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D
esigner metasurfaces1;planar ar-
rangements of designed, nano-
structured building blocks (meta-

atoms);have recently attracted a lot of
attention due to their potential to provide
flat, ultrathin components for a multitude of
optical functionalities, including polariza-
tion manipulation, sensing, dispersion en-
gineering, and emission control, to name
just a few.2Most prominently, their ability to
create arbitrary wavefronts by engineering
the spatial distribution of phase discontinu-
ities has recently stimulated revolutionary
developments in the field of wavefront
engineering.3�7 All these functionalities
are typically achieved by simple transmis-
sion of light through (or reflection from) a
metasurface, a single-layer metamaterial
composed of nanoscale resonators. To date,
the vast majority of optical metasurfaces
have been based on metallic resonators

supporting localized surface plasmon reso-
nances.1�7 However, the efficiency of such

plasmonic metasurfaces is strongly limited
by the inherent losses of metals at optical
frequencies.
Thus, all-dielectricmetasurfaces consisting

of planar arrangements of high-refractive-
index dielectric nanoparticles with tailored
optical properties have emerged as a new
paradigm for controlling and manipulating
lightwaves at the nanoscale. Owing to their
low losses in the visible and near-infrared
spectral range, all-dielectric metasurfaces al-
low for the realization of practically absorp-
tionless functional devices for wavefront
manipulation.8�11 Similar to the plasmonic
resonances of metallic nanoparticles, all-
dielectric nanoparticles exhibit strong local-
ized resonances in the optical spectral
range, which can be tailored via their size,
shape, and material composition. Impor-
tantly, for nanoparticles composed of high-
refractive-index dielectric materials, e.g., sili-
con, these resonances can be of both electric
and magnetic multipolar character,12�15 the
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ABSTRACT All-dielectric metasurfaces provide a powerful platform for

highly efficient flat optical devices, owing to their strong electric and

magnetic dipolar response accompanied by negligible losses at near-

infrared frequencies. Here we experimentally demonstrate dynamic

tuning of electric and magnetic resonances in all-dielectric silicon nanodisk

metasurfaces in the telecom spectral range based on the temperature-

dependent refractive-index change of a nematic liquid crystal. We achieve

a maximum resonance tuning range of 40 nm and a pronounced change in

the transmittance intensity up to a factor of 5. Strongly different tuning

rates are observed for the electric and the magnetic response, which allows for dynamically adjusting the spectral mode separation. Furthermore, we

experimentally investigate the influence of the anisotropic (temperature-dependent) dielectric environment provided by the liquid crystal on both the

electric and magnetic resonances. We demonstrate that the phase transition of the liquid crystal from its nematic to its isotropic phase can be used to break

the symmetry of the optical metasurface response. As such, our approach allows for spectral tuning of electric and magnetic resonances of all-dielectric

metasurfaces as well as switching of the anisotropy of the optical response of the device.

KEYWORDS: high-permittivity nanoparticles . metasurfaces . liquid crystals . tunable metamaterials . nanostructures .
optical anisotropy
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latter originating from the optical excitation of circular
displacement currents inside the dielectric nanoparti-
cles. The combination of low losses and both electric
and magnetic dipolar resonances with resonance
properties that can be tailored at will is key to engi-
neered metasurfaces for wavefront and dispersion
engineering with near-unity efficiency in transmis-
sion.11 Furthermore, the low dissipative losses of all-
dielectric metasurfaces allow for the formation of
optical resonances with higher quality factors as com-
pared to their plasmonic counterparts. This is particu-
larly interesting for dielectric metasurface modes
exhibiting additionally low radiative losses, sometimes
called dark modes, which can be coupled to the far-
field indirectly through optical Fano resonances.16�18

