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Abstract.

Metamaterials have been around for almost two decades providing great
advances in optics and photonics. Despite many fundamental studies and several
predicted applications, only recently metamaterials found niche applications and
started being implemented in products available to the consumer. Applications
are still limited by the static nature of conventional metamaterials, meaning
that the function of a specifically designed metamaterial cannot be changed
after fabrication. For example, a metamaterial which is designed to absorb at
a certain wavelength would become far more useful if it could shift its absorption
peak in response to an external control signal. A promising way of overcoming
this design limitation is through exploitation of planar nanomechanical photonic
metamaterials.  Structurally reconfigurable photonic metamaterials based on
dielectric membranes of nanoscale thickness provide a simple platform for
achieving high levels of modulation contrast and modulation frequency. These
metamaterial systems can provide tuneable optical properties arising from
nanomechanical displacements driven externally through different mechanisms.
Using different actuation forces and designs, tunable devices able to change their
transmission, absorption or reflection characteristics can be attained. In this
tutorial, we will focus on planar nanomechanical photonic metamaterials while
acknowledging considerable work developed using other tuneable metamaterials
platfomrs, such as bulk, 3D or multilayer reconfigurable metamaterials. Planar
reconfigurable photonic metamaterials are reviewed, nanoactuation mechanisms
are explained, nanofabrication processes discussed and some conclusions on future
challenges are drawn. Planar nanomechanical photonic metamaterials and their
tuneable optical properties can become powerful components for optical devices,
optical circuitry and introduce themselves to novel applications.

Keywords: Planar nanomechanical photonic metamaterials, Optical NEMS, Tuneable
metamaterials, Nanofabrication
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1. Introduction

Engineering of optical materials has generated huge
scientific progress with enormous impact in our
economy and society, for example, the fiber optic
communication network powering the internet, optical
data storage and lasers. However, natural media are
reaching their limits (i.e. diffraction limit or positive
refractive index) affecting our ability to progress
further. Metamaterials offer solutions for overcoming
some, if not all, of these physical limitations [1-7].
Metamaterials are a young class of structurally en-
gineered materials or composites, which has enabled
striking developments in electromagnetic wave con-
trol and manipulation [8]. Metamaterials open up
the possibility of attaining electromagnetic responses
not found in natural media [1,2], enhancing natural
electromagnetic effects [9] and achieving control over
light-matter interactions [4]. Manipulation of elec-
tromagnetic waves at will can be achieved by engi-
neering the effective electromagnetic parameters of the
metamaterial so that the electromagnetic wave per-
ceives the metamaterial as an effectively homogeneous
media. Control over such metamaterials parameters,
i.e. the permittivity (e.rs) and permeability (fefs),
can be obtained through careful design and manufac-
turing of sub-wavelength size metamolecules (artificial
metamaterial ‘atoms’). In order to interact as an ef-
fective homogeneous medium with visible and near in-
frared wavelengths, the metamolecules that make up
the metamaterial must be smaller than the relevant op-
tical wavelength of hundreds of nanometers, with typ-
ical features on the nanometer scale. Moreover, recon-
figuring and tuning optical properties of such optical
metamaterials will require practical and simple ways
of changing size/structure of the metamolecules. Dy-
namic control over metamaterials optical properties is
the main topic of this tutorial manuscript. Several ap-
proaches to the subject of metamaterials tuneability
have been explored and reported in literature. Bulk
and multilayer tuneability using microwave and RF
metamaterials [10, 11], multilayer tuneable metamate-
rials for Terahertz radiation [12,13] or reconfigurable
membranes on top of a substrate for mid and near
IR wavelengths [14,15] are just some examples how to
achieve tuneable properties with metamaterials, a ex-
tensive review was written by Turpin et al. [16]. Here
we will give special focus on a novel concept, known
as planar reconfigurable photonic metamaterials, that
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allows control of the interaction of planar metamate-
rials with infrared and visible light. Taking advan-
tage of well-established silicon-based nanofabrication
technologies and by using externally-controlled forces
between elastic elements of the metamaterial nanos-
tructure, dynamic control over the optical properties
of planar photonic metamaterials can be achieved.

In this tutorial, planar reconfigurable photonic
metamaterials physics and nanofabrication will be
explained and discussed. From careful metamolecule
design to optimization of fabrication processes, this
tutorial intends to give details and help others with
the development of metamaterial devices for real-world
applications. Tuning metamaterials optical properties
at infrared and visible wavelengths in a way that
is practical for implementation into metadevices will
open up a range of applications in telecommunications
and stealth technology.

1.1. Controlling light with nanomechanical photonic
metamaterials

A metamaterial derives its optical interaction proper-
ties from the man-made unit cells of subwavelength size
that it consists of. Placed in arrays, the characteristics
of these tiny metamolecules will combine in such a way
that a homogeneous (non-diffracting) electromagnetic
response can be attributed to the resultant metamate-
rial.

Nanomechanical photonic metamaterials are, usu-
ally, assembled from just slightly sub-wavelength ele-
ments and are very thin compared to the wavelength,
which makes the use of homogenized material param-
eters problematic. When the artificial medium con-
sists of a structured material of deeply sub-wavelength
thickness, it becomes the two-dimensional counterpart
of a metamaterial, a so-called metasurface or planar
metamaterial (Figure 1a). For such surfaces, we cannot
assign the usual effective parameters of bulk media, for
example, an effective refractive index only has physical
meaning when there is a medium to travel through. In
such designed surfaces, dimensions of the constituent
metamolecules might be deeply sub-wavelength only in
one direction and the electromagnetic wave interaction
can be described theoretically based on boundary con-
ditions rather than bulk constitutive parameters [17].
This limiting case is best approximated by a single pe-
riodically patterned metal layer with a thickness that
is comparable to the skin depth, which is the char-
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Figure 1. Planar metamaterial optical properties. a) Typical dimensions of a planar photonic metamaterial made
of nanostructured gold thin film layer. One of the dimensions must be much smaller than the wavelenght (), in this case
the thickness, d, is much smaller than the side of the unit cell. b) Plasmonic excitation within the metamolecule by the
incident wave - electric field (blue wave), magnetic field (red wave) and plasmonic oscillation (purple and yellow stripes).
¢) Electromagnetic coupling of metamolecules within the array - expansion of the plasmonic oscillation (purple and yellow
stripes). d) Incident wave interaction [electric field (blue wave), magnetic field (red wave)] with a planar metamaterial
and resultant transmitted electromagnetic wave: coupling (purple and yellow stripes) and transmission [electric (green

wave), magnetic field (orange wave)].

acteristic thickness of the current carrying layer at a
conductor’s surface.

Such nanostructures, due to their sub-wavelength
periodicity, do not diffract electromagnetic waves at
normal incidence. The transmission and reflection
properties of such planar metamaterials can be written
in terms of the transmission (¢) and reflection (7)
matrices, which relate the transmitted and reflected
electric fields, E* and ET7 to the incident field
ED. Considering a forward propagating incident
wave (indicated by the arrow over the matrix), these
relations can be written as,

; (1)
Er = 7EO. 2)

Due to their deeply sub-wavelength thickness, planar
metamaterials can be also regarded as a 0 thickness
discontinuity which will scatter electromagnetic waves.
Therefore, it is convenient to express transmission and
reflection in terms of the scattering matrix, s. As a
nanomechanical photonic metamaterial is just a non-
diffracting array of scatterers, the transmitted field is
simply the superposition of the scattered field and the
incident wave, as represented by,

T=3+1, (3)

where 1 is the unit matrix. Also, these nanomechanical
planar photonic metamaterials can only couple to
tangential electric fields (along the metamaterial

surface) and normal magnetic fields (perpendicluar
to the metamaterial surface). Coupling to normal
electric fields and tangential magnetic fields is not
possible, as the electric charges cannot leave the
plane of the structure, see Figure 1. Consequently,
two electromagnetic waves that do not differ in
the normal (magnetic) and tangencial (electric) field
components must excite the photonic metamaterial in
the same way. Particularly, the electric field radiated
by the photonic metamaterial (or planar current
configuration) must be symmetric with respect to the
nanostructure. This is why the scattering matrix in the
reflection direction differs from the scattering matrix in
the transmitted one by a coordinate transformation.
The reflection matrix for forward propagating incident

waves is,
7 =75, (4)

if the matrices describe normally incident linearly po-
larized basis states relative to a coordinate system that
is fixed to the lab (coordinates do not depend on the
wave propagation direction). For a nanomechanical
planar photonic metamaterial, transmission and reflec-
tion matrices are linked by equation 3 and equation 4.
Therefore, nanomechanical planar photonic metama-
terials can be described in terms of their scattering
properties [18], represented by the scattering matrix of
the array of metamolecules, s. The scattering proper-
ties for opposite directions of incidence onto a nanome-
chanical photonic metamaterial are linked by Lorentz
reciprocity [19] and therefore the scattering, reflection
and transmission matrices for opposite directions of il-
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luminations (arrows) take the following form:
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Upon interference of the incident electromagnetic
wave with the scattered field, a new transmitted
electromagnetic wave shape in terms of intensity, phase
and polarization is produced.

