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While metamaterials offer engineered static optical properties, future artificial media with
dynamic random-access control over shape and position of meta-molecules will provide
arbitrary control of light propagation. In this thesis I report:
• The experimental realization of the first addressable nanomechanical photonic
metasurfaces allowing selective actuation of individual metamaterial strips in a
single spatial dimension. The devices are constructed from individually addressable
plasmonic chevron nanowires with a 230 nm × 100 nm cross-section, which consist
of gold and silicon nitride. The active structure of the metadevice consists of 15
nanowires each 18 µm long and is fabricated by a combination of electron beam
lithography and ion beam milling. It is packaged as a microchip device where the
nanowires can be individually actuated by control currents via differential thermal
expansion.

• The novel concept and numerical characterization of a realisticmetadevice that dy-
namically controls the optical phase of reflected light with sub-wavelength
pixelation in one dimension. Based on nanomembrane technology, it consists of
individually moveable metallic nanowire actuators that control the phase of reflected
light by modulating the optical path length. The metadevice can provide on-demand
optical wavefront shaping functionalities of diffraction gratings, beam splitters, phase-
gradient metasurfaces, cylindrical mirrors and mirror arrays with variable focal
distance and numerical aperture without unwanted diffraction.

• The novel concept and numerical characterization of a spatial intensity modula-
tor with sub-wavelength resolution in one dimension that combines recent
advances in reconfigurable nanomembrane metamaterials and coherent all-optical con-
trol of metasurfaces. The metadevice uses nanomechanical actuation of metasurface
absorber strips placed near a mirror in order to control their interaction with light
from perfect absorption to negligible loss, promising a path towards dynamic beam
diffraction, light focusing and holography without unwanted diffraction artefacts.

• The experimental demonstration of a reflective light modulator, a dynamic
Salisbury screen where modulation of light is achieved by moving a thin metamaterial
absorber to control its interaction with the standing wave formed by the incident wave
and its reflection on a mirror. Electrostatic actuation of the plasmonic metamaterial
absorber’s position leads to a dynamic change of the Salisbury screen’s spectral
response and 50% modulation of the reflected light intensity in the near-infrared
part of the spectrum. The demonstrated approach can also be used with other
metasurfaces to control the changes they impose on the polarization, intensity, phase,
spectrum and directional distribution of reflected light.

In summary, dynamic control over optical properties both in time and space through
addressable metamaterials enables focusing, diffraction and redirection of light on demand
without unwanted diffracted beams present in commercial spatial light modulators. This
work paves the way towards optical properties on demand.
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Introduction

Photonics, the science of light, has transformed the world we live in. Boosted by the

invention of the laser and optical fibres in the 1960s, the field of photonics grew rapidly

to become an enabling technology for the 21st century. Photonics underpins technologies

of daily life, from the more apparent such as fibre-optic telecommunications, optical data

storage, LED lighting or photovoltaics; to less obvious realms such as those of medical

instruments, manufacturing industry, defense or entertainment. With an estimated global

market of £300,000 million in 2015, forecasted to double by 2020, photonics increasingly

aims to perform functions with light that used to be entirely electronic [1–4].

In the need of responding to this transformation demand, miniaturization and better

photonic materials are crucial. Particularly, full integration of photonics on the nano-scale

is required. Strong research efforts are being made in this direction. Nevertheless, in

striving to miniaturize photonics to a scale comparable with electronics, manipulating the

light flow represents a major challenge [5]. In other words, devices need to be miniaturized

while maintaining or enhancing their ability to control light.

Favoured by the quick and widespread proliferation of new nanofabrication techniques,

an approach that has gained great attention in recent years is the use of artificially

engineered materials, so-called metamaterials [6]. Metamaterials allow engineering of a

much larger range of material properties than those that can be found in naturally occurring

media.

Recent developments have permitted fabrication of materials whose properties can be

homogeneously changed in time [7]. The ultimate goal is to design artificial materials the

properties of which can be dynamically controlled at every point in space and time with

sub-wavelength spatial resolution. Such addressable metamaterials would provide optical

11



12 ADDRESSABLE NANOMECHANICAL PHOTONIC METAMATERIALS

Carbon Atom

DiamondGraphite

a b

Meta-atom

Metamaterial

Figure 1.1 | Metamaterials, artificial materials inspired by nature.
In any ordinary natural material the properties are determined by the atoms or molecules and
their arrangement. a For example, different allotropes of carbon, i.e graphite, left, and diamond,
right, derive drastically different properties from different arrangements of the same carbon atoms
b Similarly, in metamaterials, properties can be tailored by rearranging the elementary building blocks,
the so-called meta-atoms or meta-molecules.

properties on demand.

1.1 Metamaterials

Metamaterials are artificial rationally designed materials in which arbitrary properties,

going beyond those available from natural materials, can be obtained by structuring the

material on the subwavelength scale. The optical properties of these subwavelength scale

unit cells, also known as meta-molecules or meta-atoms, can be tailored by changing the

design of the unit cell or their spatial arrangement. Metamolecules can be designed to

exhibit strong coupling with the electromagnetic field of an incident wave giving rise to

unique properties such as negative refractive index, perfect absorption or focusing into a

subwavelength scale spot, which have promising applications like optical cloaking, perfect

absorbers or superlenses [8].

The idea of metamaterials is based on the observation that in any ordinary natural

material the properties are determined by the atoms or molecules, and their distribution

geometry or lattice, Fig. 1.1(a). Likewise, in case of metamaterials, the characteristics of

the designed material will depend on the structure of the metamolecules and their specific

periodic or random spatial distribution, Fig. 1.1(b).

Although the field of metamaterials is a relatively new area of research, structures

that can be classed as metamaterials have been made for centuries. Examples of this

“prehistory” of optical metamaterials include the Lycurgus Cup from the fourth century AD,

and stained glass windows of Gothic cathedrals from the twelfth to fourteenth centuries

AD, see Fig. 1.2. Both cases exploit the plasmonic resonances of metallic nanoparticles

dispersed in the host glass [9, 10].
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a b

Figure 1.2 | Prehistory of optical metamaterials.
a The Lycurgus cup, 4th century AD, is made of a dichroic glass that changes colour when observed
in reflected (top) or transmitted light (bottom) [11]. b Santa María de León Cathedral, Spain, is a
masterpiece of the Gothic style. Its almost 1800 square meters of stained glass windows have earned
it the nickname of “House of Light”. After [12].

However, it is often considered that the first intentional attempt to explore the concept

of artificial engineered material corresponds to the “twisted jute” material studied by

Jagadis Chunder Bose in 1898 to produce an artificial chiral effect [10, 13], Fig. 1.3(b).

