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1. Introduction

The ultimate goal of nanophotonic metasurfaces is to achieve
a dynamically tunable optical response, required to enable

applications in beam steering, adaptive
lenses, augmented reality, optical switches,
and displays.[1,2] Tunable metasurfaces
have been demonstrated using carrier accu-
mulation/depletion via voltage gating,[3]

liquid crystals,[4,5] thermo-optic effect,[6]

mechanical actuation,[7] chemical reac-
tions,[8] phase-change materials,[9,10] non-
linear effects in time-varying materials,[11]

immersion in low-index and high-
index liquids, and with microfluidic
channels.[12–16] In all these cases, the local
response of individual plasmonic or
dielectric meta-atoms is primarily affected,
influencing the amplitude, phase, or direc-
tion of the transmitted and/or reflected
light.

Nonlocal metasurfaces are emerging as
an alternative approach, where their prop-
erties depend on the input field across
the entire metasurface or a portion of
it.[17] Collective (or nonlocal) effects in peri-
odic 2D arrays of nanoparticles, such as col-
lective or surface lattice resonances (SLRs),
have been investigated to achieve optical

response typically not obtainable with single particles, such as
resonances with high quality factor.[18] An SLR occurs if a specific
diffraction order of a periodic array becomes an evanescent wave
propagating in the plane of the array, the so-called Rayleigh
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Contrary to local resonances of single nanostructures, collective (or nonlocal)
resonances in periodic metasurfaces, such as surface lattice resonances (SLRs), can
significantly enhance light–matter interaction, leading to higher spectral selectivity.
The dynamic control of such nonlocal response represents an emerging field of
research. While tuning of SLRs has been demonstrated in plasmonic metasurfaces,
the use of dielectric metasurfaces provides additional conditions to control both
reflectance and transmittance, with minimum absorption effects. A close-to-
homogeneous environment is usually required to guarantee the excitation of SLRs.
Here, we propose theoretically and demonstrate experimentally a practical strategy
for the tuning of SLRs in dielectric metasurfaces when an arbitrary indexmismatch is
considered between substrate and superstrate. The approach is based on a gen-
eralized lattice sum theory that accounts for the presence of a substrate. Dynamic
tuning of the SLRs in silicon metasurfaces placed on a substrate is achieved with a
changeable superstrate via an optofluidic process. Two tuning mechanisms are
revealed corresponding to shifting and damping of the SLR, depending on the
superstrate–substrate refractive index contrast. The demonstrated dynamic
manipulation of transmission and reflection may be exploited in dielectric meta-
surfaces for tunable spectral selectivity, sensing, or novel display technologies.
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anomalies (RAs). The sensitivity of the SLR to the refractive index
of the environment and, as a consequence, the modification
of the SLR spectral position and its quality factor make this
collective effect attractive in sensing applications.[19–23]

The SLR concept was initially developed for arrays of metallic
nanoparticles with electric dipolar response[20,24–26] and later
extended to metallic particles supporting high-order plasmonic
multipoles.[27,28] Design strategies to achieve multiresonant plas-
monic metasurfaces based on SLRs were also reported.[29,30]

Tuneability of SLRs in plasmonic metasurfaces was achieved
in the near-infrared regime via postfabrication thermal control[31]

as well as using electrically controlled liquid crystals.[32,33] In the
case of SLRs in metallic metasurfaces, as a rule, the focus is on
transmission (extinction), because resonant absorption leads to
significant suppression of reflection. The concept of the lattice
resonances has also been expanded to dielectric metasurfaces
supporting Mie resonances.[34–38] In the dielectric case, the
absorption is significantly lower, which makes it possible to
observe resonances also in the reflectance spectra. This allows
the development of tunable dielectric metasurfaces based on
SLRs for both reflection and transmission.