The electromagnetic response of planar metama-
terials is controlled by plasmonic excitations within
the metamolecules and coupling of electromagnetic re-
sponses (plasmons) within the array. In Figure 1,
these steps are schematically explained. FEach indi-
vidual metamolecule is excited by the incoming elec-
tromagnetic wave (Figure 1b) and characteristic plas-
monic resonances of the structure (metamolecule) will
be present. Metamolecules can support a quasi-static
electrical resonance [20],

1

=5 (7)

W
In this case, the resonant frequency (w,) can be
controlled through the inductance (L) and capacitance
(C) of each individual metamolecule. However, when
characteristic sizes of the structure correspond to a
half-integer multiple of the effective wavelength, a
geometrical resonance can also be excited,

2Vexl
)\T,N = (

2N +1)’ )

where €* is the resonator’s effective permittivity and N
a positive integer. In such structures, the characteristic
length of an individual metamolecule (I), controls
the free space wavelength of the resonance (A, n).
The characteristic wavelength of a metamolecule
can be considered as the effective length of the
conductor that makes the unit cell. In several
nanostructures this is considerably different from the
unit cell itself, for example, if we consider the
symmetric positive structure of the one represented
in Figure la, the characteristic length (I) would
be the length of the C-shaped ”‘wire”’ and the
horizontal bar below it. These resonances control the
way electromagnetic energy is distributed within and
scattered by the planar photonic metamaterial. When
electromagnetic radiation interacts with plasmonic
sub-wavelength structured metamolecules, electrons
in the conduction band of the constituent material
will start oscillating creating plasmons. A plasmon
is a quasi-particle resulting from the quantization
of plasma oscillations. These oscillations will occur
inside the solid by transfer of linear momentum and
energy from the electromagnetic wave to the solids’
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free electrons. Due to the electromagnetic interaction
between metamolecules, a coupled electromagnetic
response is produced (Figure 1lc) resulting in the
characteristic electromagnetic response of the planar
photonic metamaterial array. The interaction energy
from coupling two dipoles together, either electric
or magnetic ones, can be derived considering a
simple quasi-static picture [21]. For instance, let us
consider a first approximation where only the dipole-
dipole interaction is considered, although higher-order
multipoles can play a substantial role in photonic
metamaterials [22, 23]. If two dipoles with dipole
moments p; and py (either electric or magnetic)
interact at center-to-center distance r, the quasi-static
interaction energy @i is given by [24],

P1 P2
, 9
4drregrs )

int = U

where r is the distance between p; and p, and ¢ is
the interaction index, which is +1 when considering
purely transverse coupling or -2 for longitudinal
coupling of the two dipoles with magnitudes p; and
p2. From equation 9 the interaction energy of the
coupled metamolecules (dipoles) strongly depends on
the distance (r) between them. This indicates that
by displacing metamolecules relative to each other, the
coupling energy can be tuned and the overall optical
properties of the photonic metamaterial changed.

Now, if the plasmon oscillations are coherent and
at an interface between two materials (at which the
dielectric function changes sign), surface plasmons can
be created and will propagate along the interface.
The coherent oscillation of plasmons travels through
the medium and can either be radiated into free
space by coupling to a photon or be absorbed,
depending on the the symmetry of the plasmonic
mode. Coupling of photonic metamaterial plasmons
to propagating photons results in the scattered field
(intensity, polarization or phase).  The coherent
plasmonic scattered field will interfere with the incident
electromagnetic wave of the photonic metamaterial.
This new output electromagnetic response results from
the overall electric and magnetic field interaction
between the input electromagnetic wave and the
electromagnetic characteristic response of the array,
see Figure 1d. In this way, waves transmitted and
reflected by a photonic metamaterial are formed.
In summary, after traveling through a photonic
metamaterial, the initial electromagnetic wave will
be changed by the scattered electromagnetic field
produced by the metamaterial. This scattered field
results from the coupled plasmonic response of the
metamolecules.

Electromagnetic coupling within the nanostruc-
ture and its dependence on dipole displacement im-
plies that the optical properties of a planar metama-
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terial can be controlled by changing the distance be-
tween rows/columns of metamolecules or even individ-
ual metamolecules themselves. Based on previous con-
siderations, dynamic control over metamaterials opti-
cal properties is envisioned by displacing groups of unit
cells within a nanomechanical planar photonic meta-
material. By doing so, coupling between the electro-
magnetic response of the different groups of unit cells
will be changed and the resultant optical properties
of the nanomechanical photonic metamaterial will be
modified. An important factor to achieve high per-
formance nanomechanical planar photonic metamate-
rial relies on the understanding and optimization of
the design to be used. The electromagnetic response
of three different designs was simulated for illustra-
tion purposes. Starting from the concept of nanome-
chanical planar photonic metamaterials built from bi-
layer structured nano-thickness membranes, geometric
models can be studied using available Electromagnetic
(EM) solvers, such as COMSOL Multiphysics.

The 3 different designs were chosen based on
the existence of sharp edges known to result in
strong field concentration and enhancement, and
suitability of fabrication and actuation. All structures
use the proven gold-on-silicon-nitride bridge actuator
design concept used in earlier reconfigurable photonic
metamaterials [25]. In fact, all designs are the
result of a simple cut through both layers of a gold-
coated silicon nitride membrane resulting in 3 different
shapes of the gap between elastic bridges: meander
cut, inverse triangle cut and chevron cut. In all
cases, the considered model consists of a unit cell

Nitride
jced
bridge

/7/

Figure 2. Nanomechanical photonic metamaterial
design model. Models used for simulating optical proper-
ties of nanomechanical photonic metamaterial without (a)
and with (b) displacement of the central bridge. The unit
cell size is 1.2 pum X 600 nm, silicon nitride (blue layer)
and gold (red layer) thicknesses are 50 nm for each and the
central bridge displacement is 50 nm, for all 3 designs (me-
ander cut shown). Wavelength dependent transmission is
simulated using the electromagnetic waves module of Com-
sol Multiphysics.

5

size of 1.2 pm by 600 nm, composed of 2 bridges in
such a way that displacement can also be simulated
with minor changes, see Figure 2. Overall thickness
of our metamolecules is 100 nm (50 nm SiN, and
50 nm Au), periodic boundary conditions are used
to simulate the optical properties of a metamaterial
array and each material is simulated based on its
wavelength dependent complex refractive index [26].
The electromagnetic input wave is polarized (E,)
perpendicular to the bridge orientation and its electric
field amplitude is 1 V/m. Moreover, by simply
changing the material properties assigned to different
domains of the geometry, the optical properties of
the displaced structure can be simulated (Figure 2 b)
and compared to the stationary case (Figure 2 a).
Different positioning of the bridges is achieved by
attributing, for example, silicon nitride and gold
material parameters to the bottom two layers in
Figure 2 a, while maintaining the top layer defined
as air. For the displaced strucutre (Figure 2 b), the
bottom layer is defined as air while the top two layers
are defined as silicon nitride and gold. The change of
material properties for the different layers in our model
corresponds to simulate a displacement of the central
bridge relative to the outside ones by 50 nm (thickness
of one layer) in the out of the metamaterial plane, z
direction.

By integrating the overall power outflow over the
transmission plane for each wavelength and normal-
izing it to the incident wave’s power, one can plot
the transmission spectra for each studied design, with
and without displacement. Bigger differences in trans-
mission (or reflection) of the nanostructure between
these two cases will, in principle, lead to increased
tuneability of our nanomechanical photonic metama-
terial for the same external stimulus. The wavelength-
dependent transmission (600-1800 nm wavelength) for
all three designs with and without displacement was
calculated considering light polarized perpendicular to
the orientation of the bridges, see Figure 3. As can be
seen from the spectra, similar properties - comparing
the displaced and non-displaced cases for each design
- are obtained for wavelengths smaller than the unit
cell dimension (1.2 pm) in the light polarization direc-
tion. It should be mentioned that model’s accuracy
when dealing with diffraction of light (below 1.2 pm)
was not characterized, however for longer wavelengths
where diffraction is nonexistent the model as shown
to work well. Therefore, below 1.2 ym we can only
conclude that despite displacement of the beams, no
clear transmission changes were observed while a pos-
sible change in the diffraction pattern is observed. At
1.2 pm all structures show an extra bump for the dis-
placed trace which sits exactly where the wavelength
reaches the unit cell size. Moreover, each of the de-
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Figure 3. Calculated transmission spectra for
different nanomechanical photonic metamaterial
designs. a) Meander cut design, b) inverse triangle
cut and ¢) chevron cut. Simulation results are obtained
with (red line) and without (black line) displacement for
the 3 different designs. In all cases, incident light is x-
polarized (1V/m) and bridges consist of layers of 50 nm
SiN, and 50 nm Au. Dashed lines show the wavelength at
which a new resonance appears upon a 50 nm out-of-plane
displacement of every second bridge.

signs presents an extra small resonance at wavelengths
longer than the structure’s period of 1.2 um when the
structure is only 50 nm displaced. From Figure 3 we
can obtain the wavelengths where these resonances ap-
pear, these being 1.35 um for the meander cut, 1.28 ym
for the inverse triangle cut and 1.38 pm for the chevron
cut. At these displacement induced resonances (DIR)
wavelength our designs are effectively metamaterials
behaving as effective homogeneous media, since the
wavelength of interaction is bigger than the metama-
terials’ unit cell.

