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Abstract: We investigated numerically and experimentally the achievement
of strongly localized electric field and significantly enhanced second
harmonic generation (SHG) in two-dimensional (2D) materials by using
dielectric-metal hybrid substrates. Based on the theory of thin film
interference, it was revealed that the strongest localization of electric field
in a 2D material, which corresponds to the largest absorption in the metal
film, could be achieved by minimizing the reflection of the combined
structure (i.e., 2D material + hybrid substrate) because the transmission
through the combined structure was negligible. By using MoS, as an
example, it was demonstrated that a SHG enhancement factor of ~6 could
be achieved in the 17-nm-thick MoS, layer on an Au/SiO, substrate as
compared with the single-layer MoS, on the commonly used SiO,/Si
substrates with highly efficient SHG. By employing a SiO,-SnO,/Ag/SiO,
substrate in which a 20-nm-thick dielectric film of Si0,-SnO, was inserted
in between the MoS, layer and the Ag film, a SHG enhancement factor as
large as ~18 could be realized in the 9-nm-thick MoS, layer. Numerical
simulations based on the finite-difference time-domain technique were
employed to derive the enhancement factors for SHG and it was revealed
that for thick MoS, layers the SHG intensity is dominated mainly by the
localization of electric field induced by the dielectric-metal hybrid
substrates. The dependence of the SHG enhancement factor on the thickness
of the MoS, layer was found to be modified when the dielectric-metal
hybrid substrates were adopted.
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1. Introduction

In recent years, two-dimensional (2D) materials have attracted great interest owing to their
potential applications in logic electronics [1,2], integrated circuits [3,4], flexible electronics
[5-7], optoelectronics and nanophotonics [8—12]. Apart from graphene, MoS, is the most
intensively and extensively studied 2D material [13-21]. So far, the physical properties of
MoS,, especially the mechanical, electronic and optical properties, have been deeply
investigated. Recently, the nonlinear optical responses of MoS, have become the focus of
many studies because they play an important role in the photonic applications in which
ultrafast laser pulses with high peak powers are generally used. Although bulk MoS, crystal
with 2H stacking order is expected to have vanished second-order nonlinear susceptibility
(') because of the inversion symmetry [22], it has been demonstrated that MoS, with odd
layers, especially the single-layer one [23-26], exhibit efficient second harmonic generation
(SHG) arising from the breaking of the inversion symmetry. As a result, an oscillation of the
SHG intensity with increasing layer number has been oobserved [25,27].

Very recently, several research groups reported independently the observation of highly
efficient SHG from single-layer MoS, and the dependence of the SHG intensity on the layer
number of MoS, and the polarization of the excitation laser [23—26]. Kumar et al. derived a
second-order nonlinear susceptibility »® on the order of ~1077 m/V for single-layer MoS, and
found a reduction of SHG by a factor of seven in trilayer MoS, and by two orders of
magnitudes in MoS, with even layers [23]. Large second-order nonlinear susceptibility with a
similar value was also observed by Malard et al [24]. Li et al. measured and compared the
SHG in thin MoS, and h-BN with one to five layers and also observed strong SHG from
materials with odd layers and no appreciable SHG from materials with even layers [25]. Clark
et al. investigated the second-order nonlinear optical properties of CVD-grown single-layer
MoS, transferred onto transparent substrates such as fused silica and polyethylene
terephthalate [26]. For single-layer MoS,, an enhancement in SHG originating from the
enhanced electron hole interaction was also analyzed theoretically and demonstrated
experimentally [28-30]. The enhanced interaction between electrons and holes arises from the
reduced screening effect, leading to a binding energy of excitons much larger than that in bulk
MoS; [29].

