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ABSTRACT: Resonant metasurfaces are devices composed
of nanostructured subwavelength scatterers that generate
narrow optical resonances, enabling applications in filtering,
nonlinear optics, and molecular fingerprinting. It is highly
desirable for these applications to incorporate such devices
with multiple high-quality-factor resonances; however, it can
be challenging to obtain more than a pair of narrow
resonances in a single plasmonic surface. Here, we
demonstrate a multiresonant metasurface that operates by
extending the functionality of surface lattice resonances, which
are the collective responses of arrays of metallic nanoparticles.
This device features a series of resonances with high-quality
factors (Q ∼ 40), an order of magnitude larger than what is
typically achievable with plasmonic nanoparticles, as well as a narrow free spectral range. This design methodology can be used
to better tailor the transmission spectrum of resonant metasurfaces and represents an important step toward the miniaturization
of optical devices.

KEYWORDS: Plasmonics, surface lattice resonance, resonant metasurface, gold nanoparticles, nanophotonics

Plasmonic nanoparticles intrinsically support localized
surface plasmon resonances (LSPRs) that may be

spectrally located from the visible to the mid-infrared
regime.1,2 These resonances can easily be tailored by modifying
the nanoparticle geometry, and this design flexibility has
opened up the field of nanoplasmonics for applications in
filtering,3,4 color generation,5−8 and, due to the large intrinsic
nonlinearities of metals, nonlinear optics.9−11 More recently,
gold nanoparticles have been used as meta-atom building
blocks in metamaterials and metasurfaces that exploit the
tunability of LSPRs.12−16

Despite this versatility, applications that feature plasmonic
particles are limited by the inherent absorption loss of metals,
which results in low-quality factors (Q ≲ 10) in the optical
regime.17,18 Recently, surface lattice resonances (SLRs) have
emerged as an alternative method to obtain narrow-band
resonances in plasmonic systems.18−21 These resonances
appear in surfaces consisting of periodic arrays of metal
nanoparticles, and they feature Q factors that are typically
much higher than their LSPR counterparts, experimentally
achieving quality factors on the order of Q > 100,22,23 with
numerical predictions exceeding 2000.24 These large quality
factors are advantageous to many practical applications of
plasmonic devices, particularly in nonlinear optics. Indeed,

SLR metasurfaces have already been shown to enhance
nonlinearities,25−28 and they have been implemented in
lasers23,29,30 and nonlinear spectroscopy applications.31

Many applications have been shown to benefit strongly from
the existence of multiple simultaneous resonances,32 such as
molecular fingerprinting,33 fluorescence imaging,34 heads-up
display technologies,5,35,36 or nonlinear applications, such as in
frequency mixing37−39 or frequency comb generation.40,41

Multiple simultaneous resonances are usually enabled by the
hybridization of LSPRs such as in nanoparticle dimers and
trimers,37,42 by using asymmetric particles,34,36 or through the
use of multiple different materials.35 More recent develop-
ments include the hybridization of multiple surface lattice
resonances by incorporating multiple particles within a single
unit cell,43 among many other approaches in coupling both
localized and delocalized responses.32 However, to date, high-
Q SLR metasurface designs have only supported one or two
simultaneous SLRs,43,44 typically owing to the number of
degrees of freedom in a two-dimensional plane.44 Here, we
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show that a metasurface consisting of a metallic nanoparticle
array cladded by a thin transparent layer may exhibit multiple
hybrid high-Q SLR cavity modes.
In a periodically arranged array of plasmonic meta-atoms

(Figure 1a), individual LSPRs strongly couple to form a

hybridized collective lattice mode. This mode corresponds to
the first-order diffraction mode of the array, which consists of a
pair of counter-propagating surface modes in the plane of the
array (Figure 1b). The lattice response is often modeled using

the coupled-dipole method or the lattice sum approach (LSA),
which calculate the effective polarizability induced in a single
particle of the array by taking into account the change in the
local field felt by the particle due to the light rescattered from
all other dipoles in the lattice.19,20 The explicit form of this
lattice sum therefore depends strongly on the specific
arrangement of the dipoles and their respective coupling
channels (see Methods). For light at normal incidence to the
surface and polarized along the x axis, an orthogonal lattice
periodicity, Py, and a homogeneous background refractive
index of n, the LSA predicts that the resonance frequency of
this mode is to be found at about λ ≈ nPy. The Q factor and
extinction ratio of this resonance depend on the polarizability
(and, therefore, the dimensions) of the individual nano-
particles.24 The SLR wavelength has also been shown to
depend on the nanoparticle dimension.20

