Cross-polarized surface lattice resonances in a
rectangular lattice plasmonic metasurface
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Abstract
Multiresonant metasurfaces could enable many applications in filtering, sensing and
nonlinear optics. However, developing a metasurface with more than one high-quality-factor or
high-𝑄 resonance at designated resonant wavelengths is challenging. Here, we experimentally
demonstrate a plasmonic metasurface exhibiting different, narrow surface lattice resonances
by exploiting the polarization degree of freedom where different lattice modes propagate
along different dimensions of the lattice. The surface consists of aluminum nanostructures
in a rectangular periodic lattice. The resulting surface lattice resonances were measured
around 630 nm and 1160 nm with 𝑄-factors of ∼50 and ∼800, respectively. The latter is a
record-high plasmonic 𝑄-factor within the near-infrared type-II window. Such metasurfaces
could benefit applications such as frequency conversion and all-optical switching.

Resonant metasurfaces promise to enable free-space photonic applications in nanoscale thin
flat optical devices. Thanks to their strong resonance enhancement characteristics, plasmonic
lattice metasurfaces formed by metal nanostructures are considered to be a strong candidate for
applications such as sensing, spectroscopy, and lasing [1–3]. Among those applications, some
specific processes may involve two or more frequencies, particularly nonlinear optical processes
such as harmonic generation, frequency up- and down-conversion, cross-phase modulation
or ultrafast all-optical switching [4]. Strongly resonant responses like plasmonic resonances
could boost the efficiency of nonlinear optical processes without requiring any phase-matching
between the input and output waves [5, 6]. Thus, an implementation of multiresonant plasmonic
metasurfaces could dramatically enhance the efficiency of applications involving nonlinear optical
phenomena [7].
Under optical illumination, metal nanostructures naturally exhibit strongly localized surface
plasmon resonances (LSPRs) [8]. However, a longstanding issue with metal nanostructures are
their high absorptive and radiative losses, which result in the swift decay of excitations associated
with the LSPRs. Whereas absorptive losses are inherent to metals, it is possible to suppress the
radiative or scattering losses by engineering periodic arrays of metal nanostructures to support
plasmonic surface lattice resonances (SLRs) with longer lifetimes [3, 9]. Such SLRs originate
from the collective coupling of every particle in a lattice and suppress the scattered losses
associated with the individual particles. Thus, the resulting resonances can have significantly
high quality-factors (𝑄 > 2000 [10]), appearing at the wavelength near the diffraction edge of the
lattice periodicity. Under normal illumination, the spectral position of the SLRs can be defined by
the product of the periodicity, 𝑃 of the particles towards its radiating direction and the refractive
index 𝑛 of the particles’ surrounding background medium (𝜆SLR ≈ 𝑛𝑃) [10, 11].
As such, SLR modes are generated in the form of in-plane waves, oscillating orthogonally to
the polarization direction of incident light. Hence, in a 2D plasmonic metasurface array with

Fig. 1. 2D illustrations of plasmonic metasurface. The normally incident light is (a)
polarized along the 𝑥-axis to excite SLRs alongside the periodicity 𝑃 𝑦 (red color),
(b) polarized along the 𝑦-axis to excite SLRs alongside the periodicity 𝑃 𝑥 (green
color) and (c) diagonally polarized to simultaneously excite SLRs alongside both
directions (red and green colors). The yellow color at the edge of the individual
V-shape nanostructures represents The LSPRs. (d) A focused-ion beam micro-graph of
a fabricated metasurface.

a rectangular lattice formation, it is possible to generate two different SLR modes along two
separate orthogonal directions [12]. Such lattice modes owing to orthogonally polarized incident
waves may be useful for many nonlinear optical processes, such as cross-phase modulation or
two-beam coupling, which depend on more than one input field.
In this Letter, we report the observation of multiple LSPRs and SLRs at different wavelengths
in the same metasurface. The resonant wavelengths of the SLRs can be selected through the
careful choice of lattice geometry. The different resonances can be isolated by selecting a given
linear polarization of the probing light or they can be excited simultaneously by employing
diagonally polarized light.
To properly design a metasurface with multiple resonances in both the visible and infrared
regime, here we consider the behaviour of the constituent materials in the spectral range from 400
nm to 1300 nm. In noble plasmonic metals like gold and silver, the interband transition occurs in
the visible wavelength regime [13]. This transition causes such metals to absorb most of the
visible light, and to lose their capability to support plasmon oscillations in the shorter ultraviolet
wavelength regime. However, unlike noble metals, the interband transition in aluminum appears
in the near-infrared regime (around 𝜆 = 850 nm). Furthermore, because of the electronic band
structure of the Al, the interband transition is quite narrow [14]. Hence, aluminum retains
its metallicity at shorter wavelengths compared to gold or silver. Subsequently, aluminum

