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Abstract: We experimentally study the tunability of second harmonic generation (SHG) from a
two-dimensional (2D) material in a 2D material/dielectric film/substrate layered structure. Such
tunability arises from two interferences: one is between the incident fundamental light and its
reflected light, and the other is between the upward second harmonic (SH) light and the reflected
downward SH light. When both interferences are constructive, the SHG is maximally enhanced;
it becomes attenuated if either of them is destructive. The maximal signal can be obtained
when both interferences are perfectly constructive, which can be realized by choosing a highly
reflective substrate and an appropriate thickness for a dielectric film that has a large difference in
its refractive indices at the fundamental and the SH wavelengths. Our experiments demonstrate
variations of three orders of magnitude in the SHG signals from a monolayer MoS,/TiO,/Ag
layered structure.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Interference effects in layered structures play an important role in realizing specific optical
functionality [1,2]. Examples range from traditional anti-reflective coatings to the recently
reported tunability of the Raman intensity of graphene, and of the photoluminescence (PL)
intensity of monolayer MoS,, that can be achieved by varying the thickness of an SiO, capping
layer [3,4]. The interference from a layered structure can also have strong effects on nonlinear
optical signals. Nonlinear photoluminescence and transient absorption in graphene [5] can be
significantly affected by the thickness of SiO, in an SiO,/Si structure on which the graphene resides.
Savostianova and Mikhailov [6] theoretically proposed that the third harmonic generation (THG)
of graphene could be enhanced two orders of magnitude by placing it in a graphene/dielectric
film/metal layered structure. Experimentally, a 117-fold enhancement for THG from graphene
was observed by integrating with a planar cavity [7], but the SHG from monolayer MoS, [5] or
other transition metal dichalcogenide materials [8,9] is enhanced only a few times as the thickness
of the SiO, layer in underlying SiO,/Si structures is varied. The reason for this is still not clear.

Based on a recent theory [10] in this paper we experimentally verify the conditions for
maximizing or minimizing the SHG signal of a monolayer MoS; on a layered structure. Our
results show that the output SHG intensity can be tuned over a range of three orders of magnitude
by choosing an appropriate material and thickness for the layer in the structure. We organize
the paper as follows: in the section “Theoretical model” we briefly discuss how the layered
structure affects the intensity of SHG, and identify the conditions for achieving the strongest
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or weakest SHG signal. In the section “Experiment” we discuss the sample preparation and
characterization by optical spectroscopy. Finally, in the section “Results and discussion” we
report the experimental results for layered structures of different designs, and compare theory
and experiment.

2. Theorical model

In Fig. 1 we illustrate the layered structure of interest, which consists of monolayer MoS,,
a dielectric film with thickness d, and a substrate. For a normally incident plane wave with
wavelength A and intensity 1,, the intensity of SH field 7/, can be written as [11],
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Here y® is the effective sheet susceptibility for SHG, and all effects from the layered structure
are summarized in the structure factor g3,

Ba=1+R)* (1+Ryp), )

with Ry and R,,, the reflection coeflicients of the whole structure at wavelength A and 1/2,
respectively. The reflection coefficients can be obtained using the standard transfer matrix method
[11]. The expression of R, at normal incidence is given as
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Here r = —n/(1 + ) and t = 1/(1 + n) represent the reflection and transmission coefficients
of a monolayer MoS; layer, respectively; the parameter 7 is calculated from the effective bulk
refractive index nyp through n = —ith(n%D — 1)/2 with the effective thickness 4 = 0.65 nm of
monolayer MoS, and @ = 271/A4; R; » represents the reflection coefficient of the structure without
MoS; layer, rj = (n; — n;)/(n; + n;) gives the reflection coefficient at interface between two layers
i, j with n; the refractive index of the layer i, where the index 7 is taken as 0, 1 and 2 for air,
dielectric layer, and substrate, respectively. For a layered structure, the reflection coefficient
varies between -1 to 1; thus the structure factor |8,|> can reach the maximal value 64 for perfectly
constructive interferences at Ry = Ry = 1 or |1+ Ry| = |1 + Ry»| = 2, and the minimal value
0 for perfectly destructive interference at Ry = —1 or R/ = —1. When there exists absorption
from 2D material or substrate, |8,|> cannot reach its maximal value 64 or minimal value 0.
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Fig. 1. Schematic of a layered structure.