Such modes can exhibit very sharp spectral features,
making them promising candidates for sensors17,18

and narrow spectral filters.16

However, as optical metasurfaces become relevant
for practical applications, the capability of actively con-
trolling their optical properties becomes increasingly
important. The ability to dynamically and reversibly
shift the spectral position of the metasurface reso-
nances as a function of an externally controllable
parameter is essential for the realization of, for exam-
ple, tunable spectral filters, active emission control, and
dynamically adjustable flat optical components such
as lenses, beam shapers, and holograms. For plasmonic
metasurfaces and metamaterials a number of tuning
and switchingmechanisms have been realized so far.19

A first class of approaches is based on the mechanical
reconfiguration of the metamaterial structure, which
can be induced by various external parameters, e.g.,
temperature and voltage. For example, optical meta-
materials fabricated on bimaterial bridges20 have been
successfully demonstrated to allow for significant and
controllable tuning of the metamaterial resonances. A
second class of approaches utilizes the interaction of
the metamaterials with phase-changematerials such as
vanadium dioxide21 or chalcogenide glasses.22 Other
tuning schemes, which have been successfully demon-
strated for THz and infrared metamaterials, include
free-carrier injection in semiconductors,23 voltage-
controlled strong coupling of a metamaterial resonance
to an intersubband transition,24 and metamaterials
exploiting the modification of the electromagnetic
response of graphene using an applied voltage.25,26

Finally, considerable efforts have been concentrated
on tuning and switching of plasmonic metamaterials
using liquid crystals (LCs).27�35 Liquid crystals are a
well-established and affordable technology and can
offer a highly practical solution for the dynamic control
of metamaterial optical properties as long as they are
compatible with the requirements for the operation
temperature and switching times.19 LC tunable meta-
materials can be implemented in various ways, making
use of either the strong temperature dependence of

the LC optical anisotropy, the realignment of the LCs by
an external electric or magnetic field, or the LC's strong
nonlinear response. Initially, LC tuning of the electro-
magnetic properties of metamaterials through various
mechanisms were mainly explored at GHz or THz
frequencies,19,30,33 where the near-fields of the meta-
material modes extend over several micrometers up
to millimeters, thus rendering them less sensitive to
surface effects such as the alignment of the LC
molecules in the immediate vicinity of the relevant
material interfaces. At optical frequencies, thermal,27

all-optical,29,31 and electro-optic32,34,35 LC tuning or
switching of metamaterial resonances have also been
demonstrated. A big challenge for optical LC tunable
plasmonic metasurfaces is that the thickness of the LC
layer, which is affected by anchoring of the LC mol-
ecules to the surface, is comparable to the extension of
the optical near-fields of themetasurface. In plasmonic
metasurfaces, the LC anchoring has therefore been
found to largely suppress the conventional tuning and
switching mechanisms in plasmonic metasurfaces
unless the anchoring is reduced by surface function-
alization35 or the anchoring itself is incorporated into
the metasurface design as a functionality-providing
feature.32,34

Thus, dynamic control of metamaterials and meta-
surfaces has seen tremendous progress in the recent
past, but was exclusively focused on plasmonic struc-
tures. Active tuning in the emerging field of all-

dielectric metasurfaces, however, has neither been
attempted nor demonstrated so far. Closing this gap
would allow for the realization of dynamically con-
trolled highly efficient flat optical devices such as re-
configurablemetasurface beam shapers and holograms.
Here we realize dynamic tuning of electric and

magnetic resonances in all-dielectric silicon nano-
disk metasurfaces at near-infrared frequencies based
on the temperature-dependent refractive-index
change of a nematic liquid crystal. We also experi-
mentally investigate the influence of the anisotropic
(temperature-dependent) dielectric environment pro-
vided by the LC on the electric and magnetic reso-
nances. Furthermore, we demonstrate switching of the
optical isotropy of the metasurface by employing a
phase transition of the LC from nematic to isotropic
and vice versa. Our results establish an all-dielectric
metasurface integrated into LC cells as an important
method to realize tunable and switchable all-dielectric
metadevices for wavefront manipulation.