So far, the substrates commonly used for studying MoS, are SiO, and SiO,/Si substrates
because atomically thin MoS,; layers on these substrates exhibit different colors which depend
strongly on the thicknesses of the MoS, layers. Since the color of a thin MoS, layer is
governed by the reflection spectrum of the combined structure (i.e., MoS, + substrate), the
substrate has great influence on the color of the MoS, layer placed on it. This feature makes it
easy to identify MoS, with few layers. For SiO, or SiO,/Si substrates, it seems that the
inversion symmetry plays a key role in determining the SHG intensity of the MoS, layer
because of the low refractive index of SiO,, especially for MoS, with few layers. A simple
analysis or simulation reveals that strong localization of electric field cannot be achieved in
the MoS, layers on a SiO,/Si substrate because of the low refractive index of SiO,. However,
this feature will be changed when a dielectric-metal hybrid substrate with a thin metal film is
adopted. Strong localization of electric field may be achieved by using the dielectric-metal
hybrid substrate which will modify significantly both the linear and nonlinear optical
responses of the MoS,; layer. Apparently, the use of dielectric-metal hybrid substrates with a
thin metal film will lead to the breaking of inversion symmetry. In addition, dielectric-metal
hybrid substrates also induce a variation of screening effect through correlation effects [28—
31]. All these effects will facilitate the SHG in MoS, layers on dielectric-metal hybrid
substrates.

In this article, the effects of dielectric-metal hybrid substrates on the enhancement of the
nonlinear optical responses of the MoS, layers were investigated both numerically and
experimentally. Based on the theory of thin film interference, it was revealed that strong
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localization of electric field in the MoS, layer could be achieved and the dependence of the
SHG enhancement factor on the thickness of the MoS, layer would be modified by using
dielectric-metallic hybrid substrates such as Au/SiO, and SiO,-SnO,/Ag/SiO, substrates.
Different from the MoS, layers on the commonly used SiO,/Si substrates where the strongest
SHG intensity was observed in single-layer MoS,, the strongest SHG intensity was achieved
in a 17-nm-thick (~26 atomic layers) MoS, layer on the Au/SiO, substrate with an
enhancement factor of ~6 and in a 9-nm-thick (~14 atomic layers) MoS, layer on the SiO,-
Sn0,/Ag/Si0O, substrate with an enhancement factor of ~18. Numerical simulations based on
the finite-difference time-domain (FDTD) technique were employed to derive the SHG
enhancement factors and it was revealed that for thick MoS, layers the SHG intensity was
dominated mainly by the localization of the electric field induced by the dielectric-metallic
hybrid substrates.

2. Experimental details and numerical methods

MoS; layers with different thicknesses were exfoliated on a SiO,/Si substrate with a 300-nm-
thick SiO, film, an Au/SiO, substrate with a 50-nm-thick Au film, and a SiO,-SnO,/Ag/SiO,
substrate composed of a 20-nm-thick SiO,-SnO, layer and a 50-nm-thick Ag film. The
refractive index of the SiO,-SnO, layer, which was used to protect the Ag film from being
oxidized, is ~1.7. The colors exhibited by the MoS, layers were examined under a
microscope. The Raman spectra of the MoS, was measured by using a Raman spectrometer
(Invia, Renishaw) at an excitation wavelength of 514 nm. A 800-nm femtosecond (fs) laser
light with a repetition rate of 76 MHz and a duration of 130 fs delivered by a fs oscillator
(Mira 900S, Coherent) was focused on the MoS, layers by using the 60 x objective lens (NA
= 0.85) of an inverted microscope (Axio Observer Al, Zeiss), the excitation spot was
estimated to be ~2 um in diameter. The nonlinear optical signals generated by the MoS, layers
were collected by using the same objective lens and directed to a combination of a
spectrometer (SR-500i-B1, Andor) and a coupled-charge device (DU970N, Andor) for
analysis.

