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ABSTRACT. Resonant metasurfaces provide a unique platform for enhancing multi-wave
nonlinear interactions. However, the difficulties over mode matching and material transparency
place significant challenges in the enhancement of these multi-wave processes. Here we
demonstrate efficient nonlinear sum-frequency generation (SFG) in multi-resonant GaP
metasurfaces based on guided-wave bound-state in the continuum resonances. The excitation of
the metasurface by two near-infrared input beams generates strong SFG in the visible spectrum,
with a conversion efficiency of 2.5x10** [W-!]. The measured forward SFG efficiency is two orders

of magnitude higher than the one reported in Mie-type resonant metasurfaces. In addition, we



demonstrate the nontrivial polarization dependence on the SFG process. We show that in contrast
to harmonic generation, the SFG process is enhanced when using non-parallel polarized input-
beams. Importantly, by varying the input pump beam polarization it is possible to direct the SFG
emission to different diffraction orders, thereby opening up new opportunities for nonlinear light

sources and infrared to visible light conversion.

In the last few years, resonant dielectric metasurfaces have been used to study nonlinear optical
processes, including harmonic generation and frequency mixing [1, 2]. Dielectric metasurfaces
based on GaAs [3-6] and Si [7-10] semiconductor materials have been the prominent choice for
enhancing second- and third-harmonic generation, respectively. Alternatively, metasurfaces based
on ZnO [11], TiO2 [12] and Ge [13] have been used to study harmonic generation. Since second-
order nonlinear processes observed in non-centrosymmetric materials are intrinsically more
efficient than their third-order counterparts [ 14, 15], there has been increased interest in exploring
quadratic nonlinear metasurfaces. However, most second-order semiconductor materials have a
narrow band gap, thus absorbing a significant portion of the nonlinear emission generated in the
visible spectrum, or have a low second-order susceptibility. Recently, GaP has become an
attractive alternative for studying nonlinear processes [16, 17], being a non-centrosymmetric
material with high second-order susceptibility, high refractive index, and wider transparency
range, compared to GaAs. Due to the advantages of this platform, GaP metasurfaces have been

employed to study second harmonic generation (SHG) [18] and higher harmonic generation [19].

While resonant metasurfaces have been widely employed in the generation of harmonics,
frequency-mixing processes remain largely unexplored. In harmonic generation processes the

fundamental waves have the same properties, while in frequency-mixing processes such as SFG,



the excitation waves have different properties, including wavelength and polarization states [20].
The non-degenerate nature of frequency-mixing processes requires the design of multi-resonant
metasurfaces and the engineering of the different participating modes [21-23]. Frequency-mixing
processes can be useful for a number of applications including parametric oscillators [24], quantum
information processing [25] and new frequency generation [26]. Here, we design and fabricate a
double resonant GaP metasurface based on waveguide-type bound-state in the continuum (BIC)
resonances. The fabricated metasurface is simultaneously illuminated by two waves at 875 nm and
1545 nm, generating a strong visible SFG at 558 nm. We reveal the nontrivial polarization
dependence of the SFG, which required non-parallel input polarization states to maximize the
conversion efficiency. We measure an SFG conversion efficiency of 2.5x10* [W-!] in the forward
direction, using a pump beam intensity of 137 MW/cm? and a signal beam intensity of 12.5
MW/cm?. The observed efficiency is the highest SFG efficiency reported to date from thin

metasurfaces.

In contrast to conventional local Mie-type resonances, bound states in the continuum (BIC) are
collective resonances with non-decaying energy states, originally discussed in quantum mechanics
by von Neumann and Wigner [27]. Due to the symmetry of such states, their radiation to free-
space is forbidden, thus exhibiting an infinite quality factor. The signature of these ideal states can
be experimentally observed near the BIC point, when a weak coupling to free-space radiation is
possible, namely at the quasi-BIC condition. By controlling the free-space coupling, quasi-BIC
modes can reach arbitrarily high-quality factors (high-Q) and strong field enhancements.
Therefore, metasurfaces based on quasi-BIC resonances have been widely employed for enhancing
harmonic generation [18, 28-31]. However, being lattice-type modes, the control of the mode-

overlap and polarization properties becomes challenging for the SFG case.



