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Abstract

Tailoring optically resonant features in dielectric metasurfaces unveils a robust scheme to control
electromagnetic near fields of light and thus to boost the nanoscale nonlinear light—matter
interactions. Membrane metasurfaces offer unique possibilities for supporting multipolar
resonances and meanwhile maintaining high mode volume for enhancing nonlinear frequency
conversion. Here we design a silicon membrane metasurface consisting of dimer airy holes, as a
versatile platform for generating four-wave mixing (FWM). We show that such a metasurface
exhibits a multi-resonant feature, including a quasi bound state in the continuum (BIC) generated
by the collective toroidal dipole mode excited in the designed subdiffractive periodic system. We
show that via employing the BIC mode in the short-wave infrared (SWIR), together with other
resonant enhanced electric near fields in the near-infrared (NIR) region, simultaneously, one can
convert invisible SWIR light to visible light radiation with high efficiency, via FWM. We
experimentally demonstrated a significant FWM emission enhancement from our metasurface,
which leads to a conversion efficiency of 0.76 x 10~ using pump and signal beam peak intensities
as low as 0.33 GW cm ™2 and 0.17 GW ¢cm 2, respectively. Our results open new routes for
enhancing nonlinear efficiencies for up-conversion processes.

1. Introduction

Optical nonlinear frequency conversion processes involve the interaction of two or more photons in a
nonlinear medium to produce one or more photons at different frequencies. These processes form the
basics for various nanophotonics applications including light sources [1-4], nanolasers [5—10], holograms
[11], ultrafast all-optical light modulation [12-15], and bio-imaging applications [16]. In recent years,
dielectric nanostructures have been introduced as promising nonlinear media for realising different
functionalities thanks to their low losses at optical frequencies, as well as their multipole resonant nature
[17-20]. The optical properties of dielectric nanostructures are governed by induced Mie-type electric and
magnetic resonances. By exciting different multipolar resonances and through their interference in dielectric
nanostructures, it allows efficiently shaping and manipulating light at the subwavelength scale. Trapping
light in the dielectric nanostructures can offer bulk volume for light—matter interactions as compared to
their nanoplasmonic counterparts where the confinement of electromagnetic fields of light occurs near the
surface of nanoplasmonics. Besides, nanoplasmonics also suffer from material losses in the optical spectral
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Figure 1. Schematic representation of the degenerate FWM process from our proposed amorphous Si dimer-hole membrane
metasurface: a signal beam at SWIR frequency w; is mixed with a pump beam at NIR frequency w;, to generate an idler output,
which is the FWM radiation at frequency w; = 2w, — w.

region. Accordingly, dielectric nanostructures provide a powerful platform for boosting optical nonlinear
frequency conversion [21-25, 25-28].

Four-wave mixing (FWM) is a third-order nonlinear effect where two or three different incident
photons are mixed together to generate a new photon at a different frequency. The development of
nanophotonics has served as an increasingly promising platform for enhancing the FWM process [29-38].
For the three-photon case, i.e. using three different frequencies as the input (w1, w, and ws), a
nondegenerate FWM process takes place and four different frequencies can be generated at wy + w; + ws,
w1 + wy — w3, W1 + w3 — Wy, and w, + w3 + w;. However, if the input consists of only two different
frequencies, a degenerate FWM takes place and four different frequencies can be generated based on the
equation wpwy = 2wi, £ wy [39]. It is worth mentioning that third-harmonic generation is a
sub-category of FWM, where all the input photons possess the same frequency. In this paper, we study the
case of two input photons in the near infra-red (NIR) and short-wave infrared (SWIR) spectral region, for
enabling FWM process to generate light in the visible range (see figure 1). This configuration opens a
promising pathway for enhancing nonlinear optical processes.

In the aforementioned cases, the nonlinear media is a key element for enhancing conversion efficiency.
Recently, silicon metasurfaces, consisting of arrays of resonant silicon nanoparticles, have been introduced
as a promising nonlinear media, due to their large linear refractive index and strong third-order
nonlinearity, simultaneously. Besides, other advantages of a silicon platform are metal-oxide-semiconductor
compatibility, low cost and well-established fabrication methods. Thus, silicon has been widely utilised to
enhance the FWM processes [37, 40, 41].

