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Towards Double Resonant Cavity Enhanced Second
Harmonic Generation in Monolayer MoS,
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and Falk Eilenberger

1. Introduction

A characteristic property of monolayered transition metal dichalcogenides is

their strong nonlinear response. While they display a high conversion
efficiency per atomic layer, due to their low thickness, the absolute value of
their nonlinear response remains low. Here enhancement of the second
harmonic generation (SHG) of monolayer MoS, through the design,
fabrication, and characterization of a monolithic microcavity, which aims to be
double resonant at a fundamental wavelength of A = 800 nm as well as its
second harmonic, is demonstrated. The MoS, monolayers are embedded in
such a cavity, with the aim to simultaneously enhance the light-matter
interaction at the excitation wavelength and the SHG from the monolayers. A
resonance enhancement for the SHG process is achieved through the cavity.
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Among the many intriguing optical
and optoelectronic properties of mono-
layer transition metal dichalcogenides
(TMDs),[*”]  their strong second-order
nonlinearity!®!* stands out. This is be-
cause phase-matching conditions can be
neglected due to the ultimate thinness of
the monolayers that lack inversion sym-
metry. Broadband three-photon processes
are particularly interesting in the context
of wultrafast nonlinear light converters,
such as optical parametric oscillators
(OPOs) or optical parametric amplifiers
(OPAs)!3] but also for broadband quantum
light sources, which are based on the
spontaneous parametric down-conversion (SPDC) process. In-
deed it has recently been shown, that thin but laterally extended
SPDC sources are key for high-resolution quantum imaging
schemes, ') such as ghost imaging!'’! or imaging with unde-
tected photons.!*8] The extremely low thickness of the materials,
even though their nonlinear interaction strength per unit length
is large, makes the overall conversion efficiency significantly low.

Hence, for the above-mentioned applications, a form of en-
hancement of the nonlinear interaction must be developed. Many
studies have explored the use of plasmonic nanostructures,!1*2°!
photonic crystals,?!l and integration with metasurfaces and
metamaterials!?*?* and microcavities(?*%%] to enhance the vari-
ous types of light emission from 2D TMDs. Cavities with a spe-
cific focus on enhancement the nonlinear properties of TMDs
have also been investigated.!?”’ 3% Bragg-type resonators stand out
among these, not because of their high g-factor, but because of
their simple mode structure and the availability of highly scalable
and reproducible fabrication techniques. This may make them
a suitable choice of applications and hence a worthwhile target
for investigation. The microcavities we aim to design present
the advantage of allowing for more than one resonance in the
same system, and enhancing fundamental and second harmonic
waves alike. Moreover, all possible applications would profit from
monolithically embedded TMDs to mitigate their fragile nature
and environmental sensitivity. For future applications, all pro-
cesses should also be scalable and reproducible.

Here we demonstrate the integration of TMDs in a mono-
lithic double-resonant cavity, composed of two distributed Bragg-
reflectors (DBRs), which sandwich a dielectric spacer and a
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Figure 1. Schematic of the linear reflection spectra of the microcavity with resonances at 4, and 4y/2. The SHG from a single layer of MoS, is depicted

with 4q as the excitation and achieving an SH intensity at wavelength 44/2.

monolayer of MoS,. We characterize the system using linear and
nonlinear optical spectroscopy. The spacer and DBRs are fabri-
cated using a refined version of a previously reported physical
vapor deposition technique,!*}! which balances the requirements
for the growth of high-grade dielectric materials with the sen-
sitive nature of the monolayer crystals. The technique largely
maintains the optical properties of the TMD crystals, without re-
quiring an hBN-coating. The cavity is designed to exhibit res-
onances for the fundamental wave (FW) with a wavelength of
Apw = 800 nm and the second harmonic (SH) with a wavelength
of Agy; = 400nm. This design was chosen so as to enhance all
modes which partake in the second harmonic generation (SHG)
process, possibly yielding a dramatic increase of the conversion
efficiency with less bandwidth penalty compared to the case
where only SH or FW would be resonant.

2. Cavity Design

Figure 1 shows a sketch of the linear reflection spectra of a doubly
resonant cavity. It is designed with the fundamental resonance at
a wavelength Ay and the secondary resonance at Ag,; thus en-
hancing the fundamental as well as SH response from the em-
bedded monolayers.

