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Abstract: We study the optical response of plasmonic metasurface etalons in reflection. The
etalons consist of a metallic mirror and a plasmonic metasurface separated by wavelength-scale
dielectric spacer. We show that tuning the localized surface plasmon resonance and spacer
thickness can be used to achieve both enhanced reflectivity and perfect absorption, in addition
to full 2π range phase control, and tunable regions of normal and anomalous dispersion. We
validate our claims by measuring the spectral reflection and phase response of metasurface
etalons consisting aluminum nanodisks of different radii separated from an aluminum reflector
by a SiO2 spacer. In addition, we use this approach to demonstrate a simple Hermite-Gaussian
(HG) wavelength selective beam-shaping reflective mask. The concept can be further extended
by using multilayers to obtain multi-functional elements.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Plasmonic metasurfaces are planar, usually subwavelength spaced, arrays of metallic particles
that exhibit resonant scattering at their localized surface plasmon resonance (LSPR). They drew
a great amount of attention over the past years due to their ability to control and manipulate light
in planar platforms, having prominent potential to form unique and integrated optical elements.
Various applications based on plasmonic metasurfaces have been demonstrated recently, including
wavefront control, mode conversion, focusing, holography and polarization control, as well as
frequency conversion, strong coupling with excitons, and lasing [1–15].
The working principle of plasmonic metasurfaces lies in the strong interaction between the
electromagnetic field and the free electrons on the surface of the metallic nanoparticles around the
LSPR. This resonant interaction gives rise to strong scattering and local field enhancements that
are utilized in the different applications of plasmonic metasurfaces. One of the most attractive
features of plasmonic metasurfaces is that their specific spectral and polarization response can be
easily tuned, by controlling the shape and size of the metallic nanoparticles.
However, realizing highly transmissive plasmonic metasurfaces proved challenging due to their
relatively strong scattering, in addition to their phase response that is limited to π range around
the resonance. Nevertheless, when incorporating plasmonic metasurfaces with back-reflectors, it
is possible to achieve both high reflectivity and full 2π range phase control. Different types of
reflective plasmonic metasurfaces have been extensively researched, introducing the concept of
gap surface plasmons [16–18], exciting hot spots [19], exhibiting perfect absorption [20–23] and
beam steering [24,25], holograms [12,13], metalenses [26,27] and color printing [28,29]. Their
underlying physics has been explored, examining the influence of different parameters, such as
the spacer thickness, array period, incidence angle and particle shape, on the plasmonic modes
and the reflected field [17,23,26,30–35].
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In this work we focus on plasmonic etalon type metasurfaces, and study how to engineer their
phase and amplitude response by simultaneously controlling the etalon thickness and nanoantenna
size and shape. We show that the coupling between Fabry-Perot resonances in the system and
the LSPR of the nanoantennas plays a major role in the optical response. When varying the
radius size of the nanoantennas, we observe splitting of the LSPR into pairs of resonant modes,
expressed by perfect absorption and accompanied by phase singularities. A similar behavior
which originate from the same phenomenon was recently reported and analyzed by Berkhout and
Koenderink [23]. We further show that the spacer thickness is of great importance to the design,
since it provides control over the density of the resonances in the spectral bandwidth. This in
consequence impacts their width and strength and the spectral regions of normal and anomalous
phase response. We study the system by finite-difference-time-domain (FDTD) electromagnetic
simulations (Lumerical FDTD) and compare to experimental results measured from fabricated
samples with different nanoantenna radii. The numerical and experimental results agree well
and provide a strong support for our claims. Finally, we also demonstrate a wavelength selective
reflective mode converter to show the potential of the design for beam-shaping applications and
discuss further implementations and possibilities.
2.

Theoretical analysis

The studied reflective metasurface consists of a layer of aluminum plasmonic nanoantenna array,
an aluminum mirror and a glass spacer that separates between them. A schematic illustration of
the structure is demonstrated in Fig. 1(a).

Fig. 1. (a) Schematic illustration of a single unit cell of the periodic structure. The structure
consists of 3 layers: 40nm thick aluminum nanodisk array, SiO2 spacer of varying thickness
d and 200nm thick aluminum layer. (b) Theoretical reflectance and phase response of a
plasmonic metasurface, modeled by a Lorentzian function. The resonance parameters are
taken from FDTD simulation of aluminum nanodisks metasurface (radius 70nm, thickness
40nm, side-to-side disk separation 120nm) placed on SiO2 substrate. (c) Theoretical
reflectance and phase response of the plasmonic metasurface in (b) placed on a SiO2 spacer
with d=510nm over a perfect mirror.