SLRs can be completely suppressed when the metasurface is
in a nonhomogeneous medium due to the destructive contribu-
tion of strong reflection from the substrate.[39,40] Thus, a close-to-
homogeneous environment is generally sought to guarantee the
existence of the SLR. This is the case in the above studies on SLR
tuneability, where index matching with the glass substrate was
achieved using high-index superstrates, such as oil[31] and liquid
crystals.[32,33] Even in the presence of substrate–superstrate
mismatch, the simplified approximation of a homogeneous
environment is often used to analytically explain the excitation
of SLRs.[31,33]

In this article, we turn the substrate–superstrate index
mismatch into a control parameter to achieve tuneability of
the metasurface optical response by modifying the superstrate.
We developed a generalized theory for the lattice sum which
can account for the substrate–superstrate interface. Contrary
to previous works, where the tuneability of SLRs relies on the
use of high-index superstrates,[31–33] we provide a general design
strategy to obtain SLRs in the presence of an arbitrary
superstrate, including low-index media such as air.

We show that there are two mechanisms to control the
optical response of metasurfaces via SLRs: one providing sup-
pression of the resonance and another resulting in the spectral
shift of the resonance. We demonstrate these dynamic tuning
principles on the example of a silicon metasurface on a glass sub-
strate and introduce an optofluidic platform using a variable
water level as a strategy to control the refractive index of the
superstrate. The choice of dielectric metasurfaces is motivated
by the fundamentally different physics (based on Mie-type reso-
nance) than their plasmonic counterpart, as well as possible
future extensions of the approach to higher-order multipoles.
Due to material absorption in silicon, the tuning mechanisms
are demonstrated in the red portion of the visible spectrum.
However, the approach is general and can be extended to
other colors using dielectric materials with lower absorption
in the visible.

Both revealed mechanisms provide changes in the optical
response of the metasurfaces with the change of the water

environment. The use of water makes the tuning mechanism
reversible since water can be totally removed from the metasur-
face. Liquid environments provide flexibility in using microflui-
dic control,[12] electrowetting effect,[41] or simply through thermal
evaporation/condensation and can be extended to a variety of
liquids beyond water. Furthermore, the switching speed of the
metasurface can be regulated by adopting an appropriate micro-
fluidic control technique. Our results demonstrate new practical
possibilities for tuning light–matter interaction in nonlocal
dielectric metasurfaces via optofluidic techniques, which can find
application in the dynamic generation of colors and tunable opti-
cal response for novel display technologies, high-sensitivity
refractive index sensors, and anticounterfeiting protection based
on chromatic feedback.

2. Results

2.1. Numerical Simulations

We considered an infinite metasurface composed of Si nano-
disks of diameter D and height H placed on a semi-infinite glass
substrate with a square lattice of period P and illuminated by a
linearly polarized plane wave at normal incidence (Figure 1a).
The simulated reflectance of the metasurface strongly depends
on both the period and the water level hWL above the substrate
(Figure 1b). The spectral boundary between diffractionless and
diffractive regions is defined by the substrate RA (also called
λRAs or “RA glass”). Here we focus on SLRs that are excited in
the diffractionless region (λ > λRAs ), which is the region where
first-order diffraction into the substrate disappears. We show that
the strongest resonant reflectance associated with SLR appears in
the diffractionless region in the vicinity of the substrate RA. At
the same time, for the wavelengths shorter than the wavelength
of the substrate RA, SLRs are absent due to the diffraction scat-
tering into the superstrate and/or substrate.[39,40]

Depending on the period of the metasurface, one can distin-
guish two scenarios for the development of a resonant response,
as highlighted by the two horizontal dashed lines in Figure 1b,
which are separately plotted in Figure 1c,d. For longer periods,
for example, P= 550 nm (Figure 1c), there is no resonance when
the metasurface is in air (hWL ¼ 0). The sharp resonance starts
emerging only by adding water above a certain threshold level,
�hWL ≥ H ¼ 100 nm, that is, disks are fully surrounded by
water. The quality factor and spectral position of the resonance
are indicative of an SLR excitation. For shorter periods, for exam-
ple, P= 450 nm (Figure 1d), the resonance already exists with air
as a superstrate and increasing the water level leads to a redshift
of the resonance. In both cases, increasing the water level above
hWL ≥ 400 nm does not change significantly the shape and posi-
tion of the resonances, and the superstrate can be assumed as a
homogeneous water environment (hWL ¼ ∞). Although a finite
water level may introduce Fabry–Pérot resonances,[29] they would
appear on the left side of the substrate RA and become significant
only when the water level is comparable with the wavelength.
This is not a regime under investigation in this work. In the next
section, based on an analytical model, we explain how these two
different regimes of the dynamic response emerge from the SLR
excitation and evolve with the refractive index of the superstrate.
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2.2. Analytical Model