RESULTS AND DISCUSSION

Description of the Experimental System. In our work we
use an all-dielectric metasurface composed of silicon
nanodisks integrated into an LC cell as shown in Figure
1a. The individual nanodisk height is h = 220 nm and
their diameter is d = 606 nm. The nanodisks are
arranged in a subwavelength periodic square-array
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with a lattice constant a = 919 nm. Figure 1b shows
a scanning electron microscope (SEM) image of the
nanodisk metasurface. The height of the LC cell is
170 μm, covered by a glass substrate that is coated
with a functional layer of poly(vinyl alcohol) (PVA),
inducing preferred alignment of the liquid crystal in
the x-direction. Details of the sample fabrication and
assembly of the LC cell can be found in the Methods
section. We use the Licristal E7 LC from Merck, which
features a strong optical anisotropy along the axis of
the LC molecules in its nematic phase. At room tem-
perature the refractive indices at λ = 1.55 μm are no =
1.51 and ne = 1.70. At T ≈ 58 �C the LC undergoes
a phase transition, switching from its nematic to its
isotropic phase with a refractive index of niso = 1.55.36

The infiltration of the LCwas performed in the isotropic
phase at T≈ 90 �C. Figure 1c,d illustrate the (idealized)
arrangement of the LC molecules in the respective
phases. In our experiments, the temperature of the LC
is controlled by resistance heating of the silicon handle
wafer.

For the measurements of the linear transmittance
spectra of the silicon nanodisk metasurface we illumi-
nated the sample with a halogen lamp and measured
the transmittance spectrum with an optical spectrum
analyzer. A pair of 20�Mitutoyo Plan Apo NIR infinity-
corrected objectives with numerical aperture NA = 0.4
is used for focusing the incident light onto the sample
and collecting the light transmitted through it. A wire-
grid polarizer was used to define the polarization of the
incident light. The sample was illuminated from the
backside such that, after the subsequent LC infiltration,
the incident light was first transmitted through the
nanodisk metasurface before passing through the LC.
In this fashion the polarization direction at which the
silicon nanodisk structure is excited is independent
of the orientation of the LC molecules in the bulk
of the LC volume. The spectra are referenced to the

transmittance of the cell next to the metasurface,
taking into account the layered wafer structure of the
sample.

We first measure the transmittance spectra of the
nanodisk metasurface without the LC along the two
symmetry axes of the square array as a reference.
We confirm that the system shows a highly isotropic
response under a polarization rotation of 90 deg of the
incident light due to the symmetry of the structure (see
Figure 2). We compare these results with numerical
calculations using CSTMicrowave Studio (seeMethods
for details), showing excellent agreement with the
experimental spectra. The resonance at λ ≈ 1.43 μm
corresponds to the magnetic dipole mode, whereas
the resonance at λ ≈ 1.50 μm is the electric dipole
mode of the silicon nanodisks.11,14

Numerical Model. Next, to investigate the effect of LC
infiltration on the optical properties of the metasur-
face, we numerically calculate the transmittance spec-
tra of the silicon nanodisk metasurface covered by an
ideal LC for x- and y-polarized incident light. These
results are shown in Figure 3a. The numerical spectra of
the metasurface without LC are also included for
comparison (black line in Figure 3a). Details of the
numerical calculations are provided in the Methods
section. First we consider infiltration with the LC in its
isotropic phase (green line in Figure 3a). For this case,
the LC is modeled as a homogeneous medium with a
refractive index of n = 1.55.36 After LC infiltration, both
resonances are red-shifted as a consequence of the
higher effective refractive index of the LC in compar-
ison to the refractive index of air. Due to symmetry and
the isotropic environment, the spectra remain degen-
erate for x- and y-polarized incident light. Second, we
consider infiltration with the LC in its nematic phase
(red and cyan lines in Figure 3a for x- and y-polarization,
respectively). For this case we model the LC as an
anisotropic medium with its anisotropy axis oriented
in the x-direction, no = 1.51 and ne = 1.70.36 As such, for
x-polarized light the electric field is parallel to ne; for
y-polarization the electric field is aligned parallel to no.

Figure 2. Measured and calculated transmittance spectra of
the sample before infiltration of the cell with the LC.

