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Abstract: Monolayer transition metal dichalcogenides
(TMDs) possess large second-order nonlinear responses
due to the broken inversion symmetry, which can extend
their intriguing applications in nonlinear nanophotonics
and optoelectronics. However, the atomic thickness of
monolayer TMDs severely decreases the interaction length
with free light with respect to bulk materials, leading to
rather low second-harmonic generation (SHG) conversion
efficiency. Here, we demonstrate a hybrid structure consisting of a monolayer MoS2 on a suspended perforated
silver ﬁlm, on which the SHG signal emitted from the
monolayer MoS2 is enhanced by more than three orders of
magnitude at room temperature. The pronounced SHG
enhancement is attributed to the distinct electric ﬁeld
ampliﬁcation nearby the nanoholes, which is induced by
the symmetric surface plasmon polaritons (SPPs) existing
in the ultrathin suspended silver grating. Our results
reported here may establish the substrate-free engineering
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of nonlinear optical effects via plasmonic nanostructures
on demand.
Keywords: 2D materials; plasmonics; second-harmonic
generation.

1 Introduction
Two-dimensional (2D) atomic crystals have attracted a
tremendous amount of interest in science due to their
unique physical properties and potential applications
when the thickness is down to an atomic layer [1–3].
Different from graphene, transition metal dichalcogenides
(TMDs) monolayer such as molybdenum disulﬁde (MoS2),
has a direct optical band gap of 1.5–2.0 eV in visible range,
leading to the enhanced linear optical properties with
intriguing potential applications in nanophotonics and
optoelectronics [4, 5]. Due to the broken inversion symmetry, the atomically thin monolayer TMDs can further
exhibit an unusual nonlinear optical response [6–8], which
can extend their potential applications, such as nonlinear
holograms [9], electrical controlled nonlinear transistor
[10], nonlinear plasmonic modulators [11], et al. TMDs with
even number of layers belong to the centrosymmetric D3d
space group in accompany with the lack of second-order
nonlinear susceptibility. While TMDs with odd number of
layers, especially the monolayer TMDs, with a noncentrosymmetric D3h space group, can produce strong
second-harmonic generation (SHG) [12–16]. SHG is one of
the most widely investigated parametric process that converts two photons of frequency ω into a single photon of
frequency 2ω, which has become a reliable tool to identify
crystal properties and orientation [17–20]. However, the
atomic thickness of the monolayer decreases the interaction between the TMDs and free light, leading to a low SHG
conversion efﬁciency, which limits their practical applications. Some techniques using special spiral and
pyramid-like TMD structures [21, 22], silicon waveguide
[23], microcavity [24], and strain [25] have been used to
This work is licensed under the Creative Commons Attribution 4.0 International
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enhance or tune the SHG conversion efﬁciency. On the
other hand, the plasmonic resonances excited in metallic
structures with strong electromagnetic ﬁeld in the vicinity,
can effectively enhances the light–matter interaction [26,
27]. For example, the hybrid plasmonic structure consisting
of nonlinear nanomaterial and metal ﬁlm can achieve the
highly efﬁcient SHG emission due to plasmon-assisted
enhanced light–matter interaction [28–30]. Localized
surface plasmon, such as gap plasmons excited in the
nanoparticle/dielectric ﬁlm/metallic ﬁlm [31] or metal/
dielectric/metal nanostructures [32, 33], possesses the
extremely strong electromagnetic ﬁeld, which can enhances the interaction between the TMDs and free light.
However, random dispersion of metallic nanoparticle leads
to the blocking and nonuniformity of light emission from
TMDs. Surface plasmon polaritons (SPPs) can produces the
homogeneous strong electromagnetic ﬁeld in the surface of
periodic structures, which can efﬁciently enhance the SHG
emission of monolayer TMDs in the vicinity [34, 35].
Different to the previous reported metallic grating
structures, here, we designed suspended metallic perforated
structures, on which the metallic structures and the monolayer MoS2 are prepared on different sides of suspended SiN
ﬁlm (Figure 1a) in order to effectively avoid destruction or
contamination. The square hole array supports the symmetric
and antisymmetric SPPs insensitive to the polarization of
incident laser. When the excitations of SPPs are adjusted to be
in resonance with the fundamental wave (pump laser) at the
wavelength 869 nm, a highly efﬁcient SHG emission of
monolayer MoS2 at wavelength 434.5 nm is obtained, which is
more than three orders of magnitude larger than that of
monolayer MoS2 on silicon. Theoretical analysis reveals that
the enhanced electric ﬁeld induced by the symmetric SPPs
resonances and extraction coefﬁcient modiﬁed by the
metallic structures contribute to the SHG enhancement. Our
results provide a way to tailor the nonlinear optical properties
of monolayer TMDs, with potential applications for on-chip
programmable nonlinear photonic devices.