To circumvent this issue, we employ leaky-wave BIC modes with broken translational symmetry
imposed by two Mie-resonant nanodisks of different dimensions. The designed GaP metasurface
simultaneously supports two narrow-band resonances at the wavelengths of the two input beams,
termed here as pump (Ap) and signal (As) beams (Figure 1a), reflecting their input intensities. The
unit cell of our metasurface consists of a long nano-waveguide adjacent to a pair of nanodisks, also
known as nanodimer, each of them having a different radius (Figure 1a, dotted blue square). The
nanobar width is 350 nm, and the radius of the two nanodisks is 150 nm and 120 nm (Figure 1b,
inset). For more details on the geometrical parameters of our metasurface see Section 1 in the
Supporting Information. The guided modes of waveguides and photonic crystals have been
previously investigated for nonlinear generation, due to their ability to highly confine and direct
light [32-36]. However, some of the guided modes are totally bounded and cannot be directly
excited using free space plane wave incidence (Figure S2, Supporting Information). Additional
features are usually required to couple the external plane wave into these guided modes. To address
this issue, we employ Mie nanodisk resonators to allow direct coupling of free-space incident plane

waves into the guided modes, forming high-Q resonance metasurfaces.

The calculated transmission spectrum of the metasurface, when illuminated by a y-polarized plane
wave, is shown in Figure 1b. The spectrum exhibits two narrow resonances (gray-shaded regions)
around the pump (Ap) and signal (As) wavelengths. When the metasurface is illuminated by an
incident pump beam at A, the excited multipolar resonances inside the nanodisks are dominated
by an in-plane magnetic dipole, m,.. These multipolar resonances further couple the light into the
highly confined mode TM(3,9,1) of the nano-waveguides. Meanwhile, when the metasurface is
illuminated by an incident signal beam at As, the generated hotspot in the gap of the nanodimer

opens a leaky channel coupling the external light into the mode TE(2,1,1) and trapping the light in



the nano-waveguide. Similar to the Fabry-Perot model for leaky modes in optical resonant

dielectric structures [37-39], we define here the modes TE (L, Ly, 1,)/TM(ly, 1y, 1,) with I, L, 1,

corresponding to the number of peaks of the electric/magnetic field within the domain along x, y
and z directions of the unit cell. The resonances at the wavelengths Ap and As have an estimated Q
of 800 and 160, respectively, obtained numerically using an eigenmode solver (COMSOL). Figure
Ic shows the calculated spatial distribution of the pump beam, where the electric field is strongly
confined along the nano-waveguide and has a near-field enhancement of 30. Figure 1d shows the
spatial distribution of the signal beam. In this case the electric field is partially confined along the
nano-waveguide, with a near-field enhancement of 11, while lower field enhancement is observed
in the boundaries of the nanodimer. The distribution of the fields, highly localized along the nano-
waveguides, corroborates the excitation of the designed high-Q waveguide modes. Interestingly,
the excitation of Mie resonances (in the nanodimers) and guided modes (in the nano-waveguides)
correlates to the excitation of BIC modes in metasurfaces. This correlation is supported by the

multipolar analysis of mode TE (2,1,1), included in Figure S3 of the Supporting Information.
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Figure 1. (a) Schematic of designed GaP metasurface, simultaneously illuminated by pump (Ap)
and signal (As) beams to generate several nonlinear emissions. The unit cell of the metasurface is
indicated by a dotted blue square. (b) Calculated linear transmission of metasurface considering
an incident y-polarized plane wave. The transmission spectrum exhibits two sharp resonances
around the pump and signal wavelengths, indicated by gray vertical bars. Inset: geometrical
dimensions of the metasurface unit cell. Calculated modulus of the electric field distribution in a
metasurface unit cell for the incident (¢) pump beam and (d) signal beam. The field intensity in
both plots is represented by the side color bars.
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We fabricated monocrystalline GaP metasurfaces according to our design, using electron beam
lithography followed by reactive ion etching. For details of the fabrication procedure see Section
3 of the Supporting Information. The final sample is shown in the scanning electron micrograph
(SEM), consisting of square metasurfaces of 120 x 120 um size (Figure 2a). The SEMs shown in
Figures 2b and c, demonstrate the high quality of the fabricated metasurfaces, matching closely to
our design. Figure 2c shows a tilted-view SEM of the metasurface with nanodisks having straight
sidewalls. Angle-resolved transmission measurements were performed on the metasurfaces, using