The microcavity was designed with two DBRs with identical
layer pairs. SiO, and TiO, were respectively chosen as the low
and high refractive index materials. The TMD-crystal were em-
bedded in a low-refractive index spacer layer composed of SiO,.
The top and bottom DBRs of the microcavity were made with 9
and 11 pairs of high and low refractive index layers, respectively.
Each pair consisted of a layer of SiO, with a design thickness of
179.8 nm and a layer of TiO, with a thickness of 61.3 nm. These
values of thicknesses were chosen so that their combined optical
path length is Apy/2. The pairs are not composed of individual
quarter-wave layers, instead, the optical path length difference of
the SiO, layer is chosen with a slightly larger path length of f x
Apw/4 with f=1.25 and the thickness of TiO, is thus reduced to
(1 =f) X Apy/4. Such a type of unbalanced layer pairing with f#
1 incurs lower reflectivity for a given number of pairs but leads to
the occurrence of a reflection band around Agy;, which is a prereq-
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uisite for a double resonance. In order to compensate for the shift
due to dispersion an unbalanced layer pairing with f# 1 is used.
This incurs lower reflectivity for a given number of pairs butleads
to the occurrence of a reflection band around Ay, which is a pre-
requisite for a double resonance. The characterization of the DBR
can be found in Figure S5, Supporting Information. Both reflec-
tion bands can be clearly seen. In the simulations, the dispersion
of the materials is taken into account; it leads to a blue shift of the
reflection band at the second harmonic wavelength. The width of
the spacer dS is then scanned over a set of possible values through
simulations. Its modification induces a change in the wavelength
of both resonances within the specific reflection bands defined by
the respective mirrors. It is systematically changed until a pair of
wavelengths with Apy = 24gy is found. For our materials and ge-
ometries, this occurs for dS = 2.25 Ay, /4. The simulation results
are seen in Figure S1, Supporting Information.

3. Results and Discussion

Figure 2a shows a scanning electron microscope (SEM) image of
the microcavity system. Here, the top and bottom DBRs, made
from SiO, and TiO,, are separated by a spacer layer made of SiO,,
within which the TMD-crystal is embedded.

In order to determine the resonances of the microcavity, linear
spectra of the system were measured using Perkin Elmer Lambda
950 system having a spot size of 12 x 4.5 mm. Figure 2b,c show
the results of multiple spectral measurements. In Figure 2b the
reflection spectra from the cavity in the wavelength range 300 nm
< A < 1100nm is displayed. Two distinct reflection stopbands
separated by the characteristic interference fringes of DBRs are
observed. The first stopband, the one centered around Ay, is
observed from roughly 720 to 930 nm (orange-shaded region).
The narrower second harmonic reflection stopband ranges from
~400 to 445 nm (green shaded region).

From this broadband spectra of the cavity, it can be seen
that there appear resonance-like features, labeled F and S, at
positions within the FH as well as SH reflection stopbands,
respectively. To look more closely at these features, the spectra
of the sample are remeasured with higher resolution in these
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Figure 2. a) SEM cross-sectional image of a DBR cavity comprising of S

iO, as the low refractive index material and TiO, as the high refractive index

material. The position of the embedded monolayers is marked in red. b) Broad range linear spectra of the microcavity system with the fundamental
resonance (F) in the first stopband (orange shaded region) and secondary resonance (S) in the second harmonic reflection stopband (green shaded
region). c) Linear spectra in shorter ranges close to the fundamental (orange) and secondary (green) resonance. In the orange plot resonance like
features are observed at 802 and 814.5 nm labeled as F; and F,, respectively. The secondary resonance, S, is observed at 409 nm.

respective ranges. Figure 2c shows the linear spectra of the cavity
over narrower wavelength ranges. The orange colored plot shows
the spectra in the vicinity of the fundamental resonance and the
green plot is of that in the vicinity of the secondary resonance. In
the orange plot, two discernible resonance features F, and F, are
seen at 802 and 814.5 nm. The observation of two resonances
is caused by the cavity being filled with monolayers in some
regions while remaining empty in other regions. According
to this argumentation, the F; resonance corresponds to the
parts of the cavity which are empty, and the F, resonance to the
parts of the cavity which are filled with monolayers. The overall
shift to longer wavelengths (designed at 800 nm including the
monolayer) is attributed to the formation of a slightly thicker
spacer layer during fabrication than designed. Further optimiza-
tion of the fabrication process could significantly reduce this
offset.

