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Difference Frequency Generation from AA-Stacked WS,
Coupled with Dual-Resonant Au Nanocavity

Chao Guan, Xiaobo Han, Kai Wang,* Yuda Wan, Liyu Zhang, Jiaxing Yang,
Shuzheng Chen, Zhongao Huang, Hua Long, and Peixiang Lu*

Difference frequency generation (DFG), underlying on second-order nonlinear
optical effect, is a parametric down-conversion process that is widely used to
generate and amplify broadband signals. It leads to the wide applications in
tunable laser systems and infrared sources, as well as quantum light sources.
Howevey, it is still challenging to realize the widely tunable, ultra-compact,
and efficient DFG light sources in nanoscales. Here, a boosting DFG from
AA-stacked WS, coupled with a tunable dual-resonant nanocavity, which is
composed of Au nanodisk arrays and TiO, fAu film, is experimentally
demonstrated. In this nanocavity, the Fabry-Perot mode and localized surface
plasmon resonance mode can be independently tuned to match well with the
pump (515 nm) and the signal (750-900 nm) wavelength in DFG, respectively.
Over two order-of-magnitude enhancement of DFG is successfully achieved
ranging from 1200 to 1650 nm (e.g., 812x at 1445 nm). This work proposes a

crucial optical parametric  down-
conversion processes, including spon-
taneous parametric down-conversion
(SPDC),I®"] terahertz (THz) emission,®*]
and optical parametric generation (OPG),
amplification (OPA), oscillation (OPO).
To Dbe specific, the SPDC has been
used to create a vast variety of photonic
quantum states, including single!!]
and entangled photons,'!l squeezed
states,!?] and cluster states,['*] which
currently constitute the building block
for entangled photon pair generation
in quantum optics. THz science and
technology have promising applica-
tion prospects in various fields such as

dual-resonance hybrid nanocavity and shines the way to the DFG
enhancement in transitional metal dichalcogenides, expanding the prospects
in subwavelength coherent light sources and other optoelectronic devices.

1. Introduction

Nonlinear optics form the foundation of diverse optical appli-
cations from data storage to lithography and high-resolution
microscopy.[!] Parametric nonlinear process as the core of non-
linear optics, including optical parametric up-conversion and
down-conversion, can provide tunable coherent light sources
in a wide spectral range.[*’! Difference frequency generation
(DFG) serves as the fundamental principle underlying several
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spectroscopy, wireless communication,
security imaging, and sensing. While
OPG, OPA, and OPO, play an important
role in ultrafast spectroscopy, tunable
narrow-band laser sources, as well as
entangled photon generation!'®'° and
revolutionizes modern-day laser technology and constitutes a vi-
tal key element for photonic quantum technology.'”] In 1965,
DFG was first discovered in ADP crystal.?%! Presently, nonlinear
birefringent crystals continue to be predominant in DFG.[?!] Nev-
ertheless, momentum conservation requires a specific dispersion
relationship,[2224] limiting the bandwidths. Moreover, nonlinear
bulk crystals require a rigorous value of incident angle for phase
match conditions, hindering the potential applications in large-
scale on-chip integration. Therefore, the study on nanoscale and
multifunctional OPA devices can undoubtedly pave the way for
advanced technological applications.

In the past few years, layered materials have drawn lots of
study interest, such as graphene, black phosphorus, and tran-
sition metal dichalcogenides (TMDs).1=3% In particular, mono-
layer TMDs possess a large second-order susceptibility (y?) due
to inversion symmetry breaking,3!32] providing an ideal platform
for giant nonlinear optical response at room temperature.!*]
Moreover, the nonlinear frequency conversion process is com-
pressed to single atomic thickness in monolayer TMDs, which
relaxes the phase-matching constraints and thus offers practically
unlimited bandwidth for parametric nonlinear processes.3#3%]
However, compared with bulk materials, TMDs in 2D form have
much shorter light-matter interaction lengths, which inherently
limits frequency conversion efficiency. Therefore, many previ-
ous reports have focused on the enhancement of the paramet-
ric up-conversion interactions in monolayer TMDs, such as sec-
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Figure 1. a) Schematic illustration of AA-stacked monolayer WS, sandwiched between Au nanodisks and TiO, film. The 60 nm Au film is covered by
TiO, film with a thickness (T) of 40 nm. AA-stacked 6 layers WS, on the TiO, film. The Au nanoarray period (P) is 220 nm, radius (R) is 50 nm, and
height (H) is 20 nm. b) Optical microscope image of hybrid nanocavity. The total thickness of AA-stacked 6 layers WS, is ~10 nm. c) Corresponding
SEM image of hybrid nanocavity. d) Enlarged SEM image of the region is outlined in the square of Figure 1c. The height of the Au nanodisk is ~20 nm.
The scale bars are 10 um (b and c) and 200 nm (d), respectively. e) Simulated absorption spectra of the hybrid nanocavity. The F-P mode (green curve)
is influenced by the TiO, thickness, whereas the LSPR mode (red curve) is influenced by the radius of nanodisks. f) Simulated distribution patterns of
the in-plane electric field intensity (Exzy) of the pump (top) and signal (bottom) in the cross-section of the samples.

