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Enhanced second harmonic generation of MoS,
layers on a thin gold film+

Jianhua Zeng,® Maohui Yuan,® Weiguang Yuan,? Qiaofeng Dai,? Haihua Fan,?
Sheng Lan*® and Shaolong Tie*®

The linear and nonlinear optical properties of thin MoS, layers exfoliated on an Au/SiO, substrate were
investigated both numerically and experimentally. It was found that the MoS, layers with different thick-
nesses exhibited different colors on the gold film. The reflection spectra of the MoS; layers with different
thicknesses were calculated by using the finite-difference time-domain technique and the corresponding
chromaticity coordinates were derived. The electric field enhancement factors at both the fundamental
light and the second harmonic were calculated and the enhancement factors for second harmonic gene-
ration (SHG) were estimated for the MoS; layers with different thicknesses. Different from the MoS, layers
on a SiO,/Si substrate where the maximum SHG was observed in the single-layer MoS,, the maximum
SHG was achieved in the 17 nm-thick MoS, layer on the Au/SiO, substrate. As compared with the MoS,
layers on the SiO,/Si substrate, a significant enhancement in SHG was found for the MoS; layers on the
Au/SiO, substrate due to the strong localization of the electric field. More interestingly, it was demon-
strated experimentally that optical data storage can be realized by modifying the SHG intensity of a MoS,
layer through thinning its thickness.

1 Introduction

In recent years, two-dimensional (2D) materials have attracted
tremendous interest owing to their fascinating and technologi-
cally useful properties.”” Apart from graphene, much attention
has been paid to transition metal dichalcogenides (TMDs)
because they exhibit many properties different from
graphene,® and MoS, is the most intensively and extensively
studied TMD.'*® So far, the physical properties of MoS,,
especially the mechanical, electronic and optical properties,
have been deeply investigated and their potential applications
in logic electronics,'”?® integrated circuits,*** flexible
electronics,®>® optoelectronics and photonics have been
explored.>*® 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 a bulk MoS, crystal with 2H stacking order is
expected to have vanished second-order nonlinear suscepti-
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bility (+*) because of the inversion symmetry,?® it has been

demonstrated that MoS, with odd layers, especially the single-
layer one, exhibits efficient second harmonic generation (SHG)
arising from the breaking of the inversion symmetry.

Very recently, much effort has been devoted to the study of
SHG in MoS,. In 2013, several research groups reported inde-
pendently the observation of highly efficient SHG from single-
layer MoS,, the dependence of the SHG intensity on the
number of layers of MoS, and the polarization of the excitation
laser, and the applications of SHG spectroscopy in determin-
ing the crystalline orientation, thickness uniformity, layer
stacking and single-crystal domain.**** Kumar et al. derived a
second-order nonlinear susceptibility »* on the order of
~10"" m V* for single-layer MoS,. They also found a reduction
of SHG by a factor of seven in trilayered MoS, and by two
orders of magnitude in MoS, with even layers.*® Large second-
order nonlinear susceptibility with a similar value was also
observed by Malard et al.*" 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.*> More
interestingly, Hsu et al. investigated the SHG from homo- and
heterostructural TMD bilayers formed by artificial stacking
with an arbitrary angle.*® They found that the SHG from the
twisted bilayers is a coherent superposition of the SH fields
from the individual layers, with a phase difference depending
on the stacking angle. Yin et al. reported the observation of an
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enhancement in SHG at the edges of the MoS, layer.** Wang
et al. observed a third harmonic generation in thin MoS, layers
and deduced a third-order nonlinear susceptibility which
is comparable to the commonly used semiconductors under
resonant conditions.*®

So far, the substrates commonly used for studying MoS, are
SiO,/Si substrates because atomically thin MoS, layers on a
SiO,/Si substrate 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
plays a crucial role in determining the color of the MoS, layer
placed on it. This feature makes it easy to identify MoS, with
few layers. Similar to the influence of the substrate on the
reflection spectrum of a MoS, layer which exhibits linear
optical properties, the existence of the substrate may modify
significantly the nonlinear optical responses of the MoS, layer,
especially in the case when a thin metal film is used just
beneath the MoS, layer.

