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Plasmonic nanostructures provide a new way to improve
nonlinear optical effects. As a mode of surface plasmons
(SP), localized SPs can highly localize and enhance electro-
magnetic fields within a subwavelength volume. In this
work, we developed a one-dimensional V-groove Ag
nanograting. Through simulation, we realized triple-
resonance enhanced four-wave mixing (FWM), in which
both the excitation and signal waves are in resonance with
LSPRs modified by propagating SPs, and can perfectly over-
lap with each other in each single nanogroove. Compared
with that from a flat Ag plate, the FWM enhancement
factor can be over six orders of magnitude. Next, we filled
the Ag V-groove with nonlinear polymer 2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene and  further
improved the enhancement factor to eight orders of magni-
tude, together with a conversion efficiency of 1.02 x 1072,
Finally, by changing the water filling ratio, the FWM signal
is tuned over 180 nm, while keeping the enhancement factor
over seven orders of magnitude. © 2021 Optical Society of
America

https://doi.org/10.1364/0L.434231

As an important part of modern optics, nonlinear optics has
special significance in optical frequency conversion. Since the
invention of the laser, especially the discovery of second har-
monic generation (SHG) [1], nonlinear optics has obtained
great progress. As an important third-order nonlinear optical
effect, optical four-wave mixing (FWM) has wide applications
in wavelength conversion, signal regeneration, imaging, and so
on [2-4]. However, due to limited interaction length, it is diffi-
cult to achieve highly efficient FWM in the micro- or nanometer
scale.

The emergence of the metasurface has become a new plat-
form for the study of nonlinear optics [5-9]. As one important
type of metasurface, surface plasmons (SPs) can confine light
to the surface of metal [10-13]. Therefore, the SP system is
often used to study the interaction between light and matter.
Localized SP resonance (LSPR) is a kind of non-propagating S,
which can generate a highly enhanced field compared with excit-
ing far-field light. SPs, especially LSPR, have been widely used
to enhance the conversion efficiency (CE), such as SHG, third
harmonic generation (THG), and FWM [14-16]. Recently,
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CE of FWM, such as gap waveguide [17], nano cavity [18],
metasurface [19], and double-resonance grating [20]. However,
these structures suffer from a complex coupling structure, small
radiation surface, or poor modal overlap, which greatly limits
further enhancementand application of FWM.

In this work, in order to reduce the coupling complexity
and keep the uniform surface-emitting property [20-23], we
also adopted the simple grating structure to improve the CE
of FWM. However, to increase the modal overlap, we adopted
the nano V-groove structure and tuned the groove depth and
pitch to achieve multiple resonances in one groove. Compared
with that from a flat Ag plate, the FWM enhancement factor
(EF) is over six orders of magnitude. Furthermore, by filling
the Ag V-groove with nonlinear polymer 2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV), the EF
is improved to eight orders of magnitude, together with a CE
of 1.02 x 1072, Finally, by changing the water filling ratio, the
FWM signal can be tuned over 180 nm.

In the following, as an example, we focus on the FWM proc-
ess of wpwm = 2w, — w;. Figure 1(a) shows the energy level
diagram of this FWM. The field distribution at the resonant
wavelength is simulated by the finite-difference time-domain
(FDTD) method. The electric field distribution within the
structure is shown in Fig. 1(b). We can see that strong local-
ized and enhanced electric field is formed in the grooves.
Importantly, compared with the structure where different
groove depth corresponds to different optical resonance [20],
this structure can achieve better mode overlap of pump waves
and FWM waves, which is the key factor to improve the non-
linear process [24,25]. To obtain the required LSPRs of the
structure, we measured the reflectance spectra through FDTD
simulation. The optimized groove depth is 560 nm, and the
width on the surface is 50 nm. Experimentally, this structure can
be fabricated by a focused ion beam. The optical parameters of
Ag are taken from [26]. The polarization of the light source is
perpendicular to the grooves. The dependence of the reflectance
spectra to the pitch is shown in Fig. 1(c). Obviously, we can
see two types of SP modes, one is the propagating SP polariton
(SPP) in the lattice, and the other is LSPR. When these two
kinds of modes come close to each other, strong coupling will
take place, which can greatly alter the mode structure [27,28].
For nanophotonic application, the incident laser is usually
tightly focused; therefore, a flat band in the momentum space
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Fig.1. Structure design principle. (a) Energy diagram of the specific
FWM. (b) The electric field distribution within the grooves by simu-
lation. A, = 1550 nm, A3 = 1010 nm, A4 =748 nm. The laser is TM
polarized, as marked by the arrow. (c) The complete reflectance spectra
with varying pitches. The 320 nm pitch corresponding to (b) is selected
for further research.