Another example belonging to the “protohistory” can be found sixteen years later. In 1914,

Karl Ferdinand Lindman fabricated an artificial chiral medium by embedding randomly

oriented small wire helices in a host medium [14, 15].

Indeed, artificial electromagnetic metamaterials were widely studied by microwave

engineers for more than fifty years before the metamaterial term entered the scientific

community [10]. For instance, Winston Kock introduced in 1948 the term “artificial

dielectric” to describe electromagnetic structures that could be designed to mimic the

response of natural solids to electromagnetic radiation [21, 23]. He fabricated a metallic

lens antenna in which the focussing action was obtained by an increase of the phase velocity

of radio waves passing through it. The lens was made by arranging on supporting sheets

of light polystyrene foam conducting spheres, disks, and strips, whose sizes are small

compared to the operating wavelength. These subwavelength conducting elements act

as small dipoles similar to the molecular dipoles set up in non-polar dielectrics by an

impressed field [21], Fig. 1.3(c).

The seminal paper that started metamaterials research as we know it today1 is considered

to be the one written by Viktor Veselago in 1967 on left-handed materials [26]. In his
1The purpose of these lines is to make a general approach to the historical evolution of metamaterials,

based on what are commonly accepted as the milestone contributions, Fig. 1.3. For more detailed reviews
see e.g. [23–25].
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Jagadish Bose
(1858-1937)

Karl Lindman
(1874-1952)

David Smith
(b. 1964)

a

1898 1914 1948 1967 2000

cb d

Winston Kock
(1909-1982)

Viktor Veselago
(b. 1929)

John Pendry
(b. 1943)

Figure 1.3 | History of metamaterials.
a Brief timeline with major contributors on the topic of metamaterials. Portraits after [14, 16–20].
b It is often considered that the first intentional attempt to explore the concept of artificial engineered
material corresponds to the “twisted jute” material proposed by Jagadis Chunder Bose in 1898
to produce an artificial chiral effect, [13]. c In the late 1940s Winston Kock, at Bell Telephones
Laboratories, proposed a metallic lens antenna consisting of a number of conducting plates of proper
shape and spacing whose effect was that of a lens. The focusing action of this plano-concave lens
is due to the high phase velocity of a wave passing between the plates, [21]. d First experimental
realization of negative refraction. For one polarization, the wires provide negative permittivity, ε < 0,
while the split-ring resonators give rise to negative permeability, µ < 0, [22].

paper, Veselago addressed theoretically the problem of a medium with both the electric

permittivity, ε, and the magnetic permeability, µ, negative. He concluded that such a

medium was allowed by Maxwell’s equations and realized that the electric and magnetic

field vectors and the wavevector would form a left-handed triplet in contrast to conventional

right-handed media [23, 26]. Hence, a monochromatic plane wave propagating in such a

left-handed substance would have a Poynting vector antiparallel to the wavevector, in other

words, it would be a backward wave [23]. Moreover, Veselago claimed that such a medium

should be described by a negative refractive index, n, by taking the negative branch of the

square root in the definition
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Negative Conventional

a

Object Image

b

Figure 1.4 | Negative refractive index materials.
Media with both electric permittivity and magnetic permeability negative valued can be assigned a
negative refractive index n. a Negative refraction: Light rays being refracted at an interface of such
a medium will be directed in the reverse sense to that of a conventional medium. b In 1967 Veselago
predicted that a flat slab of negative index material could be used to focus light introducing the idea
of a flat lens [26].

n = ±√εµ (1.1)

One of the most immediate properties that one can think of in such an unconventional

medium is negative refraction, i.e. a ray impinging on the interface between two media,

one of which has a negative index, will be refracted in the reverse sense to that normally

expected, Fig. 1.4(a). What is more, Veselago realized that a point source on one side of a

negative index slab could be focused on the other side, introducing the idea of a flat lens

[25, 26], Fig. 1.4(b).

The first experimental demonstration of a negative refractive index was made in

2000 by Smith et al. [27]. They presented a composite medium, based on a periodic

array of interspaced conducting nonmagnetic split ring resonators and continuous wires

that exhibited a frequency region in the microwave regime with simultaneously negative

permittivity and permeability. Soon after, the first observation of negative refraction was

reported by Shelby et al. in 2001 [22], Fig. 1.3(d). In the interim, John Pendry bridged the

gap between intriguing properties of metamaterials and exciting applications [10]. In 2000

he published his work on a perfect lens that had the power to focus all Fourier components

of a 2D image, even those that do not propagate in a radiative manner [28]2, breaking the

diffraction limit.

In order to behave as non-diffracting medium, the metamolecules of a metamaterial

must be smaller than the wavelength of the interacting light. This does not represent

a problem in terms of fabrication for the microwave and radio wave regimes, where the

2On his website, Prof. Smith gives a personal perspective of the history of metamaterials and negative
index, very interesting for contextualizing the birth of the field [29].
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resonators can be on the scale of centimetres to meters, but when moving to shorter

wavelengths like the visible, the size of the elements should be on the scale of hundreds of

nanometres or less and this represents a formidable technological challenge. Nonetheless,

from the perspective of applications, metamaterials working with near-infrared to visible

light could be used in major photonic industries such as fibre-optic communications or

consumer-oriented cameras and displays [30].

Therefore, although for practical reasons the initial proof-of-principle demonstrations

of metamaterials were conducted in the microwave regime, there was a need to scale down

the designs, as far as nanofabrication techniques allowed it, to enter the optical region of

the electromagnetic spectrum, thus introducing nanophotonic metamaterials.

1.2 Nanophotonic metamaterials

As stated above, as the initial proof-of-principle demonstrations of metamaterials were

conducted in the microwave regime, the approaches for moving to shorter wavelengths,

and consequently smaller scales, were inspired by concepts and designs from this regime

scaled down. However, at optical frequencies metals can no longer be considered as perfect

conductors with infinite carrier density and zero carrier velocity, and plasmonic effects

appear [31].

At optical frequencies the free electrons in metals can sustain collective electron

oscillations called plasmons. Plasmons can take different forms ranging from surface

plasmons to localized plasmons. Metal nanostructures that support these modes are

referred to as plasmonic nanostructures [3]. Basically, plasmonic nanostructures act as

optical nanoantennas by squeezing light into the deep subwavelength scale which helps to

bridge the scale mismatch between typical optical systems and on-chip electronics [10].

The use of plasmonic metamaterials at visible and infrared wavelengths is limited

by the high losses related to ohmic heating in metals resulting in part from interband

electronic transitions. These losses reduce the performance efficiency of most plasmonic

devices compromising the feasibility of many applications [5, 32]. Approaches to reducing

these material losses are based on incorporating gain media within the nanoresonators and

development of lower loss plasmonic and dielectric materials, see for instance [32, 33].