It is interesting to study the resonances that
appear as a result of displacement in the metamaterial
regime. Amplitude and phase maps of the electric
near-field along the propagation direction (E.) are
extracted, 10 nm above the gold surface on every
bridge, see Figure 4. Such maps indicate the oscillating
charge distribution of the plasmonic mode excited by
the incident wave. The magnitude of the electric near-
field, abs(E,), is shown in the top row of Figure 4.
All results are plotted on the same scale and were
obtained for the characteristic resonant wavelength
of each structure. Looking into the phase maps,
bottom row of Figure 4, without displacement, charges
on neighboring bridges oscillate in phase. Results
are considerably altered upon displacement of every
second bridge. For all designs, displacement results
in resonant and approximately anti-symmetric charge
oscillations on neighboring bridges. This indicates
a breaking in the symmetry of the structure and
corresponds to the excitation of a resonant “trapped-
mode” [27]. Without displacement, all 3 designs are
non-resonant and therefore their excitation is weak.

Displacement Induced Resonance (DIR)

a) d=onm d=50nm b) d=onm  d=500m C) d=onm  d=50nm
sl A ALAFE
bl S A -
EE R A3 r‘ Ny s / \
iy S AA |
Ldi-d v A'A -

A=1280 nm A=1380nm

Figure 4. Calculated near-field maps for different
photonic metamaterial designs. a) Meander cut at
1.35 pm wavelength, b) inverse triangle cut at 1.28 pm and
¢) chevron cut at 1.38 pm. In all cases the results plotted
are abs(E.) in the top row and arg(E.) on the bottom one,
10 nm above the gold surface of each bridge.

However, when every second bridge is moved
50 nm towards the light source, resonant behavior at
each designs’ DIR wavelength is clear. Electric filed
enhancement is clearly concentrated at the edges of
the structure and is several times higher for the chevron
design when compared to meander and inverse triangle
designs. Amongst the 3 studied designs the strongest
enhancement of the electric field is observed for the
chevron cut with an increase in the magnitude of E, of
about 15 times.

Through an extensive and careful study of other
possible designs, displacement directions (stretching or
movement in plane) and introducing new materials,
there is still a lot of room for optimization of responses
and maximization of changes. Many other designs for
dynamic control over phase, intensity and polarization
of light can be envisioned. Here we gave a basic
introduction to the origin of tuneable properties
of nanomechanical photonic metamaterials and how
such metamaterial designs can be optimized through
simulation in order to enable the reader to explore their
own ideas.

2. Actuation mechanisms

Dynamic spatial reconfiguration of a metamaterial
structure requires an actuation mechanism and several
approaches to actuation will be discussed in this
section. Reconfigurable photonic metamaterials based
on Micro-Electro-Mechanical Systems (MEMS) have
been realized for THz and sub-THz frequencies [28-33]
and recently shrunk to the optical spectral range
[25, 34, 35]. Tuning of the optical properties of these
materials results from structural reconfiguration of
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the photonic metamaterial. — Sub-wavelength scale
structuring of a noble metal film supported by a
dielectric membrane of nanoscale thickness can be used
to make mechanically reconfigurable metamaterials
suitable for the optical spectral range. Ou et
al. demonstrated tuneability using 3 different
mechanisms of actuation based on this nanomembrane
approach [25,34,36]. Interaction of an electromagnetic
wave with a densely populated metamaterial, where
metamolecules are strongly coupled (equation 9), will
alter the wave by plasmonic phenomena. While
previous simulation results provide us with useful
insights regarding near-field interactions of neighboring
bridges for the different designs, also mechanical
considerations about the design should be taken
into account. For a full review on reconfigurable
nanomechanical photonic metamaterials and the latest
advances on the field see Ref [37].

In principle, the stronger the coupling, the
easier it should be to observe displacement-induced
transmission changes of our photonic metamaterial.
However, if the design is too stiff, available forces
for tuning might not be strong enough to achieve
significant bridge displacement against the structure’s
elastic forces. Since we aim to tune the optical
properties of metamaterial structures by reconfiguring
their nanoscale components in response to different
control signals, estimates on the magnitude of
available forces should be made. Therefore, not
only electromagnetic properties of structures but also
mechanical ones are important to achieve significant
tuning of optical properties.

In this section we will discuss the mechanical
properties of bi-layer designs, as well as, estimate the
available forces using different actuation mechanisms.
In the end, by changing the physical arrangement of
the nanoscale metamolecules we change their coupling
(equation 9) and therefore the optical properties of
the photonic metamaterial array. Large modulation
of optical properties will be provided by a design
with strongly interacting bridges that have a weak
elastic restoring force. It should be pointed out
that all estimates and considerations presented on
the following subsections are made considering the
central part of the nanostructures (beams), since it
is the spatial region where the displacement is bigger
and from where the optical properties are measured.
Several actuation mechanisms can be considered to
reconfigure nanomechanical photonic metamaterials
either with an electrically conductive path present or
not. Considering designs where we have an electrically
conductive gold layer covering the dielectric bridges,
electric signals can be used to produce displacement.
Regardless of presence of such a path, thermal or
optical actuation can be considered.
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Here we will discuss and estimate several actu-
ation mechanisms: thermal, electrothermal, electric,
magnetic and optical actuation. Later, considerations
will be made on the different actuation mechanisms
based on their simplicity and on the achievable dis-
placements.

2.1. Restoring forces

In order to achieve tuneability in the visible part of the
electromagnetic spectrum, structurally reconfigurable
photonic metamaterials propose to manipulate light by
changing the relative arrangement of their plasmonic
building blocks, i.e. thousands of metamolecules.
Moreover, by being fabricated from bi-material
layers, i.e. metal on top of dielectric, planar
metamaterials which are reconfigurable by ambient
temperature changes or electrostatic actuation have
been realized. Bi-material layered structures can be
actuated by temperature changes based on different
thermal expansion coefficients to engage displacement
and different layers can provide both a mechanical
support (dielectric) and a plasmonic material (metal).
Elements of nanomechanical photonic metamaterials
can often be represented as nanobeams. At
the nanoscale, electromagnetic forces and thermally
actuated displacements act on such nanobeams and
are comparable with elastic forces of the supporting
structure. In general, the elastic restoring force of such
a nanobeam with circular cross-section and supported
on both ends can be described as [37],

4

FElastic =6rFE (10)

e
where, E is the Young’s modulus, L is the length, D
the diameter and z the displacement of the nanobeam.
These parameters are shown in Figure 5, considering a
general design. Using equation 10, we can estimate
the force needed to achieve displacement. Gravity
can be neglected for the beam structures of picogram-
scale weight that have typical beam lengths of tens of
microns.

Figure 5. Elastic force at the nanoscale. A nanobeam
anchored at both ends of length L, diameter D and Young’s
modulus E. Using different external stimuli it is possible
to drive the nanobeam (with characteristic frequency, v)
against its elastic restoring force.
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In order to estimate and understand the mechan-
ical response of such systems, restoring elastic forces
and available actuation forces need to be estimated.
As for the restoring elastic force, we can now estimate
its magnitude for the designs discussed in the previ-
ous section, i.e. meander cut, triangle cut and chevron
cut. All designs can be simplified as beams with circu-
lar cross section with diameter of 100 nm. The simu-
lated structures will correspond to 3 such beams next
to each other (i.e. 3x bigger force), since the cross
section is not circular and we want to account for the
beam width (aprox. 300 nm). Amongst the simulated
designs and for restoring force estimates purposes, the
meander cut and inverse triangle may be approximated
by straight silicon nitride beams, despite the structured
sides. The spring-like design of the chevron structure
can be approximated also by a straight beam but with
much longer effective length, accounting for the zig/zag
elastic design. For a typical beam manufactured from
a low stress (S < 250 MPa) silicon nitride membrane,
we can expect a restoring force on the order of 3.9 nN
(1.3 nN per 100nm circular beam, 30 pum long) for a
displacement of 100 nm. Considering Young’s modulus
of silicon nitride, Eg;n, = 297 GPa used as substrate
and the additional gold layer (E 4, = 79 GPa ), the ef-
fective Young’s modulus based on 50% SiN, and 50%
gold is Eg¢¢ = 188 GPa. Therefore, for the more elas-
tic chevron design the restoring force will be weaker for
the same displacement, since it is a longer beam (ef-
fective length). Following equation 10, increasing the
length of the beam (L?) or decreasing its diameter (D*)
are the most effective ways to lower the restoring elastic
force, since small changes have exponential influence.
Clearly, careful design of the beams supporting or self-
containing the metamolecules can dramatically modify
its elastic response. Moreover, choosing materials with
lower Young’s modulus (or lower stress), using more
elastic designs (meandering of bridges) or tapering the
ends of the beams, can also result in reduced restoring
elastic force, leading to bigger displacements for the
same actuation forces. Nevertheless, the above consid-
erations indicate that forces on the nano-Newton scale
will be required to achieve significant deformation of
nanomechanical photonic metamaterials based on sili-
con nitride bridge beams.