An interesting situation arises when a wavelength-scale
transparent film is deposited on top of the periodic lattice.
Figure 2a compares the transmission spectra calculated using
full-wave simulations for a metasurface composed of a
rectangular array of gold nanoparticles in a homogeneous
medium and a metasurface with a finite 2.5 μm thick silica
(SiO2) cladding. The particle dimensions are Lx = 200 nm by
Ly = 130 nm, and the thickness of the gold layer is only t = 20
nm. The rectangular lattice parameters are Py = (1550 nm)/n
≈ 1060 nm and Px = 500 nm. In the usual situation with an
infinitely thick cladding layer, we expect only the broad (Q ≈
4) LSPR with a resonance wavelength at 1100 nm and the

Figure 1. (a) Schematic of the metasurface under investigation,
consisting of rectangular gold nanoparticles in a rectangular array and
cladded by a thin silica cladding layer. (b) In a homogeneous
medium, an incident plane wave (solid arrows) excites a surface lattice
resonance. Here, every dipole is excited, scatters, and excites its
neighbors (dashed blue arrows). (c) Thin cladding layer (h on the
order of a few wavelengths) confines additional resonance modes,
providing another coupling channel between the dipoles (dashed red
arrows). For clarity, the illustrated dashed arrows in panels (b,c)
indicate the light scattered from only the middle incident arrow.

Figure 2. (a) Full-wave simulations of transmission spectra of a periodic lattice of gold nanoparticles in a homogeneous environment (dashed line)
and with a cladding layer of finite thickness (solid line). (b) Transmission spectra as a function of cladding thickness calculated using 3D-FDTD.
Additional resonances with higher-quality factors appear as the thickness of the cladding increases. (c) Corresponding transmission spectra
calculated using the lattice sum approach. (d) Near-field profiles of resonances indicated in (a) for a 2.5 μm thick cladding layer (solid red box) and
for an infinitely thick cladding layer (dashed blue box).
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narrow (Q ≈ 150) SLR at λ = 1550 nm to appear. However,
when there is a finite cladding thickness, a plurality of hybrid
resonance modes emerge. In particular, the SLR remains
unchanged, and the hybrid resonances nearest to the
nanoparticle’s LSPR wavelength have both the highest Q
factors and extinction ratios. The Q factor (as estimated from
the full width at half-maximum) of the SLR remains at about
150, and the Q factor for the narrowest hybrid resonance is
about 100.
To further investigate the origin of these new resonances, we

perform additional numerical calculations (Figure 2b,c). First,
we perform finite-difference time-domain (FDTD) simulations
for various top-cladding thicknesses, h. Without any cladding
(i.e., h = 0), the SLR mode is not supported, as expected.18,20

As we gradually increase h, we also observe an increasing
number of resonances in the transmission spectrum. Addition-
ally, the most pronounced resonances continue to appear near
the nanoparticle resonance, around λ = 1100 nm. Next, we
perform the same calculations using the LSA. Here, the effect
of a finite cladding layer can be taken into account by adding a
coupling term between the dipoles due to reflection occurring
at the superstrate−air interface (see Figure 1c). The LSA
model presented in Figure 2c is in excellent agreement with the
full-wave simulations, confirming that the origin of these
additional modes may be attributed solely due to this coupling
channel. Therefore, in addition to surface waves that travel
parallel to the plane of the metasurface, the finite cladding layer
supports modes that reflect diagonally between the metasur-
face and the upper cladding interface.
Figure 2d illustrates cross-sectional profiles of the magnitude