An alternative that is attracting a lot of attention deals with the use of quasi two-

dimensional arrays of plasmonic resonators periodically arranged, named metasurfaces.
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a b c

Figure 1.5 | From metamolecules to 3D metamaterials.
Artistic impression of a a metamolecule, b a metasurface, and c a 3D metamaterial. Metasurfaces not
only reduce Joule losses of metals, but also provide a better solution for manufacturing metamaterials.

1.3 Metasurfaces

Conventional optical components such as lenses or wave plates rely on light propagation

over distances much larger than the wavelength to control electromagnetic waves. Optical

devices modify the wave front of light by altering its phase, amplitude and polarization.

Usually, changes of these quantities are gradually accumulated along the optical path [34].

In contrast, metasurfaces tailor the wave front using an extremely thin slab consisting of

rationally designed plasmonic structures. Hence, photonic metasurfaces can be considered

as the optical counterpart of frequency selective surfaces [31]. Metasurfaces, therefore,

eliminate the need for long interaction lengths, avoiding, to some extent, the losses.

In metasurfaces each resonator acts as an antenna which is excited by the external

incident wave and responds by scattering waves with a phase, intensity and/or polarization

change which can be varied across the metasurface by varying the resonator geometry. In

this way, specifically tailored wave fronts can be realized by selecting and arranging the

proper resonators [31], enabling engineering of the electromagnetic space with subwavelength

resolution, and leading to a new class of planar photonic devices [34].

In conclusion, it is interesting to note that the use of metasurfaces not only solves the

issue of Joule losses of metals, but also provides a better solution to the huge challenge of

manufacturing 3D metamaterials as the technology for fabricating 2D metamaterials is

already fully under control and operating. Additionally, metasurfaces present a natural

platform for working with plane waves because of their topology, and exploit the properties

of plasmonic resonances on a very thin layer, providing an effective coupling of propagating

waves to surface waves which could be of great importance for on-chip nanophotonic

applications [35].
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1.4 Reconfigurable metamaterials: properties on demand

For a long time, research on metamaterials was presented as a way for designing the

electromagnetic response of passive materials through structuring on the sub-wavelength

scale. Recently, the growing need for dynamic control of optical signals, e.g. in telecommu-

nications, spurred on the shift of the focus towards the development of tuneable, switchable

and nonlinear metamaterial functionalities [36].

The properties of metamaterials arise from the design of their subwavelength resonators.

Usually, resonances are exploited, resulting in functional materials with very limited

bandwidth, hampering the feasibility of many applications and the paradigm-shift from

metamaterials to metadevices [8, 36].

Because of this fact, it is clear that changes of the shape or geometry of the meta-

molecules, as well as the periodicity of their arrays, would modify the electromagnetic

response of the material. By introducing means for dynamic perturbation one can con-

trol the interaction of the resonators with the incident fields and tune the properties of

metamaterials.

Reconfigurable metamaterials are a rapidly expanding area of research inspired by the

development of nanophotonic all-optical data processing, optical memory, smart surfaces,

adaptable detection, imaging systems, and transformation optics devices [37, 38]. However,

to achieve the full potential of the extraordinary properties of metamaterials, the ability to

dynamically control the material properties in real time is essential [39].

Accessing the resonators of photonic metamaterials requires control on the nanoscale.

This represents a huge technological challenge. The approaches to this problem can be

categorized into three classes: one based on changing the electromagnetic properties of the

constituent materials, another based on controlling the interaction of light and metamaterial

with another coherent beam of light, and the third based on structural reconfiguration of

the metamaterial3.

Structural reconfiguration has been successfully introduced recently with mechanically

reconfigurable metasurfaces driven by thermal, electrical and magnetic signals [38, 40–42].

This approach will be exploited as the platform for tuning the properties of metasurfaces

in real time within this thesis.

Material scientists have been gazing on new components trying to answer the question of

“what new properties does it have?”. From the reconfigurable nanophotonic metamaterials
3More attention to the topic of reconfigurable metamaterials will be devoted in Chapter 2, where a

bibliographical review will be presented.
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Figure 1.6 | Randomly addressable reconfigurable metamaterials.
Randomly addressable reconfigurable metamaterials are metadevices in which control of individual
metamolecules can be used to modulate the amplitude and phase of waves transmitted and reflected
by the structure by modifying the near-field coupling between different metamolecules offering an
ultimate freedom to achieve dynamic control of electromagnetic wavefronts.

perspective the problem is the inverse, in other words, given a desired set of properties,

“which reconfiguration of the nanostructure produces them?” [43].

1.5 Randomly addressable reconfigurable metamaterials

Since metamaterials have enabled the design of almost arbitrary landscapes of static optical

properties and functionalities, dynamic temporal and spatial control over metamaterial

properties has become the next big challenge [36].

Reconfigurable metamaterials provide a platform for changing optical properties in

real time. Yet, to complete the bridge between scientific proof-of-principle and a truly

revolutionary technology, independent control over every point of space is needed. To

respond to this demand, randomly addressable metamaterials are being introduced here

[44].

A randomly addressable reconfigurable metamaterial is a structure in which the resonant

properties of every individual metamolecule can be continuously controlled at will thus

offering an ultimate freedom to control electromagnetic wavefronts dynamically [45]. In

other words, materials whose properties can be tuned at any point, at any time, allow full

control of the “electromagnetic space”, Fig. 1.6.

The ability to control all parts of such metadevices allows operation as homogeneous or

massively parallel phase and intensity modulators, gratings of switchable period, tuneable

cylindrical lenses, high resolution spatial light modulators and, in principle, even tuneable
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transformation optics devices and holographic video displays [44]. Hence, randomly

addressable reconfigurable metamaterials represent the next photonic revolution.

1.6 Structure of the thesis

This thesis is divided in five major chapters that cover: a bibliographical review of the main

contributions to reconfigurable metamaterials, two chapters devoted to analyse numerically

two approaches for addressable metamaterials that control phase and amplitude of light

respectively, one chapter exploring strategies to fabricate these devices and an experimental

realization of a simplified version of an intensity modulator.

Chapter 2 presents a bibliographical review of reconfigurable metamaterials. The overview

covers the main three approaches for reconfigurable metamaterials, namely hybridization

of non-linear or phase change materials with existing metamaterials, coherent control and

structural tuning. Special attention is given to NEMS reconfigurable metamaterials. Advan-

tages and disadvantages of the methods are discussed concluding that the use of electrically

addressed actuators can be a convinient platform for achieving randomly addressable

reconfigurable metamaterials, which may exploit thermal, magnetic or electrostatic forces

for actuation.