In this paper, we investigated the SHG of thin MoS, layers
on a 50 nm-thick gold film deposited on a silica substrate. It
was found that the nonlinear optical responses of MoS, layers
were modified significantly and the maximum SHG was
achieved in a MoS, layer with a thickness of ~17 nm, in sharp
contrast to the MoS, layers on SiO,/Si substrates. Based on
the numerical simulations by using the finite-difference time-
domain (FDTD) technique, it was revealed that the large
enhancement in SHG originated mainly from the strongly
localized electric field in the MoS, layers induced by the
thin gold film. As one of the potential applications, this
unique thickness dependence of the SHG intensity was
exploited to realize optical data storage through thinning the
MoS, layers.

2 Experimental section

MoS, layers with different thicknesses were exfoliated on a
Si0,/Si substrate and an Au/SiO, substrate. The latter was
formed by depositing a 50 nm-thick gold film on a silica sub-
strate of ~360 pm. The colors exhibited by the MoS, layers
were examined under a microscope. The Raman spectra of the
MoS, layers were recorded by using a Raman spectrometer
(Invia, Renishaw) at excitation wavelengths of 785 nm and
514 nm. An 800 nm femtosecond (fs) laser light with a rep-
etition 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 60x objective lens (NA = 0.85) of an inverted
microscope (Axio Observer Al, Zeiss). The nonlinear optical
signals generated by the MoS, layers were obtained 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 (see ESI, Fig. S1f). For optical
data storage, the sample was placed on a three-dimensional
positioning system (P-563.3CD, Physik Instruments) with an
accuracy of 1 nm for all dimensions. The laser power used
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for data recording was much larger than that used for data
readout.

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.*® The chromaticity
coordinates for the MoS, layers were derived from the reflec-
tion spectra based on the theory of colorimetry. For numerical
simulation, the wavelength dependent complex refractive
indexes for single-layer and bulk MoS, were chosen to be the
values that are commonly used.’”*® For calculation of the
electric field enhancement factors, a continuous wave was
employed to approximate the pulse train used in the experi-
ments. A nonuniform grid as well as a perfectly matched
boundary condition was employed for the numerical
simulation.