The building block of the metasurface in Figure 1a, that is, a sin-
gle silicon disk, exhibits mainly electric and magnetic dipole
responses in the considered spectral range, regardless of the illu-
mination and surroundings (see the response of a single particle
in Section S1 and Figure S1–S5, Supporting Information).
Therefore, the coupled-dipole model[42–44] can be used for the
analytical investigation of the emergence of the metasurface col-
lective resonances observed numerically in Figure 1b. Since the
electric dipole coupling dominates over the magnetic one for the
metasurface in a homogeneous surrounding (see Section S2,
Supporting Information), and the presence of a glass substrate
provides only a very weak coupling between electric and mag-
netic dipoles,[45] we will consider only coupling between electric
dipoles of the Si disks.

Due to the in-plane translation symmetry and the normal
illumination condition (Figure 1a), every particle of an infinite
metasurface will have the same electric dipole moment
p ¼ ðpx , 0, 0Þ defined as[34,46]

px ¼
ε0εdẼx

1=α̃pxx � S̃
(1)

where ε0 and εd are the vacuum permittivity and superstrate
relative permittivity, respectively. The tilde symbol is used for
quantities defined in the presence of a substrate: α̃pxx is the in-
plane electric dipole polarizability of a single disk near a substrate
with relative permittivity εs (see Equation S1, Supporting
Information), Ẽx is the incident electric field at the geometrical
disk center (in the absence of the disk), and S̃ is the dipole lattice
sum associated with the electromagnetic interaction (coupling)
between dipolar particles of the metasurface on a substrate.

This dipolar system is in resonance when the denominator of
Equation (1) vanishes. In the presence of damping associated
with material and radiative losses, the conditions for the SLR
excitation are

�
Reð1=α̃pxxÞ ¼ ReðS̃Þ,
minfjImð1=α̃pxx � S̃Þjg (2)

(a)

(b)

(c) (d)

Figure 1. Optical properties of a periodic nonlocal metasurface with different superstrates. a) Schematic of a metasurface: Si nanodisks of diameter D
and height H are arranged in a square array on a glass substrate with periodicity P along the x and y directions. The optical response of the system is
controlled by the level of water hWL on top of a metasurface. The metasurface is illuminated at normal incidence, with x-linearly polarized light and
reflection or transmission is observed. b) Dependence of the reflectance spectra of an infinite array of Si nanodisks with D= 200 nm and
H= 100 nm on a period P for different water levels hWL. The red (blue) and white dashed lines display the RA conditions for the air (water) superstrate
and glass substrate, respectively. c,d) Reflectance spectra of the metasurfaces with (c) P= 550 nm and (d) P= 450 nm, extracted from (b) as indicated
with white horizontal dashed lines in (b), illustrating twomechanisms for switching at the limiting values of hWL: suppression of the resonance in (c) and a
spectral shift of the resonance in (d).
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These conditions include the properties of individual particles
via their polarizability and the properties of the array via the
dipole lattice sum, which does not depend on the particle prop-
erties.[23] The conditions in Equation (2) can only be satisfied in
the diffractionless region (λ > λRAs ). A moderate (air/glass or
water/glass) dielectric contrast Δε ¼ ðεs � εdÞ between the sub-
strate and the superstrate does not significantly affect the broad
resonance of α̃pxx , causing only its redshift (Figure S5, Supporting
Information). Therefore, the appearance of narrow resonances in
the optical response of the metasurface with the changes of the
water level (Figure 1b) are related to the effect of Δε on the lattice
sum S̃ (i.e., on the interparticle interaction).