of the electric field |E| for a select few resonances. In all cases,
the field is most intense on the surface of the nanoparticle.
When looking out of the plane, we observe a notable amount
of field also bound by the cladding layer away from the particle.
Figure 2d also shows the field profile for the original SLR in a
homogeneous background. It is found to be nearly identical to
its corresponding resonance with a finite cladding layer. This
behavior is expected because, in both cases, this resonant mode
is propagating parallel to the plane of the surface, and it helps
explain why its resonance wavelength does not change
substantially as a function of cladding thickness.
To experimentally confirm these new hybrid resonances, we

fabricate a series of arrays of this proposed device (i.e., Px =
500 nm by Py = 1060 nm) with a 2.5 μm thick silica top
cladding and with lattice areas of 400 × 400, 500 × 500, and
600 × 600 μm2. Figure 3 shows images of the metasurface
before the final cladding deposition step. To isolate the effect
of the lattice configuration from that of the nanoparticle
dimensions, we also fabricated a matching set of devices with

identical nanoparticles in the same orientation but in a rotated
lattice configuration (i.e., Px = 1060 nm by Py = 500 nm).
Finally, we also fabricated another different series of devices
that support SLR at λ = 1550 nm (i.e., Px = 400 nm by Py =
1060 nm). In these devices, the particle number was held
constant, resulting in total array sizes of 320 × 400, 400 × 500,
and 480 × 600 μm2.
Figure 4 displays the transmittance through these devices as

a function of wavelength. The resonances are present in all
devices, in good agreement with the simulations. In devices
where Py = 1060 nm, the SLR appears around the design
wavelength of λ = 1550 nm. The resonances with the highest
extinction ratio appear near the LSPR, as predicted by the
simulations. Notably, the sharpest hybrid resonance has a Q
factor of 40, an order of magnitude larger than that of the
individual nanoparticles. In every device, both the extinction
ratios and the Q factors of the resonances increase as a
function of array size. Finally, in the array with the rotated
lattice configuration, the SLR does not appear at λ = 1550 nm,
as expected (Figure 4b).
The plasmonic metasurface described above supports

multiple resonances with Q factors that are an order of
magnitude larger than those associated with the LSPRs of the
individual nanoparticles. The resulting hybrid modes propagate
along trajectories described by the LSA method and may be
interpreted as higher-order diffraction modes that are confined
by the upper boundary.45 Full-wave simulations show that,
despite their differing trajectories, the different resonances
possess similar field profiles on the surface of the nanoparticle,
with good spatial overlap. These types of multiresonant
surfaces could be exploited for applications in optical
frequency mixing, which would benefit from the combination
of the strong nonlinearities of metals, strong field overlap, and
the modification of the local density of states of high-quality
resonances. The location and number of resonances is
determined by the lattice spacing and the thickness of the
top-cladding layer and can be rapidly predicted using the
modified LSA. As the array size increases, the devices perform
better, manifesting higher Q factors and deeper extinction
ratios. We note that the simulation, which treats an “infinitely
periodic” array, exhibits the narrowest and deepest resonances,
suggesting that larger arrays could display even better
performance, as has been explored in ref 46.
The effect of combining a Fabry-Peŕot (FP) microcavity

with plasmonic nanoparticles has already been thoroughly
investigated in the literature.47−50 Typically, lattice parameters
are deeply subwavelength such that the metasurface may be
treated as an effective reflective boundary in an asymmetric FP
cavity. This modeling approach does not work in our case due
to the emergence of diffraction orders. In a more recent
implementation,50 an SLR is hybridized with the propagating
eigenmodes of a higher-index slab waveguide. In our approach,
the cladding layer possesses the same refractive index as the
substrate and would not support any propagating slab modes
in the absence of the metasurface. Therefore, our method,
which capitalizes on the periodic structure of the lattice to
exploit the highest Q resonances, is based on a fundamentally
novel resonance mechanism. Its functionality can also be
further expanded by combining with other multiresonance
mechanisms, such as by employing unit cells that contain more
than a single nanoparticle.43

One interesting consequence of this resonance mechanism is
that the free spectral range (FSR) of this device may turn out