nanostructures can exhibit LSPRs and thus can efficiently scatter light in the visible or ultraviolet
spectral ranges [15]. Inspired by this fact, aluminum nanostructures have been recently adopted to
demonstrate SLRs in periodic metasurfaces with applications in SHG and nanolasing [2, 11, 12].
It was also revealed that aluminum possesses comparatively larger nonlinear optical coefficient
than gold or silver [16, 17]. We therefore elect to have our metasurface composed of aluminum
nanoparticles cladded in a transparent, fused silica substrate.
To create polarization-dependent LSPRs, we choose to use V-shape nanostructures, which can
individually exhibit two LSPRs at different wavelengths [5]. We design and fabricate periodic
right–angle V-shape aluminum metal nanostructures. The fabricated dimensions are: length
𝐿 ≈ 110–130 nm, width 𝑊 ≈ 70–80 nm, and thickness 𝑡 ≈ 30 nm. The 2D illustration of the
designed metasurface is demonstrated in Fig. 1(a–c). Here we depict the LSPR in yellow, the
SLR mode for 𝑥-polarization in red, and the SLR mode for 𝑦-polarization in green in Fig. 1(a–b),
respectively. In Fig. 1(c), we show that both SLRs can be excited simultaneously using diagonally
polarized illumination. A focused-ion beam micro-graph of the fabricated array is depicted in
Fig. 1(d). The periodic structured particles form a rectangular lattice in the 𝑥𝑦 plane (periodicity
𝑃x ≈ 445 nm and 𝑃y ≈ 790 nm) inside a fused silica substrate (refractive index 𝑛 = 1.46).
The sample fabrication and the experiment technique are similar to those of Ref. [10]. We
fabricate metasurfaces using a standard metal lift-off process. On top of a fused silica substrate,
we deposit a silica undercladding layer using sputtering. Next, we define the pattern of the
nanostructure arrays using electron-beam lithography in a positive tone resist bi-layer with the
help of a commercial conductive polymer. To correct for the nanostructure corner rounding,
we design the mask using shape-correction proximity error correction. After the development,
we deposit an aluminum layer using thermal evaporation followed by the lift-off process. We
deposit a final protective silica cladding layer using sputtering. To make sure that the environment
surrounding the metasurface is completely homogeneous, we sputter the initial and final silica
layers using the same tool under the same conditions. Before the characterization, we cover
the surface of the device in index-matching oil to make the metasurface surrounding medium
homogeneous.
In the experiment, we use a normally incident collimated light beam from a broadband
supercontinuum laser source (spectral range 𝜆 = 470 to 2400 nm) to flood-illuminate all of the
metasurface arrays in the sample. We control the incident polarization using a broadband linear
polarizing filter. We observe the image of the light transmitted by the metasurface by a lens with
a focal length 𝑓 = 35 mm and by placing a 100 𝜇m pinhole in the image plane to collect the image
of the desired array. We use a large-core (400 𝜇m) multimode fiber to collect the transmitted
light from the sample metasurface array and pass it to an optical spectrum analyzer (OSA). The
resolution of the OSA is set to 0.01 nm. The OSA is used to analyze the measured light which is
normalized to a background trace of the substrate without aluminum nanostructures.
Fig. 2(a) shows the simulated transmission spectra of our designed metasurface for different
polarization states. The simulation was performed using Lumerical FDTD. We also measure
the normalized transmission spectra of our fabricated metasurface illuminating it by a normally
incident collimated beam generated from a broadband supercontinuum source. Fig. 2(b) shows
the measured normalized transmission spectra for different polarization states which are in good
agreement with the simulated results, shown in Fig. 2(a). For convenience, the resonances in the
visible and infrared are presented separately in Fig. 2(c–h) for different polarization states. It
is evident in the zoom-in spectra, that in the visible regime, the x-polarized LSPR (Fig. 2(c))
overlaps with the y-polarized LSPR and SLR (Fig. 2(d)) under diagonally polarized excitation
(Fig. 2(e)). We note that the resonance strength is halved from its original value as conceptually
predicted in Fig. 1(c) and simulated in Fig. 2(a). Such overlapping causes the resonances in the
visible regime to superimpose with each other and thus form a modified spectral lineshape, as
depicted in Fig. 2(e). The 𝑄-factor of the LSPR for the 𝑥-polarization is around 5, whereas for

Fig. 2. (a) Simulated and (b) experimentally measured normalized transmission spectra
of the polarization-dependent (𝑥-axis, 𝑦-axis and diagonal) multiresonant LSPRs and
SLRs in the plasmonic metasurface shown in Fig. 1(a–d). Diagonally polarized light
simultaneously excites the LSPRs and SLRs of both dimensions, enabling simultaneous
SLRs around 650 nm and 1150 nm. The zoomed-in measured spectra are shown in
(c–e) for the visible resonances and in (f–h) for the near-infrared resonances for 𝑦-axis
and diagonal polarization, respectively.