The next section will provide estimates on the
magnitude of the available forces for reconfiguring such
nanostructures.

2.2. Thermal Actuation

Thermally reconfigurable photonic metamaterial struc-
tures are based on materials having different thermal
expansion coefficients. Combining such concept with
nanomembrane technology, which provides very thin,
flexible dielectric substrates, temperature changes can
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lead to displacement of bi-layer nanobeams. Evapora-
tion of a plasmonic metal on one or both sides of such
substrates allows the fabrication of an array of plas-
monic metamolecules supported by pairs of nanobeams
cut from the membrane and designed in a way that
one string of the pair exhibits temperature-activated
deformation while the other does not. These bridges
can be spatially repositioned by changing the ambient
temperature or engaging Joule heating in the conduc-
tive layer. In the first case, half of the nanobeams are
gold-covered on both sides, while the other half are
only covered by gold on one side. By changing ambi-
ent temperature, one can engage displacement of one
bridge (metal-dielectric) relative to the other (metal-
dielectric-metal) and this results in optical changes.
When the temperature of the metamaterial changes,
only the asymmetrically layered bridges that are gold-
covered on only one side will bend due to different ther-
mal expansion coefficients of gold and silicon nitride.

In the second case, currents can be applied to
the metallic layer of a metamaterial and flow (by
design) along every second bridge in order to change
the electromagnetic interaction between neighbouring
bridges. Joule Heating of the current-carrying,
bilayered bridges can result in out of plane movement of
hundreds of metamolecules. For both cases, the bridges
with no thermal load will remain static since either
structural symmetry or lack of Joule heating will not
allow displacement.
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Figure 6. Electrothermal actuation concept. Upon
electric current (1) application, a bilayer beam fixed at both
ends will experience Joule heating which will result in out
of plane bending of the beam (ALa, > ALgizn,). Such
bending can result in hundreds of nanometres displacement
at the centre of a beam that is 10s of microns in length.
Also, environmental temperature changes could produce
the same effect in the nanobeams at much slower timescales.
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Heating will increase the average distance between
ions due to their vibrational energy increase and
will result in a volumetric expansion of the material.
Materials that expand at the same rate in every
direction are called isotropic, for these materials the
area and linear thermal expansion coefficients may be
calculated from the volumetric coefficient. Depending
on the application or dimensions considered important,
different coefficients may be considered. In our case,
the linear expansion coefficient is considered due to
the 1D nature of our structures were the length of the
bridges is much bigger than width and thickness. For
this situation, the variation (AL) of the bridges length
(L) for a certain temperature change (Ad) is related
by the linear expansion coefficient (ay,):

AL

Thermal expansion coefficients vary from material to
material and if we consider a bilayer structure of
two different materials, one dielectric (e.g. silicon
nitride, ay = 2.8 x 107%/K) and one metal
(e.g. gold, ar = 144 x 107/K), the different
change in lengths results in bending of the structure.
For example, following equation 5 of reference [38],
a displacement of approximately 3 nm per degree
Kelvin can be expected for a silicon nitride and gold
bilayer beam with thickness ratio of 1. The changing
distance between metamolecules or between arrays of
metamolecules (nanobeams) modifies the plasmonic
coupling (equation9) and the electromagnetic response.
Figure 6 illustrates how thermal actuation can
be driven by Joule heating where out of plane
displacement of a bilayer beam results from differences
in thermal expansion -coefficients. Hundreds of
nanometres out of plane displacement are achieved and
the influence on optical properties has been reported
to be around 50% of relative transmission changes
(25, 35].  Following previous reference [38], a work
per volume for thermal actuators can be estimate and
translated to a thermal force (Fraermar) of about 1 nN
per nanometer displaced. Therefore, per Kelvin degree
raise in temperature, 3 nN of thermal force will act at
the center of the bilayer nanobeam. Thermal actuation
can provide large contrast in the optical properties of
the planar photonic metamaterials by achieving big
displacements.

Despite achieving a fully reversible mechanism to
tune metamaterial optical properties, this work has
the drawback of being relatively slow: the reaction
time (characteristic heating/cooling time), 7, depends
on the thermal conductivity of materials involved and
the geometry of the string. The reaction time (s)
as function of thermal conductivity, £ (W/m.K), and
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string length, L (m), is given by:
L*Cy,
= 12
T 124k (12)

where, Cp (J/K.m) is the heat capacity per unit
length and A (m?) the cross-section of the string.
Therefore, depending on the capacity of the material to
receive heat to achieve certain temperature, its thermal
conductivity, the length and the shape of the beams,
thermal equilibrium will be achieved at different rates.
For metamaterials with an overall size of tens of
micrometers, the response time is typically on the
microsecond to millisecond scale. Such response times
are still useful in a wide range of applications where
process are relatively slow such as, chemical sensing
or monitoring biological processes. Moreover, the
response time of thermal actuation can be reduced by
displacing smaller components of the unit cell (instead
of several unit cells in a nanobeam), which will lead
to faster thermally actuated metadevices with wider
range of applications. Alternatively, there are other
mechanisms which can provide almost unlimited fast
responses and be useful for telecommunications and
optical computing.

2.8. Magnetic Actuation

While thermal actuation promises large tuning, it is
inherently slow as it is limited by the cooling timescale
on the order of microseconds. In order to overcome
this disadvantage, one promising approach is to use
the Lorentz force on a current carrying wire placed in a
magnetic field to reconfigure nanomechanical photonic
metamaterials. This allows the metamaterial’s optical
properties to be conveniently modulated by the applied
current and thus it has the potential of being a
practical method for fast control of metamaterial
properties [35], as well as, providing a large reciprocal
magneto-electro-optical effect [39]. The practical
realization requires currents to be applied to selected
reconfigurable parts of the nanostructure, which needs
to be placed in a magnetic field oriented perpendicular
to the current flow. Due to electric current application
and the bilayer nature of the nanobeams, Joule
heating will create a uniform thermal background
[39]. This means that the magnetic actuation will
act on top of pre-displaced nanobeams resulting from
the thermal force actuation. The direction of the
resulting magnetic force can be reversed by reversal
of the direction of either current flow or magnetic
field. In Figure 7 the concept of Lorentz force tuning
of a nanomechanical photonic metamaterial bridge is
illustrated.

Assuming realistic values we can estimate the
Lorentz force exerted on metamaterial bridge actua-
tors. Considering the bridges as current carrying wires,
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Figure 7. Magnetic actuation concept. Moving
charges (electrical currents) in the presence of a magnetic
field oriented perpendicular to the current experience
the Lorentz force. Such force can be used for fast
reconfiguration of metamaterials with beam displacement
in a chosen direction.

the force acting on a current in a magnetic field is given
by,

F=LIxB. (13)
Considering a current of 1 mA and a magnetic field of
0.1 T, forces of about 100 pN per 1 um of nanowire
length are achieved. On a thermal background, such
magnitude of magnetic force only results in a few tens
of nanometres of displacement. Nevertheless, around
25% relative transmission changes have been reported
using purely magnetic actuation [35,39], due to the
strong coupling between metamolecules separated by
nanoscale gaps. In these works, authors do not report
on hysteresis and drive the structures up to 200 kHz,
showing fast light modulation for purely magnetic
actuation.

Comparing to thermal actuation, magnetic one
can provide extremely fast response times since there is
no need to dissipate the heat. The thermal background
present (in equilibrium) will allow for fast magnetic
tuning, when changing the magnetic field intensity
and/or direction. In this case, since there is no need to
cool down the nanobeams, actuation frequency only
depends on the design of the nanobeams (or unit
cell) and electric circuit used for actuation. Stronger
magnetic fields and higher currents can be used and
displacements further increased. As before, addressing
individual unit cells of a metamaterial will allow for
faster metadevices and spatial resolution. Finally, the
Lorentz force can significantly deform nanomechanical
photonic metamaterials and thus be used to control
their optical properties.
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2.4. FElectric Actuation

When an electrical path is present in the nanomechani-
cal photonic metamaterial design, another possible way
to engage displacement is by exploiting electric forces
to reposition the nanobeams. Such electric signals can
provide different forces to achieve displacement and
therefore changes in the optical properties of the meta-
material. Actually, two kinds of electric forces can be
used to address nanomechanical photonic metamate-
rials. Firstly, lets think of the Ampeére force that de-
pends on the current (I) in the nanobeams and the
distance (d) between them. Joule heating will also
be present in this system, however it will be homo-
geneous along the entire metamaterial and act perpen-
dicularly to its plane, pre-displacing the nanobeams.
The Ampere force will act on the metamaterial plane
and it may be understood as the repulsion force acting
between a current carrying wire and the magnetic field
caused by the current in the neighbouring one.