2 Experimental
2.1 Growth of monolayer MoS2
Monolayer MoS2 ﬂakes were grown on p-doped silicon
coated with a 285 nm thick oxide layer (SiO2) by a chemical
vapor deposition (CVD) in a three-zone furnace system. The
MoO3 and S powers were placed in different zone of
furnace. The system was ﬁrstly pumped down to 5 Pa and
then input Ar to atmospheric pressure for removing oxygen
(three times). The S powers were heated to 160 °C and

maintained at constant for 25 min. At the same time, the
MoO3 and Si substrate were heated and maintained at
630 °C and 750 °C for 15 min, respectively. During the
growth process, the ﬂow rate of Argon gas used as carrier
was 80 sccm. The high-quality monolayer MoS2 with a
crystal size ranging from 100 to 300 μm was obtained.

2.2 Fabrication of perforated Ag film and
transferring of MoS2
A 40 nm thickness Ag ﬁlm is sputtered on the side of the
suspended SiN ﬁlm, forming a suspended perforated Ag
ﬁlm. A square circular hole (radius of 180 nm) array with
period of P is fabricated using the focused ion beam system
(strata FIB 201, FEI Company, 30 keV Ga ions) in the suspended perforated Ag ﬁlm. Then, a monolayer MoS2 is
transferred on the other side of SiN ﬁlm by a wet transfer
approach. A layer of poly(methyl methacrylate) (PMMA,
MW = 996 k, Sigma-Aldrich) was ﬁrst spin coated on the
monolayer MoS2 on SiO2/Si substrate as a transfer supporting layer and then baked at 160 °C for 10 min. The
PMMA capped MoS2 was exfoliated from the SiO2/Si substrate in 1 M NaOH etchant solution at room temperature for
about 30 min. After dilution of etchant and residues in
deionized water, the PMMA-capped monolayer MoS2 was
transferred onto the samples, followed by a 10 min baking
process at 150 °C in the glove box. And ﬁnally the PMMA
layer was cleaned in acetone.

2.3 Spectroscopy
The Raman, PL, and reflectance spectra of the samples
were measured by a home-built confocal microphotoluminescence/Raman setup based on the Olympus
optical microscope (Model BX53F) and Horiba Scientific
Spectrometer (iHR550). In Raman and PL spectra measurement, a 532 nm CW laser was focused on the sample by
a 100× objective lens with numerical aperture of 0.9. In
reﬂection measurement, an (x-linearly polarization) light
from the halogen lamp was incident on the sample by a 50×
objective lens with numerical aperture of 0.75. For
obtaining the reﬂectance of the samples, reﬂection from
the Ag mirror is used as a reference.
The SHG measurements were conducted in a reflective
configuration with normal incidence excitation. The pump
light was supplied by a picosecond laser beam generated
from a mode-locked Ti-sapphire oscillator (Coherent, Mira
900) with central wavelength of 869.6 nm, pulse duration
2 ps, and repetition rate 76 MHz. By a 50× objective, an
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x-linearly polarization excitation laser beam with a spot
area about 3 μm2 was focused on the sample. The SHG
signals were collected by the same objective without other
analyzers. Thus, intensity of SHG was not inﬂuenced by the
crystal orientation of the monolayer MoS2 [17]. The laser
power was ﬁxed at 0.54 mW for SHG measurements.