For a homogeneous glass environment (Δε ¼ 0), the lattice
sum S has a divergent singularity at the RA (Figure 2a,b), due
to radiative (far-field) coupling between nanoparticles in the array
(Figure S6, Supporting Information). Therefore, the resonant
conditions in Equation (2) are satisfied and the SLR is excited,
as graphically illustrated by the intersection between 1=αpxx
and S in the diffractionless region in Figure 2a,b (see also
Figure S7, Supporting Information, for the case of a homoge-
neous surrounding).

In the presence of a substrate, the lattice sum S̃ becomes
finite and depends on the dielectric contrast Δε and the array
periodicity. In this case, in addition to S, the lattice sum also
includes a contribution that takes into account the reflection
from the substrate SR, so that S̃ ¼ Sþ SR.

For both S and S̃, the divergence of the lattice sum only
depends on the far-field contribution. The part S̃FF correspond-
ing to the far-field interparticle coupling in the metasurface on a
substrate can be evaluated as (see Section S3 and Figure S8,S9,
Supporting Information)

S̃FF �
X∞
l 6¼0

SFFl ð1þ rðsÞl Þ (3)

where SFFl is the l-th far-field lattice term in a homogeneous

environment (superstrate) and rðsÞl is the reflection coefficient
for the s-polarized wave generated by the electric dipole located
at a lattice l-th node and propagating to a node with l ¼ 0 (the
distance between these points is Rl). The reflection coefficient
is then

rðsÞl ¼
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
l =R̃

2 þ 1
q

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
l =R̃

2 þ 1
q (4)

where R̃ ¼ zp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εd=jΔεj

p
is an effective distance determined by

the dielectric contrast Δε with zp being the distance from a nano-
disk center to the substrate. The value of R̃ can be used to esti-
mate the radius of the long-range (far-field) interaction
between nanoparticles in metasurfaces located on a substrate.
Importantly, for the metasurfaces considered in Figure 1, R̃ is
much smaller than the considered metasurface periods, that
is, Rl >> R̃. Therefore, from Equation (4), one obtains that

the reflection coefficient rðsÞl ≃ �1 and the far-field sum
Equation (3) will be determined by only a finite number of terms
due to the suppression of the far-field coupling between the
nanoparticles. As a result, the lattice sum in the presence of a
substrate does not diverge, having a finite value at the substrate
RA.[40] However, with an appropriate design, it is possible
to satisfy the conditions for the SLR in Equation (2), thus making
the proposed approach general and applicable even to metasur-
faces with high substrate–superstrate dielectric mismatch.

As shown in Figure 2c,d, the maximum value of the real part
of the lattice sum is obtained at the substrate RA (λRAs ) and
decreases with the increase of the dielectric contrast Δε. On
the one hand, a decreasing lattice sum can lead to ReðS̃Þ <
Reð1=α̃pxxÞ at the substrate RA, where the conditions in
Equation (2) cannot be satisfied, and the SLR is not excited.
On the other hand, if the lattice sum is large enough to obtain
ReðS̃Þ > Reð1=α̃pxxÞ at the substrate RA, then the conditions in
Equation (2) are satisfied and the lattice resonance can exist in
the diffractionless region. This is due to the fact that ReðS̃Þmono-
tonically decreases and Reð1=α̃pxxÞ monotonically increases with
the wavelength in the diffractionless region. Such behavior is
observed in Figure 2c, where the condition in Equation (2) is sat-
isfied only for the metasurface with a small dielectric contrast
(water/glass) and period P= 550 nm. The second condition in
Equation (2) is illustrated in Figure 2e and is satisfied in the dif-
fractionless region for both superstrates. As a result, the reflec-
tion spectrum for the water superstrate has a narrow resonant
peak with a theoretical quality factor of over 100 (Figure 2g) cor-
responding to the full circle in Figure 2c. We note that the quality
factor of the system can be increased by an order of magnitude
(not shown in the figure) by further optimization of the structure
(e.g., period and/or superstrate material). Outside of the diffrac-
tionless region, the SLR conditions are not fully satisfied; the con-
dition in Equation (2) is fulfilled (Figure 2c) while the condition
in Equation (2) is not met due to high losses (Figure 2e).