ond harmonic generation (SHG),3** sum frequency genera-
tion (SFG)*I~¥] and third harmonic generation,[*# four-wave-
mixing.*’*8] Specifically, various strategies have been reported
to achieve SHG enhancement, including microcavity,*-5! plas-
monic nanostructures,*>>°! dielectric metasurfaces®*>’ and
exciton-polaritons,>®] while less attention is attached to the en-
hancement of parametric down-conversion processes. Recently,
researchers have begun to associate different kinds of bare mono-
layer TMDs with DFG demonstrations!®*®] and successfully re-
alized that valley polarization triggered the parametric process
by combining a monolayer WS, with microcavity.*?] In addition
to TMDs, silicon nitride (Si;N,) waveguides integrate 2D layered
graphene oxide films as a promising nonlinear optical material
that enhances the OPA performance of on-chip photonic inte-
grated devices.[®}] However, to develop new types of nanoscale
amplifiers, efficient DFG enhancement remains the major ob-
stacle. Enlightened by the SHG enhancement mechanism, the
strong local-field effect of resonant modes in the nanocavity pro-
vides a promising approach to confine light at the subwavelength
scale. Therefore, there is great potential to boost the conversion
efficiency of DFG light nanosources.

In this work, we propose and experimentally demonstrate an
Au nanodisks/AA-stacked WS, /TiO,/Au film hybrid nanocav-
ity for the efficient DFG light nanosource. This nanocavity sup-
ports the dual resonance modes of Fabry-Perot (F-P) mode and
localized surface plasmon resonance (LSPR) mode, which can
be tuned to match well with the pump (515 nm) and the sig-
nal wavelength (750-900 nm) in DFG respectively. Further, the
generated idler field can be coherently superimposed within AA-
stacked WS,. Successfully, over two orders of magnitudes of DFG
enhancement is achieved in a broadband from 1200 to 1650 nm
(e.g., 812x at 1445 nm). Moreover, the enhancement effect is in-

Laser Photonics Rev. 2025, 2401895

2401895 (2 of 9)

dependent from relative angles between pump and signal polar-
izations. Remarkably, we propose a hybrid nanocavity that not
only provides a good platform for light-matter interactions, but
also provides new inspiration for the design of efficient 2D all-
optical amplifiers, on-chip frequency converters, and integrated
nanoscale sources of quantum entangled photons.

DFG is a second-order nonlinear optical process that broad-
ens the band of coherent light sources. Specifically, a high-energy
pump photon (frequency w,) is stimulated by a tunable signal
photon (frequency w,) to annihilate into a pair of signal and
idler photons (frequency w; = @, — w,), and signal photons can
be seen as amplified. Therefore, the idler is the fingerprint of the
DFG process in background-free detection. Moreover, amplified
signal photons can be extracted from a large number of the un-
coupled signal photons by the polarization-dependent DFG mea-
surement, and according to the ratio of amplified signal photons
to background signal photons, the conversion efficiency of DFG
can be accurately estimated. (see Supplement S1 and Section S1,
Supporting Information for more details).