Figure 1. (a) Schematic of the silicon nanodisk metasurface
integrated into an LC cell. The silicon nanodisk sample is
immersed in the LC, and the cell is covered by a layer of
brushed PVA for alignment of the LC. The cell can be heated
by a resistor mounted on the backside of the silicon handle
wafer. (b) Scanning electron micrograph of the silicon
nanodisk metasurface. (c, d) Sketch of the (idealized) ar-
rangement of the LC molecules in the nematic and the
isotropic phase, respectively.
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In addition to a red-shift as compared to the uninfil-
trated case, we observe a symmetry break in the optical
response along the two axes of the lattice (x- and
y-direction) due to the optical anisotropy introduced
by the aligned LC at room temperature. This LC
anisotropy breaks the polarization degeneracy for
both the electric and the magnetic mode, resulting in
different resonance positions depending on the polar-
ization of the incident light (red and cyan lines in
Figure 3a). This polarization splitting is much more
pronounced for the electric resonance, where it is
69 nm. For the magnetic resonance it is 7 nm.

Refinement of the Numerical Model. So far we have
considered only the ideal case of perfect unidirectional
alignment of the LC molecules in the x-direction.
However, in the vicinity of the nanostructured surface
one can expect the LC alignment to be influenced by
the topography and surface properties of the sample.
As a consequence, the simple model assuming effec-
tive bulk properties for the LC needs to be refined.
However, a comprehensive description of the LC
behavior�a multilevel feedback system�on a molec-
ular level, is highly complex37 and impractical for large
simulation volumes as present in our system. Thus, in
order to investigate the influence of the LC alignment

on the optical transmittance spectra in a simple fash-
ion, we continue describing our system by a macro-
scopic (bulk) approach, utilizing that it is dependent
on the effective refractive index in the vicinity of the
nanodisks only. However, we now refine our model to
include a perturbation, extending our effective index
calculations to such cases where the anisotropy axis
no longer coincides with the x-axis but still lies in the
x�y-plane. This way, we keep the assumption that a
planar alignment of the LC molecules is favored by the
presence of the top alignment layer at the opposite
side of the LC cell. Within the x�y-plane, we then rotate
the anisotropy axis from 0 to 45 deg with respect to
the x-axis in 5 deg steps and investigate the effect on
the transmittance spectra. The results of these calcula-
tions are shown in Figure 3b,c for y- and x-polarization
of the incident light, respectively. The angle between
the anisotropy axis and the x-axis is denoted by R. As
we increase R, we effectively emulate a reduction of
anisotropy for x- and y-polarized incident light, with
nx,eff = no þ (ne � no) cos(R) and ny,eff = no þ (ne � no)
sin(R). This results in a reduction of the difference
between the spectral mode positions for x- and
y-polarization, finally leading to identical transmittance
spectra for the two orthogonal polarizations of the
incident light at R = 45�. These results for oblique
alignment angles probed along the lattice directions
provide us with a prediction for the transmittance
spectra of the system in the case of planar, but non-
ideal alignment of the LC molecules in the region
corresponding to the optical near-fields of the silicon
nanodisk structure. In the following these results can
be used to extract an effective orientation of the aniso-
tropy axis in experiments.

Experimental Results. First, we experimentally infil-
trate the cell incorporating the sample from Figure 2
with an LC. We then measure the sample's transmit-
tance at room temperature, where the LC is in its
nematic phase. The measured spectra are shown in
Figure 4a. They have been normalized to the transmit-
tance through the LC cell, including the layered struc-
ture of the silicon-on-insulator wafer. For y-polarization
(cyan line) the electric resonance shifts to λ = 1.65 μm,
while for x-polarization (red line) it shifts to λ= 1.68 μm.
Themagnetic resonance shifts to λ≈ 1.55μmwith only
a slight splitting observed for x-polarization (red line)
and y-polarization (cyan line). The observed Fabry�
Perot oscillations stem from the finite thickness of the
LC cell.