an inverted optical microscope coupled to a spectrometer (Section 4, Supporting Information). The



angle-resolved transmission measurements, obtained using y-polarized incident light and a slit
along the y-axis, are shown in Figures 2d, e. Figure 2d shows the transmission of the metasurface
around the pump wavelength (730-970 nm) when illuminated at different incident angles (0° to
+30°). The resonances of the metasurfaces are revealed by diagonal bands, several of them
crossing at 0° (normal incidence). The resonance of interest, indicated by a white dotted circle, is
centred around 865 nm, corresponding to Ap. Similarly, Figure 2e shows the transmission of the
metasurface around the signal wavelength (1400-1600 nm), as a function of the incident angle. In
this case, the measurements indicate the excitation of a single resonance corresponding to the
parabolic band. The parabolic shape denotes a blue-shift of the resonance, as the angle of incidence
is increased from 0° to £30°. At normal incidence, the metasurface exhibits the excitation of a
resonance centred around 1545 nm, indicated by a white dotted circle, and corresponding to As.
The linear response of the metasurface around the pump and signal wavelengths is symmetric with
respect to the (positive and negative) angles of incidence, due to the symmetry of the metasurface
along the y-axis. Angle-resolved transmission measurements using x-polarized incidence can be
found in the Supporting Information, Figure S6. The transmission spectra corresponding to normal
x- and y-polarized incidence are shown in Figures 2f and g. Figure 2f shows the resonant behavior
of the metasurfaces around the pump wavelength A, (gray shaded region), for both incident
polarizations. This resonance is slightly blue-shifted when using x-polarized incident light. The
resonance excited when using y-polarized incident light has a Q of ~173. Figure 2g shows the
excitation of a resonance around the signal wavelength As (gray shaded region), only for y-
polarized incident light, with an associated Q of ~103. The lower measured Q values, as compared

to the calculated ones, are explained by imperfections on the fabricated metasurfaces. The fringes



observed in the transmission spectra (Figures 2e and g) are due to Fabry-Perot interferences in the

sapphire substrate.
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Figure 2. (a, b) Top-view and (c) tilted-view scanning electron micrographs (SEM) of fabricated
crystalline GaP metasurfaces. Angle-resolved transmission spectra of metasurface measured
around (d) the pump wavelength A, and (e) signal wavelength As, under y-polarized incident light.
Experimental transmission spectra of the metasurface measured around (f) the pump wavelength
Ap and (g) signal wavelength As, under normal x- and y-polarized incident light. The transmission
spectra in (f) and (g) exhibit two sharp resonances at A, and As, indicated by gray vertical bars.
Under y-polarized incident light, these resonances have an associated Q of (f) 173 and (g) 103.



Then, we measured the nonlinear response of the metasurface around the resonant wavelengths Ap
and As, using the optical system described in Section 5 of the Supporting Information. First, we
measured the SFG when varying the pump beam wavelength from 855 nm to 880 nm, in steps of
5 nm, while maintaining a fixed As at 1545 nm. The spectra of the measured SFG are shown in
Figure 3a, where maximum SFG enhancement is observed at the visible wavelength of 558 nm,
corresponding to a pump beam at 875 nm. The use of longer pump wavelengths was, unfortunately,
not accessible by our laser system. Next, we measured the SFG when varying the signal beam
wavelength from 1525 nm to 1565 nm, while fixing Ap at 875 nm. The measured spectra are shown
in Figure 3b, where maximum SFG enhancement is observed at 558 nm, corresponding to a signal
beam at 1545 nm. The maximum SFG enhancement shows good agreement with respect to As
resonance (Figure 2g) and is red shifted by ~10 nm with respect to A, resonance (Figure 2f). This
red shift can be explained by a better mode matching of the SFG at a slightly longer pump

wavelength.