2.4 Simulation
Unit cell with area of P2 is used to calculate the optical
properties of the designed samples. Thicknesses of SiN and
Ag ﬁlms with a circular hole of radius 180 nm are set to 20
and 40 nm, respectively. A 0.615 nm thick MoS2 monolayer
is covered on SiN ﬁlm. The dielectric constant of SiN and Si
are set as 4.21 and 11.67, respectively. The dielectric constant of Ag was determined from the experimental date by
Palik. The relative permittivity of a monolayer MoS2 was
obtained from Li et al. [36]. Background environment is
assumed to be air with a permittivity of unity. A linear
polarized light along x-axis propagates in the −z direction.
The reﬂection spectra and the electric ﬁeld distributions
were calculated by the frequency-domain ﬁnite-element
method. Bloch boundary conditions were applied to mimic
the 2D nature of the geometry, and adaptive tetrahedral

Figure 1: (a) Schematic of our designed sample for detecting
second-harmonic generation (SHG) signal. (b) Optical microscope
image of the sample with the size of 21.7 μm × 21.7 μm. (c) Scanning
electron micrograph (SEM) of the structure with P = 620 nm,
respectively. (d) The Raman spectra and (e) PL spectra of monolayer
MoS2 on the different substrates.

1873

meshing was used in the simulations. All the simulations
reached proper convergence.

3 Results and discussion
Figure 1a is schematic of our designed sample for detecting
SHG signal. A MoS2 monolayer synthesized by chemical
vapor deposition is transferred onto the suspended perforated metallic structures (the detailed fabrication process
can be found in our previous work [37]). A 20 nm thickness
SiN ﬁlm separates MoS2 monolayer and Ag structures for
avoiding the quench of SHG signal and minimizing the
destruction and contamination of monolayer MoS2. A
square array with circular holes (radius of 180 nm and
period P) penetrates through the Ag ﬁlm (see Methods for
details on the fabrication process). In order to verify the
quality of the sample, the optical microscope image and
scanning electron micrograph (SEM) image of sample with
P = 620 nm are shown in Figure 1b and c, from which one
may observe that our prepared samples maintain good
quality and cleanness after transferring MoS2 layer.
At room temperature, Raman and photoluminescence
(PL) spectra with a 532 nm laser excitation are detected and
presented in Figure 1d and e, respectively. The monolayer
MoS2 can be identiﬁed by the frequency difference between
two strong Raman peaks at 384 (in-plane E 12g ) and 404 cm−1
(out-of -plane A1g) being 20 cm−1 [38, 39]. Strong PL peaks
with A-exciton and B-exciton peaks of about 673 and
621 nm are another evidence of MoS2 monolayer. Intensity
of PL depends on both the excitation rate proportional to
local electric ﬁeld intensity in MoS2 monolayer position,
and the quantum yield Q of the exciton emission determined by the radiative decay rate of monolayer MoS2
[26, 27, 31]. Monolayer MoS2 on the SiN/Ag substrate possesses the higher electric ﬁeld intensity and radiative decay
rate than that on the SiN/Si substrate due to reﬂection of Ag
surface, which results in stronger PL emission (blue and
green lines in Figure 1e). For the perforated metallic
structure, density of the scatter deﬁned by the numbers of
the scatters unit area modiﬁes the radiative decay [31].
Thus, monolayer MoS2 on the perforated metallic structure
with period of 620 nm gets an additional quantum yield
and more PL emission than that with period of 700 nm
(black and red lines in Figure 1e).
In order to enhance the SHG signal of monolayer MoS2,
we rational design the SPP resonance wavelength of the
metallic structures covered with monolayer MoS2 to be well
matched with that of fundamental wave (pump laser).
Thus, plasmonic resonances properties of the designed
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Figure 2: Calculated (a) and measured (b) reflection spectra with
periods of 620 (black solid line) and 700 nm (red dash line),
respectively. The red arrow refers to the excitation wavelength of
pump laser. The electric ﬁeld Ez (c) and Ex (d) distributions at
wavelength 869.6 nm for the perforated metallic structures with
period of 620 nm.

samples with different period are ﬁrstly calculated by
the frequency-domain ﬁnite-element method (FEM). We
considered a metallic structure with period of 620 nm
possessing a symmetric SPP resonance at wavelength
872 nm (Figure 2a), which is close to the wavelength
869.6 nm of experimental excitation laser. Here, symmetric
SPP resonance mode can be identiﬁed by the electric ﬁeld
Ez distributions with the opposite phase on the upper and
lower surface which originates from the same charge accumulations (see Figure 2c) [40]. As a reference, we also
chose a metallic structure with period of 700 nm, in which
the excited SPPs resonances at 938 nm is far away from the
wavelength of excitation laser. The experimental reﬂection
spectra of the fabricated samples with periods of 620 and
700 nm are shown in Figure 2b. Two reﬂection dips induced
by symmetric SPPs resonances are at wavelengths 879 and
930 nm, respectively. Slight difference maybe comes from
the experimental error.
A typical laser excitation spectrum at wavelength
869.6 nm and the corresponding SHG spectra at 434.8 nm
of monolayer MoS2 on the different substrates under the
same incident laser power are shown in Figure 3a. An

