc p

E n
f

E n

γ
γ

⋅
= =

⋅



  (2) 

                                                                                              Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 10266 



where excE


 represents the excitation field, which is the sum of the total incident plus scattered 

field, and ˆpn is the unit vector of the emitter. The orientation of emission center of monolayer 

MoS2 is in-plane [36] and therefore the total field along z axis will not excite MoS2. MoS2 is 
represented by a horizontal dipole, so both the field enhancement and quantum yield 
enhancement are averaged over different locations due to the finite size of the platelet 
antenna. Electric field profiles for different gap distance are simulated in order to obtain the 
field enhancement. In Fig. 3(b), a representative profile of total electric field intensity under 
532 nm excitation at a distance of 12 nm from the antenna is demonstrated. This off-
resonance excitation process agrees with the experimental scenario in which a 532 nm laser is 
used. In the next step, we calculate the enhancement of quantum yield, which is defined as the 
fraction of radiative decay among all the possible decay channels, by obtaining the radiative 
and nonradiative decay rate enhancement respectively in Fig. 3(c) and (d). In the absence of 
antenna, the quantum yield, i.e. 0 0 0 0/ ( )r r nrq γ γ γ= + , is an intrinsic property independent of 

the interaction between the quantum system and the environment. 0
rγ  represents the intrinsic 

radiative decay rate while 0
nrγ  represents the intrinsic nonradiative decay rate. The low 

intrinsic quantum yield of MoS2, typically on the order of 10−3, is mainly due to the defect-
mediated nonradiative decay [37]. When the antenna is present, the total spontaneous 
emission rate of a dipole can be represented as: 

 
20 0

0

( , )
3sp r abs nr nrp r
πωγ γ γ γ ρ ω γ

ε
= + + = + 


 (3) 

which is the sum of the radiative decay rate rγ , absorption-induced nonradiative decay rate 

absγ and the intrinsic nonradiative decay rate 0
nrγ  of the emitter. The radiative and 

nonradiative decay rates are determined by the dipole moment p


 and the nearby photonic 

density of states ( , )rρ ω , in which ω  is the oscillation frequency of the dipole. The quantum 

yield enhancement induced by the antenna can be obtained by calculating the contribution of 
different decay channels. We can then express the modified quantum yield as /rad spq γ γ= , 

and the resulting quantum yield enhancement is: 
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In the equation above, the radiative and nonradiative decay rate enhancement can be obtained 
by calculating the power transfer in the emission process based on the relationships 

0 0/ /r r r rP Pγ γ =  and 0 0/ /abs r abs rP Pγ γ = . In the simulation, a dipole source is placed in the 

gap region. The enhancement factors are obtained by normalizing the radiative power rP  into 

free space and the power dissipated into the antenna absP  to the radiative power 0
rP  in the 

absence of the antenna. Figure 3(c) and (d) show the radiative and nonradiative decay rate 
enhancement at different locations in the gap region, respectively. Here we only show the 
simulation results when the gap is 12 nm for demonstration purpose. In this particular case, 
the antenna efficiency is around 50%. The slightly higher nonradiative decay rate indicates 
the absorption-dominant resonance of the antenna [35], which arises from the ultrathin nature 
of the platelet antenna. The average quantum yield enhancement in Fig. 3(e) reaches 
maximum when the dipole-antenna distance is around 8 nm. The smaller quantum yield 
enhancement at sufficiently small gap arises from the dominance of nonradiative decay. This 
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decay channel weakens when the gap reaches 8 nm. The gap-dependent quantum yield 
enhancement curve indicates the competition between rate enhancement and gap increase. 
The joint effects of excitation and emission enhancement can result in around 18 times 
enhancement in the total spontaneous emission as indicated by the black curve in Fig. 3(f). 
The red curve in Fig. 3(f) shows the theoretical PL enhancement with Al2O3 as spacer layer, 
which plays an important role in the real fabrication process. 