Next, we measured the nonlinear emission of the metasurface when illuminated simultaneously by
two beams with A, = 875 nm and As = 1545 nm. In these measurements, an average power of 6 mW
(1 mW) was used in the pump (signal) beam. The spectra obtained are shown in Figure 3c, where
three nonlinear peaks are observed around the visible spectral range. The first two peaks, centered
at 437 nm and 558 nm, correspond to the second harmonic of the pump beam (SHG24p) and the
SFG, respectively. The third peak, centered at 772 nm, corresponds to the second harmonic of the
signal beam (SHG24s). The band gap of the GaP semiconductor material is 2.26 eV, corresponding
to a wavelength of ~550 nm, thus the extinction coefficient of GaP increases below this wavelength
(gray line with squares, Figure 3c). Consequently, the SHG2.p emission is partially absorbed by

the material, explaining its lower intensity as compared to the SFG and SHG2.s. To corroborate



the origin of the spectral peak at 558 nm, the power of the incident beams was separately increased
in steps of 1 mW. First, the average power of the signal beam (Ps) was increased from 7 to 15
mW, keeping constant the average power of the pump beam (Pp) at 10 mW. In every step, the SFG
intensity was recorded, as shown in the top of Figure 3d. Similarly, the P, was increased from 10
to 30 mW, keeping constant Ps at 15 mW, and the corresponding SFG intensity was recorded, as
shown in the bottom of Figure 3d. The log-log plots in Figure 3d show a linear dependence of the
SFG with the power of pump and signal beams. This linear dependence corroborates the spectral
peak observed at 558 nm is generated by SFG, where both pump and signal beams contribute with
a single photon to the nonlinear process (inset of Figure 3¢). Therefore, we have demonstrated the
up-conversion of near-infrared light (As=1565 nm) to the visible spectrum (AsrG=558 nm), through
the use of a pump beam, within a metasurface. These results open up new opportunities for ultra-

compact infrared imaging devices [40-42].

10



(a) Signal beam at 1545 nm (b) Pump beam at 875 nm
1 - - - | 1 - - - -
Ao | A
<08/ |—s880nm - =08 |55 mm
e —875nm s ——1530 nm
08 870 nm 206 1535 nm
g ——865nm 2 ——1545 nm
o4 | 860NM £ o4l |—1550nm
© 855 nm o 1555 nm
—1560 nm
® o2} Dol
o i { 021 |—1565nm
0 — ' 0
540 545 550 555 560 565 570 540 545 550 555 560 565 570
Wavelength (nm) Wavelength (nm)
© (d)
10*
SFG — : oo
08 02 = 2 mystosxesor oo
o) 0--=""
iy O -~ 3 —
= e 3 L=
sos! SHG,,,. 2 3 . .
= Q S 8 _ 10 12 14
@ c 2 Signal power (mW)
5 0.4 012 8 5
2 O = =10
= e St
= L 12f ---y=099x+864 g ]
0.2 -4 W o->0"®
0-°-%
_ o
0 0 06a-0""
400 500 600 700 800 10 15 20 25 30
Wavelength (nm) Pump power (mW)

Figure 3. Spectral dependence of the SFG on the varying wavelength of (a) the pump beam from
855 to 880 nm, and (b) the signal beam from 1525 to 1565 nm. In the former case, the wavelength
of the signal is fixed at 1545 nm, while in the latter case the wavelength of the pump is fixed at
875 nm. In the spectra shown in (a) and (b) the pump and signal beams were set to the polarization
states giving maximum nonlinear emission. (¢) Measured intensity of the three nonlinear emissions
generated by metasurface (coloured lines), corresponding to SHG2ep, SFG and SHG2s, and
extinction coefficient of GaP semiconductor material (gray line with squares) as a function of
wavelength. The energy level diagram corresponding to the SFG nonlinear process is shown in the
inset. (d) SFG intensity as a function of average power in the pump beam (bottom) and signal beam
(top). The experimental data, shown in a log-log plot, indicates a linear dependence of SFG with
the power of pump and signal beams.