To realize a highly efficient DFG nanosource, a hybrid dual-
resonant nanocavity is designed as shown in Figure 1a. Specif-
ically, the hybrid nanocavity is composed of Au nanodisk ar-
rays and TiO,/Au film, with AA-stacked WS, inserted as the
source. AA-stacked means several monolayers with interlayer
~0°crystal angle alignment, preserving the broken inversion
symmetry (y®+0). The individual Au nanodisk features radius
R, and height H, arranged with the period P. Figure 1b shows a
typical optical microscope image of the hybrid nanocavity con-
sisting of AA-stacked 6 monolayers WS, (~10 nm thickness)
sandwiched between Au nanodisk arrays and TiO,/Au film (see
Atomic Force Microscope (AFM) image in Supplement S1 and
Figure S2a, Supporting Information). Each layer WS, is shaped
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Figure 2. a) Normalized idler spectra of hybrid nanocavity (red curve) and monolayer WS, on Au film (gray curve). Both of the peaks are centered at
1445 nm. Inset: optical image of idler on hybrid nanocavity (top) and monolayer WS, on Au film (bottom) at the same excitation power. b) Normalized
idler power is a linear function of the pump power with the signal power fixed at 0.3 mW. c) Normalized idler power is a linear function of the signal
power with the pump power fixed at 0.3 mW. d) Relationship between the intensity of the idler and the polarization angles of the pump and signal. e)
Normalized tunable idler spectra measured on hybrid nanocavity at the signal wavelength from 750 to 900 nm, and the pump wavelength fixed at 515
nm. f) Enhancement factor 5 (red balls) with error bars under varied signal excitation wavelengths from 750 to 900 nm. The gray line is the absorption

spectra of the Au nanodisks from 700 to 950 nm.

like a triangle, with a side length of ~50 ym. Due to interference
and absorption, the stacked WS, appears blue. The darker color
indicates more layers. Thus, the uniform color of the stacked 6
layers WS, indicates that a high-quality sample has been pre-
pared. The corresponding scanning electron microscopy (SEM)
image is shown in Figure 1c. Note that the densely packed white
dots in the image are Au nanodisk arrays. The enlarged SEM im-
age (square marked) in Figure 1d clearly shows the arranged nan-
odisks, and the inset shows the ~20-nm height nanodisk mea-
sured by atomic force microscopy (see AFM image in Supple-
ment S1 and Figure S2b, Supporting Information).

In Figure le, the finite-element simulation (Comsol Multi-
physics) shows the absorption spectrum of the well-designed
double-resonant nanocavity with typical values of H = 20 nm, R
=50nm, P=220nm, and T (TiO, thickness) = 40 nm, exhibiting
two distinct peaks at 515 and 800 nm. The unique nanodisk-on-
mirror nanocavity configuration enables a class of hybrid modes
that are strongly confined in the dielectric TiO,, known as the
F-P mode (515 nm, green line). Another resonant mode mainly
from Au nanodisk arrays is known as LSPR mode (800 nm, red
line). Thus, the two modes can be tuned independently due to the
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different physical mechanisms, which are very suitable for multi-
optical parametric conversion processes, such as SFG or DFG. In
detail, the identification for the origins of these two modes can
be seen in Supplement S1 and Section S3 (Supporting Informa-
tion). Figure 1f shows the calculated in-plane electric field distri-
bution (E}fy ) along the z-y plane of the two modes in the hybrid
nanocavity. It confirms the local field enhancement both at the
pump and signal wavelength. It is worth mentioning that Eﬁy is
dominant in both resonance modes, which is very suitable for
matching the polarization direction of monolayer TMDs.