To describe the response of the thin plasmonic array we first assume a simplified case of an
infinite array of non-interacting metallic nanoparticles. The polarizability of each nanoparticle is
described by a Lorentzian lineshape [36,37] and their corresponding reflection and transmission
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coefficients are [38,39]:
iγω
r = A ω2 −ω
2 −iγω
0

t = 1 + r,

(1)

where ω is the frequency, ω0 and γ are the resonance frequency and its width respectively, and A
is a parameter set to describe the resonance strength. The calculated reflection coefficient of a
plasmonic metasurface composed of aluminum nanodisks with radius 70nm, thickness 40nm,
and side-to-side disk separation 120nm, placed on SiO2 substrate, is portrayed in Fig. 1(b). In
the calculation, the resonance parameters ω0 and γ were taken from FDTD simulation of the
system. It can be seen that the reflectance |r| 2 features a peak at the LSPR wavelength together
with a π phase transition around it. Tuning the resonance frequency ω0 is possible by changing
the size of the nanoantennas. In the case of metallic particles, increasing their size will result in
red-shift, as well as broadening of the LSPR [40].
To obtain the reflected field from the entire structure shown in Fig. 1(a), including the plasmonic
array, SiO2 spacer and aluminum reflector, we consider a Fabry-Perot model. The total reflection
coefficient from the structure is:


s
rna + (rna + rng + 1)rr exp i 4πdn
λ


,
(2)
rtot =
s
1 − rng rr exp i 4πdn
λ
where rna and rng are the reflection coefficients for wave incident from air and glass, respectively,
rr is the reflection coefficient of the reflector, ns is the spacer refractive index, d is the spacer
thickness and λ is the wavelength. The phase term appears in the numerator and denominator of
Eq. (2) is associated with the Fabry–Perot resonances, which appear periodically with 2dns /λ.
Although the expression in Eq. (2) considers an infinite array and neglects inter-particle coupling
effects, it still reveals the basic phenomena that take place in the structure. As opposed to the
single LSPR mode observed in the nanoantenna array, in the combined structure several resonant
modes arise, as explicitly demonstrated in Fig. 1(c). Very interestingly, it can be seen that
the emergence of these modes is accompanied with regions of near perfect absorption, phase
modulation of full 2π range, and areas of normal and anomalous phase dispersion. Therefore, it
is highly important to explore the ability to control these regions and their application for optical
manipulation.
A phenomenological approach can be taken to describe these modes as originating from
coupling between the LSPR and the Fabry–Perot resonances. As will be later shown, each mutual
occurrence of Fabry–Perot resonance and LSPR, may lead under specific conditions, to such
coupling and splitting into two modes, one lower and one higher in frequency.
Since the new modes emerge from the interaction between the LSPR and the Fabry-Perot
resonances of the system, tuning the coupling parameters allows to control the aforementioned
effects associated with the coupling. It can be shown that under sufficiently strong coupling [23]
the perfect absorption conditions occur at a pair of wavelengths, lower and higher than the LSPR.
This condition requires the elimination of the numerator of Eq. (2), which happens when the
amplitudes of the different terms in the numerator satisfy |rna | = |rna + rng + 1||rr |. This yields
the two wavelengths at which perfect absorption can occur, λl and λh , for the lower and higher
wavelength, respectively. Since this condition depends only on the reflection coefficients it can
be tuned by controlling the LSPR properties. The relative phase of the numerator terms connects
between the two wavelengths and the corresponding spacer thickness values that support the
perfect absorption condition. Once the wavelengths are obtained, the phase term exp(i4πdns /λ)
is tuned by the spacer thickness d to achieve the perfect absorption condition. It follows that
each wavelength will correspond to a different thickness value, but the two conditions will still
be inherently connected to each other as a pair of splitted resonances that originate from the