For the calculation of the reflection spectra of the MoS, layers and the electric field
distributions inside the MoS, layers, the FDTD technique was employed [32]. In the
numerical simulation, we used a non-uniform grid in which the MoS, layer was cut into 10
divisions. Thus, the minimum grid size depended on the thickness of the MoS, layer. In
addition, a perfectly matched layer boundary condition was employed. The chromaticity
coordinates for the MoS, layers were derived from the reflection spectra based on the theory
of colorimetry. In the numerical simulation, the wavelength dependent complex refractive
indexes for single-layer and bulk MoS, were chosen to be values that are commonly used
[33,34]. In the calculation of the electric field enhancement factors, a continuous wave was
employed to approximate the pulse train used in the experiments. The complex refractive
indexes for different materials used in the numerical simulation are summarized in Table 1.

Table 1. Complex refractive indexes of MoS, (including single-layer and bulk MoS,), Au,
Ag, Si0,-Sn0,, SiO; and Si used in the calculation of the electric field intensity
distributions in the MoS; layers with different thicknesses on the SiO,/Si, Au/SiO,, and
SiO;- Sn0,/Ag/SiO; substrates

A indexes A indexes

(nm) n k (nm) n k

1L MoS, 800 4.626 0 Si0, 800  1.450 0

400 3.544 4.890 400 1470 0
bulk MoS, 800 5.392 0.058 Si 800  3.681 0.005
400 4252 3.725 400 5.587 0.303
Au 800 0.154 4895 Ag 800 0.144 5289
400 1469 1.953 400 0.173 1.95

Si0,- SnO, 800  1.700 0
400 1.700 0
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3. Results and discussion
3.1 Principle of electric field localization in two-dimensional materials

Physically, the SHG intensity of the MoS, layer can be expressed as follows [35]:
I °cf4()“)f2()‘/2)[m (1)
where Iy, and [, are the intensities of the second harmonic and incident light,

f(A)=|E(A)/E,| and f(A/2)=|E(4/2)/E,| denote the electric field enhancement factors at

the wavelengths of the fundamental light and the second harmonic, respectively. In our
experiments, we chose 4 = 800 nm at which the imaginary part of the complex refractive
index of MoS; is negligible. In this case, the second harmonic appeared at 400 nm where the

complex refractive index of MoS, has a large imaginary part. As a result, f(4/2) cannot be
large and the SHG intensity is mainly determined by f(1). Therefore, how to achieve a

strong localization of the fundamental light becomes the key point for realizing a large
enhancement in SHG.

As schematically shown in Fig. 1(a), the localization of electric field in a 2D material
(e.g., MoS,) placed on a metal (Au)-dielectric (SiO,) hybrid substrate can be analyzed by
using the theory of thin film interference [36—38]. For the fundamental light at ~800 nm, the
MoS, layer is transparent and the absorption takes place mainly in the Au film. Thus, the
stronger the electric field localization, the larger the absorption is. Since the transmission of
the fundamental light through the Au film is quite small, the strongest localization of electric
field, which corresponds to the largest absorption in the Au film, can be achieved by
minimizing the reflection of the combined structure (MoS, + substrate). As shown in Fig.
1(a), the fundamental light is incident on the surface of the MoS, layer, leading to the first
reflected light ry with a phase shift of m [36-38]. The second reflected light r; is generated by
the Au film and its phase shift contains the phase change induced by the Au film and the
phase accumulated by the round trip of the light in the MoS, layer. Same is the successive
reflected light r, (n = 2, 3, ...). If the thickness of the MoS, layer is appropriate, a phase shift
of 0 can be obtained for the successive reflected light r,, leading to the destructive
interference between the first reflected light ry and the successive reflected light r, (n =1, 2,
...) and thus the minimum reflection from the combined structure. In this case, a strong
localization of electric field can be established in the MoS, layer, leading to a large
enhancement in SHG. Although the absorption of the fundamental light takes place mainly in
the metal film, it is a detriment for the electric field localization in the MoS; layer. Intuitively,
the absorption in the thin metal film can be reduced by inserting a dielectric film in between
the MoS, layer and the metal film, as schematically shown in Fig. 1(b) for a SiO,-
Sn0,/Ag/Si0O, substrate.
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Fig. 1. Schematic showing the localization of electric field in the 17-nm-thick MoS, layer on
the Au/SiO, substrate (a) and in the 9-nm-thick MoS, layer on the SiO,-SnO,/Ag/SiO,
substrate (b). The electric field intensity (|£|*) distributions and the corresponding enhancement
factors in the two structures calculated at 800 and 400 nm are also presented.