Chapter 3 proposes a metadevice that dynamically controls the optical phase of reflected

beams of light with sub-wavelength pixelation in one dimension. Based on reconfigurable

metamaterials and nanomembrane technology, it consists of individually moveable metallic

nanowire actuators that control the phase of reflected light by modulating the optical path

length. We demonstrate that the metadevice can provide on-demand optical wavefront

shaping functionalities of diffraction gratings, beam splitters, phase-gradient metasurfaces,

cylindrical mirrors and mirror arrays with variable focal distance and numerical aperture,

without unwanted diffraction. Results reported in this chapter are based on results pub-

lished in [46].

Chapter 4 proposes a spatial intensity modulator with sub-wavelength resolution in one

dimension. The metadevice combines recent advances in reconfigurable nanomembrane

metamaterials and coherent all-optical control of metasurfaces. It uses nanomechanical

actuation of metasurface absorber strips placed near a mirror in order to control their

interaction with light from perfect absorption to negligible loss, promising a path towards
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dynamic diffraction and focusing of light as well as holography without unwanted diffraction

artefacts. Results reported in this chapter are based on results published in [47].

Chapter 5 deals with the fabrication procedure for manufacturing randomly addressable

metamaterials. Alternative approaches based on focused ion beam induced deposition

of platinum interconnects, focused ion beam milling and electron beam lithography are

explored. Finally, a combination of electron beam lithography and focused ion beam

patterning is suggested and the first addressable nanomechanical photonic metamaterial is

reported.

A structure that has already been employed successfully for reconfiguring metamaterials

for the optical part of the spectrum is the chevron shape [41, 42]. Although fabrication

solutions presented in this chapter are only proven for such a design, we note that they could

be easily extended for manufacturing the designs proposed in Chapter 3 and Chapter 4.

We select chevron shape for fabrication as the structure supports plasmonic resonances

while the spring-like zigzag shape of the metamaterial allows the structure to bend easily

enabling reconfiguration with electrothermal actuation.

The device reported is constructed from individually addressable plasmonic chevron

nanowires with a 230 nm × 100 nm cross-section, which consist of gold and silicon nitride.

The active structure of the metadevice consists of 15 nanowires, each 18 µm long, where 13

of the nanowires can be individually actuated by control currents via differential thermal

expansion. Finally, the idea of programmable optical components is presented as the natural

way of integrating randomly addressable reconfigurable metamaterials with existing opto-

electronic technology. Results reported in this chapter are based on results published in [48].

Chapter 6 reports an experimental demonstration of a reflective light modulator, a dynamic

Salisbury screen where modulation of light is achieved by moving a thin metamaterial

absorber to control its interaction with the standing wave formed by the incident wave

and its reflection on a mirror. Electrostatic actuation of the plasmonic metamaterial

absorber’s position leads to a dynamic change of the Salisbury screen’s spectral response

and 50% modulation of the reflected light intensity in the near-infrared part of the spec-

trum. The demonstrated approach can also be used with other metasurfaces to control the

changes they impose on the polarization, intensity, phase, spectrum and directional distribu-

tion of reflected light. Results reported in this chapter are based on results published in [49].
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Lastly, the thesis concludes with a brief summary and outlook which summarizes the

current state of the research and lays out the next steps and future directions that could

be addressed.
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Bibliographical review

2.1 Introduction

The quest for new materials with properties not found in nature propelled the development

of nanotechnology. In the realm of optical metamaterials, new nanofabrication techniques

have enabled engineering of these new structured materials from their most elementary

constituents, the so-called metamolecules, achieving extraordinary properties only dreamt

of decades ago [1], see Chapter 1.

Despite the great recent progress, two major limitations still prevent the integration

of metamaterials in many practical applications. Firstly, the lossy nature of plasmonic

metamaterials, as energy is dissipated in the metals by means of Joule heating. Secondly,

the fixed and narrow-band character of these properties, often arising from resonances of

the subwavelength components1.

To tackle the problem of losses in plasmonic components, among many, alternatives

have been searched for in topological insulators, two-dimensional materials, oxides, nitrides,

gain media and dielectrics [2–5].

In order to create metamaterials with optical properties that are not fixed, tuneable

metamaterials where the interaction between the metamaterial resonator building blocks

and the incident field can be controlled are being developed [6]. In general terms this can

be achieved by altering the shape or other characteristics of the molecular constituents or

by controlling the near-field coupling between them [7].

Immense effort has been made to integrate reconfigurable capabilities in metamaterials

1From an industrial perspective, the third major problem would be the necessity of large-scale and
cost-effective fabrication processes for metamaterials.

27
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so that properties can be dynamically tuned and switched. In this manner, one can control

the optical response of the metamaterial across its entire volume at any time [7].

Starting from the established field of reconfigurable metamaterials this study tries to

pave the way towards the next level of functionality: enabling simultaneous control of

optical properties in both time and space.

2.2 Properties on demand

To achieve such on-demand control over the optical response of the metamaterial one

needs to control the metamaterial at the subwavelength level. In the case of optical

metamaterials, this means the capability of accessing the single-metamolecule level, a

physical volume of about 10−19 m3 [8]. Furthermore, in some demanding environments,

such as telecommunications, to have a practical impact on applications, switches need to

be fast and energetically efficient [5].

Three approaches present a convenient solution for this challenge. The first approach

is based on changing the effective electromagnetic properties of the medium via nonlinear

effects or hybridization of the metamaterial with another material that responds to a

control parameter, for example a phase change material. A second emerging technolgy

for controlling the metamaterial response is coherent control, where the properties of a

thin metamaterial film placed in a standing wave can be tuned by changes in the phase or

intensity of either of two counter-propagating beams. The last class includes approaches

based on structural reconfiguration [9]. For this case, changes in the relative position of

the metamolecules or their components have to be introduced [7, 8]. In the visible range

this comprises the use of nanomechanical actuators2 [5].

2.3 Nonlinear and hybridized metamaterials

Because metamaterials are artificial designed structures, one can exploit flexible designs

that incorporate some degree of control for intended operation [10]. Several proposals have

been presented recently that achieve reconfigurable capabilities via the integration of liquid

crystals, phase-change materials or superconductors, varactors, semiconductors, ferrites

and graphene. Here, an overview over some representative examples is provided.

2Solutions tested and reported here are classified in the latter category, hence, more emphasis will be
put on its review.
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a b

Figure 2.1 | Metamaterials integrated with lumped electronic components.
Examples of nonlinear metamaterials with lumped varactor diodes embedded in the metamolecules,
a Split-ring resonators [13], and b bow-tie antennas [14], for tunning of the metamaterial response.

2.3.1 Lumped nonlinear components

Integration of lumped electronic components with metamaterial offers an efficient platform

for engineering nonlinear systems [7, 11]. Tuning mechanisms that use the reversible

nonlinear response of lumped elements integrated into metamolecules of metamaterials

were reported through, for instance, combination of split ring resonators (SRR) with

varactors [12–14] and capacitors [15], allowing reversible changes in the material properties

from left- to right-handed, Fig. 2.1.