Figure 3: Nonlinear second-harmonic generation (SHG) microscopy.
(a) SHG spectra of monolayer MoS2 on the different substrates
(metallic structures with P = 620 nm (black) and P = 700 nm (red),
SiN/Ag (blue) and SiN/Si (green) substrate) and typical spectrum
(pink) of fundamental laser. (b) SHG spectra of the different substrates without monolayer MoS2. As a reference, SHG spectrum
(green line) of the SiN/Si substrate with monolayer MoS2 is also
plotted in (b). (c) The dependence of the SHG intensity from monolayer MoS2 on different substrates on the excitation power plotted in
log–log scale. Quadratic linear ﬁt is displayed by the black line.

enhanced SHG effect was observed on the perforated
metallic structure. The log–log scale plots of SHG output
intensity in different substrates versus incident laser power
are presented in Figure 3c, revealing a perfect quadratic
dependence that is in agreement with the second-order
nonlinear process. When the SPPs of the perforated
metallic structure are in resonance with the excitation
laser, monolayer MoS2 exhibits the highest SHG conversion
efﬁciency. Comparing with the SiN/Si substrate, the SHG
signal of monolayer MoS2 on the perforated metallic
structure with period of 620 nm shows more than three
orders of magnitude improvements.
To confirm that the experimental SHG signal comes
from the monolayer MoS2, the SHG signals of the same
substrate without monolayer MoS2 were measured, as
plotted in Figure 3b. The SHG signal vanishes (pink line in
Figure 3b) on the SiN/Si substrate due to their bulk
centrosymmetric crystal structures [41]. It suggests that,
the SHG signal represented by the green line in Figure 3b
purely originates from monolayer MoS2. Broken inversion
symmetry at metal surface and plasmon enhanced
nonlinear effects [42, 43] result in appearance of SHG signal
in SiN/Ag and perforated metallic substrates (Figure 3b).
However, compared with monolayer MoS2 on metallic
structures with P = 620 and 700 nm, the SHG signal
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Figure 4: (a) The electric field E/E0 distribution along z direction at
the hole center of the metallic perforated structure with P = 620
(black line) and 700 nm (red line). (b) The electric ﬁeld E/E0
distribution along z direction in the SiN/Ag (black line) and SiN/Ag
(red line) substrate. (c) The electric ﬁeld E 4 /E 40 distributions along x
direction at monolayer MoS2 position for the different substrate.
(d) The electric ﬁeld enhancement factor (EF) E 4 /E 4SiN/Si (red square)
and second-harmonic generation (SHG) EF (black triangle) of
monolayer MoS2 on different substrates, respectively.

produced by pure metallic structures is insigniﬁcant and
negligible.
The SHG signal collected in the experiment is dependent on two processes: generation and detection. In generation process, the SHG intensity comes from the radiation
of the second-order nonlinear polarization, which is
determined by the second-order susceptibility χ(2) and
electric ﬁeld E(ω) localized in the monolayer. For a
monolayer MoS2 belonging to the D3h point-group symmetry, the second-order susceptibility tensor has a nonzero
(2)
(2)
(2)
(2)
element [17]: χ (2)
MoS2 ≡ χ xxx = −χ xyy = −χ yyx = −χ yxy , where x

and y correspond to the armchair and zigzag directions of
monolayer MoS2, respectively. However, in the detection
process, no any analyzer was used before the detector.
Thus, the detected SHG intensity is independent of crystal
orientation. Furthermore, the detected SHG intensity is
only a portion of the overall SHG light entering into the
detector via the microscope objective lens, which is inﬂuenced by the nanostructures and dielectric environment.
Here, the detected SHG intensity I(2ω) can be theoretically
expressed as follows [12, 17, 44]:
⃒⃒
⃒⃒2
4
⃒⃒
I(2ω) = αC ⃒⃒⃒χ(2)
(1)
MoS2 ⃒ |E(ω)|
where E(ω) is electric ﬁeld in the monolayer MoS2, which
can be enhanced by the SPP resonances. C is a constant and
α is an extraction coefﬁcient determined by the fraction of
SHG signal collected by the detector from the total