Next, we measured the dependence of the SFG emission with the polarization angle of the incident
beams. In these measurements the wavelength of the incident beams are fixed to A, = 875 nm and
As = 1545 nm, where the maximum SFG emission is obtained. First, we rotate the pump beam

polarization while maintaining a fixed the polarization along the y-axis in the signal beam. As

11



shown by the green curve in Figure 4a, maximum SFG emission is observed when the pump beam
is polarized at ~145°. Then, we rotate the signal beam polarization while maintaining a fixed
polarization in the pump beam at 145°. In this case, maximum SFG emission is observed for a
signal beam polarized along the y-axis, as shown by the green curve in Figure 4b. Therefore, the
maximum SFG intensity is obtained for non-parallel polarization incidence of the excitation
beams. The pump polarization dependence of the SFG at neighboring resonant wavelengths
observes a different behavior. These measurements can be found in Figure S7 of the Supporting
Information. In addition, we measured the polarization dependence of both generated second
harmonics. In both cases, we observed maximum SHG for y-polarized incident beams, as shown
by the purple and red curves in Figures 4a and b. These measurements agree with the
corresponding calculations, shown in Figures 4c and d. The complex polarization dependence of
the SFG can be explained by the nonlinear multipoles generated at the SFG wavelength
(Supporting Information, Figure S5). In our metasurface, the scattering of light is mainly
dominated by the nanodimers, while the nano-waveguides mainly dominate the trapping and
confinement of light. Thus, in the nonlinear regime, the SFG emission is highly influenced by the
scattering properties of the nanodimers. The nonlinearly generated multipoles from the nanodimers
vary when rotating the pump polarization and their interferences lead to the unique SFG

polarization dependence.

12



Pump beam polarization Signal beam polarization
90

(a) 120 60 (b) 120
1
SFG ,
150 ® 30 150 SFG ff
180 \a\ 0 180
SHGZ(up r 5 f
210 7 330 210
240 300 240
270
(c) . (d)
120 60 120
150 SFG 30 150 SFG<
180 ) 0 180 8
210 330 210
SHG2(:)p
240 300 240
270 270

Figure 4. Polar plots showing the measured (a) pump polarization dependence of SFG and SHG2wp
and (b) signal polarization dependence of SFG and SHG2.s. The circles indicate experimental data,
while the solid lines indicate the corresponding fittings. Calculated polar plots showing (c) the
pump polarization dependence of SFG and SHG2.p and (d) the signal polarization dependence of
SFG and SHG24s. The measured and calculated SFG intensity shown in (a) and (c) is obtained
using a signal beam polarized along the y-axis. Meanwhile, the measured and calculated SFG
intensity shown in (b) and (d) is obtained using a pump beam linearly polarized at 145° and 155°,
respectively. These angles correspond to the configuration where maximum SFG is obtained. In
these plots, 0° and 90° represent polarizations along the x- and y-axis, respectively. All nonlinear
emissions are separately normalized.

The directionality of the nonlinear emissions was measured by performing back-focal plane (BFP)

imaging (Section 6, Supporting information). Figure 5 shows the corresponding images, where the
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nonlinear emission is captured as a function of the transverse momentum of the emitted photons,
ky, = 27T/ 1 sin 9, ,,. Here, 9, ,, is the emission angle in x and y-directions. The measurement of
Uy 1s limited by the numerical aperture of the collecting objective (NA=0.9), to a maximum value
of ~64° (white dashed circles in Figure 5). In every image, the input polarization of pump and
signal beams is indicated by orange and red top-right arrows, respectively. In these measurements,
the metasurface is illuminated from the substrate side, while the nonlinear emission is collected in
a transmission geometry (air side). Figure 5a shows the SFG emitted by the metasurface at different
input polarization of the pump beam (orange arrow), while maintaining the polarization of the
signal beam fixed at 90° (red arrow). At an incident polarization of 20° in the pump beam (see
left), the maximum SFG emission is directed to the (1,0) and (0,1) diffraction orders, as marked
by the white squares in the plot. When the polarization of the incident pump beam is rotated to 60°
(see center), the (0,0) diffraction order have similar intensity to the (%1,0), (0,1), and (1,1)
diffraction orders. Finally, when the polarization of the incident pump beam is rotated to 100° (see
right), the maximum intensity is observed at the (-1,0), (0,0) and (1,1) diffraction orders. In
contrast, when the polarization of the signal beam is rotated, the intensity of all SFG diffraction
orders follow the same trend, going from a maximum to a minimum intensity at the same time (see
video in the Supporting Information). This behavior indicates the intensity of the SFG diffraction
orders can be independently controlled by rotating the pump beam polarization. The observed
control over the diffraction orders carrying maximum emission can be explained by the coupling
of the pump field into the nonlinear polarization currents - based on the nonlinear tensor of the
GaP semiconductor material (Figure S4, Supporting Information). In addition, the nonlinear
multipolar generation and their superposition can also induce the observed control over the