Equations (1) and (2) give the results for a monochromatic plane wave at normal incidence.
However, most nonlinear optical experiments use tightly focused femtosecond laser pulses,
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which consists of plane wave amplitudes incident from a range of directions. For obliquely
incident plane wave light, the structure factor in Eq. (2) becomes incident angle dependent.
With increasing incident angle, the structure factor at a given wavelength oscillates between
constructive and the destructive interference, and the variation with angle becomes stronger for
thicker films. Therefore, the interference effects are suppressed for a focused beam, which can
be clearly seen from Fig. 2. Wang et al. [10] argued that for focused laser beam excitation two
conditions must hold for the SHG intensity to be tunable over a large range: (1) the substrate
has to be a highly reflective material, such as a noble metal, so that as much light as possible
can be reflected; (2) the dielectric layer has to have significantly different indices of refraction at
fundamental and SH wavelengths. With respect to the pulses that make up the incident light,
our experiments use a pulse duration of 120 fs, giving a fairly narrow spectra broadening, and
the changes in the structure factor in Eq. (2) over the range of wavelengths involved are very
small; thus a continuous wave analysis suffices. Here we experimentally study the effect of
the layered structure on the SHG of monolayer MoS, for the following structures: MoS,/Si,
MoS,/Fused silica, MoS,/Sapphire, MoS,/SiO,(d nm)/Si, and MoS,/TiO,(d nm)/Ag, where
several thicknesses of the dielectric film are used. Although there are important consequences of
the incident light being focused, much of the physics can be captured by a description based on
normally incident plane waves.
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Fig. 2. (a) SHG spectra for a monolayer MoS, on top of 285 nm SiO,/Si substrate. Inset:
schematic diagram of structure. (b) SHG spectra for a monolayer MoS; on top of different
substrates, choosing as fused silica, sapphire, and silicon. Inset: schematic diagram of
structures. (c) The normalized SHG intensity for the MoS,/SiO, (d nm)/Si substrate structure
as a function of the film thickness d. The dots are experimental values and the lines are the
theoretical results (black for plane wave light and green for focused beam). The average
power of incident light is about 3 x 10™* W.

3. Experiment

Monolayer MoS, samples were fabricated on polydimethylsiloxane (PDMS) substrates by
mechanical exfoliation of bulk MoS; crystals (HQ graphene), and were transferred to SiO,/Si,
fused silica, sapphire and TiO,/Ag substrates by the dry transfer technique. The MoS, layer
number is characterized by PL spectra, performed using an objective (100X, NA =0.9) in
micro-Raman instrument (HORIBA Scientific) under normal incidence. The incident laser is
linearly polarized with wavelength 532 nm and power 54 uW. As show in Supplement 1, Fig. S1,
the PL spectra exhibit a single prominent maximum at about 660 nm, agreeing with the band gap
of monolayer MoS,. The thickness of the SiO;, and TiO, films were identified by a spectroscopic
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ellipsometry analyzer (Semilab), with linearly polarized light obliquely incident on the surface of
a thin film at an angle of 70.09°.

We performed SHG measurements with a home-built, confocal microscope at room temperature
and under ambient conditions. Lineally polarized femtosecond laser pulses (Maitai HP, Spectra
Physics), centered at 800 nm, were focused on the monolayer MoS, by a 60X objective (NA =0.7,
Nikon) at normal incidence. The repetition rate was 80 MHz, and the pulse duration was 120 fs.
The diameter of the laser beam on the sample surface was 2 ym. The SHG signal was collected
by the same objective in the back scattering configuration, and was directed to a spectrometer
(Princeton Instruments) for spectroscopy, or to a CCD camera for imaging. After passing through
a dichroic beam splitter and a short-pass filter in the collection path, the SHG signal was detected
by a liquid nitrogen-cooled spectrometer equipped with a 150 grooves/mm grating. Note that no
polarization analyser is placed in detection optical path, and the collected SH signal becomes
independent of pump polarization direction, which is also consistent with Eq. (1).