2
pol”
2md
Here, pp is the vacuum permeability. The achievable
Ampere force (Famyp) tends to be small when compared
to previous approaches. For I = 1 mA and d =
500 nm, the Ampere force is about 0.4 pN per 1 um
of nanowire length L. Another possible use for the
electrical path present in the sample would be to
engage Coulomb forces (Fgoy) that depend on the
potential difference V between the nanobeams of our
designs, their diameter and the distance between them.
Ou et al. [34] developed a type of metamaterial
operating in the optical part of the spectrum, in
which the nanostructure is actuated by the Fooy-
Such force acting on typical reconfigurable photonic
nanostructures can be approximated by,

FAmp = (14)

weoU?D

FCoul = ﬁ(Dv d)m

L, (15)
where, 9(D, d) is a dimensionless parameter that takes
a value close to 1 for realistic geometries, D the
diameter of the nanowires, d the distance between
them, ¢y the permittivity of vacuum and U the
applied voltage.  Similarly to previous actuation
mechanisms with electrical signals, marginal heating
of the nanostructure might occur. As before,
the movement caused by this marginal thermal
actuation will be perpendicular to the direction of
tuning induced displacement and therefore can be
neglected. For U = 1 V, D = 100 nm and d
= 500 nm, the Coulomb force is about 5 pN per
1 pm of nanowire length L. The charged plasmonic
metamolecules which are supported by pairs of
parallel strings cut from a nanoscale thickness flexible
silicon nitride membrane move due to electrostatic
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Figure 8. Electrostatically nanomechanical photonic
metamaterial. [34] a) Scanning electron microscope image
of the device, black colour is the gap, light grey is gold
and dark grey is the supporting silicon nitride membrane.
b) Close up of a section of the metamaterial pattern. An
applied voltage results in an acting electrostatic force that
moves the bridges in plane. Negative charged bridges
(vellow) will repel each other and be attracted to the
positive charged (red) bridges or vice-versa.

attraction and repulsion, and thus repositioning of
metamolecules is achieved, see Figure 8. These strings
of picogram mass and only 100 nm thickness can
be synchronously driven to megahertz frequencies to
electromechanically reconfigure the metamolecules and
dramatically change the metamaterial’s transmission
and reflection spectra, thus giving rise to a colossal
electrooptical effect. Using Coulomb forces and in-
plane movement of the nanobeams, authors were
able to engage two different modes of operation:
(i) analogue tuning, where over a range of voltages
the structure’s optical properties can be changed
continuously (up to 8% optical signal modulation); (ii)
a step-like “digital” change of the optical properties
(switching with 250% contrast), where the electrostatic
force overcomes the elastic restoring force. For case
(i), the magnitude of the optical changes is quite small
comparing to purely thermal or magnetic actuation,
despite the strong coupling and considering equation
9. This can be explained by the in-plane nature
of the tuning which, despite changing drastically the
distance between dipoles, does not allow for large
displacements without permanent switching. Such
switching brings us to case (ii), where huge changes
in the optical properties are achieved at the cost of
non-reversibility. When the nanobeams are brought
closer and closer together, they will eventually touch
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and get stuck together. This switching will lead
to great optical contrast but the metadevice will be
permanently ”‘switched”’, losing the ability to change
its optical properties.

Another versatile solution is based on actuated
Salisbury screen designs [40-42], where the electro-
static force between a metasurface or metasurface
strips and a ground plane controls the optical prop-
erties of the device. Such structures have been shown
to act as electro-optical modulators and could provide
dynamic control over essentially any optical function-
ality metasurfaces can provide [43,44].

2.5. Optical Actuation

Finally, one of the most ambitious and interesting
ways of reconfiguring photonic metamaterials is using
light itself. Light by light nanomechanical photonic
metamaterials have already been demonstrated [36],
see Figure 9. By exploring optically induced forces
that act on a plasmonic metamaterial array, authors
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Figure 9. Optically nanomechanical photonic meta-
material. [36] Nanomechanical photonic metamaterial
where tunability of optical properties is driven by optical
forces, a) a pump beam modulating a probe beam at a dif-
ferent wavelength and achieving the result shown below.
b) Transmission modulation at the probe wavelength as a
function of pump modulation frequency for different pump
powers. Each modulation depth peak has a characteris-
tic mechanical mode identified by the arrows. Adapted
from [36]
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engaged nanoscale reversible displacements of its small
and light building blocks. Light induced oscillating
dipoles are engaged in order to produce a time-
averaged optical force that is proportional to the
incident light intensity, Ijjgn¢ and the illuminated
bridge length L,

FOptical X IlightL~ (16)

When such gold plasmonic nanowires of diameter D
= 100 nm, length L = 500 nm and spacing d =
300 nm are illuminated by light with wavelength A\ =
925 nm and intensity P = 1 mW pm?2, the repelling
optical force between them is about 1.5 pN. Using
nanomembrane technology and plasmonic structures,
optically-induced forces drive the nanostructure at up
to MHz modulation rates. By using a pump beam
(shown red), the authors modulated another, weaker
probe beam of light (shown green) at a different
wavelength. Recently, it has been shown in an all-
dielectric nanomembrane metamaterial that optical
forces can drive actuators on the size-scale of an
individual meta-molecule (about 1 pm) at frequencies
of more than 100 MHz [45]

At first sight, almost all available forces have
been engaged and explored to achieve reversible,
high contrast and high frequency tuning of optical
properties. The forces used and their understanding
is not too complex and can be easily adapted to
other designs and systems. The challenges to achieve
metadevices are now focused on the nanofabrication of
such nanostructures and their optimization.

Next, this tutorial will focus on nanofabrication
solutions and challenges for nanomechanical photonic
metamaterials.

3. Fabrication of Nanomechanical Planar
Photonic Metamaterials

A lot of the progress in photonic metamaterials re-
search only became possible due to developments in
nanofabrication technology achieved over the last two
decades. However, in order to keep pushing the bound-
ary further, more improvements and merging of tech-
nologies for fabrication of structures with nanome-
tre resolution is imperative. If one can fully con-
trol nanometre scale fabrication and even achieve sub-
nanometre resolution, high quality photonic metama-
terial can be realized and further lower their wave-
length of operation. Moreover, sample fabrication and
processing becomes increasingly important when con-
cepts must be put forward into devices. If fabrication
does not reach a minimum level of quality, performance
will be degraded or could even vanish completely. The
requirements of photonic metamaterial samples, de-
pending on the final applications, are becoming in-
creasingly more complex with high levels of accuracy
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and precision needed. Nanofabrication of optical meta-
materials is extremely challenging and requires the cre-
ation of features at deep subwavelength scale. The re-
quired feature sizes are smaller than the resolution of
conventional photolithography and therefore advanced
technologies are being employed. Nanoimprint, inter-
ference optical lithography, direct laser writing, elec-
tron beam lithography (EBL) and focused ion beam
(FIB) milling are just some examples [46,47]. Some of
these technologies achieve cost efficient, high-volume
fabrication of micro- and nanoelectronic devices, but
require masks/stamps, chemical solutions or highly en-
ergetic (thermal) processes which can be a disadvan-
tage for prototyping.

Also, to achieve high resolution nanostructures,
substrates need to possess a minimum mechanical and
thermal stability for processing. Usually, processes
are highly energetic and consequently plasmonic thin
films should attain minimal mechanical resistance
and provide good enough thermal energy dissipation.
Several techniques can be used in order to obtain
metallic plasmonic thin films. For nanomechanical
photonic metamaterials, the goal is to achieve metallic
thin films with plasmonic properties, usually made
out of gold, with no strict requirements in terms
of electrical properties or morphology. The crucial
parameter to take into account is the film thickness.
While thin film quality is important for metamaterials,
the metal film thickness is crucial as plasmonic
properties depend on the photon penetration skin
depth of the metal. The skin depth can be calculated
as [48],

(17)

where 5 is the attenuation constant and is identical to
the (negative) real part of the propagation constant,
the ratio of the amplitude at the source of the wave
to the amplitude at some distance xz. For a typical
plasmonic metal such as gold, the skin depth ranges
between 6.2 nm for 2 pum wavelength and 2.8 nm
for 400 nm wavelength, meaning that a 10 nm thick
gold film should be enough to attain good plasmonic
responses. These values are characteristic of each
material and should always be considered in the
photonic metamaterial design. Now, if we want to
structure such a extremely thin film with FIB we might
encounter some limitations. For example, structuring
a 20 nm gold film supported by a 50 nm silicon
nitride membrane might result in over milling of the
metallic layer in order to completely cut through the
dielectric. This means that the design intended to be
patterned will not be possible to reproduce due to the
physical limitations of the system. In order to achieve
nanomembrane-based high quality nanomechanical
photonic metamaterials, a minimum gold thickness of
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30 nm has been used. However, when fabricating
free-standing plasmonic metamaterials consisting of
a very thin metallic/plasmonic layer, a minimal
thickness of about 50 nm is needed to achieve same
quality nanostructures, considering the absence of the
mechanical and thermal support given by the silicon
nitride membrane. Thinner free-standing plasmonic
layers will deform upon FIB interaction, due to
ion impact and thermal load, making structuring
problematic. The limitations here presented are a mere
example, since each system will possess its own limits
depending on material properties and optimization of
the nanofabrication conditions.