Next, we apply a dc current to the resistor mounted
on the backside of the handle wafer to heat the LC cell
to T= 62 �C, thereby switching the phase of the LC from
nematic to isotropic. In the isotropic phase, the experi-
mental transmittance spectra for x- and y-polarized
incident light (red and cyan dashed lines in Figure 4a)
are nearly identical again. This means that the opti-
cal anisotropy of the nanodisk metasurface is fully

Figure 3. Numerical results: (a) Transmittance spectra of the
silicon nanodiskmetasurface for x- and y-polarized incident
light before (black line) and after infiltration with LC in its
isotropic (green line) and nematic (red and cyan lines)
phase. In the latter case, the anisotropy axis of the LC is
oriented along the x-direction. (b, c) Transmittance spectra
for a systematic variation of the in-plane orientation of the
anisotropy axis for (b) y- and (c) x-polarization.
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removed and the high symmetry of the sample's
optical response is restored. For the isotropic case,
the electric resonances appear at λ = 1.64 μm for both
polarizations, while the magnetic resonance is at λ =
1.56 μm. The switching time is on the order of seconds
in both directions.

By applying our previous theoretical model to the
experimental system (see Methods section for details)
and comparing the results with the experimentally
measured resonance positions for x- and y-polarized
incident light, we estimate that the effective anisotropy
realized in our structure corresponds to an average in-
plane orientation of the LC molecules of (25 deg. The
calculated spectra are displayed in Figure 4b and show
excellent agreement with the experimental data in
Figure 4a. All the essential features, namely, the reso-
nance shifts and the switching of the anisotropy of the
sample, are well reproduced, and good quantitative
agreement is obtained for all resonance positions. The
deviations regarding the resonance depths found in
the experimental and calculated spectra are likely due
to alignment inhomogeneities in the bulk of the LC in
the experiment, leading to increased scattering.

Finally, to investigate the tuning capability of
our all-dielectric metasurface, we record the sample's
transmittance for x-polarization when we subse-
quently increase the LC temperature from T = 21 �C
(nematic/anisotropic phase) to above the phase transi-
tion temperature (T g 58 �C, isotropic phase) and
demonstrate dynamic resonance tuning due to the
temperature-dependent refractive-index change of the
LC. Figure 5a shows the temperature-dependent spectra
and spectral shift of the electric and magnetic reso-
nance for x-polarized incident light. We observe a
significant spectral shift of the electric resonance for
increasing temperatures, while the magnetic reso-
nance remains at approximately the same spectral
position below the phase transition temperature. Im-
portantly, we can clearly observe the phase transition
from the nematic to the isotropic phase of the LC at
T≈ 58 �C, resulting in a pronounced spectral shift (last
two data points in Figure 5a) for both the electric and
themagnetic resonance. Note also that the resonances
are shifted in opposite directions. The maximum
tuning range realized in our experiment amounts
to approximately 40 nm and is observed for the electric
dipole resonance. In order to quantify the strength
of the transmittance change associated with the

Figure 5. (a) Experimentally measured transmittance
spectra of the metasurface from Figure 4 (h = 220 nm, d =
606 nm, and a = 919 nm) for x-polarized light and a
systematic variation of the temperature. The resonance
positions of the electric resonance are plotted as red dots;
the resonance positions of themagnetic resonance, as cyan
squares. The phase transition is indicated by the white
dashed line. (b) Transmittance contrast (ΔT/T62 �C = (Ti �
T62 �C)/T62 �C) of the nanodisk metasurface spectrum at the
temperatures i relative to the isotropic metasurface re-
sponse (for a temperature of 62 �C).