3.2 Dependence of reflection, transmission and absorption spectra and SHG enhancement
factor on substrates

Having understood the principle of electric field localization and established the relationship
between the reflection and the electric field localization, we can calculate the dependence of
the reflection, absorption and transmission of the combined structure on the thickness of the
MoS, layer in order to find out the appropriate thickness for the MoS, layer. The results for
the MoS, layers on the Au/SiO, and Si0,-Sn0,/Ag/SiO, substrates are shown in Figs. 2(a)
and 2(b), respectively. In Fig. 2(a), one can see that the thickness at which the maximum
absorption is observed coincides with that for the minimum reflection, in good agreement
with the analysis presented above. The minimum reflection is observed at a thickness of ~17
nm, implying that the strongest localization of electric field and the largest enhancement in
SHG can be achieved in the 17-nm-thick MoS, layer. In order to confirm the predicted
electric field localization, we calculated the electric field intensity (|£|*) distributions at both
800 and 400 nm for the 17-nm-thick MoS, layer on the Au/SiO, substrate, as shown in Fig.
1(a). As expected, the enhancement factor for the electric field intensity at 800 nm is 37.69,
which is much larger than that at 400 nm (~0.15). This value is also much larger than that for
the single-layer MoS, on the SiO,/Si substrate which is ~2.31 (not shown). This result
indicates that a significant enhancement in SHG, which is dominated by the electric field
enhancement at 800 nm, can be realized by using a dielectric-metal hybrid substrate. In Fig.
2(b), a similar thickness dependence of the reflection, absorption and transmission is observed
for the MoS, layers on the SiO,-SnO,/Ag/SiO, substrate. The major difference is the
reduction in both the absorption and the transmission due to the introduction of the thin SiO,-
SnO, layer. The minimum reflection appears at ~11 nm where the strongest localization of
electric field is expected. After considering the electric field enhancement factor at 400 nm, it
is found that the largest enhancement factor for SHG is obtained at ~9 nm. Similarly, we
calculated the electric field intensity distributions at both 800 and 400 nm for the 9-nm-thick
MoS, layer on the SiO,-Sn0O,/Ag/SiO, substrate, as shown in Fig. 1(b). As expected, the
enhancement factor at 800 nm is further increased to 48.69, leading to a further increase in the
SHG intensity by a factor of ~3. It implies the significant enhancement in SHG can be
realized by properly designing the structure of the dielectric-metal hybrid substrate. In Fig.
2(c), we present the thickness dependence of the SHG enhancement factor calculated for the
three types of substrates by using Eq. (1). It can be seen that for the SiO,/Si substrate the
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strongest SHG is observed in single-layer MoS,. Owing to the existence of the dielectric-
metal hybrid substrate, the strongest SHG is achieved in the 17-nm-thick MoS, layer for the
Au/Si0, substrate and in the 9-nm-thick MoS, layer for the SiO,-SnO,/Ag/SiO, substrate. It is
noticed that an increase in the SHG enhancement factor with decreasing thickness is observed
for the MoS, layers on the SiO,-SnO,/Ag/SiO, substrate when the thicknesses becomes
smaller than ~3 nm.