3 Results and discussion

3.1 Colors exhibited by the MoS, layers with different
thicknesses on the Au/SiO, substrate

The MoS, layers exfoliated on the Au/SiO, substrate exhibit
different colors, as shown in Fig. 1(A) where one can see some
typical colors such as pale violet red (a), medium orchid (b),
medium blue (c), deep sky blue (d), pale turquoise (e), light
blue (f), medium purple (g), and thistle (h). The colors exhibi-
ted by the MoS, layers depend strongly on their thicknesses
(d). In general, Raman scattering spectroscopy is employed to
determine the number of atomic layers of the few-layer
MoS, on SiO,/Si substrates.® It relies on the fact that the fre-
quency difference between the Eég and A, vibration modes is
closely related to the number of atomic layers. However, this
method is not applicable for MoS, with atomic layers larger
than five because the frequency difference between the two
vibration modes remains almost unchanged. Another way to
directly determine the thicknesses of MoS, layers relies on
atomic force microscopy measurements. Previously, it has
been shown that a highly absorptive thin film placed on a
highly reflective substrate can exhibit different colors that
depend strongly on the thickness of the film.**™** In this case,
one can easily calculate the reflection spectrum of the thin
film with a certain thickness and deduce the chromaticity
coordinates of the thin film. By correlating the calculated
chromaticity coordinate with the actually observed color, one
can give a rough estimation of the thickness of the thin film.
In order to calculate the reflection spectra of the MoS,
layers on the Au/SiO, substrate, we need to know the complex
refractive indexes of the MoS, layers. Basically, the complex
refractive indexes for single-layer and bulk MoS, are different
because the former is a direct semiconductor while the latter
is an indirect one (see ESI Fig. S2+). However, it is confirmed
that the difference in the complex refractive index has a negli-
gible influence on the calculated reflection spectra (see ESI
Fig. S31). By using FDTD simulation, we have calculated the
reflection spectra for MoS, layers with different thicknesses, as
shown in Fig. 1(B). It can be seen that the reflection spectra
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Fig. 1 (A) Colors exhibited by the MoS, layers with different thicknesses
on the Au/SiO, substrate. a: d ~ 3.5 nm, b: d ~ 4.0 nm, c: d ~ 8.0 nm, d:
d~10.0 nm, e: d ~ 17 nm, f: d % 30 nm, g: d ~ 40 nm, h: d ~ 50 nm. In
each case, the length of the scale bar is 10 um. (B) Calculated reflection
spectra for the MoS, layers with different thicknesses on the Au/SiO,
substrate. (C) Chromaticity coordinates calculated for the MoS, layers
with different thicknesses on the Au/SiO, substrate based on the reflec-
tion spectra shown in (B).
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appear to be much different when the thickness of the MoS,
layer is varied. Based on the theory of colorimetry, one can
easily deduce the chromaticity coordinates for the MoS, layers
based on the reflection spectra, as shown in Fig. 1(C). By com-
paring the chromaticity coordinates and the observed colors,
one can give a rough estimation of the thicknesses of the MoS,
layers, as indicated in Fig. 1(A). It is apparent that the colors
exhibited by the MoS, on the Au/SiO, substrate are more abun-
dant than those observed for the MoS, layers on the SiO,/Si
substrate. The reason is that the highly reflective substrate
makes the reflection spectrum of a MoS, layer change sensi-
tively with its thickness, even for thick MoS, layers.

We measured the Raman scattering spectra for the MoS,
layers with different thicknesses in which one can easily ident-
ify three modes denoted as Eég, Ay, and 2LA(M), corres-
ponding to the in-plane vibration mode, the out-of-plane
vibration mode and the double longitudinal acoustic phonon
mode (at M point), respectively (see ESI Fig. S5t). The fre-
quency difference between the Ej, and A, modes is 25.3 cm™!
while that between the A,, and 2LA(M) modes is 44.6 cm™". In
our case, no obvious difference in the frequency difference
between the Eég and A;; modes is found between the thin and
thick MoS, layers because the number of atomic layers in the
thinnest MoS, layer (d ~ 3.5 nm) is larger than five.

3.2 Second harmonic generation from the MoS, layers on the
Au/SiO, substrate

The nonlinear optical responses of the MoS, layers on the Au/
SiO, substrate were characterized by using a fs laser light at
800 nm and compared with the MoS, layers on the SiO,/Si sub-
strate. For the MoS, layers on the SiO,/Si substrate, strong SHG
was observed only for the single-layer MoS,, similar to the
results reported previously.’** For the bulk MoS,, the SHG
intensity was reduced significantly because of inversion sym-
metry. In contrast, a significant enhancement in SHG was
found for the bulk MoS, on the Au/SiO, substrate. More inter-
estingly, the thickness dependence of the SHG intensity also
changed. In Fig. 2(A), we present the evolution of the non-
linear response spectrum with increasing excitation power
measured for the MoS, layer with d ~ 8 nm. The fitting of the
experimental data for the dependence of the SHG intensity on
the excitation power plotted in a double logarithmic coordi-
nate gives a slope of 2.07, which is in good agreement with the
second-order nature of the SHG. Under the same conditions,
we measured the evolution of the nonlinear response spec-
trum with increasing excitation power for the MoS, layer with
d ~ 17 nm and extracted the dependence of the SHG intensity
on the excitation power, as shown in Fig. 2(B). In this case, the
SHG intensity is almost one order of magnitude larger than
that observed for the MoS, layer with d ~ 8 nm for excitation
powers smaller than 30 mW. For excitation powers larger than
30 mW, the SHG intensity is still six times larger. In the exci-
tation power dependent SHG intensity, a slope of ~2.04 is
observed at low excitation powers. It is reduced to ~1.57 at
high excitation powers because of the ablation of the MoS,
layer by the fs laser light.
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Fig. 2 Nonlinear response spectra measured for the MoS; layers on the
Au/SiO, substrate with d ~ 8 nm (A) and d ~ 17 nm (B). The insets show
the dependence of the SHG intensity on the excitation power plotted in
a double logarithmic coordinate and the fitting of the experimental data.
The images of the samples are also provided and the length of the scale
bar is 10 pm.