To experimentally determine the DFG enhancement in the hy-
brid nanocavity, we measure the idler as a distinctive signature
of the DFG, because of its frequency difference from the pump
and signal. Figure 2a shows the idler spectra from the hybrid
nanocavity compared with that from monolayer WS, on the Au
film, under the pump at 515 nm and the signal at 800 nm. Re-
markably, the idler intensity of the hybrid nanocavity (red shade)
is much stronger than that of monolayer WS, (gray shade). Note
that the idler spectra of monolayer WS, have been magnified
100x. Specifically, it indicates an 812x DFG enhancement. In-
sets show the optical image of idler intensity measured at the
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same condition. In addition, an estimation of DFG conversion
efficiency is up to ~ 1 X 107 at 1445 nm, which the conversion
efficiency is the optimal result in the recent related literature (see
Supplement S1 and Section S1, Supporting Information for more
details). And the effective second-order nonlinear susceptibility
;(e(if) of ~8.851 nm V-1, which is comparable to the reported val-
ues for WS, in earlier reports!>>®! (see Supplement S1 and Sec-
tion S4, Supporting Information for more details). In addition
to the observed nonlinear optics in addition to DFG, there are
SHG and FWM in the hybrid nanocavity. (see Supplement S1 and
Section S5, Supporting Information for more details) When the
signal (or pump) power keep constant at 0.3 mW, the idler inten-
sity I, shows a linear variation with the pump (or signal) power,
as shown in Figure 2b,c. The slope of the fitted lines is approxi-
mately ~1.0, as is expected from the theoretical Equation (1):(%]
P (0, — o) = 2¢04? (0, - w,) E, E, 1)
where E, E, and E stand for the idler, the pump, and the signal
electric fields, respectively. Note that the idler intensity saturates
in Figure 2c when the signal power exceeds 2 mW. It could be
attributed to the unbalanced photons of two input beams. Since
the photon energy of the pump and signal is larger and lower
than the bandgap of the WS, respectively, it leads to a stronger
absorption of the pump compared to the signal, thus limiting the
interaction efficiency.l®’] Hence, it is necessary to properly match
the power ratio of the signal and the pump to ensure that the
intensity of the idler increases linearly with the signal or pump
power. Figure 2d shows the normalized idler intensity as a func-
tion of the pump — signal polarization angle (6, — 6,) measured
from the hybrid nanocavity.The black dots represent experimen-
tal data, while the red curve represents the fitting result. It indi-
cates that the idler intensity is independent of the relative angle
between the pump and signal polarization directions.[®!! This is
because both the Au nanodisks and AA-stacked WS, belong to
the centrosymmetric nanostructures, the polarization angle be-
tween the signal and pump does not affect the idler intensity
(see more details of polarization characteristics in Supplement
S1 and Section S6, Supporting Information). The polarization-
independent characteristic of the hybrid nanocavity improves its
general applicability and enhances the robustness.

As the inset of Figure 2e illustrates, energy and momentum
conservations constrain the DFG, where pump photons annihi-
late, producing signal photon and idler photon pairs. From the
equation w = 2z¢c/ A, we can obtain the relationship among wave-
lengths of the pump, signal, and idler. As well known, the most
representative process of DFG is to generate tuned light sources.
Thus, Figure 2e depicts the tuned idler spectra ranging from 1200
to 1650 nm in the hybrid nanocavity with the pump wavelength
at 515 nm and the signal wavelength from 750 to 900 nm. The
spectral window is exclusively modulated by the tunability of the
signal beam. It is worth noting that the cavity-enhanced idler
has a theoretically boundless tuning wavelength range, but the
measuring of the more infrarem idler is limited by the detection
equipment. Figure 2f shows the detailed enhancement factor ()
of idler intensity (red dots), together with the measured absorp-
tion spectrum of the nanocavity (gray curve), and the wavelength
of the signal excitation (lower horizontal coordinate) corresponds
to that of the idler (upper horizontal coordinate). The n increases
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first and then decreases, consisting with the trend of absorption
spectrum. We found that the largest the # is obtained when the
signal wavelength is matched with the peak of the LSPR mode
of the nanodisk at 800 nm. It is attributed to the fact that the hy-
brid nanocavity shows the strongest local field at 800 nm. And
the largest n = 812 is obtained at idler at 1445 nm and signal
at 800 nm in agreement with the absorption peak position of
Au nanodisks. It is worth noting the absorption spectrum of Au
nanodisks (700-750 nm) is affected by higher resonance modes,
leading the deviation in this wavelength region. When the ex-
citation wavelength moves to 700 nm, the # decreases to ~100.
It indicates that the 7 is very sensitive to the spectra overlap be-
tween absorption and signal spectrum, and the more excitation
signal absorbed by the nanocavity, the stronger the resonance
effect will be in nanocavity. It is notable that the idler intensity
can be boosted by more than two orders of magnitude in such
a wide range. Therefore, the hybrid nanocavity can work over a
broad wavelength range with a remarkable enhancement effect.
It is worth emphasizing that excellent performance characteris-
tic endows the hybrid nanocavity with great potential in tunable
sources of radiation and spectroscopy fields.