3. Experimental verifications 

 

Fig. 4. Experimental demonstration of emission enhancement from monolayer MoS2. (a) PL 
spectra normalized to antenna-free sample (solid black line) at spacer thickness: 6 nm, 10 nm, 

14 nm and 18 nm, respectively. (b) PL enhancement factor Ff with respect to the thickness of 

spacer layer. Standard deviation of three measurements is used for error bars in the Figure. 

We then experimentally verify the PL enhancement factor Ff  with respect to the change of 

gap thickness. Aluminum oxide (Al2O3) is deposited on MoS2 by atomic layer deposition 
(ALD). Precursors are trimethyl aluminum (TMA) and H2O, while the thickness of Al2O3 is 
controlled by the number of deposition cycles. The presence of Al2O3 affects both the 
excitation and emission of MoS2 because of the change in the surrounding refractive index. 
As reference, micro-PL measurements are conducted on the Al2O3-covered samples when 
antennas are absent. The asymmetric shape of the black spectrum different from Fig. 2(b) 
may arise from trion (A-) emission at around 700 nm, which could be enhanced after the 
deposition of Al2O3 layer due to n-type doping [38]. After that, 10 μL droplet of platelet 
antenna solution is drop-casted onto them, and the samples are washed with deionized water 
and blow-dried with nitrogen gas to minimize the possible formation of clusters. For all the 
samples, we have chosen a solution concentration at which there are a fair number of 
antennas within 1 μm2 laser spot area. In this way, multiple antennas are excited at the same 
time. Since the antennas prepared by colloidal method are randomly distributed, here we have 
not considered the coupling effect among them. The measurement of PL curves can be seen in 
Fig. 4(a). For each sample, the measured PL intensity is normalized to the peak intensity 
when there is no antenna. The total PL enhancement factor is 3.9, 3.8, 2.2 and 1.4 when the 
gap thickness is 6 nm, 10 nm, 14 nm and 18 nm, respectively. The enhancement effect almost 
vanishes when the gap is larger than 18 nm. Because the PL intensity may vary across the 
MoS2 flake, three PL measurements for each sample are taken by probing the laser spot at 
different locations on MoS2 flake. The average enhancement factor calculated from three 
measurements in Fig. 4(b) shows good agreement with the simulated red line in Fig. 3(f) both 
in the trend and magnitude. The discrepancy between simulation and experiment may be 
attributed to the inhomogeneous distribution of antennas on MoS2 flake, and the photon 
collection efficiency of the experimental setup. More rigorous theoretical analysis might be 
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needed for small gap thickness. The small shift in PL peak position results from the mismatch 
between antenna resonance and MoS2 emission, as well as the size inhomogeneity of antennas 
on different samples. The presence of spacer layer can modify both excitation rate and 
quantum yield enhancement by changing the surrounding refractive index [35]. Furthermore, 
spacer layer will also affect the emission pattern. A higher PL enhancement may be possible 
if we replace Al2O3 with a low index material. 

4. Conclusion 

In conclusion, we have demonstrated ultrathin antenna-enhanced spontaneous emission from 
the low-quantum-yield 2D semiconductor MoS2. The enhancement factor can be around 4 
times as shown in the experiments. We also estimate the theoretical enhancement factor by 
simulating both excitation and emission processes. The gap-dependent PL enhancement 
shows qualitative agreement with simulation both in the trend and magnitude. Compared with 
using lithographically fabricated antennas, the solution-processable nature of our method can 
be more effective in cases of large area sample and flexible substrate. We can expect high 
quantum yield without transferring MoS2 onto other substrates, such as photonic crystal [39] 
and hBN flakes [40]. Moreover, this antenna-coupled system has short emission lifetime and 
can thus transfer energy more efficiently. It is anticipated that the ultrathin platelet antennas 
together with monolayer MoS2 hold promise for the development of on-chip emitters and 
valley-based devices. 
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