Since a strong localization of the electric field is expected to
appear in the MoS, layers on the Au/SiO, substrate, this behav-
ior indicates that the SHG in the MoS, layers is no longer
dominated by inversion symmetry. Instead, the enhancement
in SHG originates mainly from the localization of the electric
field at the wavelengths of both the fundamental light and the
second harmonic.

3.3 SHG enhancement factors calculated for the MoS, layers
on the Si0,/Si and Au/SiO, substrates

As mentioned above, the localization of the electric field at the
wavelengths of both the fundamental light and the second har-
monic may significantly enhance the SHG. We employed the
FDTD technique to simulate the electric field distributions in
the MoS, layers at both wavelengths and derive the enhancement
factor for SHG according to the formula given as follows:***>

Isng < fH(0)f*(20)I,}, (1)

where Igyg and I, are the intensities of SHG and incident
light, f(w) and f(2w) denote the electric field enhancement
factors at the frequencies of the fundamental light and the
second harmonic, respectively.
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The electric field intensity distributions in the MoS, layers
with d = 1L and d = 17 nm on the SiO,/Si substrate are calcu-
lated for the fundamental light at 800 nm and the second har-
monic at 400 nm, as shown in Fig. 3(A) and (B). At 800 nm, the
enhancement factors for the electric field intensity (i.e. (E/E,)*)
are found to be similar for d = 1L and d = 17 nm. At 400 nm,
however, the enhancement factor for d = 1L (~2.31) is much
larger than that for d = 17 nm (~0.14). Therefore, the enhance-
ment factor in SHG for d = 1L is expected to be much larger
than that for d = 17 nm without considering the inversion sym-
metry. In Fig. 3(C) and (D), we present the electric field inten-
sity distributions for the MoS, layers with the same thickness
on the Au/SiO, substrate for comparison. It is noticed that the
enhancement factor for the electric field intensity at 800 nm
achieved in the 17 nm-thick MoS, layer increased significantly
from 2.81 to 37.69 when the substrate is changed from SiO,/Si
to Au/SiO,. In comparison, the enhancement factor achieved
in the single-layer MoS, remains nearly unchanged. Conse-
quently, the enhancement factor in SHG achieved in the
17 nm-thick MoS, layer is about 25 times that achieved in the
single-layer MoS,. In Fig. 4(A), we show the dependence of the
SHG intensity on the thickness of the MoS, layer on the two
types of substrates derived by using eqn (1). A monotonic
reduction in the SHG enhancement factor is found for the
MoS, layers on the SiO,/Si substrate. In contrast, the
maximum enhancement factor in SHG is observed at a thick-
ness of d = 17 nm for the MoS, layers on the Au/SiO, substrate.
For the MoS, layers with thickness smaller and larger than
this optimum value, a rapid decrease of the SHG enhancement
factor is seen. Another remarkable feature shown in Fig. 4(A) is
the maximum enhancement factor achieved in the 17 nm-
thick MoS, layer on the Au/SiO, substrate, which is about 16