A lot of work has been done recently concerning
fabrication at the nanoscale, exploring new techniques,
increasing resolution levels and reproducibility. Hope-
fully this piece of work reflects on such advances and
brings solutions and ideas to the metadevices realm.

3.1. Focused Ion Beam

Demand for miniaturization in electronics and op-
toelectronics increased the number and accuracy of
fabrication techniques able to deliver sub-micron fea-
tures. Several lithographic methods [49, 50], includ-
ing electron beam lithography [51], were developed
in recent years to achieve resolutions below 100 nm.
Another technique that recently emerged is nanoim-
print [52] which uses a stamp in order to reproducibly
pattern a surface. However, both technologies have
disadvantages. Considering, for example, any type
of photolithography, the need for a photomask is in-
efficient and restrictive while high-resolution masks
have prices well above £10k, making this technique
too expensive for prototype fabrication and develop-
ment. Lithography with multi-step techniques involv-
ing chemical procedures that require optimization can
damage nanoscale structures, for example due to sur-
face tension in liquids. Nanoimprint promises large
area patterning and cheap mass-production of identi-
cal copies of the same photonic metamaterial, however,
the cost of stamp fabrication makes it unsuitable for
obtaining research samples, where almost every sample
needs to be different.

Focused ion beam as proved to be a powerful tool
regarding nanofabrication for prototyping. Despite ex-
pensive either in cost as in time, it is an extremely
precise and elegant tool which as allowed us to man-
ufacture the smallest features and engineered very in-
teresting solutions. Considering low-volume fabrica-
tion of nanodevices like nanomechanical planar pho-
tonic metamaterials for prototype device development,
focused ion beam milling, despite being time consum-
ing, stands out as the best choice. This flexible tech-
nology allows the fabrication of a large range of struc-
tures in a single step process with spot size of 5 nm
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and line resolution of 30 nm without involving chemi-
cal precursors. The basic functions of the FIB require a
highly focused beam. The smaller the effective source
size, the more tightly can the ion current be focused to
a point. Unlike the broad ion beams generated from
plasma sources, high-resolution ion beams are defined
by the use of a field ionization source with a small
effective source size on the order of 5 nm. Of the
existing ion source types, the liquid metal ion source
(LMIS) provides the brightest and most highly focused
beam. There are a number of different types of LMIS
sources, the most widely used being a Gallium-based
(Ga) blunt needle source. Ga has clear advantages over
other LMIS metals such as In, Bi, Sn, and Au because
of its combination of low melting temperature (30°C),
low volatility and low vapour pressure. The low melt-
ing temperature makes the source easy to design and
operate. Because Ga does not react with the mate-
rial defining the needle - typically tungsten (W) - and
evaporation is negligible, Ga-based LMISs are typically
used in commercial FIB systems [54,55]. Other ion
sources can be used has the gas field ion sources (GFIS)
using helium (He) or neon (Ne). Such ion sources have
the advantages of achieving sub-nanometer resolution
through minimization of the chromatic and spherical
aberration of the imaging species (He or Ne). Dis-
advantages relate mainly with milling times, which are
too long due to the small currents available with GFIS,
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Figure 10. Schematic of the focused ion beam
system composed of 4 subsections: beam generation,
current focusing adjustment, beam blanking system and
beam scanning. Adapted from [53]
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and the large interaction volume, which will result in
more damage of the subsurface material [56].

The most important components of such commer-
cial system are: the ion column, the work chamber,
the vacuum system, the gas injection system and the
computer controlled user interface [53]. A typical di-
agram of a FIB column is shown in Figure 10. The
structure of the column is similar to that of a scanning
electron microscope (SEM) but instead of an electron
beam it uses a gallium ion (Ga™) beam. Typically, a
vacuum of about 1 x 10~7 mbar is maintained inside
the column to enable emission, focusing and manipu-
lation of the ions. At the source, liquid Ga is extracted
from a liquid source by electric field induction upon
high voltage application. Ions of Ga will then be ac-
celerated down the column and pass through a first
aperture for first profile shaping. The ion beam energy
is typically between 2 and 30 keV. Then, the ion beam
is condensed by the first electrostatic lens while the up-
per octopole adjusts the beam stigmatism. Using the
variable aperture mechanism, the beam current can be
varied, usually between 1 pA and 22 nA. Depending on
the beam current one can obtain either a fine beam for
high-resolution imaging or a strong beam for fast and
rough milling. Blanking of the beam is realized by the
blanking deflector and aperture in order to promptly
blank the beam during fabrication. The lower octopole
is used for raster scanning the beam over the sample
in a user-defined pattern, facilitating the most intricate
and twisted designs with high resolution. Finally, the
beam is focused to a fine spot with the second electro-
static lens, enabling a best resolution in the sub 5 nm
range. In FIB technology, imaging and milling with
Ga™ ions will always result in Ga™ ion implantation in
the sample, see Figure 11 . In order to avoid ion im-
plantation during sample imaging, most modern FIB
instruments supplement the FIB column with an ad-
ditional SEM column so that the instrument becomes
a versatile “dual-beam” platform. The ion beam and
electron beam are placed in fixed positions and share
their focal points at the “coincidence point”, an opti-
mized position for the majority of operations, including
FIB sample direct writing [55]. The SEM part can be
used not only to search and image the sample area for
FIB processing but also to monitor the process of FIB
milling in real time.

Based on the ion-solid interactions, there are three
main working principles of an FIB system, namely
imaging, milling, and ion beam induced deposition [53].
Figure 11 shows these modes which are relevant for
nanomechanical photonic metamaterials fabrication.
Controlling, for example, emission energies (5-10 keV),
FIB system can be used for high resolution imaging of
samples (Figure 11a). Such process is destructive and
should be carefully controlled to minimize alteration
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of sample properties. Due to the detection of low
energy secondary electrons and/or secondary ions,
FIB is especially sensitive to the surface topography
and to the work function of the surface [57]. The
FIB secondary electron signal will thus depend on
the chemical nature of the surface as well as its
morphology. Moreover, FIB provides a greater
sensitivity of an incoming beam to the crystalline
structure of the sample. In a crystalline sample it
is possible for the primary ions to channel if the
orientation of the crystal is aligned with the beam. In
this case, the ions travel between the columns of atoms
and their range can be quite large. Since a longer range
implies fewer interactions (per unit length) between
ion and sample, the number of secondary electrons
produced will be lower if the crystalline sample is
oriented in certain directions relative to the beam. This
effect induces image contrast variations depending on
small changes of the angular orientation of the sample,
which is called ‘channelling contrast’. Despite the
ability to provide higher resolution imaging than the
common SEM systems, we must keep in mind that
contamination with the ion species used is unavoidable,
Figure 11.

The most important operation mode of an FIB
system, for nanomechanical photonic metamaterials
fabrication, is the milling process. In such mode,
higher energies for the ion beam are used (10-30
keV) to promote sputtering of sample’s material and
allow milling (Figure 11b). Ion milling is a method
of material removal by means of physical sputtering
phenomena.  The sputtering process involves the
transfer of momentum to surface and near-surface
atoms from the incident ions through a series of
collisions within the solid target. If the ion beam
impinges on the target vertically there must be enough
momentum reflected from the solid to eject one or
more surface atoms. Therefore, the sputtering rate,
which is defined as the ratio of the number of ejected
atoms to the number of impinged ions, is a function of
the angle of incidence of the ion beam as well as the
mass and energy of the ions, the mass of the target
atoms and the nature of the target atomic structure.
FIB milling is carried out with repetitive scanning
over a designated area. Arbitrary surface topographies
can be created by controlling the scanning pattern,
scanning location, and ion dosage. Typically, with
a focused 30 keV Ga™ ion beam of less than 5 nm
diameter, structures with less than 30 nm features can
be realized. The minimal milling linewidth is about
50 nm. Further in this tutorial, typical examples
of nanomechanical photonic nanostructures fabricated
using focused ion beam milling will be shown. The FIB
milling process can be further enhanced by introducing
a specific gas (such as XeFs) into the work chamber.
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Figure 11. Focused ion beam operation modes. FIB systems can be operated in distinct modes including a) ion
imaging b) ion beam milling and c) ion induced deposition. Adapted from [53]

It will increase the etching rate and the selectivity
towards different materials by chemically facilitating
the removal of reaction products. This technique is
called gas-assisted etching [58].

Finally, the third operation mode is ion induced
deposition of thin films (Figure 11c). By introducing
a gas flux through a nozzle in the vicinity of the ion
beam we can grow thin films of different materials
using FIB. The gas molecules will be adsorbed by the
surface of the sample and will react with the incoming
ions. The molecules decomposed by ion bombardment
are desorbed from the surface leaving desired material
atoms and forming a thin film on the surface. By
controlling energy and current of the ion beam one
can achieve a deposition to milling ratio which allows
final thin films with thicknesses of several hundreds of
nanometers. The films composition depends mainly in
the gases available.