Not surprisingly, the first experimental advances involving a nonlinear approach for

reconfigurable metamaterials were performed for the microwave frequency range [10].

Unfortunately, the method, although simple, cannot be scaled down easily to the micro-

and nanoscale and therefore could not be applied to optical frequencies. However, a similar

concept of integration of optically nonlinear materials in metamaterial structures and other

approaches have been implemented in photonic metamaterials as discussed further below.

2.3.2 Liquid crystals metamaterials

Liquid crystals (LC) are probably the most ubiquitous tuneable optics component because

of their unique physical and optical properties that include broadband birefringence and

transparency, the ability to self-assemble into various crystalline phases and to conform to

various flexible forms and shapes. Additionally, liquid crystals are compatible with almost

all other optoelectronic materials and technology platforms making them a widely used

approach to tune optical properties of metamaterials [16–18].

In liquid crystals, tunability can be easily achieved by an externally applied electric

or magnetic field, or simply by changing the temperature of the sample. Furthermore,

liquid crystals can be easily integrated to existing conventional metamaterials to achieve

reversible dynamic control. Indeed, their use has been frequently reported as a way of
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a b

Figure 2.2 | Liquid crystals metamaterials.
a Schematic of an electrically tunable negative permeability metamaterial consisting of split ring
resonators (SRRs) infiltrated by a liquid crystal [18]. b Design and operational principle of a hybrid
metamaterial based on a liquid crystal optical cell in the OFF (left) and ON (right) states [20].

tuning metamaterial responses and key demonstrations have already shown significant

potential [16–22].

After previous theoretical analysis, Zhao et al. in [18] presented the first experimental

demonstration of an electrically tunable metamaterial consisting of SRR arrays infiltrated

with nematic liquid crystals working in the microwave regime, Fig. 2.2(a). Further devel-

opment enabled the hybridisation of a nano-structured plasmonic metamaterial with a

liquid-crystal cell, Fig. 2.2(b), enabling efficient high-contrast modulation of transmission

at 1.55 µm wavelength driven by only a few volts [20].

Despite the broadband birefringence of liquid crystals, which extends beyond the visible

spectrum, the ease of fabrication, the robustness and affordability, liquid crystal relaxation

times on the order of milliseconds discard them for applications where high speed of

operation is a requirement [7, 8].

2.3.3 Phase-change metamaterials

Change of the structural arrangement of the atoms of a material is called a phase transition.

Phase-change functionalities of chalcogenide glasses have been widely used in optical CDs

and DVDs [7], they provide fast and reproducible non-volatile changes in optical properties

in response to excitation [23, 24].

Reconfigurable metamaterials based on vanadium dioxide (VO2) [25, 26], and germanium-

antimony-tellurium (GST) chalcogenide glass [27], provide two examples of metamaterials

that exploit phase-change media, see Fig. 2.3(a) and Fig. 2.3(b).

Developing techniques for controllable spatially variable tuning will present the possi-

bility of devices with a reconfigurable gradient index of refraction. Indeed, spatial control

of resonance tuning allows for post-fabrication modification of the local optical properties
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Figure 2.3 | Phase-change metamaterials.
a Metamaterial consisting of a gold SRR array fabricated on a VO2 film. Electrodes apply voltage
pulses that induce persistent and resettable phase transition tuning of the properties of the device
[25]. b All-optical, non-volatile, chalcogenide glass metamaterial switch: a single laser pulse controls
the reversible phase change of GST from amorphous to crystalline states [24]. c,d Functional optical
components can be written, erased and rewritten as two-dimensional binary or greyscale patterns
into a GST film of nanoscale thickness by inducing a refractive-index-changing phase transition with
trains of femtosecond pulses. On d is shown how two superimposed Fresnel zone patterns can be
written (left column), erased (middle column), and rewritten (right column). Transmission focal
spots generated by the patterns are shown in the bottom row [28].

of the metamaterial [26, 28, 29].

Recently, phase-change paradigm has been presented as an alternative platform for

creating reconfigurable optical components [28]. Components for controlling light consisting

of spatial distributions of different phases can be dynamically written, erased and rewritten

by trains of tailored femtosecond pulses, Fig. 2.3(c,d).

The combination of phase-change technology with metamaterials can play a key role in

the integration of future photonic devices where memory is needed, as, actually, there is no

such thing as memory in optics [25]. Chalcogenide glass metamaterials offer non-volatile

high-contrast, near-infrared, electronically and optically addressable gating and switching,

with response times of nanoseconds [7].

2.3.4 Superconducting metamaterials

Superconductors may be considered plasmonic media, exhibiting both a negative dielectric

constant and a dominant kinetic resistance [30]. Superconducting metamolecules offer

further unique opportunities compared to ordinary metal, semiconductor and dielectric
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a b

Figure 2.4 | Superconducting metamaterials.
a Electro-optical modulator based on superconducting metamaterial [34]. Transmission of sub-THz
radiation is modulated by an electric current running through the metamaterial array [35]. b Quantum
superconducting metamaterial which exploits the magnetic flux exclusion effect for switching. The
structure was manufactured from a high-temperature superconductor YBCO film and it does not
contain Josephson junctions, making it simple to fabricate and to scale into large arrays [32].

metamolecules, namely flux quantization and Josephson effects, features arising from

quantum interactions between photons and discrete energy states in the metamolecules,

and strong diamagnetism [31, 32].

Integration of superconductors and metamaterials could provide the basis for data

processing and quantum technologies in the microwave and terahertz parts of the spectrum,

Fig. 2.4. Superconducting metamaterials provide lower losses than conventional plasmonic

materials, and allow extreme sensitivity to external stimuli such as heat, electric and

magnetic fields, light, currents and mechanical stress [7]. However, applications for

superconducting metamaterials are limited by the necessity of a cryogenic environment

[33]. In addition, working at higher frequencies presents a colossal challenge as visible and

near-infrared photons have enough energy to break the Cooper pairs of the superconducting

phase.

2.3.5 Other mechanisms

Negative magnetic permeability can be achieved by either SRR elements or ferrites [36].

Moreover, metamaterials consisting of ferrites and wires have been reported as an alternative

for achieving tunability on metamaterials [16]. On ferrite metamaterials, properties of

the ferrites can be easily controlled by changing the applied magnetic bias. This kind of

metamaterial can be easily fabricated and integrated with existing metamaterial designs.

However, the large magnetic bias needed for tunability, hundreds of militesla for conventional

ferrites, represents a great impediment for practical applications [16, 36].