For the metasurface with a smaller period P= 450 nm, the lat-
tice sum is larger than the inverse polarizability at the substrate
RA for both superstrates. As a result, the conditions for the SLRs
are satisfied in the diffractionless region for both air/glass and
water/glass configurations (Figure 2d,f ) and the SLRs are excited
with a spectral shift of the resonance depending on the dielectric
contrast Δε (Figure 2h).

For the practical implementation of these two scenarios
and their use for the dynamic control of a metasurface
response, the following strategy can be followed. Firstly, for a
given Δε, the condition ReðS̃Þ > Reð1=α̃pxxÞ must be satisfied
at the wavelength of the substrate RA, so the SLR is excited in
the diffractionless region. This can be achieved by an appropriate
design of the metasurface on the substrate in the presence of an
arbitrary superstrate. Then the regime of on/off switching can be
realised if an increase of Δε is sufficient to reach the condition
ReðS̃Þ < Reð1=α̃pxxÞ at the wavelength of the substrate RA when
the SLR is switched off (Figure 2g). In the second scenario, the
SLR remains excited but redshifted with a decrease of Δε
(Figure 2h).
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3. Experimental Demonstration

3.1. Static Optical Tuneability

To experimentally illustrate the switching and shifting
scenarios of SLRs, metasurfaces consisting of H= 100 nm-thick

polycrystalline silicon nanodisks on a glass substrate were fabri-
cated using electron beam lithography (see Section 5 for the
details of fabrication and geometrical parameters). Several diam-
eters and periods of the nanodisks (Table 1) were considered in
order to investigate tuneability in both switching and shifting sce-
narios. Transmission and reflection spectra as well as optical

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2. Collective lattice resonances. a,b) Spectra of the inverse electric dipole polarizability 1=αpxx and the full lattice sum S for a metasurface in a
homogeneous glass environment: (black) real and (red) imaginary parts. c,d) Spectra of 1=α̃pxx and S̃ for a metasurface on a glass substrate with (red) air
or (black) water superstrate (only the real part is shown). e,f ) Spectra of the difference of 1=α̃pxx and S̃ for a metasurface in the case of (red) air/glass and
(black) water/glass superstrate/substrate combinations (only the imaginary part is shown). g,h) Reflectance spectra of a metasurface for (red) air/glass
and (black) water/glass cases. (a,c,e,g) correspond to P= 550 nm and (b,d,f,h) correspond to P= 450 nm; in all panels D= 200 nm andH= 100 nm; the
superstrate and substrate are considered to be semi-infinite. The vertical black dashed line λRAs indicates the position of the RA in the glass substrate. Filled
circles in (a,b,c,d) indicate the spectral position of SLRs.
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images of the metasurface were recorded to demonstrate
the dependence of the optical properties on the refractive index
of the superstrate (see Section 5 for the details of the experimen-
tal setup).

For the metasurface M1 (Figure 3a), the reflectance spectrum
of the metasurface in air does not feature any resonances since
lattice resonance is absent due to the large air/glass dielectric
contrast (Figure 3c). Immersing the metasurface in water, there-
fore reducing the dielectric contrast, leads to the switching of the
lattice resonance around a wavelength of 730 nm and a strong
reflection peak. This demonstrates the principle of switching

an SLR on/off, also corresponding to a change in color (in this
case red), which may find application in novel display technolo-
gies. Similar switching behavior is observed in transmission
(Figure 3e); note that the transmission spectra show also addi-
tional resonances due to the absorption of silicon. These spectral
features observed in the diffraction region (λ < λRAs ), along with
the tuning of the SLR, determine the color of the metasurface, as
we will see in the next section. While absorption in silicon in the
visible range prevents us from demonstrating such tuning mech-
anisms for colors other than red, this can still be achieved using
materials with lower absorption, such as silicon nitride[47] and
diamond.[48]

The second type of optical response tuning is demonstrated
with a metasurface M2 (Figure 3b), for which the change in
surrounding refractive index between air and water leads to a
redshift of the lattice resonance from λ= 680 nm in air to
λ= 700 nm in water (Figure 3b,d). The equivalent of Figure 3
with the static optical response tuneability of the metasurfaces
M3 and M4 is reported in Figure S11, Supporting Information.