Various resonant modes, generated by silicon metasurfaces, can facilitate trapping light and enhancing
the nonlinear processes. Indeed, the possibility to arrange nanoparticles arbitrarily within a metasurface
enables a combination of individual efficient resonances and the collective interactions between adjacent
nanoantennas, which allows for achieving stronger optical responses and improved efficiencies. Therefore,
one can obtain an efficient local control on the electromagnetic fields of light at nanoscale. A variety of
resonant modes supported by silicon nanostructures have been investigated, including magnetic dipole
resonances [42], Fano resonances [12, 43, 44], anapole states [45, 46], bound states in the continuum
[47-53].

Moreover, by taking advantage of symmetry properties of the periodic system within the metasurfaces,
one can support various symmetry-protected bound states in the continuum (BICs) [54, 55]. By breaking
the symmetry of the system which supports a symmetry-protected BIC, one can transform an ideal BIC
into a quasi-BIC. This allows obtaining an energy exchange with the external modes, and manifests itself as
a sharp Fano feature in the optical response spectrum, leading to a strong near-field enhancement to further
boost optical nonlinear light—matter interactions.

Here, we design a multi-resonant membrane metasurface consisting of dimer airy holes arranged
periodically on a silicon slab (figure 1). Such a metasurface can support a strong toroidal dipole (TD)
resonance in the SWIR wavelength range around 1560 nm, and simultaneously shows a strong resonant
feature in the NIR wavelength region around 840 nm. Furthermore, the membrane feature can maintain
high mode volume for enhancing light—matter interactions inside the material. We consider the degenerate
FWM process in our case, which can be described in the right inset of figure 1 where an FWM light at the
frequency wrwm = 2wp — wy is generated when illuminating the sample with two beams at frequencies w,
and w; which we name as the pump and signal beams, respectively. We investigated the generation of visible
light radiation based on the degenerate FWM of an SWIR signal beam with a NIR pump beam. The
presence of resonances at the pump and signal wavelengths can significantly enhance the electric energy
inside the structure. We observed a strong FWM emission, which corresponded to an FWM conversion
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Figure 2. (a) Quality factors and wavelengths of the modes in the a-Si dimer-hole metasurface in the vicinity of the pump and
signal wavelengths. (b)—(e) Electric near-field distributions for the modes M1 (b), M2 (c), M3 (d) and M4 (e), respectively.
(f) Multipolar decompositions of the modes M1 to M4.
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Figure 3. (a) Calculated spherical multipolar structure around the signal beam wavelength position. (b) Calculated Cartesian
ED and TD modes excitations. (c) Calculated spherical multipolar structure around the pump beam wavelength position. (d)—(1)
Electric near-field distributions at the resonant positions: (d)—(f) Ay = 835 nm. (g)—(i) A¢ = 846 nm, (j)—(1) Ay = 1565 nm.

efficiency around 0.76 x 10° under a pump and signal beam peak intensities being 0.33 GW cm™~2 and
0.17 GW cm™2, respectively.
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2. Results and discussions

In our study, we consider our pump beam wavelength A, around 840 nm, and our signal beam wavelength
As around 1565 nm. We aim to obtain large mode volume in the silicon material for enhancing the
light—matter interactions and choose the membrane metasurface as our building blocks. We consider
membrane metasurface consisting of a 235 nm-thick silicon slab with dimer airy holes arranged periodically
on a glass substrate. The radius of the airy hole is fixed as 1y = 80 nm, and the gap between the two airy
holes (edge to edge) is set to be g = 80 nm. Both the signal and pump beams are y-polarised. To meet our
requirements on the optical resonant responses in both SWIR and NIR wavelengths, we have investigated
the transmission spectra from the metasurfaces with different pitch sizes D, and D, in x and y directions
(see section 2 in the supplementary material (https://stacks.iop.org/NJP/24/035002/mmedia)). The pitch
sizes Dy and D), are optimised to be 575 nm and 300 nm respectively, to support strong resonant responses
around the pump and signal wavelengths simultaneously. These resonant responses can be explained by the
selective coupling of the incident plane wave light to different modes supported by the membrane
metasurface. Figure 2(a) shows the numerically retrieved spectral position of the eigenmodes and their
Q-factors around the pump and signal beam wavelengths. It is worth mentioning that in our case, the
absorption of amorphous silicon material around pump wavelength is unavoidable. The real and imaginary
part of the refractive index at the pump wavelength is measured to be 3.75 and 0.025, respectively.