Another attractive way of implementing reconfiguration is controlling the conductivity

of a material that is part of the metamaterial. Conductivity changes can be conveniently
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Figure 2.5 | Nonlinear hybridised metamaterials.
a A voltage bias applied between Schottky and ohmic contacts controls the charge carrier density in
a semiconductor substrate (GaAs) near the split gaps, hence tuning the metamaterial’s resonance. In
the bottom inset a diagram of the substrate and the depletion region near the split gap is shown
[37]. b Schematic of a split-ring slit metamaterial with a layer of graphene on top. The interaction
of graphene and plasmonic metamaterial strongly enhances the nonlinear response of graphene and
modifies the plasmonic spectrum of the metamaterial while retaining an ultrafast response [39].

accomplished by using semiconductors [37]. The semiconductor can be integrated as

a substrate or as an inductive load over the resonant elements [38]. In the case of

semiconductor metamaterials, applied voltage or optical pumping have been reported as

dynamic doping mechanisms, Fig. 2.5(a).

Rational metamaterial structuring can be used to achieve large field enhancement that

can be subsequently exploited to increase the nonlinear response of gold [40] and other

plasmonic materials; or to amplify the nonlinear response of nearby nonlinear materials

such as carbon nanotubes [41] or graphene [39].

Graphene, a two-dimensional material consisting of one monolayer of carbon atoms,

has been recently applied in electronic and photonic devices due to its exotic properties,

such as optical transparency, flexibility, robustness, environmental stability and high

electron mobility [42]. Graphene presents a convenient alternative for tuning metamaterial

properties due to its nonlinear optical response as well as its electronic band structure

that allows the Fermi energy to be controlled by an applied electric or chemical potential.

Changes of the Fermi level affect its optical properties over a broad spectral range enabling

fast electrical modulation and on-chip integration [39, 42, 43], Fig. 2.5(b).

2.4 Coherent control of metasurface functionalities

A recently established paradigm for dynamic control of the optical response of metamaterials

is coherent control. Based on the principle of interference, coherent control facilitates

all-optical control of metasurface functions with terahertz bandwidth at arbitrarily low

intensities [1].
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Figure 2.6 | Coherent control of the expression of the optical properties of a meta-
surface.
a,b Controlling the phase of two coherent counter-propagating beams forming a standing wave, or
the position of a thin metamaterial placed within the standing wave, the metamaterial response can
be controlled, e.g. absorption can be controlled from a 0% to b 100% [44]. c Coherent control can
be used to implement two-dimensional coherent logical operations [45]. d Coherent control presents
an emerging technology for image processing. Different relative phases of the coherent light beams
used to project patterns A and B onto opposite sides of a metasurface absorber have been used to
perform selection and deletion of common image features [45].

In coherent control, a metamaterial film of deep subwavelength thickness is placed

in a standing wave formed by two coherent counter-propagating electromagnetic waves.

If positioned at a node the metamaterial will experience zero electric field and therefore

will not interact with the wave. In the opposite regime, when placed at an antinode,

the metamaterial will strongly interact with the wave. This allows the expression of any

optical functionality that the thin film may possess to be controlled from “off” to “on”. In

particular, absorption of a suitable lossy thin film can be controlled from 0%, coherent

perfect transparency, to 100%, coherent perfect absorption, Fig. 2.6(a,b). A variation of

this concept that exploits the standing wave that is formed when the metasurface is placed

in front of a mirror will be used in Chapter 4 and Chapter 6 to achieve dynamic control of

light intensity.

In general, any distortion of the intensity or phase of either of the two counter-
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propagating beams, or the placement of the film itself, will effectively control the interaction

of the metamaterial with the wave and therefore modulate its optical response [46].

Coherent control has potential applications in spectroscopy, where allows selective

excitation of electric and magnetic resonances [47, 48]. Other potential applications have

also been demonstrated in parallel data-processing and all-optical image processing. Indeed,

coherent control has been employed for performing proof-of-principle demonstrations of 2D

all-optical logical operations (AND, XOR and OR) and image processing [44, 45, 49], see

Fig. 2.6(c,d).

Coherent control is an emerging technology suitable for providing both spatial and

temporal control over sufficiently thin metasurfaces. It is intrinsically fast and offers the

possibility of being operated at very low energy levels, even with single photons, however,

it is based on interference, hence, its resolution is limited by diffraction, fields must be

stable and devices must allow high-precision control of the film position relative to the

standing wave [1, 5].

2.5 Structural reconfiguration

An effective approach for manipulating the optical properties of metamaterials is based

on structural tunability. Structural reconfiguration relies on the control of the structure’s

geometry, either the whole architecture or groups of metamolecules. In either case, changes

in the arrangement of the resonators lead to modifications of the near-field coupling between

neighbours which result in control of the electromagnetic response of the metamaterial.

2.5.1 Lattice reconfiguration

A straightforward approach to structural tunability is to vary the lattice constant [10, 50,

51]. Shadrivov et al. [50] measured the dependence of the metamaterial resonances on the

spatial period of a superlattice created by layers of periodically arranged wires and split

ring resonators, Fig. 2.7(a).

Later, delving into this principle, an alternative way of reconfiguring the metamaterial

was proposed by Lapine et al. [51]. In their work, an anisotropic metamaterial based solely

on split ring resonators was employed. The metamolecules were arranged in a sufficiently

dense array in such a way that electromagnetic coupling between neighbours was strong,

Fig. 2.7(b).

They verified that an increase of the transversal lattice parameter b resulted in dramatic

changes of the resonant response as the coupling between split rings on parallel layers
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a b

Figure 2.7 | Reconfiguration of metamaterial lattices.
a Microwave sample of a structurally reconfigurable metamaterial [50]. The superlattice constant
controls the response of the metamaterial. b Schematic of a reconfigurable metamaterial tuned by
varing the lattice constant vertically, b, and the relative lateral position of lattice planes, δa [51].

decreased. However, a clear disadvantage is that varying b requires a change in the overall

dimension of the metamaterial along the perpendicular direction which may be undesirable

for certain applications.

To overcome this handicap, a lateral displacement, δa, in the plane of the structure,

was introduced. This decreased the mutual inductance leading to marked changes in

the transmission spectra [10]. Importantly, this concept is independent of the specific

metamaterial design as well as scalable to any frequency [51].

2.5.2 Stretchable metamaterials

Flexible substrates have also been used to realize reconfigurable metamaterials in order

to achieve large tuning capabilities by distorting the metamaterial structure [52, 53].

Mechanical deformation of elastomeric substrates can induce resonance frequency shifts in

metamaterials by modifying the coupling between their resonant components [6].

Tunable metamaterials with biocompatible flexible substrates have been reported

as a convenient choice for portable photonic devices for strain, chemical and biological

sensing as they are transparent and can be manufactured on a large scale by nanostencil

lithography in a single step [6, 52]. Manufacturing arrays of plasmonic resonators on

flexible, stretchable polymer substrates offers a practical way to dynamically tune the

response of photonic metamaterials allowing, additionally, curvilinear shapes [7, 8], Fig. 2.8.