To further verify the DFG enhancement mechanisms, we sys-
tematically studied the idler spectra in different hybrid nanocav-
ities which vary in the layer number of WS,, TiO, thickness, and
the parameters of the Au nanodisk array. First, the use of AA-
stacked WS, makes a great contribution to the enhancement. As
the schematic shown in the inset of Figure 3a, AA-stacked WS,
means the armchair of each stacked layer in the same direction
(the stacked angle 8 = 0°). Figure 3a shows the idler spectra from
different stacked layers (n) of WS, on the TiO,/Au film (absorp-
tion and Raman spectra of AA-stacked WS, see Supplement S1
and Section S7, Supporting Information). Obviously, the idler in-
tensity presents an enhancement trend with increasing the layer
number. Figure 3b shows the extracted idler intensity (black dots)
as a function of the layer number, and the fitted slope (red line)
is ~1.92, which is consistent with the theory of coherent super-
position. In addition to WS, the idler coherent superposition en-
hancement of other TMDs with similar crystal structure and sym-
metry breaking also follows to this principle. We have performed
a proof-of-principle demonstration of this concept for 1-2 layers
of manually AA-stacked WSe,, as shown in Supplement S1 and
Section S8 (Supporting Information). The detailed derivation of
the idler intensity from the individual layers by coherent super-
position is shown below. In the inset of Figure 3b, when codirec-
tional electric fields of the pump Ep and signal E, make an angle
of ¢, concerning the armchair direction of layer k, the generated

idler electric field E, from layer k is then 3¢, away from the po-

larization of pump and signal. The total idler electric field E,j.,
can be expressed as:

Eger = 2 E, (2)
k=1

According to the theory of coherent superposition, the total
idler intensity Iy, in the stacked region can be expressed as:(°°]

I=1 m

n

2E

k=1

n

E-E, = Z Z ‘751( )Em( cosd,,  (3)
=1 =1 m=1

! idler &
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Figure 3. a) Normalized idler spectra under the stacked monolayer WS, layers from 1L to 10 L. Inset: schematics for AA-stacked WS, with 6 = 0°. b)
Extracted idler intensity as a function of the number of layers. Both axes are logarithms. The pump and signal beams are horizontal polarization, and their

power is 0.2 and 2 mW, respectively. Inset: a schematic for illustrating the vector superposition of the idler electric fields, where E'p and E, are the electric
fields of pump and signal, E, is the electric field of idler from the layer k, and E g, is the total idler electric field from the stacked region. ¢) Normalized

idler spectra of monolayer WS, with TiO, film (red line), without TiO, film (gray line)  Inset: the idler scanning image of monolayer WS, with TiO, film
and without the TiO, film. The TiO, /Au film and Au film areas are separated by a white dashed line. The scale bar is 20 um. d,e) Calculated distribution

patterns of the pump electric-field intensity (|Epump|2) and idler far-field radiation intensity (|E;ge,|%) in the cross-section of the samples (with TiO, film

(top) and without TiO, film (bottom)).

where E, and E,, are the idler electric fields from layer [ and m,
respectively. 6,,=3(¢, — @,,) is the stacked angle. Assuming the
idler electric field of each layer is the same and the armchairs
on each layer are exactly the same direction (6, = 0), idler elec-
tric field E, yields by each layer can reach a completely coherent
superposition.l®’] The Equation (3) can be simplified as:[¢5%°]

Ligier = n’ Iy 4)

where n is the layer number; I, is the average idler intensity of
the monolayer. Therefore, the use of AA-stacked WS, contributes
greatly to the enhancement, due to the coherent superposition of
the idler field from the individual (see Supplement S1 and Sec-
tion S9, Supporting Information for more detailed derivation).

However, when the layer number exceeds 6, idler intensity in-
creases slowly and reaches saturation in the experiment. For ex-

Laser Photonics Rev. 2025, 2401895 2401895

ample, the idler intensity of AA-stacked 10 layers of WS, is ~62
times than that of the monolayer, which is deviated from the the-
ory value of 100. There could be some reasons. First, as the layer
number and the stacked thickness increase, the idler field gener-
ated by the top and bottom layers of WS, may not effectively form
a coherent superposition. Second, the armchair might not be con-
sistent in the transfer process, leading to the polarization angles
between the idler from different layers. Third, the bandgap ab-
sorption of WS, for the pump and the reabsorption for the emit-
ted idler field may also affect the enhancement. Finally, since the
influence of the material defect and thermal absorption, the ar-
rangement of atoms in monolayer WS, will be slightly disordered
or misaligned Therefore, 6 layers of WS, are used in our experi-
ment.