Figure 4. (a) Measured normalized transmittance spectra
for the same sample shown in Figure 2 after LC infiltration.
Room-temperature spectra are displayed in red and cyan
for x- and y-polarized incident light, respectively. Heating
the sample above the LC phase transition temperature (Tg
58 �C) induces a pronounced blue-shift for the electric
resonance and a slight red-shift for themagnetic resonance,
resulting in identical spectra for x- and y-polarization (red
and cyan dashed lines) as the LC switches from its nematic
to its isotropic phase. (b) Corresponding numerically calcu-
lated transmittance spectra, using experimental values
from ref 36 for the refractive indices of the LC, R = 25�,
and taking imperfections regarding the LC infiltration into
account. The vertical linesmark the spectral positions of the
resonance minima in the calculated spectra in order to
facilitate quantitative comparison with the experimentally
obtained values.
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resonance tuning of our LC-infiltrated all-dielectric
metasurface, in Figure 5b we also plot the spectrally
resolved transmittance contrast, defined as the relative
change of the transmittance ΔTi/T62 �C = (Ti � T62 �C)/
T62 �C for the temperatures i with respect to the trans-
mittance spectrum at T = 62 �C (isotropic phase).20

We observe a maximum transmittance contrast of
ΔT21 �C/T62 �C ≈ 30% for the magnetic mode and of
ΔT21 �C/T62 �C ≈ 500% for the electric mode. This max-
imum transmittance contrast occurs at λ = 1.642 μm
and is associated with a transmittance change of 0.84
from near-unity transmittance at T = 21 �C to a
transmittance value of about 0.16 at 62 �C.

Importantly, the differences in the tuning rates
observed for the electric and magnetic modes allow
us to dynamically tune the relative positions of the
resonances with respect to each other. In order to
demonstrate how this behavior can be used to intro-
duce not only shifts in the spectral resonances posi-
tions but strong qualitative changes in the spectral
shape of the transmittance spectra of a siliconmetasur-
face, we repeat the measurement for a sample exhibit-
ing both a reduced disk radius and reduced lattice
constant (h = 220 nm, d = 560 nm, a = 860 nm).
The spectral separation between the electric and the

magnetic dipole mode in an isotropic environment is
known to be dependent on the height-to-diameter
aspect ratio of the nanodisks.14 Thus, by choosing
the dimensions of the second sample such that the
nanodisk aspect ratio is increased with respect to the
previous sample, we induce a decrease of the spectral
mode separation. We then repeat the temperature
tuning experiment for the second sample and obtain
the results shown in Figure 6a. While a similar tuning
behavior to that for the first sample is observed below
the phase transition temperature, as the system under-
goes a phase transition to the isotropic phase, the
spectral separation between the electric and the mag-
netic mode is reduced to such an extent that the
transmittance spectrum changes from a two-dip shape
to an effective single-dip shape as the separation
between the resonances becomes comparable to their
width. Note that the spectral position of the global
minimum around 1.525 μm in the isotropic phase
coincides well with that of the (nonresonant) local
maximum in between the two separate resonances
in the nematic phase at room temperature. The trans-
mittance contrast for the second sample is shown in
Figure 6b and also features a strong signal modula-
tion at telecommunication frequencies around 1.5 μm.
The maximum transmittance contrast appears at
λ = 1.523 μm with a transmittance change of 0.45
from a transmittance value of 0.59 at T = 21 �C to 0.14
at 62 �C.

CONCLUSIONS

We have experimentally realized active tuning of all-
dielectric metasurfaces exhibiting both electric and
magnetic optically induced resonances, with a maxi-
mum tuning range of 40 nm for the electric resonance
andwith a transmission contrast of up to 500% at near-
infrared frequencies. We have also demonstrated that
the strong optical anisotropy of the LC in combination
with its phase transition to the isotropic phase can be
utilized to dynamically switch the symmetry of the
optical response of the metasurface and, hence, to
dynamically induce a symmetry break in the isotropy of
the metasurface response. Our system is based on a
highly symmetric silicon nanodisk metasurface inte-
grated into an LC cell that is heated from room
temperature to temperatures above the phase transi-
tion point of the LC in order to investigate both
resonance tuning due to the temperature dependence
of the LC refractive index and the symmetry switching
of the optical response. Our experimental results are in
excellent agreement with numerical simulations that
model the macroscopic LC response by a uniaxial
anisotropic refractive index tensor and treat the nano-
structure-induced perturbations of the LC-molecule
alignment as effective reorientation of the LC anisotropy
axis. The large tuning range and transmittance contrast
observed for the silicon nanodisk metasurface in the