In the green plot, a resonance S, indicated by the green dot-
ted line is observed at 409 nm. It is likewise shifted to longer
wavelengths (design at 400 nm) due to the thicker spacer layer.
We do not observe a second resonance peak here, but it must be
noted that the resonance is at the very edge of the stopband and
any resonance at shorter wavelengths would be lost in the shoul-
der of the reflection roll-off at this edge. We thus conclude that
the S resonance belongs to the filled cavity. We note that the S
resonance does not perfectly coincide with F,, which leads us to
suggest that it cannot exploit the full double resonant SHG en-
hancement the microcavity was designed for. Nevertheless, both
resonances overlap within their full width at half maximum, thus
we still expect enhancement.

We thus proceed with the SHG experiment. Figure 3a shows
the layout of the setup used to characterize the response from
the monolayers.
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Figure 3. a) Optical spectroscopy setup for the characterization of the fundamental and SH response of the embedded monolayers. Two detection arms

were used in order to acquire both intensity maps as well as spectral data.
wavelengths of 790, 800, 810, and 820 nm.
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b) SH intensity maps of embedded MoS, monolayers measured at excitation
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Figure 4. a) SHG spectra from the embedded monolayers measured with different excitation wavelengths. The broad line indicates the spectra for which
the maximum SHG intensity was observed. b) SHG power (left axis, black curve) and fundamental power (right axis, grey dashed curve) as a function
of the excitation wavelength. The green points correspond to the respective spectral measurements depicted in (a).

To observe the resonant behavior of the SHG from MoS,
monolayers, SH intensity maps were obtained for different ex-
citation wavelengths. These are presented in Figure 3b. With
an excitation wavelength of 790 nm, the SHG intensity of the
monolayers is negligible. When the excitation wavelength was
increased to a value of 800 nm a discernible SHG intensity is vis-
ible from the triangular monolayer domains of MoS,. At 810 nm
the SHG intensity from the monolayers increases further un-
til finally showing no significant SHG at a pump wavelength
of 820 nm. This variation of the SHG intensity from the MoS,
monolayers as a function of the excitation wavelength is a clear
indication of resonant behavior.

Following this observation, we carried out spectral measure-
ments of the SHG intensity. In Figure 4a spectra for the SHG
intensity for excitation wavelengths from 805 to 809 nm are dis-
played. It can be seen here that peak resonant SH efficiency is
observed for an excitation wavelength of 807 nm. This spectrum
is plotted bolder than the others for better visualization.

For a more systematic analysis of the dependence on the exci-
tation wavelength, we plot the reflected fundamental power and
SHG power as functions of the excitation wavelength while main-
taining a constant incident power. The results can be seen in
Figure 4b. To calculate the power of the SH intensity, we cali-
brated our measurement setup. The colored markers correspond
to the spectra plotted in Figure 4a. With an excitation power of
2.5 mW at 807 nm, a peak SHG power of ~13 pW is observed.

We clearly observe a resonant enhancement of the reflected
FW as well as the amount of SH being generated. Both curves
look rather similar with a peak at 807 nm and a generally sim-
ilar shape. The FWHM was measured to be 2.5 and 5.2 nm for
the SH and fundamental intensities, respectively. The resonance
wavelength of 807 nm does not coincide with either of the mea-
sured resonances F,, F,, or S. We hypothesize that this shift could
be a consequence of humidity being adsorbed into the SiO,-
layers between the various characterization stages.**! This effect
is well known for SiO, and is counteracted in commercial prod-
ucts, for example, by the application of a protective layer or by
plasma treatment during fabrication, none of which was applied
in our treatment. Nevertheless, we clearly observe resonant en-
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hancement, which means that the overall validity of the approach
is demonstrated.