(a) (b)

—~ 1.0 ~ 1.0

3

:? 0.8 4, =800 nm < 0.8 2, =800 nm
S o6l AUSIO, | — g Si0,-Sn0,/Ag/SIO,
> reflection > fect

B 0.4} —transmission| g 0.4 fefecton

c — absorption c —— tranmission
S 02t 002 — absorption
£ pol==="0 S0 &

0 10 20 30 40 650 0 10 20 30 40 50

Thickness of MoS, (nm)

Thickness of MoS, (nm)

——sio,/si

x 48.4

600 Au/SiO, x3.1
—Si0,-Sn0,/Ag/SIO,
measurement data  x 3.2
400 Au/SiO, (Fig. 3(b))

@ measurement data
SI0,-Sn0/Ag/SIO, (Fig. 3(c))

Enhancement Factor (E/EO)2 @
S
o

o

10

20
Thickness of MoS, (nm)

Fig. 2. Thickness dependence of reflection, transmission and absorption spectra calculated for
the MoS, layer on the Au/SiO, (a) and Si0,-Sn0O,/Ag/SiO, (b) substrates at the wavelength of
800 nm. A comparison of the thickness dependence of the SHG enhancement factor calculated
for the three types of substrates is shown (c). The relative SHG intensities measured for the
MoS, layers with different thicknesses on the Au/SiO, and SiO,-SnO,/Ag/SiO, substrates are
also provided.

3.3 Nonlinear response spectra measured for the MoS, layers with different thicknesses on
different substrates

The color of a MoS, layer depends not only on the thickness of the MoS, layer but also on the
substrate employed. Some typical colors exhibited by the MoS, layers with different
thicknesses are shown in Figs. 3(a)-3(c). It can be seen that the colors of the MoS,; layers on
the Au/SiO, and Si0,-Sn0,/Ag/SiO, substrates are more abundant than those observed for the
MoS; layers on the SiO,/Si substrate. Based on the FDTD simulation, one can easily calculate
the reflection spectra of the MoS, layers and deduce their chromaticity coordinates [39]. By
correlating the calculated chromaticity coordinate with the actually observed color, one can
give a rough estimation for the thickness of a MoS; layer.

The complex refractive index of MoS; used in the numerical simulation is shown in Fig.
4(a). It can be seen that the imaginary part of the complex refractive index is quite large at
400 nm and it is close to zero for wavelengths longer than 700 nm. The reflection spectra
calculated for the MoS, samples (see s1—s6 in Fig. 3(b)) on the Au/SiO, substrate and the
MoS, samples (see s1—s6 in Fig. 3(c)) on the Si0,-SnO,/Ag/SiO, substrate are shown in Figs.
4(b) and 4(c). The chromaticity coordinates derived from the reflection spectra are presented
in Figs. 4(d) and 4(e), respectively. It can be seen that the color of the 17-nm-thick MoS,
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layer on the Au/SiO, substrate appears to be sky blue while that of the 9-nm-thick MoS, layer
on the Si0,-Sn0,/Ag/Si0, substrate appears to be deep blue.