Figure 3. (a) Bright-field optical microscope image of the
metasurface. (b) Helium ion microscope image of the metasurface
prior to cladding deposition.
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to be much narrower than that of an equivalent FP resonator.
An FP etalon formed of 2.5 μm of silica glass is predicted to
have an FSR of 42 THzc

n LFSR 2 g
νΔ = = (corresponding to

ΔλFSR = 185 nm near λ = 1150 nm). However, our devices all
demonstrate a much narrower FSR of ΔνFSR = 22.8 THz (i.e.,
ΔλFSR = 94 nm). This platform therefore provides a method
with which one may relax the restrictions on device size for a
given desired free spectral range.
If what is actually desired is to suppress this multiresonance

mechanism, our work tells us that the cladding layer needs to
be much thicker than what is typically used, for example, to
enable high-quality photonic integrated circuits (e.g., ref 51).
Indeed, the simulations in Figure 2 show that a wavelength-
scale cladding layer is insufficiently thick to suppress the
additional modes and that the presence of this layer needs to
be taken into account for SLR metasurfaces with a finite
cladding.
The approach presented above can be used to design the

highest Q factor multiresonant metasurfaces that incorporate
plasmonic materials, which is desirable for nonlinear
applications. These devices feature a simple fabrication
procedure, can be composed using common, non-exotic
materials, and may be trivially scaled to other operating
wavelengths of interest, particularly at longer wavelengths
where dielectric stacks become prohibitively thick for standard
deposition methods.
Methods. Simulations. Full-wave simulations were per-

formed using a commercial 3D-FDTD solver. A single unit cell
was simulated using periodic boundary conditions in the in-
plane dimensions and perfectly matched layers in the out-of-
plane dimension. The structures were created using fully
dispersive optical material properties for silica52 and for gold.53

Minimal artificial absorption (Im(n) ∼ 10−4) was added to the
background medium to reduce numerical divergences.
The lattice sum approach is a simplified variant of the

discrete-dipole approximation (DDA) method.54 The version
of the LSA code that was used to compute the figures in this
paper can be found in ref 55. The LSA differs from the DDA in
that it assumes an infinite array of identical dipoles (p⃗i = p⃗k =
p⃗).56 Under these assumptions, the dipole moment p⃗ of any
particle in the array can be written as

p
E

E
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0 inc
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ϵ ⃗

−
≡ ϵ α* ⃗

(1)

where the effect of interparticle coupling is incorporated in the
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where the sum extends over the N nearest neighboring dipoles,
rj is the distance to the jth dipole, and θj is the angle between rj
and the dipole moment p⃗. The simulation in Figure 2 considers
all N = 680 000 particles found in the largest (i.e., 600 × 600
μm2) array.
For the situation where particles may also optically couple

back into the array via scattered fields reflected at the
superstrate−air interface, the total lattice sum term is modified
by an additional contribution:

in FP= + (3)

The lattice sum term FP for arrays with out-of-plane (Fabry-
Peŕot type) coupling takes the form
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where h is the thickness of the upper cladding,

d r h2 /4j j
2 2= + , and Rj are the appropriate Fresnel

amplitude reflection coefficients. A similar approach to this
structure can be found in refs 57 and 58. Once the particle
polarizabilities are known, the optical extinction spectra can be
obtained by solving for eqs 2−4 and using the optical theorem
Ext ∝ kIm(α*).59

Fabrication. The metasurfaces are fabricated using a
standard metal lift-off process and a positive tone resist
bilayer. We start with a fused silica substrate and define the
pattern using electron-beam lithography with the help of a
commercial conductive polymer. The mask was designed using
shape correction proximity error correction60 to correct for
corner rounding. Following development, gold is deposited
using thermal evaporation. The final silica cladding layer is
deposited using sputtering. The backside of the silica substrate
is coated with an antireflective coating to minimize substrate-
related etalon fringes.

Characterization. The samples are excited using a
collimated tungsten−halogen light source. The incident
polarization is controlled using a broad-band linear polarizing
filter. The entire sample is illuminated, and the transmission
from a single device is selected using a variable aperture. The
transmission spectrum is measured using a diffraction-grating-
based optical spectrum analyzer and is normalized to a
background trace of the substrate without gold nanostructures.