As mentioned above, the DFG enhancement comes from the
increased local field both at the pump and the signal wavelengths
according to Equation (1). Specifically, the F-P mode at pump

(5 of 9) © 2025 Wiley-VCH GmbH

85UB01 7 SUOLUWIOD @A11e81D) 3ol dde ayy Aq peuenob ae sooiLe VO ‘85N JO Sojnl 1oy Aleld|1T8UIIUQ AB]IAA UO (SUORIPUOO-PUR-SLUIBI/LIY AB | 1M Aled Ul [UO//STIY) SUORIPUOD pue sWs 1 84y 88S *[5202/70/02] uo Akeiqiauliuo AB|im ‘Yool % 1S JO Aisieaun BuoyzenH Aq S68T0YZ0Z 10d|/200T OT/I0P/W0D A8 |1 Aeiq 1 uljuo//:Sdny wouy papeojumoqd ‘0 ‘6688£98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

a b c
100 100 300
Ei/ﬁiyo

€
£ 80 __ 8o 250
§ 60 E 60 E
£ @ T 200
:‘E’ B =
< 40 S 40 K

o
o 150
F 20 20

100 0

400 600 800 1000 1200 1400
Wavelength (nm)

400 600 800 1000 1200 1400
Wavelength (nm)

400 600 800 1000 1200 1400
Wavelength (nm)

Idler 1643 nm 1445 nm 1306 nm 1203 nm Period (nm)
-~ © 100 150 200 250 300
35 v % v v . 40
1 sim.---
exp. @ 2
- <28} éfi ~ 35
] N t’
3 E 21 <=/ P =
g Au nanodisk 8 " %r§ SR » 8
£ array G 14} ! /—'"-é"' {25 &
L K3 L
c 1y [S
1] M 20 1]
0 74 ; |
R=35 nm P=180 nm R=50 nm P=220 nm R=55 nm P=240 nm R=65 nm P=280 nm
> o i i i M 15
20 60 100 140

Signal

850 nm 900 nm

Radius (nm)

Figure 4. a—c) Calculated the Efy/EfyO contour maps as a function of the wavelength and thicknesses of TiO, film, Au nanodisk radius, and period. Efy
and E2  represent the average electric field of WS, with nanocavity and only on the Au film, respectively. a) Various (4, T) at P = 220 nm, R = 50 nm.
xy0

b) Various (4, R) at T =40 nm, P =220 nm. c) Various (4, P) at T =40 nm, R = 50 nm. d) Spatial idler mappings of monolayer WS, in the nanocavity,
and monolayer WS, on TiO, /Au film for different samples of varying R and P (top). The Au nanodisk array and TiO,/Au film areas are separated by a
white dashed line. The same optical microscope images (bottom). Au nanodisk array indicates Au nanodisks on the monolayer WS, and TiO, /Au film,
whereas TiO, /Au film indicates monolayer WS, on TiO,/Au film. Both scale bars are 20 um. From left to right, the pump wavelength remains 515 nm,
and signal wavelengths are 750, 800, 850, and 900 nm, and the idler wavelengths are 1643, 1445, 1306, and 1203 nm, respectively. €) Enhancement factor
7 as a function of radius (black curve) and period (red curve). The dashed lines depict simulation results, and the dots correspond to the experimental

data with error bars.