Since single-layer MoS, on the SiO,/Si substrate was known to possess a large ¥ [23,24],
we first examined the nonlinear optical responses of a single-layer MoS, whose microscope
image is shown in Fig. 3(a). The single-layer MoS, was confirmed by the Raman spectrum, as
shown in Fig. 5. The frequency difference between the in-plane (Elzg) and out-of-plane (A;y)
vibration modes was estimated to be 18.9 cm™, in good agreement with the previous reports
for single-layer MoS, [40]. The nonlinear response spectrum measured for the single-layer
MoS, is shown in Fig. 3(a) where strong SHG is observed. During the measurement, we
rotated the laser polarization and recorded the strongest response spectrum. The same
procedure was employed in the following measurements. The nonlinear response spectrum of
the bulk MoS,, whose microscope image is also shown in Fig. 3(a), is also provided for
comparison. No appreciable SHG signal was detected for the bulk MoS, under the same
excitation condition. In Fig. 3(b), we compare the nonlinear response spectra of the MoS,
layers with different thicknesses on the Au/SiO, substrate. It can be seen that the SHG
intensity depends strongly on the thickness of the MoS, layer and the strongest SHG is
achieved in the 17-nm-thick MoS, layer. The nonlinear response spectra measured for the
MoS,; layers with different thicknesses on the SiO,-SnO,/Ag/SiO, substrate are presented in
Fig. 3(c). It is found that for most MoS, layers the SHG intensities are quite weak and the
strongest SHG is achieved in the 9-nm-thick MoS, layer. In order to see clearly the effects of
substrate structure on the SHG, we compare the nonlinear response spectra obtained under the
same excitation condition for the single-layer MoS,, the 17-nm-thick MoS, layer, and the 9-
nm-thick MoS, layer, as shown in Fig. 3(d). It can be seen that the SHG intensity of the 17-
nm-thick MoS, layer is about 6 times larger than that of the single-layer MoS, while an
increase by a factor of ~18 is observed for the 9-nm-thick MoS, layer. This phenomenon
implies that the SHG intensity of MoS; can be significantly enhanced by properly designing
the substrate structure.
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Fig. 3. Nonlinear response spectra measured for the single-layer and bulk MoS, on the SiO,/Si
substrate (a), the MoS; layers with different thicknesses (s1: ~3.5 nm, s2: ~8 nm, s3: ~10 nm,
s4: ~17 nm, s5: ~30 nm, s6: ~50 nm) on the Au/SiO, substrate (b), and the MoS, layers with
different thicknesses (s1: ~2.6 nm, s2: ~9 nm, s3: ~30 nm, s4: ~40 nm, s5: ~45 nm, s6: ~50
nm) on the Si0,-Sn0O,/Ag/SiO, substrate (c). A comparison of the nonlinear response spectra
for the single-layer MoS, on the SiO,/Si substrate, the 17-nm-thick MoS, layer on the Au/SiO,
substrate and the 9-nm-thick MoS, layer on the SiO,-SnO,/Ag/SiO, substrate is presented in
(d). In each case, the microscope images for the MoS, layers with different thicknesses are
presented on the top of the figure.
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Fig. 4. (a) Complex refractive index of MoS, used in the calculation. (b) and (c) show the
reflection spectra calculated for the MoS, samples (see s1—s6 in Fig. 3(b)) on the Au/SiO,
substrate and for the MoS, samples (see sl—s6 in Fig. 3(c)) on the SiO,-Sn0,/Ag/SiO,
substrate. The chromaticity coordinates calculated for the MoS, samples (sl—s6) on the
Au/SiO; and SiO,-Sn0,/Ag/SiO, substrates based on the reflection spectra are shown in (d)
and (e) (s1: isosceles triangle; s2: thombus; s3: right triangle; s4: circle; s5: square; s6: cross
star). The calculated chromaticity coordinates are in good agreement with the color shown in
Figs. 3(b) and 3(c).

We have measured the Raman spectra for the single-layer MoS, layer on the SiO,/Si
substrate, the 17-nm-thick MoS, layer on the Au/SiO, substrate, and the 9-nm-thick MoS,
layer on the Si0,-Sn0,/Ag/SiO, substrate, as shown in Fig. 5. For the sin%le-layer MoS,; layer
on the Si0,/Si substrate, the frequency difference between the in-plane (E »,) and out-of-plane
(A;p) vibration modes was estimated to be 18.9 cm™', in good agreement with the previous
reports for single-layer MoS,. The frequency difference between the Elzg and A;, modes
appeared to be larger for the 17-nm-thick MoS; layer on the Au/SiO, substrate and the 9-nm-
thick MoS; layer on the SiO,-SnO,/Ag/SiO, substrate because of the larger thickness. It is
also noticed that the intensities of the two Raman modes in the 9-nm-thick MoS, layer on the
Si0,-Sn0,/Ag/SiO, substrate are stronger than those in the 17-nm-thick MoS, layer on the
Au/Si0, substrate and the single-layer MoS, layer on the SiO,/Si substrate.
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Fig. 5. Raman scattering spectra measured for the single-layer MoS, on the SiO,/Si substrate,
the 17-nm-thick MoS; layer on the Au/SiO, substrate and the 9-nm-thick MoS, layer on the
Si0,-Sn0,/Ag/Si0O, substrate.
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For the single-layer MoS, on the SiO,/Si substrate, the electric field intensity enhancement
factors at 800 and 400 nm are 2.31 and 2.48. In this case, the SHG enhancement factor is
derived to be 13.2 if the effect of inversion symmetry is not taken into account. For the 17-
nm-thick MoS, layer on the Au/SiO, substrate, the electric field intensity enhancement factor
at 800 nm is increased by more than one order of magnitude to 37.69 while that at 400 nm is
decreased also by more than one order of magnitude to 0.15. Based on Eq. (1), the SHG
enhancement factor is expected to be ~16. However, an enhancement factor of ~6 was
observed in the experiments because only the localization of the fundamental light in the
MoS,; layer was considered and the effect of inversion symmetry was not taken into account.
As compared with the 17-nm-thick MoS, layer, it is found that for the 9-nm-thick MoS, layer
the electric field intensity enhancement factor at 800 nm is further increased to 48.69 while
that at 400 is slightly increased to 0.28, as shown in Fig. 1(b). Consequently, the SHG
enhancement factor is further enhanced by a factor of ~3.0, in good agreement with the
experimental observations (see Fig. 3(d)).