Figure 4. Transmission spectra for (a) Px = 500 nm by Py = 1.06 μm, (b) Px = 1.06 μm by Py = 500 nm, and (c) Px = 400 nm by Py = 1.06 μm. The
dashed line corresponds to full-wave simulations with periodic boundary conditions. Multiple resonances emerge with quality factors that are
significantly larger than those of the individual nanoparticles. No SLR is supported at λ = 1550 nm when Py ≠ 1.06 μm, as expected. The
measurements are taken for arrays of different sizesthe extinction is observed to increase monotonically for larger arrays.
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P.; Necǎda, M.; Moilanen, A. J.; Törma,̈ P. Nat. Commun. 2017, 8,
13687.
(31) Hooper, D. C.; Kuppe, C.; Wang, D.; Wang, W.; Guan, J.;
Odom, T. W.; Valev, V. K. Nano Lett. 2019, 19, 165−172.
(32) Safiabadi Tali, S. A.; Zhou, W. Nanophotonics 2019, 8, 1199−
1225.
(33) Choi, D.-Y.; Kivshar, Y. S.; Neshev, D. N.; Liu, M.; Altug, H.;
Tittl, A.; Yesilkoy, F.; Leitis, A. Science 2018, 360, 1105−1109.
(34) Liu, X.; Yuan Lei, D. Sci. Rep. 2015, 5, 15235.
(35) http://www.mit.edu/~soljacic/transparent_display.html.
(36) Monti, A.; Toscano, A.; Bilotti, F. J. Appl. Phys. 2017, 121,
243106.
(37) Thyagarajan, K.; Rivier, S.; Lovera, A.; Martin, O. J. Opt.
Express 2012, 20, 12860−12865.
(38) Aouani, H.; Navarro-Cia, M.; Rahmani, M.; Sidiropoulos, T. P.;
Hong, M.; Oulton, R. F.; Maier, S. A. Nano Lett. 2012, 12, 4997−
5002.
(39) Liu, S. D.; Leong, E. S. P.; Li, G. C.; Hou, Y.; Deng, J.; Teng, J.
H.; Ong, H. C.; Lei, D. Y. ACS Nano 2016, 10, 1442−1453.
(40) Okawachi, Y.; Saha, K.; Levy, J. S.; Wen, Y. H.; Lipson, M.;
Gaeta, A. L. Opt. Lett. 2011, 36, 3398−3400.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b02638
Nano Lett. 2019, 19, 6429−6434

6433

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.9b02638
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.9b02638
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02638/suppl_file/nl9b02638_si_001.pdf
mailto:orad@reshef.ca
http://orcid.org/0000-0001-9818-8491
http://orcid.org/0000-0002-1234-2265
http://www.mit.edu/~soljacic/transparent_display.html
http://dx.doi.org/10.1021/acs.nanolett.9b02638


(41) Kippenberg, T. J.; Holzwarth, R.; Diddams, S. A. Science 2011,
332, 555−559.
(42) Nordlander, P.; Oubre, C.; Prodan, E.; Li, K.; Stockman, M. I.
Nano Lett. 2004, 4, 899−903.
(43) Baur, S.; Sanders, S.; Manjavacas, A. ACS Nano 2018, 12,
1618−1629.
(44) Guo, R.; Hakala, T. K.; Törma,̈ P. Phys. Rev. B: Condens. Matter
Mater. Phys. 2017, 95, 155423.
(45) Wang, S. S.; Magnusson, R. Appl. Opt. 1993, 32, 2606−2613.
(46) Zundel, L.; Manjavacas, A. Journal of Physics: Photonics 2019, 1,
015004.
(47) Schmidt, M. A.; Lei, D. Y.; Wondraczek, L.; Nazabal, V.; Maier,
S. A. Nat. Commun. 2012, 3, 1108.
(48) Yao, Y.; Shankar, R.; Kats, M. A.; Song, Y.; Kong, J.; Loncar,
M.; Capasso, F. Nano Lett. 2014, 14, 6526−6532.
(49) Li, P. C.; Yu, E. T. J. Appl. Phys. 2013, 114, 133104.
(50) Ramezani, M.; Lozano, G.; Verschuuren, M. A.; Goḿez-Rivas,
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