Figure 5: The measured second-harmonic generation (SHG) intensity
mapping (a) and calculated total electric field distributions (b) of
monolayer MoS2 on plasmonic structure with P = 620 nm, respectively.
(c) The SHG intensity (black line) and electric ﬁeld intensity (red line)
proﬁles along the indicated white line in (a) and (b).

generated SHG signal. The value of extraction coefﬁcient
depends on the nanostructure and dielectric properties of
the substrate.
For comparing with the SHG signals from different
substrates, the SHG enhancement factor (EF) (normalized
by SHG signal on SiN/Si substrate) is defined by
EF =

I i (2ω)
αi
|E i (ω)|4
=
I SiN/Si (2ω) αSiN/Si |E SiN/Si (ω)|4

(2)

where i represents different substrates. The SHG enhancement of monolayer MoS2 on perforated metallic structures
mainly comes from the in-plane electric ﬁeld Ex enhancement due to the excitation of SPPs. Note that,
comparing with the SiN/Si substrate the suspended MoS2
on the hole also boosts a small amount of electric ﬁeld.
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Figure 4a and b shows the simulated in-plane electric
ﬁeld Ex along z-axis with the different substrates. For the
SiN/Ag and SiN/Si substrates, superposition of the
incident wave and the reﬂected wave of the Ag and Si
surfaces forms stationary wave. Out-of-phase of the reﬂected and incident light results in a node with weak
amplitude on Ag and Si surfaces. Quantitatively, comparing
with the SiN/Si substrate, the electric ﬁeld EF (deﬁned by
|E|4 /|E SiN/Si |4 ) of the SiN/Ag substrate is 5 (Figure 5d), which is
less than the corresponding SHG EF of 17. This result comes
from different extraction coefﬁcient α. The SHG signal on the
SiN/Ag substrate is stronger that on the SiN/Si substrate,
partially owing to a large extraction coefﬁcient originating in
the higher reﬂection of Ag substrate.
To further explore the position dependent plasmon
assisted SHG enhancement, we measured the SHG mapping image for the metallic structures with a period of
620 nm, as shown in Figure 5a. One can ﬁnd that, the SHG
intensity is not uniformly across the sample plane (xy
plane), which agree well with the calculated in-plane
electric ﬁeld proﬁle at the resonant excitation wavelength
(Figure 5b and c). Furthermore, one can easily get the
conclusion that the increased in-plane electric ﬁelds Ex
localized over the holes (Figures 4 and 5) mainly contribute
to SHG enhancement of monolayer MoS2. Figure 4d shows
the electric ﬁeld EF and SHG EF which are normalized to
the hole area. Comparing with SiN/Si substrate, the
normalized SHG EF of the perforated structures with period
of 620 nm is 1528, which agree well with the calculated
normalized electric ﬁeld EF ∼ 1898. Slight difference maybe
originated from reduction of extraction coefﬁcient due to a
portion of SHG signal passing through the structure via the
holes. Predictably, extraction coefﬁcient α should increase
with reduced area fraction of holes due to increase of
reﬂection. For example, for the perforated metallic structures with period of 700 nm where the area of the hole
remains unchanged, due to the increased extraction coefﬁcient and decreased electric ﬁeld intensity (the symmetric
SPPs resonance deviates from the excitation laser), the
ultimate normalized SHG EF and electric ﬁeld EF are 593
and 675 (Figure 4d), respectively.

4 Conclusions
In summary, we demonstrate the symmetric SPP enhanced
SHG of monolayer MoS2 on a suspended TMDs/ultrathinAg-ﬁlm hybrid structure with a rational designed periodic
hole array. When the period of the hole array is 620 nm, the
excited symmetric SPP mode is in resonance with the

fundamental pump laser, leading to an SHG enhancement
up to 1527 fold in the experiment at wavelength 434.5 nm.
The pronounced SHG enhancement can be attributed to the
distinct electric ﬁeld ampliﬁcation nearby the nanoholes
and extraction coefﬁcient modiﬁed by the structures. Our
ﬁndings provide an effective approach to engineer the
linear and nonlinear optical properties of monolayer MoS2
for various practical applications.
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