Research Article

Vol. 28, No. 12 / 8 June 2020 / Optics Express 17926

same mode. The pairs of resonances will be repeated periodically, where each pair is related to a
distinct Fabry-Perot mode. A connection between the two wavelengths and the corresponding d
values can be obtained by noticing the symmetrical properties of the Lorentzian based reflection
coefficient in Eq. (1), which leads to the following relation:


dl,m dh,m
1
= + m,
ns
+
m = 0, 1, 2, . . . ,
(3)
λl
λh
2
where dl,m and dh,m correspond to λl and λh , respectively, and the index m stands for the mode of
the pair.
The validity of the model above breaks at lower wavelengths since it excludes the diffraction
orders that originate from the structure periodicity. These diffraction modes can excite in turn new
confined modes of the system, such as propagating surface plasmon modes on the interface of
the metal and waveguide modes propagating inside the spacer. For the case of normal incidence,
waveguide modes will appear at wavelengths below the first Rayleigh anomaly [41] and they can
be found according to the following self-consistency condition:
2π
ns 2d cos θ p + ϕrng + ϕrr = 2πp,
λ

p = 0, 1, 2, . . . ,

(4)

where ϕrng and ϕrr are the phases of the reflection coefficients rng and rr , respectively, θ p =
sin−1 (pλ/ns Λ) is the diffraction angle, corresponding to the pth waveguide mode, with respect to
the normal to the interface, and Λ is the array period. Such confined modes have been recently
demonstrated in a transmissive metasurface as well [42]. As will be shown later, this interaction
will also have significant influence on the zero-order reflected wave.
3.

Results

To demonstrate experimentally and by simulations the capability of the structure presented
above to control the amplitude and phase of the reflected field, we fabricated a corresponding
sample composed of 3 layers. The top and bottom layers consisted of square array of 40nm
thick aluminum disk-shaped nanoantennas, and 200nm thick aluminum reflector, respectively,
separated by a SiO2 spacer layer. Schematic illustration of this sample is depicted in Fig. 1(a).
The separation between the nanodisks was chosen to achieve the desired splitting into two
resonances, as mentioned before.
First, we preformed FDTD simulations of the entire structure. Periodic boundary conditions
were applied, and the complex reflected field was extracted. To examine the tuning effects, the
simulations were performed for a range of nanodisk radii and spacer thicknesses. We point out
that in contrast to the theoretical model, the full-wave FDTD simulations take into consideration
interband transition and absorption in the metal particles and reflector, as well as evanescent
waves, near-field interactions and diffraction effects, as previously discussed.
In Figs. 2(a) and 2(b) we show the relative reflected intensity and phase, respectively,
obtained from the FDTD simulations as function of the spacer thickness d and wavelength λ for
fixed nanodisks radius of 70nm. The relative reflected intensity and phase were obtained by
normalizing the reflection from the entire structure with the reflection from the structure without
the metasurface on top.
It can be seen that, in agreement to the theoretical predictions above, the reflectivity exhibits
pairs of absorption dips, at λl ≈390nm and λh ≈480nm, surrounding the spectral location of the
LSPR, marked by the white dashed line. The reflected intensity from the 3 layer system reaches a
maximum of 0.92, which makes the relative reflected intensity reach a maximum of 1.05. This
maximum intensity appears in lines that follow the Fabry–Perot periodicity of the system, marked
by black dashed lines, according to the exponential term in Eq. (2). Each pair of associated
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Fig. 2. FDTD simulation results of the relative reflected (a) intensity and (b) phase from
a structure consisting disks with radius of 70nm and side-to-side separation of 120nm as
function of λ and d. The white line marks the LSPR of the nanodisks array and the black lines
mark the maximum reflected intensity corresponding to the Fabry-Perot periodicity. (c-d)
Normalized electric and magnetic fields distribution at λ=496nm, near perfect absorption,
and (e-f) at λ=515nm, the maximum reflected intensity, respectively, for d=500nm.