4. Results and discussion

A silicon wafer with a 285 nm oxide layer is a widely used substrate in monolayer MoS, fabrication
because of the easy sample identification under optical microscopy [12,13]. The SHG signal
of MoS,/Si0,(285 nm)/Si was first measured, and the SHG spectra is shown in Fig. 2(a); the
spectra peak locates around 400 nm. In the measurement, the average power of incident light
and SH signal are about 3 x 107 W and 2.3 x 10~'* W, the effective bulk susceptibility | y® /h|
is extracted as about 403 pm/V based on Eqgs. (1)—(4). In the following, the signal from this
structure is taken as a reference to discuss how the dielectric film and substrate affect SHG in a
layered structure of MoS,/dielectric film(d nm)/substrate.

We first take the thickness of the dielectric film to zero and investigate the effects of the
substrate, which is chosen to be either silicon [14], fused silica, or sapphire; a metal substrate
without a dielectric film is not considered, because the possible charge transfer and quench
process [15,16] from MoS; to metal can change the intrinsic second order susceptibility of 2D
materials and obscure any interference effects. The SHG spectra are shown in Fig. 2(b), and the
normalized intensity with respect to the reference is listed in Table 1. The order of the intensities
of SHG signal from large to small is fused silica > sapphire > silicon. This result can be well
understood from Egs. (1) and (2). Usually the reflection from MoS; can be neglected; under
that approximation the total reflection comes from the air/substrate interface, and the reflection
coefficient is Ry = (1 — n2.2)/(1 + na.2), with n » the refractive index of substrate at wavelength
A. Table 2 lists the refractive index at both the fundamental and SH wavelengths; the real parts
of the reflection coefficients of the structure are negative for our samples. For example, the
reflection coefficients for an air/silicon interface are about -0.57 at 800 nm and -0.70-0.02i at
400nm. Thus both the incident electric fields and generated SH fields interfere destructively
with their associated reflected light, and the structure factor of an air/silicon interface is about
|821> = 0.003; such a substrate greatly reduces the detectable SHG. In fact, it is easy to show
that the structure factor is always less than 1 for a dielectric substrate, due to the destructive
interference from the negative reflection coefficients R ;.

To obtain a structure factor larger than 1, the reflection coeflicients should become positive,
which can be realized by inserting a dielectric film to tune the phase. As an example, we insert
SiO; films with different thickness d=105, 233 and 285 nm between monolayer MoS, layer and
the silicon substrate. The normalized intensity with respect to the reference is listed in Table 1. It
is clear that the intensity of the SHG signal can range over a factor of about 150 as the thickness
of the SiO; film varies, which confirms the tunability of the SHG signals by a dielectric film.
The experimental results agree very well with theoretical results calculated for a focused beam,
as shown in Fig. 2(c).
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Table 1. The SHG intensity for different layered structures normalized to the value of
MoS,/SiO, (285 nm)/Si substrate. For the cases of fused silica and sapphire, the film thickness
refers to the thickness of the substrate material used in experiments.

Structure Film thickness Experimental results Theoretical results
285 nm 1 1
127
105 nm 160
SiO; film/Si 128
147
223 nm 106
137
Si wafer 0.5mm 1 0.5
31
I mm
Fused silica 30 37
0.5mm 30
14
1 mm
Sapphire 13 20
0.5 mm 14
80nm 594 809
280nm 4004 4589
TiOy/Ag 1529
445nm 2089
1484
488 nm 25 49

Table 2. The refractive index of each material used in our experiment [17].