Measured spectra are in overall good agreement with the
modeling. Slight deviations in the magnitude and the spectral
position of the resonances, which tend to increase as the reso-
nance approaches the substrate RA (λRAs ), can be explained by

Table 1. Geometrical parameters of the fabricated metasurfaces.
Nanodisks height is H= 100 nm for all metasurfaces.

Metasurface D [nm] P [nm] Attribute

M1 185 490 Switching

M2 220 440 Shift

M3 225 535 Switching

M4 285 585 Shift

(a) (b)

(c) (d)

(e) (f)

Figure 3. Tunable SLRs in nonlocal dielectric metasurfaces. a,b) Scanning electronmicroscope (SEM) images of the fabricated metasurfaces: (a) M1 with
D= 185 nm and P= 490 nm and (b) M2 with D= 220 nm and P= 440 nm. (Oblique view of M1 is shown in Figure S10, Supporting Information).
c,d) Reflectance and e,f ) transmittance of metasurfaces (c,e) M1 and (d,f ) M2 for (red) air and (black) water superstrates: (solid lines) experiment,
(dashed lines) simulations. The vertical dashed lines correspond to the spectral position of the RA of a glass substrate λRAs .
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the finite size of the metasurfaces studied in the experiments (see
Figure S12 and S13, Supporting Information for the finite size
effects in metasurfaces M1 and M2, respectively).

3.2. Dynamic Optical Tuneability

The sensitivity of the optical response associated with the SLR to
the thickness of the water layer on top of the metasurface can be
used to achieve dynamic tuneability and real-time control of opti-
cal spectra and associated coloring of nonlocal dielectric metasur-
faces. To demonstrate this, the evaporation of a water droplet
deposited on top of the metasurface was monitored by recording
the evolution of the transmittance and reflectance spectra every
100ms until the droplet completely evaporated (Figure 4a,b,e,f ).
These experiments were conducted for the same metasurfaces

described in the previous section, showing a gradual change
in the spectral shape for both reflectance and transmittance.
In particular, the time evolution of the reflectance spectra shows
a gradual disappearance (metasurface M1, Figure 4a) and shift
(metasurface M2, Figure 4b) of the SLR as a function of time
and related changes of the apparent colors. Simulated spectra
for decreasing water levels (Figure 4c,d,g,h) show a general good
agreement with the dynamic evolution of the experimental spec-
tra recorded as a function of time (Figure 4a,b,e,f ), with the same
discrepancies due to the finite size of the metasurface already
discussed in the previous section.

The different trends observed for the reflectance spectra
in Figure 4b,d can be understood from Figure S13a,b,
Supporting Information, where an increasing discrepancy of
the reflectance is observed for the finite and infinite (periodic)
size metasurfaces as the SLR gets closer to the substrate RA.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4. Dynamic tuning of nonlocal dielectric metasurfaces. a–d) Reflectance and e–h) transmittance of metasurfaces (a,c,e,g) M1 and (b,d,f,h) M2
while dynamically changing the superstrate between water and air: (a,b,e,f ) experimental spectra measured every 100ms, (c,d,g,f ) simulated spectra for
different levels of water. The insets in (e,f ) show a particular frame of the recorded evaporation process of a water droplet from Supporting Movies M1T,
and M2T. The white circles in the frames indicate the collection area of transmitted light in the experiment.
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This is due to increasing absorptance (Figure S13g,h, Supporting
Information), and thus extinction, for the wavelengths approach-
ing the substrate RA due to scattering losses associated with the
metasurface finite size and fabrication imperfections. In general,
we notice a better agreement between simulated and experimen-
tal spectra in transmission than in reflection. In fact, reflection is
inherently related to extinction, which depends on several exper-
imental conditions, such as material absorption (primarily in the
diffraction region λ < λRAs ), scattering losses due to imperfec-
tions in the array and metasurface’s finite size, lateral radiation
(that does not reach the far-field) due to the surface lattice modes,
and measurement losses since in the experimental measure-
ments the collection angle is < 180°. The equivalent of
Figure 4 for the dynamic tuneability of the metasurfaces M3
and M4 is reported in Figure S14, Supporting Information.