Figures 2(b)—(e) gives the calculated electric near-field spatial profiles accordingly. All these four modes
exhibit large quality factors (more than 55) and can significantly enhance the electric near field in the
silicon slab. These eigenmodes can be characterised by their multipolar structures over the spherical
harmonics distinguished by the orbital index / and azimuthal index m [56, 57], as shown in figure 2(f).
Mode M1 at 832 nm is dominated by strong in-plane magnetic dipole (MD) (with m = £1) and electric
duadrupole (EQ) (with m = +1). Mode M2 at 842 nm is dominated by out-of-plane electric dipole (ED)
(with m = 0), EQ (with m = 0, £2), magnetic duadrupole (MQ) (with m = £2), electric octupole (EO)
(with m = 0, £2) and magnetic octupole (MO) (with m = 42), thus not having contribution of multipoles
with m = £1. Mode M3 at 846 nm is dominated by EO (with m = £1, +3), MQ (with m = £1), ED (with
m = £1), and MD (with m = +1). Mode M4 at 1561 nm is dominated by ED (with m = £1), MQ (with
m = *£1), and EO (with m = £1,+3). A y-polarised plane-wave contains multipoles exclusively with

m = %1 (see section 3 in the supplementary material). For the above-mentioned eigenmodes, only three of
them (M1, M3 and M4) contain the multipoles with m = +1, and can be excited directly under the
y-polarised plane-wave beam incidence. However, for the eigenmode M2 (where the spectral position is in
the vicinity of the pump beam) the coupling between the external plan-wave and the eigenmode M2 is
forbidden as their multipolar structures do not share any multipole contents in common. This has also been
verified from the calculated transmission spectra shown in section 2 of the supplementary material.
Furthermore, the dependence of the resonance wavelengths on the periodicity can be described by the
modified Fabry—Perot model for leaky mode TE(L, [,, ;) or TM(Ly, l,, ,) in resonant dielectric
nanostructures [51, 58, 59]: 27negc/ A ~ (I — 1)7R, + (I, — 1)7R; + (I, — 1)m. Here, I, I, and [,
corresponds to the number of peaks of the electric/magnetic field within the domain along x, y and z
directions. . is the effective refractive index. The size ratio Ry = ¢/a, R, = ¢/b. a, b and c are the size
along x, y and z directions, which correspond to the periodicity D, and D, and the thickness of the slab hj,
respectively. For example, here M1 is a TM(3, 3, 1) leaky mode and M4 is a TE(3, 1, 1) leaky mode. Based
on the above-mentioned formula, a linear dependence of the resonance wavelength for M4 on the pitch size
P, is expected: A ~ 5 D,. While for M1, the resonance wavelength depends on both D, and D,:

A~ neffDny/(Dx + Dy)-

We analyse the optical characteristics of our proposed membrane metasurface in the vicinity of the
signal and pump wavelengths numerically by using the finite element method simulations in COMSOL.
Figure 3(a) shows the calculated spherical multipolar structure of the membrane metasurface around the
pump wavelength \; = 840 nm under y-polarised plane wave illumination. A strong multipolar resonant
feature is obtained around the pump wavelength range from 830 nm to 850 nm, which corresponds to the
excitation of the eigenmodes M1 and M3, as illustrated in figure 2. The resonant response is dominated by
the excitation of MD, EQ, and EO resonances with their peaks closely adjacent to each other. These strong
multipolar resonant features further enable the efficient confinement of electric fields inside the silicon slab.
Similarly, we have also performed the multipolar structure of the membrane metasurface around the signal
wavelength )\ under y-polarised plane wave illumination, as shown in figures 3(b) and (c). A strong
resonant feature occurs around the spectral position of 1565 nm. The resonance is dominated by a
Fano-shaped ED excitation with a strong contribution from the MQ and EO resonances. By further
performing the Cartesian multipolar analysis as shown in figure 3(c), the excitation of ED is mainly
contributed by a TD mode T, with a strong electric field localised inside the silicon slab. This TD mode is
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Figure4. (a)and (b) SEM images of the fabricated sample showing the top view (a) and the side view with 40° tilt (b). (c) and

(d) Experimentally measured linear transmission spectrum around (c) the pump beam wavelength position, and (d) the signal

beam wavelength position. (e) and (f) Calculated linear transmission spectrum around (e) the pump beam wavelength position
and (f) the signal beam wavelength position.

indeed a BIC that cannot be excited directly due to zero overlap between the mode profile and the outgoing
waves, making it ideally uncoupled from the free-space radiation [47]. In our configuration, by adjusting
the gap between the air holes, a ‘bright’ ED mode p, (ED moment oriented along y direction) can be
excited, playing a role in opening the leaky channel and transforming the ideal TD BIC mode into a
quasi-BIC mode with a finite Q-factor. The spectral position of this TD BIC mode can be easily controlled
by varying the pitch sizes D, and D, (as shown in the transmission spectra in section 2 of the
supplementary material).