is less sensitive to the incident angle. To realize such a flat band,
the pitch is reduced so that basically only LSPR can exist in
this structure. Notice that in nanogrooves the order of LSPR
depends on the groove depth, butitis usually not equally spaced,
because of the dispersion of SP. However, the detuned strong
coupling can be used to modify the frequency spacing between
the LSPR modes. By optimizing the grating parameters, one can
always find a grating pitch where the 2nd, 3rd, and 4th LSPR
modes are equally spaced, that is to say, w4 = 2ws3 — w;, which
can be used to enhance the specific FWM in Fig. 1(a). Notice
that the subscripts “2, 3, 4” represent the LSPR order. Changing
the groove depth will change the order, but the relation in
Fig. 1(a) isalways correct.

By examining Fig. 1(c), we chose the pitch of the grating to
be 320 nm. The reflectance spectrum is shown in Fig. 2(a), from
which we can see that all three modes have a low reflectance,
indicating strong near-field enhancement. Next, we introduced
the third nonlinear into this structure. The third-order suscep-
tibility of Ag is taken from [29]: x® =2.8 x 1071 m?/V?.
The nonlinear response is simulated by the FDTD method.
The laser strikes the surface of the designed structure from the
far field. Both the linear and nonlinear susceptibilities of the
optical material are considered. After the light-matter inter-
action, the light carrying near-field information is radiated to
the far field again. The far-field monitor records the outgoing
time-dependent light field strength and obtains the signal
power spectrum through time-domain Fourier transform.
The normalized power spectrum is shown in Fig. 2(b), from
which we can see all possible third-order processes on the high
frequency side, including 2w; — wy, 2w3 + w,, 2w, + ws,
3ws, 3w,. This is a typical property of nonlinear optics in the
micro- and nanoscales, where phase matching is not important.
Therefore, the competition of these processes only depends on
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Fig. 2.  Simulation results. (a) Reflectance spectra of the 320 nm
pitch. (b) The extracted FWM power spectrum after normalization
when the simulated light intensity is [, = I; = 2.1 x 10 W/m?2. The
red curve and the blue curve represent the power spectrum of the Ag
nanometer grating and Ag plain, respectively. The y axis represents the
logarithm of the ratio of the extracted FWM power to the pump power.
(c) The generated FWM intensity with varying pump power and signal
power.

modal resonances. In this structure, due to triple resonances, the
process w4 = 2w3 — w; is dominant. The polarization of this
special process is Pn. = eox P (w4; w3, w3, —wy) E3 E3 E3.
The generated FWM intensity of wy is plotted in Fig. 2(c) with
varying pump power (w3) and signal power (w;). The slopes of
these two lines are 1 and 2, consistent with the specific FWM
process discussed here. From Fig. 2, the CE of this structure is
107>, with an EF of 10%2°, The EF is obtained by comparing
the signal from this structure with that from the Ag plate. The
CE is defined as CE = Prywnm/ P2, where Ppyy is the FWM
wave peak power, and P, is the signal power [17].