MoS, SO, Si
d=17 nm o
— 4=400n
28, 4=800n

%.2 0.0 0.2 0.4

Z (um)
40 MoS, Au SiO,
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Fig. 3 Electric field intensity distributions in the MoS; layers with d = 1L
(A) and d = 17 nm (B) on the SiO,/Si substrate. (C) and (D) show the elec-
tric field intensity distributions in the MoS, layers with d = 1L and d =
17 nm on the Au/SiO; substrate, respectively. In each case, the enhance-
ment factors for the electric field intensity at both the fundamental light
and the second harmonic are provided.
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Fig. 4 (A) Dependence of the SHG enhancement factor on the thick-
ness of the MoS, layer on the SiO,/Si and Au/SiO, substrates. (B) Non-
linear response spectra of the single-layer MoS; on the SiO,/Si substrate
and the 17 nm-thick MoS, layer on the Au/SiO, substrate. The insets
show the images of the MoS, layers on the SiO,/Si and Au/SiO, sub-
strates where the single-layer MoS; is indicated by the dashed curve.
The length of the scale bar is 10 pm. The Raman spectrum for the
single-layer MoS; on the SiO,/Si substrate is also provided as an inset.
(C) Evolution of the nonlinear response spectrum of a MoS, layer on the
Au/SiO, substrate irradiated with 100 mW fs laser light with increasing
irradiation time. The inset shows the dependence of the SHG intensity
on the irradiation time. The image of the sample is also provided and the
length of the scale bar is 10 pm.

times larger than that obtained in the single-layer MoS, on the
SiO,/Si substrate. This explains why the SHG becomes domi-
nated by the localization of the electric field in the MoS, layers
on the Au/SiO, substrate.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

In order to confirm the enhancement of SHG achieved in
the MoS, layers on the Au/SiO, substrate, we compared the
intensity of SHG for the single-layer MoS, on the SiO,/Si sub-
strate with that for the 17 nm-thick MoS, layer on the Au/SiO,
substrate, as shown in Fig. 4(B). The single-layer MoS, was veri-
fied by the frequency difference between the E,; and A,
modes in the Raman spectrum which was measured to be
~18.8 cm™" (see the inset of Fig. 4(B)). It can be seen that the
intensity of SHG for the 17 nm-thick MoS, layer is about 5.8
times larger than that for the single-layer MoS,. However, this
value is smaller than that estimated by using eqn (1) which is
15.8. Previously, it was found that MoS, with odd layers on a
SiO,/Si substrate exhibited much stronger SHG as compared to
MosS, with even layers where the inversion symmetry leads to
the cancellation of SHG.?°* For the MoS, layers on the Au/
SiO, substrate, the inversion symmetry is broken due to the exist-
ence of the gold film and the SHG becomes dominated by the
localization of the electric field. In this case, we did not find a
significant difference in the intensity of SHG for MoS, with
odd and even layers, as evidenced in the ablation process of
the thick MoS, layers described later. Since the effect of sym-
metry has not been completely removed, an accurate predic-
tion of the enhancement factor for SHG cannot be obtained
by using eqn (1) in which only the enhancement of the electric
field is taken into account. In addition, the distribution of
electric field intensity in the 17 nm thick MoS, layer is not
uniform, as can be seen in Fig. 3(D). The enhancement factor
for SHG was overestimated because we chose the maximum
electric field intensity to calculate the enhancement factor for
SHG. All these reasons are responsible for the discrepancy
observed between the theoretical prediction and the experi-
mental observation when we compared the intensity of SHG
for the single-layer MoS, on the SiO,/Si substrate and the
17 nmthick MoS, layer on the Au/SiO, substrate. Anyway, a
completely different dependence of the SHG enhancement
factor on the thickness is expected for the MoS, layers on the
Au/SiO, substrate.

In Fig. 4(C), we present an experimental result verifying the
calculated thickness dependence of SHG intensity for the
MoS, layers on the Au/SiO, substrate. It shows the evolution of
the nonlinear response spectrum of a MoS, layer with increas-
ing irradiation time when a fs laser light of 100 mW was
focused on it. The peak intensity of the SHG as a function of
irradiation time is shown in the inset. The MoS, layer was
ablated by the fs laser light after absorbing sufficiently large
energy and its thickness was reduced with increasing
irradiation time. It is noticed that an increase in the SHG
intensity appeared immediately at ¢ = 0 s. For ¢ > 60 s, a
decrease of the SHG intensity was observed with increasing
irradiation time. This phenomenon clearly indicates that there
exists an optimum thickness at which the strongest SHG can
be achieved. Before the ablation, the color of the MoS, layer is
light blue and its initial thickness is larger than 17 nm. After
the ablation, the thickness is reduced to smaller than 17 nm
and the color changes to deep sky blue (see also ESI Fig. S7
and S87).
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3.4. Optical data storage demonstrated by using the MoS,
layers on the Au/SiO, substrate