the 𝑦-polarization, the LSPR 𝑄-factor is around 25 and the SLR 𝑄-factor is around 50.
As expected, the SLR for the 𝑥-polarization in the infrared regime (shown in Fig. 2(f))
emerged at far spectral distance red-shifted from all other resonance features in the visible regime.
From different samples of our designed metasurface, we find the 𝑄 value for this infrared SLR
to vary between 700 and 820. Although high-𝑄 SLR feature completely vanishes under the
𝑦-polarized excitation (see Fig. 2(g)), it can emerge without any spectral modification for any
other polarization states with reduced strength. Thus, as expected, we observe the re-appearance
of the high-𝑄 SLR in Fig. 2(h) for the diagonal polarization.
Next, we investigated the impact of the polarization state rotation on the in-plane electric-field
distribution inside the metasurface for all the resonances we discussed above (Fig. 3). The
simulated normalized electric-field distribution corresponding to the LSPR around 𝜆 = 629 nm is
presented in Fig. 3(a) and the SLR around 1157 nm is presented in Fig. 3(b) for the 𝑥-polarization.
These figures depict that the horizontally excited LSPR mode is only localized near the individual
nanostructures; however, the delocalized SLR mode forms a delocalized diffraction grating-like
standing wave, extended along the 𝑦-axis orthogonal to the polarization direction. The electric
field strength of the SLR is significantly higher than that of its LSPR counterpart, as indicated
by the color bars in Fig. 3(a) and Fig. 3(b), respectively. Such a large field enhancement in the
SLR is the outcome of the scattering loss reduction by trapping the energy of scattered light near
the diffraction order. The field distributions for these modes under 𝑦-polarized illumination are
presented in Figs. 3(c-d). These modes are similar to their 𝑥-polarized counterparts, except they
are pointed along the 𝑦-direction, and feature smaller field enhancements due to a lower value of
the associated 𝑄-factor.
We now turn our attention to the electric-field distribution under diagonal polarization. The
field distribution in Fig. 3(e) depicts the LSPR field under diagonally polarized light with a
wavelength centered at 630 nm. Here an SLR-like grating mode can be observed to form along
the edges of the unit cell. The generation of this SLR-like feature around the LSPR center

wavelength occurs because of the influence of 𝑦-polarized SLR mode around 650 nm (Fig. 3(d)).
This phenomenon represents the hybridization between the 𝑥-polarized LSPR and the 𝑦-polarized
SLR under diagonally polarized light. Comparing the scales between Fig. 3(a) and Fig. 3(e), we
see that the overall field strength of the original LSPR for the 𝑥-polarization is slightly reduced in
the case of hybridized mode around 630 nm by the off-axis diagonal polarization state.
In contrast, Fig. 3(f) shows no deviation of the standalone high-𝑄 SLR field distribution around
1157 nm for the diagonal polarization from its 𝑥-polarization counterpart in Fig. 3(b), except
the reduction of the field strength values indicated by the color bars. This feature confirms the
behavior previously observed in Fig. 2(h), which depicts no spectral modification of the sharp
infrared SLR in Fig. 2(f) due to the lack of any other resonance nearby in Fig. 2(g). Next, we
see that the LSPR field distribution for the 𝑦-polarization around 575 nm in Fig. 3(c) is also
modified by the diagonally polarized light in Fig. 3(g). Such a modification occurs because
of the hybridization of this LSPR for the 𝑦-polarization around 575 nm with the LSPR for the
𝑥-polarization around 630 nm. Contrary to the LSPR around 630 nm, this short wavelength
modified LSPR around 575 nm is positioned relatively far from the SLR around 650 nm. Thus,
the corresponding field distribution in Fig. 3(g) does not show a pronounced SLR-like grating.
Lastly, the field distribution in Fig. 3(h) depicts an SLR-like field distribution, just like in
Fig. 3(d). These observations demonstrate that the field distribution of the localized plasmon-like
modes are dominated by the polarization direction; conversely, the SLR modal distribution is
dictated by the excitation wavelength.

Fig. 3. Normalized electric field distributions of the SLR modes for the 𝑥-polarization
at (a) 630 nm and (b) 1157 nm, 𝑦-polarization at (c) 575 nm and (d) 650 nm, and
diagonal polarization at (e) 630 nm, (f) 1157 nm, (g) 575 nm and (h) 650 nm.

In summary, we have experimentally demonstrated a technique to simultaneously excite crosspolarized dual LSPR and SLR modes in a nanostructured periodic metasurface via diagonally
polarized normally incident light. Here, two different orthogonal periodicities 𝑃 𝑥 and 𝑃 𝑦
correspond to two separate SLRs centered at wavelengths 𝜆 = 650 nm and 𝜆 = 1157 nm,
respectively. These two SLRs can be tuned independently by modifying 𝑃 𝑥 and 𝑃 𝑦 . We showed
that these two SLRs can be excited simultaneously using light that is diagonally polarized with
respect to the rectangular lattice of the metasurface; it should also be doable using circular
polarized light. We analyzed their resonance characteristics and the relevant electric field
distribution of the generated modes. In addition, we observed an unprecedentedly large 𝑄-factor
for the SLR in the infrared type-II regime (𝑄 ≈ 800 around 𝜆 = 1157 nm). We believe that
the 𝑄 of the SLRs in the visible regime could be further enhanced (up to 200 [12]) by further
optimizing the dimensions of the individual plasmonic nanostructures, the periodicity alongside

the 𝑥-axis, and by enlarging the metasurface area [10, 12]. We hope, our multiband high-𝑄
plasmonic metasurface will pave the way for efficient nonlinear optical processes in flat photonic
devices.
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