The obtained CE is still not satisfying, since only Ag con-
tributes to the FWM. In order to achieve high CE, we filled the
grooves with other nonlinear materials possessing high x®.
The nonlinear polymer has large third-order coefficient and
small linear coefficient [30-33], which can be integrated to
metallic nanostructures easily. In this work, a special polymer
MEH-PPV is used as the filling material. One can fill the poly-
mer into the nanogrooves by spin coating [17]. The optimal
parameters are linear index of 1.65, depth of 480 nm, pitch
of 500 nm, and groove width on the surface of 130 nm. The
new reflectance spectrum is shown in Fig. 3(a). We can see that,
under these parameters, the triple resonant condition is still

fulfilled.
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Fig. 3.  Simulation results of highly efficient FWM. (a) Reflection
spectrum of composite grating with a period of 500 nm. (b) The
extracted FWM power spectrum. The red curve and the blue curve
represent the power spectrum of the nonlinear polymer MEH-PPV
grating and air-groove grating.
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Fig. 4. (a) Power spectrum extracted from the composite structure
of the grating filled with water. (b) The FWM wavelength and peak
intensity change with the increase of water filling ratio. In (a) and (b),

the simulated light intensity is [, = /; = 2.1 x 10" W/m?.

It is known that the polymer MEH-PPV could be damaged
under a high power laser. Therefore, we set the peak intensities
of the pump and signal laser to be /5 = 1.9 x 103 W/m? and
L, =5.3x 10" W/m?. The nonlinear power spectrum is
shown in Fig. 3(b), where the red curve denotes the structure
with the polymer.

The FWM signal is enhanced by eight orders of magnitude,
together with a CE of 1.02 x 1072, The values are greater than
that in Fig. 2, close to real application. In literature, Michael
et al. have done an excellent job and reported a higher CE of
4.67 x 1072 using a slightly complicated plasmonic waveguide.
However, in calculating the value, the coupling efficiency was
not considered. Also, it was not a full surface-emitting device.
The structure proposed here is easier to fabricate and to be
applied, and this is a real surface-emitting device.

Finally, we study the tuning ability of this structure. To tune
its optical response, we filled the grooves with water. We define
the water height over the groove depth as the filling ratio. The
filling ratio of water corresponds to the resonant wavelength
of the LSPR. Experimentally, the filling ratio of water can
be controlled by temperature, humidity, and laser intensity.
One can also package the sample with polymer materials to
prevent the loss of water. After optimization, the parameters
are 460 nm depth, 260 nm pitch, 50 nm groove width on the
surface, and, when the filling ratio is 0.5, the initial pump and
signal laser are set at 1550 and 1024 nm, which generate the
FWM at 763 nm. The third-order susceptibility of water is set
as Xv(gzter =2.5x 1072 m?/V? [34]. The nonlinear power
spectrum is shown in Fig. 4(a). We can see that, using water as
the filling nonlinear material, the CE can achieve 10745
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If we fix the pump wave at 1550 nm, but vary the filling ratio
from 0.1 to 1, the FWM can be tuned in a broad range by simul-
taneously changing the signal wavelength. The tuning result is
shown in Fig. 4(b). In this case, most of the time this is a double
resonant system, and the maximal CE is obtained at 763 nm, as
shown in Fig. 4(a), which corresponds to the triple resonance.
It can be seen that the CE of FWM is maintained above 107>
from 650 to 830 nm (filling ratio 0.1-1), showing the wideband
tunability of this structure.

On the other hand, if we fix both wavelengths of the pump
laser and signal laser, due to the nonlinear response character-
istics, the signal of FWM will be much more sensitive to the
change of the filling ratio or, more generally, to the environ-
mental parameters, than to the linear response of the plasmonic
structure. This result indicates that the plasmon enhanced
nonlinear FWM can be a great candidate for sensors with high
sensitivity.

In summary, we realized enhanced FWM from the Ag grating
with optimized parameters. The EF can be as large as 10° — 10°.
This huge EF stems from LSPR-type multiple resonance and
excellent spatial modal overlap. Furthermore, by filling the
grooves with nonlinear polymer, the CE can be improved to
1.02 x 1072, which can be used for real application. Finally,
by tuning the filling ratio of water in the groove, we are able to
tune the FWM from 650 to 830 nm while maintaining a CE
over 107>, The method proposed here focuses on a specific
FWM: 2w3 — wy = w4. A similar idea can also be extended to
other FWM or THG, as pointed out above. These finds may
pave the wave to several applications, such as high-efficiency on-
chip nonlinear frequency conversion, sensors with ultra-high
sensitivity, etc.
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