In order to quantitatively evaluate the enhancement of the
SHG from the embedded MoS,, we calculate the SHG conver-
sion efficiency # from the observed SHG intensity. It is found
that after the MoS, monolayers are transferred onto the bottom
DBR, their SHG conversion efficiency 7,,. is #1.0 x 107" W'
Following their encapsulation by the top DBR the SHG conver-
sion efficiency of the monolayers, 77, is #1.6 x 107 W~'. This
indicates a factor of 16 enhancement in the SHG conversion ef-
ficiency of the monolayers at 807 nm excitation, due to the mi-
crocavity. While this is not a dramatic enhancement, we need to
keep in mind that the laser bandwidth is larger than the cavity
linewidth, which both prevents a large part of the laser power to
reach the sample and also increases the pulse duration of the part
that does reach the TMD. Given all the details we abstain from a
comparison of the enhancement with the respective quality fac-
tors. Nevertheless, we would like to highlight that a significant
enhancement by a factor of 16 was achieved through the applica-
tion of the top mirror which closes the cavity, again underlining
the validity of our approach.

4. Conclusion

In this work, we have shown that TMD-monolayers can be em-
bedded in a double-resonant monolithic DBR-cavity fabricated
using an industry-scalable process. We show that the cavity can
be designed in such a way that the two resonances correspond
to a fundamental and second harmonic wavelength, although we
observe slight deviations in fabricated samples. Such tolerancing
issues could surely be overcome with more production runs. We
show resonant second harmonic generation in such a sample,
with peak SHG intensity occurring at a fundamental wavelength
of 807 nm. The second harmonic resonance is accompanied by
a resonance of the fundamental wave. We observe an overall on-
resonance enhancement factor of 16 over the bare sample; how-
ever, we claim that this value could have been much higher if
we had used a laser with a spectral bandwidth smaller than the
resonance bandwidth. Our experiment demonstrates that we can
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use DBR-cavity to enhance and tune the nonlinear interaction
with 2D materials. This would be a highly interesting system
for SPDC-based light sources for quantum imaging systems if
pumped at the SH wavelength.

5. Experimental Section

Cavity Fabrication::  For the fabrication of the microcavity system, ion-
assisted physical vapor deposition process was used. The bottom DBR
consisting of 11 layer pairs of SiO, and TiO, layers was deposited on a
quartz substrate. After the transfer of the 2D materials, the top DBR which
comprised of nine layer pairs was deposited. The deposition procedure
was carried out using a background pressure of about 10~ mbar with a
maximal process temperature of 80 ©C.[33] This allowed for the growth of
robust layers while ensuring the properties of the embedded monolayers
were well maintained.

Growth and Transfer of 2D-MoS,::  The 2D-TMD, in this case, MoS,,
was first grown on a 300 nm SiO, layer on a Si substrate using the pro-
cess of chemical vapor deposition.[*>3¢] Once the bottom DBR and the
lower part of the spacer layer were deposited onto the substrate, the TMD
monolayers were transferred onto it with a wet transfer techniquel3738
The remaining spacer layer and top DBR were then deposited on top of
the monolayers, following the method discussed above.

Preparation of Sample for SEM Imaging:: To obtain an SEM image of
the cross-section of the microcavity, one of the edges of the sample was
cleaved using a diamond cutter. This exposed the layer stacks that were
subsequently imaged with the SEM.

Linear Characterization:: The characterization of the linear reflection
from the microcavity was carried out using a Perkin Elmer Lambda 950
spectrometer which used a deuterium light source in the UV range and a
tungsten halogen source in the NIR range.

SHG Measurements:: For the characterization of the SHG from
the embedded monolayers, a femtosecond Ti:Sa pulsed laser with a
pulsewidth of 140 fs, a repetition rate of 80 MHz, and FWHM of 6.5 nm
for an excitation of 800 nm was used. The power of the laser beam was
maintained at 2.5 mW using a half wave plate (HWP). The HWP was fol-
lowed by a linear polarizer that ensured the excitation had a fixed linear
polarization (vertically polarized) state. The laser beam was focused us-
ing a 60X objective onto the cavity. The reflected FW and SH maps were
obtained by scanning the sample at the laser focus. In order to ensure se-
lective reflection of the SHG, a custom-made dichroic mirror was used.
For measurements of the SH intensity, a combination of a 600 nm short
pass filter and band pass filter with a transmission range of 350-610 nm
was incorporated into the detection arm. Figure 3a shows the setup used.
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