emission of the nonlinear diffraction orders [10, 43]. Intensity plot profiles of the SFG diffraction
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orders are shown in Figure 5b, corresponding to the BFP images in Figure 5a. Specifically, these
intensity profiles were obtained from horizontal cross sections performed in the middle of the
images, as shown in the inset of Figure 5b (see left). The SFG diffraction orders with normalized
intensity above 0.8 (see gray shaded areas) are the ones highlighted in Figure 5a by white squares.
In our case, the intensity variations among the (-1,0), (0,0) and (1,0) diffraction orders can be as
large as ~50%. The control and variation over the intensity of nonlinear diffraction orders have

potential applications for wavefront manipulation [44].

Figure 5c shows the BFP images of the three nonlinear emissions generated by the metasurface.
The three nonlinearly generated waves exhibit normal emission (zero-order diffraction), and the
diffraction of higher orders as the wavelength of the nonlinear emission decreases. In every case,
the input polarization of the incident beam(s) was set to the one(s) generating maximum nonlinear
intensity (Figure 4). In Figure 5b, larger emission angles are observed along the y-direction as
compared to the x-direction, corresponding to the smaller periodicity of the metasurface along the
y-direction. In this case, maximum SFG intensity (see center) is observed in the (1,0), (0,0) and
(0,1) diffraction orders. In addition to the forward SFG observed in Figure 5, the metasurface also
generates backward SFG. A portion of the backward SFG is trapped inside the glass substrate
(SFG inset of Figure 5b) due to total internal reflection produced at the substrate-air interface

(Section 6, Supporting Information).
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Figure 5. (a,c) Fourier plane images of nonlinear emissions generated by the GaP metasurface
when illuminated by different polarization angles of the excitation beams. The orange and red
upper-right arrows indicate the incident polarization of the pump and signal beams, respectively.
The dashed white circle indicates the maximum angular field of view due to the numerical aperture
of the collecting objective lens (NA=0.9). The squares delimit the different SFG diffraction orders,
and the white ones highlight the SFG diffraction orders of high intensity. The intensities of the
images are not comparable to each other since they were normalized separately. (a) Fourier plane
images of the SFG measured when the incident signal beam is polarized at 90° and the incident
pump beam is polarized at 20° (left), 60° (center) and 100° (right). (b) Intensity plot profiles
corresponding to horizontal cross sections (see left inset) performed in the middle of (a) Fourier
plane images. The gray shaded areas indicate the diffraction orders with normalized intensities
above 0.8. (c¢) Fourier plane images of SHG2up, SFG and SHG24s emissions. A photo of the SFG
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emission is shown in the inset, where the red and orange arrows indicate the direction of the
incident beams.

Finally, the forward SFG power was measured and a conversion efficiency of 2.5 x10# [W-!] was
obtained, using a low signal beam intensity of 12.5 MW/cm? and a pump beam intensity of 137
MW/cm? (Section 7, Supporting Information). Here, the forward SFG corresponds to the total
power emitted from the six collected diffraction orders (Figure 5). This efficiency is 100 times
higher than the SFG reported in Mie-type resonant metasurfaces [42] and is the highest SFG
efficiency reported to date. The high efficiency indicates the trifactor importance of the material’s
transparency, its near-field confinement due to the high-Q BIC resonances, and mode matching

due to the waveguide type geometry of the metasurface.

In summary, we have demonstrated highly efficient sum-frequency generation in GaP high-Q
metasurfaces. Our metasurface design supports double waveguide-type BIC resonances, thereby
when the metasurface is simultaneously illuminated by a pump beam at 875 nm and a signal beam
at 1545 nm it generates efficient SFG. A normalized conversion efficiency of 2.5x10** [W-!] was
measured by analysing the emission into forward diffraction orders. In stark contrast to harmonic
generation processes, in the SFG process, the maximum efficiency is obtained for non-parallel
polarization states of the two input beams. The observed non-trivial polarization dependence of
the SFG allows for independent control and encoding of the diffraction orders carrying maximum
emission. Our results open new opportunities for infrared to visible up-conversion and light

sources.
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