3.4 Evolution of SHG intensity during the ablation of MoS, layers

In order to examine the thickness dependence of the SHG enhancement factor shown in Fig.
2(c), we performed experiments in which the thickness of the MoS, layer was reduced by
using fs laser ablation while the evolution of the SHG intensity with increasing ablation time
was recorded. In Figs. 6(a) and 6(b), we present the nonlinear response spectra measured for
the 17-nm-thick MoS, layer on the Au/SiO, substrate and the 9-nm-thick MoS, layer on the
Si0,-Sn0,/Ag/Si0, substrate at different irradiation times. The power of the fs laser was
chosen to be 80 and 50 mW, respectively. The dependences of the SHG intensity on the
irradiation time for the two cases are shown in the insets. A monotonic decrease of the SHG
intensity with increasing ablation time is observed for the 17-nm-thick MoS, layer. This trend
is in good agreement with the prediction based on the numerical simulation. In Fig. 6(b), one
can see a reduction of the SHG intensity for ablation times smaller than 120 s. After that, an
increase in the SHG intensity followed by a rapid decrease is observed. This behavior is also
coincident with that predicted in Fig. 2(c). These results indicate that the thickness dependent
SHG has been modified by using different substrates and the relationship between the SHG
intensity and the thickness of the MoS, layer predicted by using Eq. (1) is reasonable. In
addition, it verifies that the SHG in thick MoS layers is dominated by the localization of
electric field at the wavelength of the fundamental light rather than the invesion symmetry.
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Fig. 6. Nonlinear response spectra measured at different irradiation times for the 17-nm-thick
MoS, layer on the Au/SiO, substrate (a) and the 9-nm-thick MoS, layer on the SiO,-
Sn0O,/Ag/Si0O, substrate (b). The dependences of the SHG intensity on the irradiation time and
the microscope images before and after the ablation for the two cases are shown in the insets.

4. Conclusion

In summary, we have proposed and demonstrated the use of dielectric-metal hybrid substrates
to achieve significantly enhanced SHG in 2D materials by using MoS, layers as an example.
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It was found that the strongest SHG was observed in the 17-nm-thick MoS, layer on the
Au/SiO, substrate and the 9-nm-thick MoS, layer on the SiO,-Sn0,/Ag/SiO, substrate. The
relationship between the linear absorption and the electric field localization has been
established and the strongest localization of electric field is expected to occur at a thickness
where the largest absorption (or the smallest reflection) is observed. Since the nonlinear
optical properties of 2D materials (such as SHG) are quite useful for device applications, our
findings are helpful for designing suitable dielectric-metal hybrid substrates to maximize their
nonlinear optical responses. For instance, the thickness-dependent SHG in thick MoS,
samples on the Au/SiO, substrate can be exploited to realize optical data storage through the
thinning of the thickness by fs laser pulses [39].
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