perfect absorption dips is bound between two such lines. Figures 2(c)–2(d) and 2(e)–2(f) show
the electric and magnetic fields distribution near a perfect absorption dip and at a maximum
reflected intensity peak, respectively. A pronounced enhancement of the local field around the
nanodisk can be seen at the resonant mode, as opposed to the transparency of the nanodisks array
that is seen at the reflected intensity peak.
The perfect absorption condition origins from zero of the scattering matrix, as explained in
[43]. This condition is accompanied by phase singularity, which can be seen in Fig. 2(b), as was
also discussed before in [44,45]. Examining the phase of the reflected field shows that each pair
of perfect absorption points is related to opposite residue charges of ±1, as discussed extensively
in [23]. It can be seen in the full electromagnetic simulations results that below the first Rayleigh
anomaly wavelength, at λ<ns Λ=380nm, new modes appear, as described before, which clearly
show a significant effect on the zero-order reflection. The theoretical model leading to Eq. (2)
can yield similar results to those shown in Figs. 2(a) and 2(b), however they will not attest to the
existence of the confined modes.
Tuning the nanodisk radius modifies the LSPR location which in turn translates into moving
the entire pattern shown in Fig. 2 along the wavelength axis. The reflected intensity and phase
as function of radius and wavelength, for 3 different spacer thicknesses, d=300nm, d=600nm,
and d=1000nm, are presented in Figs. 3(a)–3(b), 3(c)–3(d) and 3(e)–3(f), respectively. It can be
seen that also in this parameter space, perfect absorption points are accompanied with phase
singularities. Figure 3(g) shows the reflected intensity and phase at λ=544nm, for d=600nm,
where it can be seen that by tuning the radius, almost 2π phase change can be achieved, with
reflected intensity values higher than 0.6. By increasing the spacer thickness, the wavelength of
perfect absorption can be further tuned, and more coupled modes appear with sharper resonant
features. Finally, since the array period Λ is increasing with the radius, so does the Rayleigh
anomaly wavelength, thus the region of waveguide modes takes a larger part in the parameters
space.
In order to validate the simulations results, 16 arrays of aluminum nanodisks (50µm×50µm
each), with increasing disk radii were tested. To fabricate the sample, a 200nm layer of aluminum
was evaporated on a glass substrate (e-beam evaporation). Then, a 600nm layer of SiO2 was
grown on top of it (plasma enhanced chemical vapor deposition - PECVD). After spin coating
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Fig. 3. FDTD simulation results of the relative reflected intensity and phase, comparing 3
different spacer thicknesses: (a-b) d=300nm, (c-d) 600nm and (e-f) 1000nm, as function
of radius and λ. The white lines mark the LSPR of the nanodisks array and the black lines
mark the maximum reflected intensity corresponding to the Fabry-Perot periodicity. (g)
Cross-section of the relative reflected intensity and phase for d=600nm at λ=544nm, as
marked in (c) and (d) by the blue and black markers, respectively.

e-beam resist (PMMA A4) on top of the SiO2 , the pattern of the nanodisks arrays was written
using e-beam lithography (Raith 150-2). After developing the resist, a 40nm aluminum film
was evaporated (e-beam evaporation), followed by a lift-off process. The final device therefore
consists of a reflector layer of 200nm aluminum, a spacer layer of 600nm SiO2 and 40nm thick
aluminum nanodisks arrays placed on top of the spacer.
The samples were characterized in an optical interferometric microscopy spectral phase
characterization setup [46]. The sample was illuminated by a collimated beam (NKT SuperK
Compact), with an angle divergence of less than 1 degree, which enabled observing the reflected
modes of the structure. The measurements were normalized with respect to a reference plane,
which in our case was the substrate area without the nanodisks, but with the buried reflector.
In Fig. 4 we present the relative reflected intensity and phase, extracted from the experiment
(Figs. 4(a) and 4(b)) and simulations (Figs. 4(c) and 4(d)). Figures 4(a) and 4(c) show the
relative intensity while Figs. 4(b) and 4(d) show the relative phase. It can be seen that there is a
good agreement between the experimental results and the simulations. The reflection spectra
feature the same modes as the simulations, including the locations of strong absorption dips
with associated phase singularities, high reflection areas, as well as some of the narrow features
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related to the waveguide modes. The relative phase results show the similar distribution between
each pair of dips that enables tuning over the entire 2π range by choosing the desired radius size.
This property opens the opportunity to create spatially varying amplitude and phase masks to
modulate the reflected wavefront.

Fig. 4. Experimental reflected intensity (a) and phase (b) and corresponding simulation
results (c) and (d) respectively. The measurement was taken from 16 samples of disks with
different radii and spacer thickness of d=600nm.