Since having been introduced to the field of meta-
materials, FIB milling of nanomembranes for nanome-
chanical photonic metamaterials is proliferating. A
huge range of designs and architectures can be envi-
sioned through the usage of such versatile and powerful
technology achieving the resolution needed to target
optical wavelengths. Limitations arise from the time
needed to fabricate larger metadevices, materials to be
milled or ion species implantation. Nowadays, despite
the increased difficulty to do so, also non conductive
materials can be structured using FIB. Considering the
different available ion sources and system configura-
tions, the availability in terms of materials to be struc-
tured as metamaterials is immense. The advantages
of high resolution, diversity of shapes and dimensions
that can be obtained and the wide range of materi-
als that can be milled/deposited outweigh the disad-
vantages of slow nanofabrication and high cost. FIB
milling and deposition has already contributed hugely
to advances in metamaterials and it is turning into a
crucial technology for targeting smaller and smaller

wavelengths [35, 59, 60]. Ideally, unit cell structuring
for optical wavelength metamaterials can be developed
and tuneability of reconfigurable planar photonic meta-
materials brought to another stage of development.

3.2. Other Techniques

Producing metadevices for real world application
will require great developments in nanofabrication.
Focused ion beam is very powerful when it comes
to prototyping, allowing to achieve proof-of-concept
devices, however, when it comes to scale up processes,
other solutions must be developed. Electron beam
lithography has been widely developed in the last
years as a way to overcome resolution limitations
in traditional optical lithography. Electron beam
lithography (EBL) consists of writing small patterns
with an tightly focused electron beam in a radiation
sensitive film, called a resist. A typical electron
beam system mainly comprises an electron gun, a
column, a chamber and a stage. The operation
principles are very similar to the FIB, a high voltage
allows extraction of electrons from a source and then
accelerates, focus and align these electrons - along the
column - until it reaches the sample to be patterned.
In order to obtain high resolution nanostructures,
sharp features and smooth surface several parameters
must be optimized in the EBL system, such has
electron energy densities, dwell times, sequence of
exposure. These patterns are then developed in some
chemical which selectively removes either the exposed
or unexposed resist (positive- or negative- tone resist
respectively). As for the FIB, the currents available
can vary by changing the electron beam diameter and
therefore the current density of the beam. Also a beam
blanker is present to avoid exposure of unwanted areas.

The EBL tool can be available with two scan
mechanisms of the electron beam, either raster or
vector scan. Raster scan systems scan the beam
continually in a raster scan and blank/unblank the
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Figure 12. Schematic of the electron beam process
combined with lift-off process Standard electron beam
lithography in combination with lift-off process. a)
Negative tone e-beam resist spin coating. b) E-beam
exposure. c¢) Resist development, removing unexposed
resist. d) Metal deposition. e) Metal lift-off covering the
exposed resist remaining the patterned metal structure.

beam as appropriate to form the required pattern.
Vector scan tools only scan the beam where it is
actually required and tend to be slower but give
smoother edges to the patterns. Figure 12 shows
the overall e-beam lithography process. Firstly, a
electron beam sensitive resist thin film is spun on
the surface of a substrate (Figure 12a). The resist
used and the conditions at which it is spun will
result in completely different samples when it comes
to the exposure process. Unlike photolithography and
similarly to FIB, no mask is required to pattern a
surface. Instead, the pattern data is handled by a
computer which will control a finely focused beam
of electrons and writes the desired pattern on the
sample surface, see Figure 12b. When irradiated
with electrons the solubility of the resist is altered
causing a dissolution variation compared to areas that
are not exposed. EBL typically uses 50 or 100 kV
electron beams with diameters in the range 3 - 400 nm
depending on the feature size required. For example,
100 kV electrons have a velocity of 0.57c which results
in electron wavelenghts of around 4 pm. The exposure
dose is an important parameter when patterning with
electron beam, which is the required charge per unit
area to expose the resist and is measured in uC/cm=2.
Typical values for 100 kV exposure are around 500 for
a slow resist, eg PMMA, and 50 for a fast resist. As
the dose per unit area decreases the tool has to scan
the beam more rapidly. Optimizing exposure doses,
currents and sequence for each system in question is
crucial, since each resist and material will respond
differently with the EBL system.

Next step is the development stage which is often
simply a dip in a suitable developer, followed by
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a rinse and dry (Figure 12¢). Finally, the pattern
transfer stage converts the polymer resist pattern to
something more useful - this can be either etching
or deposition of certain layers. Upon patterning the
resist layer with e-beam lithography, one must transfer
this pattern to the substrate. This will be done by
etching or deposition of the non-protected area. Wet
etching, dry etching, ion milling, lift-off, thin film
deposition or electrodeposition can be used alongside
EBL processing. Figure 12 d and e, show the steps
during the EBL nanostructuring using metal lift-off.
Overall, EBL is slow (comparable with FIB), is
expensive (as it is FIB), can achieve great resolution,
can provide great alignment for layer to layer (around
20 nm), specially if more complex processing is
required (this is also possible with FIB) and the
absence of a mask makes it a very flexible tool.
While using FIB we only have to match the ion
species to the material to be milled and optimize
milling conditions, in order to achieve good yield and
resolution, with EBL we also need to care about the
etching/deposition process to be preformed afterward.
EBL main advantage over the FIB is the better depth
of focus which means it can be used to write, for
instance, on the tops of pyramids. Using electron beam
resists 10 nm minimum feature sizes can be achieved
[61]. A common resist for sub-50 nm resolution is
polymethylmetacrylate (PMMA) [62] while for highest
resolution (below 20 nm) inorganic resists such as
hydrogen silsesquioxane (HSQ) are also used [63].
Comparing to the FIB process, EBL is more complex
since it needs more than just milling/exposure for the
final pattern to be obtained. Often, resists spinning,
baking, development and chemical baths must be used
to achieve a final patter by EBL. Lately, development
of EBL systems, allow researchers to fabricate fairly
big areas at good speeds, achieving wafer fabrication
in a couple of hours [64]. Combining EBL with FIB
can delivery very promising on-chip nanomechanical
photonic metamaterials [65]. In order to achieve
such results, authors nanostructured individually
addressable plasmonic chevron nanowires. The active
structure of the metadevice has an effective area of 300
um? and is fabricated by a combination of electron
beam lithography and ion beam milling. In this case,
metal lift-off is preformed after electron resist exposure
and development. Such structures can act as spatial
light modulator with sub-wavelength spatial resolution
[44, 66] enabling tuncable gradient metamaterials,
focusing elements or switchable diffraction gratings.
Also, by combining other techniques such as
reactive ion etching, the development of ultrathin
metamaterials consisting of a single 50 nm layer of free-
standing gold can be achieved [59,67,68]. In order to
achieve such ultrathin membranes of plasmonic metal
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Figure 13. Fabrication steps for free-standing plasmonic membranes of deeply subwavelength thickness
fabricated by focused ion beam milling. A metal film is deposited on a silicon nitride nanomembrane by resistive
thermal evaporation. Subsequently, either FIB milling or etching can be used to remove the silicon nitride membrane
layer. A symmetric, with respect to the light propagation direction, and deeply subwavelength free-standing membrane
is obtained. Finally, FIB milling for structuring the free-standing layer into a metasurface is performed.

without supporting membrane , processes and methods
that are not usually used in photonic metamaterials
fabrication were brought into play. Dry etching
mechanisms usually consist of sputtering materials
with non-reactive gasses using high mass and energy in
order to selectively remove material from a substrate.
In [59, 67, 68], CHF3 and Ar reactive ion etching
is performed to completely remove the 50-nm-thick
silicon nitride layer, see Figure 13. The previously
deposited gold layer will not be affected. Due to
the mostly vertical delivery of reactive ions, reactive-
ion etching can produce very anisotropic etch profiles,
which contrast with the typically isotropic profiles of
wet chemical etching. By combining RIE process
with FIB milling, authors realized free-standing gold
membranes for fabrication of metasurfaces of deeply
sub-wavelength thickness (typically 50 nm), with
identical optical properties for different sides of light
propagation.

High resolution nanostructures were already
fabricated for nanomechanical photonic metamaterials.
The techniques here mentioned are amongst the
most important to the field. Targeting proof-of-
concept prototyping, FIB and EBL systems stand
out as the best solutions. It is interesting to think
about which other processes from the nanoelectronic
and nanophotonic fields can also be employed in
combination with such powerful tools and what else
can be achieved.