Figure 6. Experimental results: (a) Temperature-dependent
x-polarized transmittance spectra for a sample with re-
duced disk radius and lattice constant (h = 220 nm, d =
560 nm, a = 860 nm). The resonance positions of the
electric/magnetic resonances are plotted as red dots/cyan
squares, respectively. The phase transition is indicated
by the white dashed line. (b) Transmittance contrast
(ΔT/T62 �C = (Ti � T62 �C)/T62 �C) of the nanodisk metasurface
spectrum at the temperatures i relative to the isotropic
metasurface response (for a temperature of 62 �C).
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near-infrared spectral range shows that surface anchor-
ing of the LC molecules does not play a dominant role
in this system. Our work opens up a route toward
dynamically tunable and switchable all-dielectric meta-
surface devices. In order to further improve on the
control and speed of the switching process, reorienta-
tion of the LC anisotropy axis within the nematic phase
by application of an external electric or magnetic field

can be considered, providing faster switching times for
the transition from the “off” to the “on” state.32 More-
over, the ability to dynamically shift the electric and
magnetic dipole resonance positions with respect to
each other is of particular interest for actively tunable
siliconHuygens'metasurfaces,11which can enable near-
unity transmission-efficiency wavefront manipulation
devices.

METHODS

Sample Fabrication and Assembly of the LC Cell. The silicon nano-
disk samples are fabricated via electron-beam lithography on
silicon-on-insulator wafers (SOITEC, 220 nm top silicon thick-
ness, 2 μm buried oxide thickness, backside polished) using the
negative-tone electron-beam resist NEB-31A. The resulting
resist pattern is used as a mask for reactive-ion etching. The
residual resist is removed by oxygen plasma etching. For
assembly of the LC cell, 170 μm thick glass spacers are placed
around the nanodisk arrays to define the height of the LC cell.
The thickness is chosen to minimize the influence of Fabry�
Perot oscillations within the optical cavity formed by the LC cell
on the optical spectra of themetasurface. For the chosen spacer
thickness these oscillations occur at a periodmuch smaller than
the spectral width of the relevant Mie-type resonances of the
silicon nanodisk meta-atoms. The LC cell is covered with a glass
substrate onto which we spin-coated a layer of 6.3% hydrolyzed
poly(vinyl alcohol) (PVA, 3000 rpm, 90 s). The PVA layer is
mechanically brushed to create a preferred linear alignment
direction for the LC. For infiltration of the fully assembled cell
with the LC, both the LC and the cell are heated to T = 90 �C to
enable infiltration in the isotropic phase. Finally, a resistor
(WELWYN WH10 15R JI) is mounted on the backside of the
wafer. Application of a dc current to the resistor allows us to
heat the sample and to control the temperature of the cell in the
experiment.

Numerical Calculations. All numerical calculations are per-
formed using the commercial software package CSTMicrowave
Studio. In order to reproduce the experimental situation as
accurate as possible, we explicitly take into account the influ-
ence of the handle wafer. We also mimick the experimental
referencing procedure to the LC cell without the silicon
nanodisk structure for comparison with experimental data.
For temperatures below the phase transition point the LC is
modeled as a 2 μmthick layer of an anisotropic uniaxial medium
with nxx = ne = 1.70 and nyy = no = 1.51, respectively.36 For tem-
peratures above the phase transition point the LC is repre-
sented as an isotropic medium with a refractive index of n =
1.55.36 The refractive index of the silicon is taken to be 3.5; that
of the silicon oxide is 1.45. All materials are assumed to be
lossless and dispersionless. We use unit-cell boundaries in the
x- and y-direction and open boundaries in the z-direction. For
direct comparison with experimental data, the effect of incom-
plete infiltration of the silicon nanodisk structure has been
taken into account by including a shallow air layer between
the silica substrate and the LC layer, with a thickness of 20 nm
determined by the size of the shift after initial infiltration of the
sample with the LC.
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