The modification of the thickness dependence of SHG
induced by the Au/SiO, substrate offers us the opportunity to
realize optical data storage by engineering the SHG intensity
through thinning the MoS, layer. Supposing that we have a
MoS, layer with very strong SHG (~17 nm), its thickness can
be reduced by laser ablation. Apart from SHG, another non-
linear optical process occurring during the excitation of the
MosS, layer by using a fs laser light is two-photon absorption
(TPA). Although bulk MoS, does not exhibit efficient two-
photon-induced luminescence because of the indirect
bandgap, the relaxation of the hot electrons created by TPA
will lead to a significant temperature rise of the MoS, layer. An
ablation of the MoS, layer will occur once the excitation inten-
sity of the fs laser is sufficiently large, exceeding the ablation
threshold of the MoS, layer. Since the TPA is also proportional
to the enhancement in the electric field intensity, the ablation
threshold for the MoS, layers is expected to depend strongly
on their thicknesses. The lowest threshold is expected for the
MosS, layer with d = 17 nm. Once the thickness of the MoS,
layer is reduced, the SHG intensity is reduced accordingly.
This behavior can be exploited to realize optical data storage.
In experiments, we chose a MoS, layer with d ~ 17 nm
which is expected to have strong SHG. The correlation between
the color of the MoS, layer and its thickness will help us to
make this choice. For optical data storage, a letter “IT” was
recorded in the MoS, layer by using a recording power of

= KW & th

Fig. 5 Microscope images for the MoS, sheet before (A) and after (B)
optical data storage (recording a letter “T"). The length of the scale bar is
5 pm. (C) and (D) are the original pattern of letter “T" and the pattern
extracted by reading the SHG intensity of the MoS, sheet.
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50 mW and an irradiation time of 20 ms. The pixel size was
chosen to be 0.20 x 0.20 um?. After that, a scanning of SHG
signal was performed on the MoS, layer by using a readout
power of 3 mW and an integration time of 50 ms. The image
obtained by scanning the SHG signal over the MoS, layer is
shown in Fig. 5(D). It can be seen that the letter “T” recorded
in the MoS, layer was successfully extracted, indicating that
the MoS, layer on the Au/SiO, substrate can be employed for
optical data storage. In Fig. 5(A) and (B), we also show the
microscopy images for the MoS, layer before and after the
optical data storage. A letter “T” is clearly seen in Fig. 5(B)
because of the change in color from light blue to deep sky
blue. It means that one can illuminate the MoS, layer with a
white light to realize a fast data readout if the change in thick-
ness is large. In the case when the change in thickness is
small, the data can only be read out by detecting the SHG
intensity.

4 Conclusions

In summary, we have investigated the linear and nonlinear
optical responses of the MoS, layers on the Au/SiO, substrate
and found significant modifications as compared to those on
the SiO,/Si substrate. Apart from the change in color, it was
found that the dependence of SHG on the thickness of the
MoS, layers is also modified and the strongest SHG appears in
the MoS, layer with a thickness of ~17 nm. It was revealed by
the FDTD simulation that the localization of the electric field
in the MoS, layers leads to a significant enhancement in SHG
which governs the dependence of the SHG on the thickness of
the MoS, layers. The modified dependence of SHG on the
thickness allows us to realize optical data storage which was
demonstrated in a MoS, layer with a thickness of ~17 nm on
the Au/SiO, substrate. This finding paves the way for using
appropriate substrates to engineer the linear and nonlinear
optical properties of MoS, layers for various practical
applications.
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