4. Applications and Future Perspective

Nanofabrication and nanomechanical photonic meta-
materials are two fields that go hand-in-hand and are
both relatively new. While nanofabrication has been
carried out for decades, its optimization and full poten-
tial only now starts to be unlocked. As for the nanome-

chanical photonic metamaterials based on physical dis-
placements, a lot of available forces have already been
tested, however layering the device with different mate-
rials can increase versatility and open up opportunities.
Improvements from both sides, nanofabrication and
metamaterials design, can bring metadevices to real
life applications and expand their wavelengths of op-
eration, increase operation frequency and provide high
contrast optical tuning. For example, improving reso-
lution of the nanofabrication tools, smaller and smaller
structures can be produced lowering the wavelength
interaction (equation 8) for the metamaterials. Also,
sharper features and closely packed metamolecules can
improve tuneability and contrast (equation 9) due to
stronger interactions and electric field enhancement.
The complexity of nanomechanical photonic
metamaterials opens up several opportunities in
very different realms. For instance, researchers
have now computing power to model not only the
electromagnetic response of a metamolecule but of
an entire array. On top of that, mechanical
models can be added to optimize nanomechanical
photonic metamaterials design and simulate achievable
displacements considering material properties and
available forces. For example, designing unit cells with
movable/addressable parts, can provide extremely fast
tuneability since the structures are stiffer and therefore
with higher frequency of operation, while smaller
wavelength of interaction. Finally, nanofabrication
process and final metadevices characteristics can also
be modeled. These methods can provide good
indications in which designs to pursue and which
materials would result better for each applications.
Some examples of nanostructures already realized and
idealized for nanomechanical photonic metamaterials
or fabricated using discussed methods in this tutorial
are presented in Figure 14. From the overlook
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Figure 14. Opportunities for nanomechanical photonic metamaterials arising from the combination of
FIB with other nanofabrication techniques a) Typical asymmetric split ring structures for coherent control
experiments [59,67-69] .b) Addressable gold photonic metamaterial and ¢) zoom up on the 50 nm thick gold bridges
of metamaterials on b). All a), b) and ¢) are free-standing structures obtained on 50-60 nm thick gold layer after milling
or etching of the silicon nitride membrane on the backside. d) e) and f) all represent different metamaterial structures
fabricated on bilayer systems, 50 nm of gold and 50 nm of Si/N, These designs are all intended to combine mechanical and
photonic metamaterial properties at the nanoscale [70]. g) Randomly addressable metamaterial fabricated by [65] using
electron beam lithography combined with ion beam milling. h) Double side metamaterials where gold layer is structured
by ion beam milling and silicon nitride membrane is etched away with reactive ion etching. The gold layer acts as a mask
during the etching process. i) Shape memory alloy metamaterial. Combining different layers in the same metamaterials
we can explore piezoelectric, shape memory alloys or phase change properties.

over the panels we can immediately acknowledge the
diversity of structural designs that can be milled using
FIB. Moreover ideas can be developed by milling
and depositing materials while using the FIB or its
combination with other techniques. From intricate
shapes to single cuts through bilayer or monolayer
systems, a lot has been fabricated and used in scientific
experiments.

Figures 14a, b and ¢ (row 1) show different gold
plasmonic metamaterials of deeply sub-wavelength
thickness that were fabricated by the same techniques.

Either FIB milling or reactive ion etching of the silicon
nitride membrane is used to achieve free-standing
gold layers. Such layers are later nanostructured
by FIB milling. Figures 14d, e, and f (row 2),
shows the variety of designs developed in a bilayer
(Au + SiN,) for combination of mechanical and
photonic metamaterials. The idea is that mechanical
auxetic behaviour can be achieved at nanoscale and,
at the same time, due to its dimensions, photonic
metamaterial resonances are engaged [70]. Finally,
the bottom row of Figure 14 illustrates opportunities
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arising from the combination of nanofabrication
processes and the introduction of novel functional
materials. Authors have demonstrated on chip
nanomechanical photonic metamaterials by combining
EBL of a gold layer on a silicon nitride membrane to
electrically address a FIB milled metamaterial on the
bilayered area [65]. Also, in Figure 14h a double sided
metamaterial is attempted, inspired by [14]. The same
pattern was milled with FIB on different gold layers
(one on each side of a silicon nitride membrane) and
then reactive ion etching was preformed to remove the
silicon nitride membrane. In the final example, a shape
memory alloy layer (CuAlNi) was deposited between a
plasmonic gold layer and a supporting silicon nitride
membrane in order to explore its memory effect, see
Figure 14i [71].

The challenge is to actuate only parts of a very
small unit cell with the (weak) available forces. In
order to address a 1 pum long cantilever the force
needed is way stronger than estimated in this tutorial.
However, if such small part of a unit cell can be
addressed, extremely high frequency for very small
wavelengths might be achieved. Another challenge
for such small structures is to avoid switching of the
structures.  Since usually these metamaterials are
irreversibly switched, avoiding different parts of the
metamaterials to touch is crucial to avoid permanent
damage (switching) of the structure. One of the ways
to avoid this is to design metamolecules where the
displacement movement instead of bringing parts of
the metamolecules together will effectively separate
them, for these, once more, highly accurate and
sharp nanofabrication with improved resolution must
be developed to start with extremely strong coupling
(equation 9) and ”‘break it”’ for tuning optical
properties. Other materials might be brought into
the reconfigurable photonic metamaterials platform in
order to attain different optical properties, interact
with other wavelengths or achieve different mechanical
behaviours. Diamond, silicon or silicon oxide
nanomembranes can act as mechanical support
while transparent conductive oxides, graphene or
alternative metallic layers can act as the plasmonic
layer, for example. In fact, the combination
of the above nanofabrication solutions with more
standard CMOS fabrication techniques can allow us
to develop different architectures and processes for
nanomechanical photonic metamaterials. Moreover,
different materials that act as mechanical support and
plasmonic layer at the same time can also be brought
into metadevice fabrication process. Piezoelectric
materials [72] or other shape memory alloys [73] can
be used in nanomechanical photonic metamaterials
to achieve displacement and plasmonic response at
the same time. Reducing metamolecules sizes will
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reach smaller wavelengths and provide tuneabilities at
very high frequencies, provided that enough force can
be available to engage displacement, not necessarily
in and out of plane. Exploring new directions of
movement or more complex displacements might be
a way to achieve such goal. Either by careful design
of the structures or by use of different materials
(lower elastic restoring force), researchers aim to
get smaller and faster.  One concept being put
forward is the coherent control of light, where the
interaction between a standing wave and a planar
metamaterial is altered by spatial manipulation (of
the metamaterial) or standing wave manipulation
(phase difference) [74]. This concept is being put
forward on the tip of a optical fiber to manipulate
light [75], at the same time, researchers envision
using reconfigurable planar photonic metamaterials
in the same way, allowing direct light manipulation
in the media it propagates. Using reconfigurable
planar photonic metamterials between optical fibers
can bring great developments in optical computing,
by enabling on fiber logic operations. Finally,
several building blocks of nanophotonics can be put
together to achieve superior performances. Nanowires
could be combined with nanomechanical photonic
metamaterials to fabricate tunable nanowire lasers,
achieve on-chip tunable light sources, light channels
and detectors. All of these could ultimately results in
the development of optical on-chip computing.

5. Conclusions

This tutorial reflects on the key challenges in the
field of nanomechanical photonic metamaterials while
introducing different nanofabrication approaches and
solutions to diversify it. Metamaterials have shown
a huge number of tailored responses, however those
responses are fixed by design and defined during
nanofabrication. Regarding available forces to tune
nanomechanical photonic metamaterials, a lot has been
done and electrical currents, thermal changes, optical
forces and magnetic fields have shown to be capable of
driving reversible large-range tuning and modulation
of metamaterial functionalities. Taking advantage of
the versatility of nanomembrane technology structures
have been actuated and optical properties tuned.
Nanomechanical photonic metamaterials controlled
by external stimuli have provided optical tuning
and high frequency modulation of optical properties.
Despite the experiments mentioned in this tutorial
being mainly proof-of-principle demonstrations, each
of them could be developed further and provide
real world metadevices. Through an extensive and
careful study of other possible designs, displacement
directions (stretching or movement in plane) and
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introducing materials used, there is still much room
for optimization of responses and maximization of
changes. Many other designs for dynamic control
over phase, intensity and polarization of light can be
envisioned. Practical and useful ways of achieving high
frequency and high contrast tuning of metamaterial
properties are based on electrostatic, electrothermal,
magnetic or optical actuation. The Ampre force may
also offer an opportunity to achieve small in plane
displacements which can lead to large range tuning
of metamaterial optical properties in a very efficient
and simple way. Further optimization of actuators
and optical resonators (design) can allow practical
electrothermal or magnetoelectric light modulators
and switches. Randomly addressable metamaterials
that redirect, diffract, focus and modulate light
on demand can be envisioned based on previously
reported work.  Moreover, taking nanofabrication
technologies forward we can target the use of new
materials, new layered designs and inclusion of
active thin films on the nanomechanical photonic
metamaterial structure. Also, merging of mechanical
and electromagnetic metamaterials provides both a
negative Poisson’s ratio and resonant optical properties
controlled by the metamaterial structure.  These
new interesting structures can enable nanomechanical
metamaterials which keep their isotropy/anisotropy
upon deformation. For this, practical solutions for
actuation of auxetic metamaterials with a Poisson’s
ratio of approximately -1 will need to be developed.

Finally, this tutorial intends to provide an insight
on novel and practical solutions for active control of
metamaterials and the nanofabrication solutions that
can be used. The results mentioned here, not only
add to the rich electromagnetism of metamaterials,
but also have contributed to bridging the gap
between scientific proof-of-principle demonstrations
and industrial applications of metamaterials. Potential
applications range sub-wavelength resolution spatial
light modulators and tuneable gradient metamaterials
to focusing elements and magnetic field sensors.
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