Figures 3(d)—(1) shows the electric near-field distributions for the wavelengths at the three resonant peak
positions illustrated in figures 3(a) and (c). As can be seen, pronounced enhancements of the electric
near-fields inside the silicon slab are obtained around both the signal and pump wavelengths, even in our
case, the absorption of amorphous silicon is unavoidable at the pump wavelengths. By comparing the
multipolar structure in figure 3 and the hierarchy of eigenmodes in figure 2, it clearly shows that the
eigenmodes M1, M3, and M4 can be easily accessed and excited under the y-polarised pump and signal
beam illuminations. These strong near-field enhancements hold promising potential for resonantly
enhancing the nonlinear light—matter interactions by pumping photons at multiple resonant frequencies,
and are ideal for the FWM process. In the following, we investigate the FWM process from the designed
multi-resonant silicon membrane metasurface.

The nonlinear polarisation associated with the degenerated FWM process can be described in the
following form [39]:

Pi(wrwn) = 360 Y X{mEj(wp) Bx(wp) Ei(w)), (1)
i

where ¢ is the vacuum permittivity. Xﬁ)l is the third-order susceptibility tensor. Ej(w;), Ei(wp) are the jth
and Ith components of the electric field at the pump and signal frequencies w, ws.
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Figure 5. (a) Experimentally measured TH and FWM spectra under the excitation of different signal beam wavelengths
(indicated by different colours). (b) The FWM emission power for different pump beam wavelengths. (c) Experimentally
measured TH and FWM spectra under the excitation of different signal beam wavelengths (indicated by different colours).
(d) The FWM emission power for different signal beam wavelengths.

For amorphous silicon, based on the intrinsic permutation symmetry, the Xl(;()l can be represented by
3 3 3
X = X\ X (850 + Oadin) + X' (Bade). (2)

Here, x\7), and x'3), are two elements of the third-order susceptibility tensor, and can be considered equal
to each other for the amorphous silicon.

By introducing equation (2) to equation (1), we obtain the following form for the nonlinear polarisation
[39, 40]:

Prwn(Wewn) = 660X 115 (E(wp) - E(ws)*) E(wp) + 3eox 3 (E(wp) - E(wp)) E(ws)". (3)

Based on equation (3), by exciting resonances at pump and signal frequencies wy, ws, the electric fields of
light E(wp), E(ws), can be highly confined inside the silicon nanostructures, leading to a strong near field
enhancement that facilitate the generation of nonlinear polarisation of the FWM process.

We have fabricated our sample using the standard electron beam lithography. The membrane
metasurface is fabricated out of the amorphous silicon on a glass substrate (see section 1 of the
supplementary material). Figures 4(a) and (b) gives the scanning electron microscopy (SEM) images of the
fabricated metasurface sample showing the top view and the side view (40° tilt), respectively. We measure
the linear transmission spectrum of our sample in the spectral range of 800—900 nm and 1400—1700 nm,
which correspond to the spectral region of pump and signal beams respectively. The experimentally
measured transmission spectra are shown in figures 4(c) and (d). The pronounced resonant feature can be
observed around the desired spectral positions in the NIR and SWIR wavelength ranges, respectively. The
measured line shape of the spectra agrees well with our simulated results shown in figures 4(e) and (f), as
well as with the theoretical analysis and the above-mentioned calculated multipolar structures shown in
figure 3, indicating the successful excitation of the designed resonances from our sample.

We then perform the FWM spectroscopy measurement. Two femtosecond laser beams as the pump and
signal beam respectively, with 167 fs pulse width for the pump beam, 147 fs for the signal beam, and
80 MHz repetition rate was focused by an aspheric lens with a focal length of 5 cm to a beam waist of
25 pm. The polarisation of the pump was adjusted along the y axis to excite the designed TD BIC mode and
was tuned in the wavelength range of 1520 to 1600 nm. The polarisation of the signal beam was also
adjusted along the y axis to excite the designed multipolar resonant responses near the pump wavelength
around 840 nm. The forward nonlinear signal is then collected by an objective lens with NA = 0.4 and
coupled to a spectrometer (see figure S4 in section 4 of the supplementary material). The raw data of the
nonlinear emission intensity from the spectrometer is shown in figure 5.