wavelength possess the strong electric field in WS,. Because
the high refractive index dielectric in the F-P cavity results in
a high quality (Q) factor, we choose TiO, as the spacer in our
experiment.l”] To understand the role of TiO,, the idler intensity
of monolayer WS, on TiO,/Au film (red curve) and on the Au
film (gray curve) are experimentally compared for convenience.
Figure 3c and the inset show the idler spectra and mapping re-
sults. It can be seen clearly that the idler intensity from the mono-
layer WS, on the TiO, /Au film is stronger than that without TiO,.
We further simulate the average electric-field intensity (E;) at
515 nm in Figure 3d. The pump is reflected on the surface of the
Au film and reaches coherent superposition with itself, forming
an electric field superposition peak, known as F-P interference.
However, when no dielectric on the Au film, the position of WS,
does not match the strongest electric field region. Thus, TiO, film
with a thickness of 40 nm is deposited on the Au film, making the
WS, at the strongest pump intensity (see more details in Supple-
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ment S1 and Section S10, Supporting Information). As for the
signal wavelength, the electric field intensity (E2) of monolayer
WS, at 800 nm remains unchanged (see Supplement S1 and Sec-
tion S11, Supporting Information), due to the mismatch between
the signal wavelength and the F-P resonance. To quantitatively
calculate the enhancement factor by simulation, Figure 3e shows
the idler far-field radiation (E7) at 1445 nm in monolayer WS,.
The simulation demonstrates a 2.87 X E? enhancement than that
without TiO,, which is similar to the experiment results (2.2x).
Moreover, the influence of TiO, thickness on the two modes is
explored in simulation. As shown in Figure 4a, the resonant fre-
quency of the pump can be tuned (450-650 nm) by varying the
TiO, thickness, while the resonant wavelength of the signal re-
mains consistent (~800 nm). It indicates the pump-wavelength
peak can be tuned independently by varying the TiO, thickness.
Then the influence of the Au nanodisk radius (R) and period
(P) on the resonance wavelength is shown in Figure 4b,c (The

© 2025 Wiley-VCH GmbH
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measured absorption spectra of different Au nanodisk arrays are
shown in Supplement S1 and Section S12, Supporting Informa-
tion). To be specific, with increasing the Au nanodisk radius, the
signal peak is redshifted from 700 to 1400 nm in Figure 4b, while
the pump wavelength holds. Thus, the Au nanodisk radius only
influences the LSPR mode, which offers a convenient way for in-
dependently tuning the signal wavelength. Thus, the F-P mode
and the LSPR mode can be independently tuned by changing the
TiO, thickness and the Au nanodisk radius. Furthermore, both
the resonance wavelengths remain almost unchanged with var-
ied Au nanodisk periods in Figure 4c Note that as the period
increases, the coupling between the pump and the nanocavity
would lead to an enhancement of the average electric field at the
pump.

To reveal the effect of the Au nanodisk on the enhancement ex-
perimentally, Figure 4d shows the scanning for four spatial idler
mappings, and corresponding optical images of the same region
are shown at the bottom. The measured idler spectra are shown
in Supplement S1 and Section S13 (Supporting Information). It
can be found that every monolayer WS, with Au nanodisk array
has an obvious enhancement effect on the idler intensity (over
10x) under any parameters than that only on the Au/TiO, film.
Further, Figure 4e shows the enhancement of the idler intensity
with various radii and periods of Au nanodisks. Note that the en-
hancement factor 5 is calculated by comparing the extracted idler
intensity of the monolayer WS, in hybrid nanocavity with that
on the Au film for convenience. With increasing the nanodisk
radius, # initially increases and then decreases. It is attributed
to the attenuation of the LSPR mode at the signal wavelength
when the nanodisk radius is less than 20 nm. While the radius
exceeds 60 nm, most of the pump beam would be reflected by
the nanodisks, leading to a reduction of the local field within the
F-P cavity. On the contrary, # monotonically increases with in-
creasing the period. This is the influence of the duty cycle on the
pump beam. Furthermore, to quantitatively illustrate the idler en-
hancement of the hybrid nanocavity, the idler far-field distribu-
tion is simulated in Supplement S1 and Section S14 (Supporting
Information) (at 1445 nm as an example). The idler far-field radi-
ation from the hybrid nanocavity is 28.1x stronger than that from
monolayer WS, on the Au film, which is consistent with exper-
iment results (27.6x). Considering the 36x enhancement base
on AA-stacked 6 layers WS,, the total enhancement factor in hy-
brid nanocavity is calculated to be 1012x, similar to the measured
812x in the experiment. Hence, the dual-resonant nanocavity
can enhance the parametric down-conversion in TMDs, offer-
ing potential applications in laser systems and mid-infrared
sources.