Snapshots of the metasurfaces during the evaporation of water
reveal that the evaporation process occurs by forming a clear and
curved front between air and water regions, showing a difference
in color (see Supporting Movies) for real-time dynamic color
modification upon water evaporation. It is worth mentioning that
in our experimental conditions (ambient temperature), water-to-
air transition takes place over a few seconds (Supporting Movies
and Figure S15a,b, Supporting Information). The process can be
accelerated by controlling the temperature of the metasurface.
The reflectance and transmittance simulations for water
levels between 0 and 400 nm (Figure S15c,d, Supporting
Information) show that changes in the reflectance and transmit-
tance spectral features are very sensitive to the water level. These
experiments, therefore, demonstrate the possibility of inferring
water levels down to the nanometre scale based on the simulated
optical response of the metasurface. This could also translate to
sensors with high sensitivity for the detection of extremely small
amounts of materials on top of the metasurface.

Although the precise control of the water level was not inves-
tigated here, these results confirm that such control can provide
dynamic tuning of metasurfaces’ nonlocal optical response. We
remark that our approach only provides a demonstration of the
tuneability principle, and more advanced techniques to control
the superstrate liquid environment can be used in practical appli-
cations, based for example on microfluidic channels[12] or the
electrowetting effect.[41] An example of a microfluidic control
scheme is provided (Figure S16, Supporting Information), where
pixels (i.e., metasurfaces) are arranged in a matrix form and can
be addressed by row, column, or individually, by properly con-
trolling the valves of the microfluidic setup.

4. Conclusions

We have proposed and demonstrated a practical and general
strategy to dynamically control the nonlocal optical response
of an all-dielectric metasurface in reflection and transmission
based on the tuning of collective lattice resonances. The approach
exploits the dependence of the SLR on the dielectric contrast
between substrate and superstrate, which can be achieved by
varying the water environment on top of a metasurface, as dem-
onstrated experimentally in this work, or any other tuning mech-
anism that is capable of modifying the refractive index of a
superstrate.

In general, the SLR exists at the wavelength where the equality
between the lattice sum and the inverse of the single particle polar-
izability is satisfied. In a homogeneousmedium, the divergence of
the lattice sum guarantees that this condition can always be satis-
fied. However, when the metasurface is located on a substrate, the
lattice sum is finite and decreases with increasing the substrate–
superstrate dielectric contrast due to the suppression of long-range
contributions to the lattice sum. This effectively decreases the
number of nanoparticles participating in the collective resonance
formation as the dielectric contrast increases, which opens up
additional possibilities for the realization and control of SLRs
in finite size metasurfaces. We have shown that despite the finite
lattice sum, the metasurface can be designed so that the SLR con-
dition is achieved, even for large-index contrast, such as glass–air.

The variation of the refractive index of a superstrate may lead to
two scenarios. In the first case, the SLR exists only for higher
refractive indexes of a superstrate (low dielectric contrast between
a substrate and a superstrate) and is switched off when the dielec-
tric contrast increases. In the second case, the SLR exists in a
whole range of the refractive indexes of a superstrate, and the var-
iation of the dielectric contrast results in a spectral shift of the
SLR. The experimental demonstration not only reveals changes
in the optical response, such as the color tuning, induced by
the dynamic variation of the superstrate but also indicates the
possibility of measuring water levels down to the nanometer scale
by monitoring the optical response of the metasurface.

As demonstrated theoretically and experimentally, the SLR
can be achieved despite the finite size of the metasurface.
This may be beneficial for the development of pixels in high-
resolution displays and optical sensors based on the demon-
strated effect. Nonlocal dielectric metasurfaces based on the
tuning principles presented here exhibit designed spectral
selectivity and dynamic control of spectral response which
may find application in color displays, sensors, wavelength-
selective tuneable filters and mirrors, augmented reality,
anticounterfeiting technology, nonlinear light sources, and in
general applications where narrowband tuneability in reflection
is required.