Nevertheless, physical deformation of a millimeter size flexible substrate takes typically

hundreds of microseconds making them unsuitable for fast dynamic tuning of nanophotonic

metamaterials [9, 52].
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Figure 2.8 | Stretchable metamaterials.
a Bow-tie gold metamolecules on a flexible substrate can be tuned by stretching the substrate,
allowing additionally, flexible and non-planar solutions [52]. b Artist’s impression of a magnetoelastic
metamaterial driven by the Ampère’s force between excited metamolecules without (top) and with
(bottom) illumination. The red arrows indicate the electromagnetic forces acting between the
metamolecules [53].

2.5.3 Microfluidic metamaterials

Microfluidic metamaterials have also been reported [54]. Indeed, microfluidics can also be

used to reconfigure microwave metadevices when a conductive liquid, for instance mercury,

is injected into the network of metamolecules, changing their electromagnetic response [7].

Use of microfluidics as a platform for metamaterial components has been successfully

demonstrated. Microfluidic split ring resonators, fabricated in an elastomeric material by

rapid prototyping, have shown reversible tuning of their electromagnetic properties when

mercury was injected in the microchannels, see Fig. 2.9. Microfluidic metamaterials present

a promising alternative for applications that require switchable or reconfigurable devices

such as filters, switches, and resonators [54].

Recently, an addressable optofluidic metamaterial was reported where the resonant

properties of every metamolecule could be continuously tuned by changing the metal filling

fraction of a microfluidic ring cavity, Fig. 2.9(b). The authors reported lensing capabilities

of this metadevice [56].

2.5.4 MEMS and NEMS based metamaterials

Micro- and nano-electromechanical systems (MEMS and NEMS) are great solutions for

manipulating structures at the micro- and nanoscales. MEMS and NEMS actuators have

been used widely to realize tunable metamaterials [6–8, 38].
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a b

Figure 2.9 | Microfluidic metamaterials.
a Schematic of a microfluidic metamaterial that can be switched by injecting liquid mercury into
the capillary array in the shape of SRRs [54]. b Addressable optofluidic metamaterial. The resonant
response of the partially metal-filled metamolecules can be individually controlled tuning the gap of
the ring-shaped microcavity by changing the pressure of the air inlets [55].

These electromechanical systems provide an exceptional opportunity for dynamic control

of coupling between individual or sets of metamolecules as the balance of forces changes

with shrinking dimensions. Indeed, while electromagnetic forces grow with shrinking

dimensions, elastic restoring forces of the deformed actuators decrease. In this manner,

electromagnetic Coulomb, Lorentz, Ampère and even optical forces can be used to create

substantial changes in the interaction of the metamolecules with each other and light,

effectively changing the metamaterial optical properties [8].

The first mechanically reconfigurable metamaterial operating in the terahertz spectral

range was presented by Tao et al. [57]. The authors fabricated a planar array of split

ring resonators on bimaterial cantilevers designed to bend out-of-plane in response to an

external thermal stimulus, Fig. 2.10(a). Hence, the electric and magnetic response of the

split rings could be tuned by reorientation resulting in changes of the overall response of

the metamaterial.

A more refined approach for mechanical reconfiguration based on micromachined

metamolecules was provided by Zhu et al. [58]. In their work, electrostatic comb-drive

actuators where used to change the distance between fixed and movable metamolecular

components and thus control their coupling and magnetic response, Fig. 2.10(b). The

authors experimentally switch the effective permeability from negative to positive near the

resonant frequency.

Still, these sophisticated solutions are too complex to be shrunk to the nano-scale. At

this smaller scale, required to provide applications in the visible and near-infrared parts of

the spectrum, NEMS can provide solutions. Incidentally, these smaller dimensions result in

higher mechanical resonant frequencies, which are imperative for fast response applications.
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Figure 2.10 | Micro-electromechanically actuated metamaterials.
a Thermally actuated bimorph microcantilevers can be controlled by temperature resulting in a
tunable THz metamaterial [57]. b A comb-drive electrostatic actuator is used to control the coupling
between fixed and movable parts of each metamolecule [58].

Recent works led by Ou and Valente [9, 59], exploiting thermal, electrostatic, magnetic

and optomechanic actuators, have presented solutions to this challenge.

Thermal actuation

It is a well-known fact that changes of the temperature of most solids tend to make them

expand. This property can be used in micromachined metamaterial devices to control the

arrangement of the metamolecules in the metamaterial array and, thus to tune the effective

optical properties.

Although limited by the thermal expansion coefficient, that governs the spatial range

of the actuator, and the cooling timescale, that governs the frequency range of mechanical

actuation, metamaterials based on electro-thermal actuators have been reported [1, 6–8,

38].

The first reconfigurable photonic metamaterial was presented by Ou et al. [60]. Notably,

the paradigm of nanomembrane technology, a flexible platform for realizing metamaterial

devices with reversible and large-range tunable characteristics in the optical part of the

spectrum, was introduced. Their studies provided the foundations for the work presented

in this thesis.

The authors placed metamaterial resonators on a thermally reconfigurable bimaterial

scaffold, Fig. 2.11. Two alternating types of support structures were used: reconfigurable

and nonreconfigurable. Reconfigurable bridges bent by changes of the ambient temperature,

while the nonreconfigurable bridges remain undeflected, achieving hence control over the

coupling of the metamolecules.

Reconfigurable support beams consisted of an asymmetric bilayer made of gold and

silicon nitride. Due to the difference in thermal expansion coefficient of these materials,

under temperature changes, they deflected in the transversal direction. To inhibit this
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a b

Figure 2.11 | Thermally actuated metamaterials.
Reconfigurable photonic metamaterial consisting of alternating thermally reconfigurable and nonre-
configurable bimaterial bridges [60]. a Bending of the bimaterial structure is caused by differential
thermal expansion of the constituent materials (bottom left), while for a symmetric layer sequence
actuation is inhibited (bottom right). b Scanning electron micrograph taken at room temperature.

effect, nonreconfigurable bridges were designed to be made of a symmetric 3-layer sequence,

namely, gold, silicon nitride and gold.

Relative transmission changes of up to 50% with changes of temperature of about 200K

were achieved for near-infrared wavelengths. Importantly, the authors proved the changes

to be reversible.

Electrothermal and magnetic actuation

First reported works that employed thermal actuation relied on the need of large ambient

temperature changes that affected the whole metamaterial. Main limitations associated

with this method are the inability to address specific parts of a nanostructure and the

slow response that heat dynamics impose. A sophisticated way of overcoming these issues

involves the use of Joule heating as a more efficient and controllable manner of depositing

heat in specific parts of the metamaterial.