By fixing the wavelength of the signal beam at A\; = 1565 nm, we first investigate the nonlinear spectra
with varying pump beam wavelength from 820 nm to 850 nm, as shown in figure 5(a). We plot the FWM
emission as a function of the pump beam wavelength in figure 5(b). As can be seen, the trend shows a clear
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Figure 6. (a) The TH and FWM spectra under x- and y-polarised signal beam, respectively. (b) The TH and FWM spectra under
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under y-polarised signal and pump beams illumination. (d) The experimentally measured intensity dependence of the FWM
emission power in the forward direction on the pump beam power. (e) The experimentally measured intensity dependence of the
FWM emission power and THG emission power in the forward direction on the signal beam power.

FWM emission enhancement when the pump beam wavelength is around 840 nm due to the strong
resonant responses from the excited modes M1 and M3 at the pump beam (figure 3). On the other hand,
when we fix the pump beam wavelength A\, = 842 nm and tune the signal beam wavelength, due to the
strong electric near-field enhancement at the TD BIC mode, we observe an FWM emission enhancement
around A\ = 1565 nm, as shown in figures 5(c) and (d). These measured nonlinear emission spectra match
well with our theoretical analysis and the linear spectra (figures 3 and 4).

By fixing the pump and signal beams at the spectral positions of the resonances, i.e., A\, = 842 nm
As = 1565 nm, we compare the FWM emission under different polarisation combinations of the pump and
signal beams, as well as the FWM emission directly from the aSi slab, as shown in figures 6(a)—(c) which
gives the raw data collected by the spectrometer. Our experimental results show that the FWM signal is
significantly enhanced when both signal and pump beams are y-polarised, as compared to the cases when
one of the beams is x-polarised. By comparing with the FWM emission directly from the aSi slab, the FWM
emission from our designed dimer-hole membrane metasurface has been enhanced around 70 times.
Furthermore, we observed a stronger enhancement of the THG emission (3w;) from our sample: 200 times
stronger than that from the silicon slab. This can be explained by the fact that for the THG process, the
mode profiles of three fundamental photons are the same and completely overlap, while for FWM process,
the overlap between the pump and signal beams depends on the excited modes, and they do not overlap
completely. Meanwhile, our metasurface supports a stronger resonance and field confinement at the signal
wavelength as there is negligible absorption from our experimentally obtained silicon material in the SWIR
spectral range. We then study the power dependence of nonlinear emissions. By fixing the input power of
the pump beam at 4.52 mW, we measured the TH and FWM emission power in the forward direction as a
function of the input signal beam power, as shown in figure 6(d). As can be seen, a linear dependence of the
FWM emission power to the signal beam power is obtained experimentally. This agrees well with the
expectation from equation (3). For the THG process, we found the cubic dependence of the emission power
to the signal beam power, as expected for a THG process based on the third-order nonlinearities of silicon
material. Then, by fixing the power of the signal beam at 2.26 mW we obtain the dependence of FWM
emission on the power of the pump beam, as shown in figure 6(e). As expected, we observe quadratic
dependence of our FWM signal on the pump, which agrees well with equation (3). Here, the FWM
conversion efficiency is defined as the ratio of the output idler power to the input signal power
n = Ppwwm/Ps [60], and it is estimated around 0.76 x 10~° under a pump and signal beam peak intensity
being 0.33 GW cm ™2 and 0.17 GW cm ™2, respectively. We define the normalised FWM efficiency as
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NrwM = Prwm/ (PI%PS) which sorts out the dependence on the pump power level during the FWM process.
In such a case, our designed membrane metasurface shows a normalised FWM conversion efficiency
~2.4% W2,

3. Conclusion

In conclusion, we have demonstrated highly-efficient FWM from a silicon dimer-hole membrane
metasurface with double resonances. The proposed membrane metasurfaces support a strong quasi-BIC TD
mode around at the signal beam wavelength, and simultaneously it enables strong electric near-field
enhancement due to the multipolar responses from MD, EQ, and EO at the pump beam wavelength. Such a
multipolar resonant metasurface can significantly boost the nonlinear FWM process. Accordingly, we
experimentally obtain a pump/signal-dependent FWM conversion efficiency around 0.76 x 10~° under a
pump and signal beam peak intensity being 0.33 GW ¢cm ™2 and 0.17 GW cm ™2, respectively. Importantly,
by taking advantage of the quadratic dependence of the FWM emission power on the pump beam power,
we can enhance the conversion of NIR light to visible radiation by tuning the pump beam power. Our
results suggest a new paradigm for realising efficient nonlinear photonics metadevices.
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