5. Methods

Analytical Methods: The behaviors of single-particle resonances and
individual multipole contributions for different excitation and environment
conditions are discussed in Section S1, Supporting Information. A com-
prehensive theoretical description of the response of a metasurface in a
homogeneous surrounding environment within the coupled-dipole
method is presented in Section S2, Supporting Information. Section S3,
Supporting Information, contains the detailed derivation of Equation (3),
that is, the lattice sum in presence of substrate in the far-field
approximation.

Numerical Simulations: The refractive indexes of air, water, and glass
used in the simulations were n= 1, n= 1.33, and n= 1.45, respectively.
The refractive index of Si can be found in Figure S1, Supporting
Information. Individual multipole contributions (multipole decomposi-
tion) of the single-particle resonances were calculated in Ansys
Lumerical using the expressions for the multipole moments presented
in ref. [49]. The scattering efficiency of a single particle, as well as the reflec-
tance and transmittance of the array, were obtained numerically using full-
wave finite-difference time-domain (FDTD) simulations in Ansys
Lumerical. For the single particle, a perfectly matched layer (PML) bound-
ary condition was used for all boundaries. In the case of the array, periodic

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2024, 5, 2300268 2300268 (8 of 10) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202300268 by T

echnische Inform
ationsbibliot, W

iley O
nline L

ibrary on [11/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


boundary conditions were used along the in-plane x- and y-directions. The
fraction of reflectance and transmittance to each grating order was calcu-
lated using the “grating order transmission” analysis group object of
Ansys Lumerical. Since in the experimental measurements the collection
angle was < 180∘, the fraction of reflectance or transmittance within this
collection angle was also considered in simulations. Transmittance, reflec-
tance, and absorbance of the finite size metasurfaces (Figure S12 and S13,
Supporting Information) were simulated using the “transmission box”
analysis group object of Ansys Lumerical. The total-field scattered field
(TFSF) source width and the metasurface width differed by a unit cell
period P. The size of the TFSF box in the propagation direction was
1 μm. These settings minimized the influence of the TFSF source size
on simulation results. The full dipole sum S̃ in the presence of a substrate
was numerically calculated as follows. First, we placed an x-polarized
dipole point source (with a default dipole moment px set by the software,
Ansys Lumerical) at r0 ¼ ð0, 0, zpÞ and applied periodic boundary condi-
tions along the in-plane x and y-directions with a periodicity P (i.e., sym-
metrically respect to r0 at x ¼ y ¼ �P=2) and PML boundary condition in
the z-direction. We then calculated the x-component of the total electric
field EMx at r0. To exclude the central dipole (l= 0) contribution, we
repeated the above calculation with the PML boundary conditions in all
Cartesian directions and subtracted the electric field of the single dipole
E1x from the first simulation result EMx . Finally, we calculated the full dipolar
sum as S̃ ¼ ε0εdðEMx � E1x Þ=px .

Sample Design and Fabrication: The metasurfaces were fabricated by
electron beam lithography on a 100 nm-thick polycrystalline silicon film
deposited on a glass substrate. Four different arrays of nanodisks with
varying diameters and periods were considered (Table 1). The square array
size for each structure was 100 μm� 100 μm.

Optical Measurements: Transmittance and reflectance measurements at
normal incidence were performed by illuminating the sample using a tung-
sten–halogen white light source. The beam, polarized along the x-axis of
the array of nanodisks, was weakly focused onto the sample using a micro-
scope objective with numerical aperture 0.1. In the case of reflectance
measurements, the reflected light was collected by the same objective
while for transmittance measurements, the transmitted light was collected
using a microscope objective with numerical aperture 0.25. The collected
light was then coupled to a spectrometer via an optical fiber. The size of
the collection area was �75 μm2. In both cases, a nonpolarising
beamsplitter was used to divert a fraction of the collected light onto a
charge-coupled device (CCD) to record images or movies of the sample
(Figure S17, Supporting Information). The spectral response of the nano-
structures in water was measured by drop casting 50 μL of deionized water
onto the nanostructure, fully immersing it. In order to capture the spectral
response of the sample while the water level changed between the nano-
disks, spectra were recorded every 100ms until the water droplet fully
dried. Movies of the drying process of water on the nanostructures were
simultaneously recorded.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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