2. Conclusion

In summary, we experimentally demonstrate a dual-resonant
nanocavity to achieve a broadband DFG enhancement. The
nanocavity consists of AA-stacked WS, sandwiched between Au
nanodisks and TiO,,Au film, supporting the F-P mode and LSPR
mode in a wide spectral range. The two modes can be respec-
tively tuned to match the wavelengths of the pump at 515 nm
and the signal from 750 to 900 nm, which boosts the local elec-
tric field at the two excitation wavelengths. Furthermore, the
generated idler field is coherently superimposed via AA-stacked
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WS,, leading to an additional enhancement. The result shows
that over two order-of magnitude idler enhancement is success-
fully obtained from 1200 to 1650 nm (e.g., 812X at 1445 nm).
Moreover, the enhancement effect is independent from the rela-
tive angle between the polarization of the pump and the signal.
Our work not only provides a new approach for the development
of parametric down-conversion of TMDs but also leads the way
to ultra-compact frequency converters, on-chip tunable optical
parametric amplifiers, and broadens the potential for multifunc-
tional large-scale integration of high-efficiency nonlinear optical
devices.

3. Experimental Section

Sample Preparations: The fabrication process of the hybrid nanocav-
ity is illustrated in Supplement S1 and Figure S15 (Supporting Infor-
mation). First, Au/Cr film with a thickness of 60/10 nm was deposited
on a quartz substrate through electron beam evaporation (EBE). Sub-
sequently, 40-nm TiO, film was coated on the Au/Cr/SiO, substrate by
magnetron sputtering. Monolayer WS, synthesized by the chemical vapor
deposition method (6carbon Tech. Shenzhen) was transferred onto the
prepared substrate assisted by polydimethylsiloxane (PDMS). For preci-
sion fabrication of a high-quality AA-stacked WS,, each monolayer was
transferred to the TiO,/Au film under the microscope with the help of
a home-built motorized transfer stage. Then another monolayer WS,
was precisely AA stacked on the first monolayer WS, During the trans-
fer process, the edges of the triangular profile of each monolayer WS,
should be kept parallel. Repeat the above operation, high-quality AA-
stacked WS, will be obtained, which pave the way for the production of
Au nanodisk arrays. Finally, the periodic Au nanodisk (100 umx100 pm)
arrays were directly etched and deposited on top of AA-stacked WS, us-
ing electron beam lithography treatments (EBL, Raith, ELINE Plus) and
EBE. The height of the Au nanodisks was fixed at 20 nm, while the ar-
ray radius and period were varied to acquire different plasmon reso-
nances.

Optical Measurements: As illustrated in Supplement S1 and Figure
S16 (Supporting Information), the experiment was performed using a
commercial laser system (FLINT, 1030 nm, 76 MHz, full width at half
maximum of 120 fs). First, the output beam was divided into two beams
by a splitter (THORLABS, VA5-PBS253). One beam was utilized for gen-
erating pump pulses at 515 nm through a frequency doubling (AVESTA,
ASG-0-800). The other was for generating tunable near-infrared pulses
(1320-2000 nm) by Optical Parametric Oscillator (APE, Levante IR OPO),
then the pulses were applied for the signal pulses generation within the
range of 660 to 1000 nm via SHG (APE, HarmoniXX SHG). Second, the
pump and signal pulses remove the fundamental laser with a bandpass
filter and a short-pass filter (THORLABS, FBH515-10, and FESH1000).
A delay (THORLABS, DDS300/M) was employed to synchronize pump
and signal pulses. Third, the pump and signal beams were coherently
combined using a dichroic mirror (SEMROCK, Di03-R532-t1-25 X 36)
and subsequently focused on the sample through an infrared objective
(Mitutoyo-MY50X-825, 50%, 0.42 NA). The approximate half-width of the
pump and signal spots is ~1 um (D = 24/NA - z). Finally, the reflected
idler was collected with the same objective to a spectrometer (Andor,
Kymera-193i-B1) with an InGaAs CCD (Andor, DU490A-1.7) after a long-
pass filter (THORLABS, FELH1100). Optical measurements were carried
out at room temperature using a microscope system (Olympus, BX53)
configured with a 2D motorized stage (P11.XY100S P11.XY100K, Core
Tomorrow).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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