To demonstrate the capability of the studied metasurface etalons for wavefront shaping, we use
it to implement a frequency selective reflective mode converter of a Gaussian beam into a first
order Hermite-Gaussian (HG10). A simple element that can transform with good efficiency an
illuminated Gaussian beam into an HG10 corresponds to a binary phase mask of 0 and π. To
implement the mode converter, the desired points of reflection and phase need to be chosen in the
parameter space spanned by the disk radius and spacer thickness. For the fabricated sample with
spacer thickness of d=600nm we chose nanodisk radius of 145nm that shows the desired selective
functionality. Specifically it exhibits relative π phase shift at λ=728nm, and 0 phase shift at
600nm, while maintaining reflection intensity close to 1, as can be seen in Fig. 4. Illuminating
the sample with a Gaussian beam incident on the boundary between the sample and the reference
exerts the desired phase difference resulting in selectively converting the beam only at λ=728nm.
Figures 5(a), 5(b), (5(c) and 5(d)) show the image of the beam at λ=728nm (λ=600nm) on the
sample and in the far field, respectively. The selective mode conversion for λ=728nm is evident.
This demonstration is only one example of the vast possibilities of wavefront modulation
that is achievable using this method. The values of the phase map show that sequential phase
modulation is possible as well by using nanodisks of different sizes, when treating them as
building blocks that can be placed accordingly to construct any desired mask. In this reflective
structure, the spacer thickness serves as an additional parameter that has a major impact on the
spectral response of the nanodisks and should be chosen accordingly. As was previously shown,
the tuning of the spacer thickness controls the working bandwidth, to be either broad or narrow,
and also enables multi-frequency operation.
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Fig. 5. Selective binary HG10 beam-shaping by a sample with radius145nm illuminated
by a Gaussian beam. Measurements at wavelength λ=728nm (a-b), where the beam-shaping
occurs, and at wavelength λ=600nm (c-d), where there is no modulation. Images of the
sample (a,c) and far-field (b,d).

To realize the concept of sequential phase modulation we design an optical element based on
our reflective structure, constructed from nanodisks of different radii, tailored to achieve the
desired phase response. Specifically, we use the simulation results from Fig. 3(g) to form a
metalens (metasurface-based lens) with 200µm diameter and 1mm focal length that operates at
λ=544nm. We discretized the phase as a function of the radius, as shown in Fig. 6(a), and used it
to map the lens phase profile to the corresponding radius of the nanodisk that should be placed at
each location on the surface. The phase response of the designed metalens is shown in Fig. 6(b).
To simulate the focal point we used a beam propagation simulation (Matlab) based on the transfer
function in free space and plane wave illumination [47]. The light at the focal point presented in
Fig. 6(c) was focused with efficiency of 74.6%.

Fig. 6. Realization of a metalens. (a) Mapping of the phase response to nanodisk radius,
according to the simulation results from Fig. 3(g). (b) The phase of a metalens designed to a
focal length of 1mm at λ=544nm. (c) Numerical calculation of the focal spot using beam
propagation simulation.

4.

Conclusions

We have demonstrated the capability of reflective plasmonic metasurface etalons to control the
amplitude and phase of reflected light. We showed that strong interaction between the LSPR of the
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nanodisks and the Fabry-Perot resonances of the etalon gives rise to pairs of coupled resonances,
which enable the entire 2π phase control. The ability to tune and control the appearance of these
coupled resonances was studied, by separately tuning the LSP and Fabry-Perot parameters. The
tuning of the nanodisk radius and the spacer thickness allows full control over the amplitude
and phase of the reflected light and the regions of normal and anomalous phase dispersion. In
addition, it also affects the region of confined modes of the structure, which can be of interest due
to the very narrow features in both amplitude and phase. These modes can be further investigated
by introducing the coupled-dipole approximation summation method. The understanding of the
tunable phase and amplitude response allowed us also to present experimentally an approach for
selective beam shaping using the structure, and numerically a metalens design reaching almost
75% efficiency. This approach can be implemented in various optical applications.
The studied configuration exhibits phenomena that relies on the LSP and the Fabry-Perot
etalon properties. Thus, it can be extended to incorporate any type and shape of plasmonic
nanoantennas that exhibit LSPR, e.g. nanorods, to achieve polarization dependent operation, and
can also be also used to enhance the nonlinear generation in nanoantennas that exhibit nonlinear
response [15,48].
The metasurface etalon concept can be further extended to multiplex several independent
functionalities by incorporating more layers to the design. A theoretical model of the multilayer
design can be formulated using the wave-transfer matrix method, where each layer is treated
separately, independent of the other layers. This is a good approximation when the distance
between the layers is of scale ∼λ. Using different metals for each metasurface layer can also
reduce the crosstalk between them. Another approach can use high index dielectric nanoparticles
to reduce losses and enhance the performance. Altogether, we believe that this can be very
interesting system for implementation of thin, multifunctional and integrated optical elements,
for a wide range of applications.
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