Material Refractive index (800 nm) Refractive index (400 nm)
Monolayer MoS; 3.2828 2.7226 +2.67651

SiO; (Fused silica) 1.453 1.470

Si 3.669 + 0.005266i 5.623 +0.3263i

Sapphire 1.760 1.787

TiO, 2.095 2.338

Ag 0.03676 +5.57i 0.05 +2.104i

Physically, the effects of the dielectric film can be understood from the phase change of
the reflected light, which can be estimated as ¢ = 27 - nj 4 - 2d/A at wavelength A. For the
refractive indexes listed in Table 1, a d=285 nm SiO, film can cause approximately 27 X 1.03
(27 x 2.10) phase change for 800 nm (400 nm) light, and thus SHG intensity is approximately
the same as that without a dielectric film. Because the refractive index is weakly dispersive
at both the fundamental and SH wavelengths, their phase changes can reach even multiples of
n simultaneously with a period dy ~ 4/(2n; 1) = 275 nm. The existence of such approximate
periodicity ensures that local maxima for SHG exist in any period, and they occur at film
thicknesses for which phase changes of reflected light are odd multiples of z. For a SiO; film
with a thickness d=105 or 233 nm, the destructive interference present without the film is broken
and the SHG signal is enhanced, although the phase changes are only partially constructive.
To obtain the largest local maximum, the film should give a phase change of an odd multiple
of & for both wavelengths simultaneously, and such thicknesses can be estimated as following:
For the fundamental wavelength, the thickness required is D = (m + 1/2)4/(2n; ,), at which
the phase change for the SH wavelength can be written as ¢/27 = (2m + 1) + (4D6,,/ 1), with
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Op = ny,4/2 — h1,a. For the phase change of the SH wavelength also to be an odd multiple of 7
requires 4D6, /A equal to [ + 1/2 for any integer /, which leads to D = (21 + 1)2/(8n ). Itis
obvious that this cannot be achieved for a dispersionless medium (6, = 0). For SiO, films, which
are weakly dispersive, the smallest thickness is 5.8 um, about 7 times of the wavelength. Note
that the thickness identified is for plane wave light incidence, and for a tightly focused laser beam
the enhancement is greatly suppressed, as shown in Fig. 2(c). The thicker the film, the more
significant the suppression, until the thick film behaves like a dielectric substrate, which does not
lead to SHG enhancement. Therefore, a large SHG enhancement requires a phase change that is
an odd multiple of 7 phase for a thin dielectric film, which requires a large J,,.

From the discussion above, we can find that the enhancement of SHG from the layered structure
of MoS,/Si0,/Si has not been maximized due to two reasons: (1) the reflection coefficients
of an air/silicon structure are not high enough, (2) the simultaneous phase change of an odd
multiple of 7 at both fundamental and SH wavelengths requires the thickness of the dielectric
film to be about 7 times larger than the wavelength, and for such thick films the interference
effects of light amplitudes at difference incident angles lead to their cancellation for a tightly
focused laser beam. To overcome these two limitations, we choose the monolayer MoS,/TiO,/Ag
layered structure, where TiO, is more dispersive than SiO,, and the air/Ag interface has a very
high reflectivity. Figure 3 shows the dependence of the normalized SHG intensity on the TiO,
thickness. The theoretical results predict a maximal intensity about ~5000 times larger than the
reference, which can be achieved for a film thickness of 275 nm. Two other local extremes occur
at film thickness of around 95 and 455 nm. All these thicknesses are smaller than the wavelength.
We experimentally fabricated structures with TiO, thickness of 80, 280, 445 and 488 nm; the
experimental results are in good agreement with our theory.
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Fig. 3. Normalized SHG intensity for a MoS,/TiO,/Ag layered structure (inset) as a
function of TiO, film thickness d. The dots are experimental values and the lines are the
theoretical results (black for plane wave light and green for focused beam).
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5. Conclusion

In conclusion, we have experimentally demonstrated that the second harmonic generation from
a monolayer MoS, can be significantly modulated by MoS,/dielectric film/substrate layered
structures. We discussed and demonstrated the conditions for obtaining the strongest or weakest
second harmonic signals: one is the substrate should be very reflective, and the other is the
dielectric film has to have large different indices of refraction at fundamental and SH wavelengths.
By choosing the monolayer MoS,/TiO, film/Ag layered structure, the second harmonic intensity
generated by light at a fundamental wavelength 800 nm can vary over three orders of magnitude,
depending on the TiO; film thickness, and theoretically the maximal values are obtained for a
275 nm thickness. Our results clearly demonstrate the significant effect of a layered structure on
the second harmonic generation of 2D materials, and this effect should be carefully considered in
extracting the nonlinear susceptibility from experimental data.
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