Recently, Valente et al. [61, 62] presented a reconfigurable photonic metamaterial that

was driven by electrical currents exploiting thermal deflection due to resistive heating.

Furthermore, the authors proved that application of an external magnetic field, under the

presence of electrical currents, could be employed to engage magnetic Lorentz force, which

resulted in additional deformation of the bridges supporting the metamolecules. Hence,

larger dynamic and reversible tuning of the electromagnetic response could be achieved,

Fig. 2.12(a).

The reconfigurable nanostructure studied consisted of an array of bilayer, gold and

silicon nitride, chevron-shaped nanowires, Fig. 2.12(b). In their metadevice, every second

wire was disconnected by removing the electrical connection to the terminals while keeping
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Figure 2.12 | Electrothermally and magnetically actuated metamaterials.
a Joule heating of a bilayered metamaterial by a current I will result in a temperature change ∆T
and deformation of the structure by differential thermal expansion (left). If the structure is placed in
a magnetic field it will be subjected to an additional Lorentz force which can reinforce or oppose the
thermal displacement (right). b Scanning electron microscope image of a magnetically reconfigurable
photonic metamaterial [61].

the elastic dielectric foundation intact. Under running a current, only alternating nanowires

were actuated and so the inter-coupling of neighbouring metamolecules could be tuned.

As a result of electrothermal tuning, optical contrast on the order of 50% was achieved

with only a few milliamperes. Additionally, the response time was shown to be in the order of

10 µs. Moreover, engaging magnetic tuning offered an additional 25% of optical modulation.

Importantly, use of the Lorentz forces avoids limitations of thermal timescales. Finally,

sub-milliwatt power consumption furthers the potential of the approach as a practical

solution for tunable metadevices for the optical part of the spectrum [61]. Electrothermal

actuation is discussed with more detail in Chapter 3 and used in Chapter 5 to realize

selective actuation of individual metamaterial nanowires.

Electrostatic actuation

Although a great challenge, dynamic control on the nanoscale can benefit from the fact

that at smaller scales higher modulation frequencies can be achieved. Furthermore, for

submicrometer structures the electrostatic force, which is inversely proportional to the

square of the distance, becomes the dominant force, permitting overcoming of the elastic

response with only a few volts [7, 8].

This effect was harnessed by Ou et al. [63] who reported a photonic metamaterial that

could be modulated at megahertz rates. In this instance, electromechanical actuators were

employed as a mean of reconfiguring the spatial distribution of optical resonators in a

metamaterial, Fig. 2.13(a).

The metamaterial presented was composed of free-standing bridges, cut from a flexible

silicon nitride membrane of 50nm thickness, alternatingly covered by 50 nm-thick metallic
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Figure 2.13 | Electrostatically actuated metamaterial.
a Scanning electron microscope image of an electrostatically reconfigurable metamaterial. b Schematic
of the driving circuit of the metamaterial pattern consisting of a gold nanostructure supported by
silicon nitride strings. The driving voltage U causes electrostatic forces acting in opposite directions.
c Images of the metamaterial in its OFF (top) and ON (bottom) states [63].

meanders and straight wires. After the application of a few volts to neighboring bridges,

Fig. 2.13(b), an attractive electrostatic force of a few nanonewtons moved the bridges in

the metamaterial plane, closing the gap between them, Fig. 2.13(c).

Displacement of the bridges strongly affects the plasmonic resonant response of the

material allowing reversible transmission and reflection modulation. Importantly, use

of electrostatic forces avoids limitations associated with heat dissipation dynamics that

limit the speed of the thermal actuation mechanism, allowing hence for modulation with

megahertz bandwidth [63].

Although more efficient and more appropriate for applications where fast modulation

is required, electrostatic reconfiguration is technologically more complex than thermal

actuation, it is limited in terms of achievable reversible displacement (optical modulation

amplitude) as there is a threshold displacement (voltage) at which electrostatic forces

cannot be compensated by elastic forces, resulting in a pull-in effect that causes irreversible

switching and thus device failure. Notably, thermally actuated devices are, in principle, not

affected by this failure mechanism. Electrostatic actuation is far from the pull-in threshold

that is used in Chapter 6 to realize electro-optical modulation of light intensity.

Optomechanical actuation

A very exciting path towards tuning metamaterials exploits optical forces to achieve

reconfiguration. A force can be generated when a plasmonic metamaterial is illuminated

in close proximity to a dielectric or metal surface [64, 65]. This plasmonic force can be

attractive or repulsive and can exceed radiation pressure and Casimir forces to provide

an optical way of actuating devices which gives rise to nonlinear phenomena such as

bi-stability.

Recently, the first optical metamaterial actuated by light has been reported [66]. The
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Figure 2.14 | Nano-optomechanical metamaterials.
a All-optical plasmonic metamaterial modulator. A pump beam (red) reconfigures the nanostructure
resulting in modulation of a probe beam (green) [66]. b First all-dielectric nano-optomechanical
metamaterial fabricated in a silicon membrane [4].

structure consists of gold plasmonic metamolecules supported by silicon nitride membrane

strips of 28 µm length that could be rearranged by optical illumination providing modulation

of light with light, Fig. 2.14(a). The authors demonstrated all-optical modulation at

frequencies up to 2MHz.

Exploiting localized modes in dielectric structures, Karvounis et al. [4] presented an

all-dielectric metamaterial with extremely large nonlinearity. In their work, a free-standing

silicon membrane of 100 nm thickness was patterned by cutting slots, resulting in an array

of nano-cantilevers, Fig. 2.14(b), that could be driven with an external pump laser. The

smaller size of the cantilever resonators of (300× 600) nm2 allowed the authors to reach

modulation frequencies as high as 152MHz, and its dielectric nature presents a promising

route towards fast and low-loss metamaterials.

2.6 Summary

Metamaterials are a paradigm for engineering electromagnetic space and controlling prop-

agation of waves [7]. They provide a huge range of functionalities not readily available

from nature. However, these are typically narrow-band and fixed by design. Integrating

reconfigurable capabilities within metamaterials addresses this issue by enabling tuning of

the electromagnetic properties.

Approaches for realizing tunable metamaterials can be categorized into three main

classes namely, use of a constituent material that responds to a control parameter, coherent

control of metamaterial excitation, and structural reconfiguration. In this section, the main

approaches to achieving dynamic control of metamaterials reported in literature have been

reviewed.

Within the first class are described metamaterials that incorporate nonlinearities by
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hybridizing metamaterials with phase-change media, optically nonlinear materials, super-

conductors, ferrites, semiconductors and graphene; or by integrating nonlinear elements

such as varactors and capacitors. In the framework of coherent control of metamaterial

excitation, properties of a thin metamaterial film placed in a standing wave can be tuned

by changes in the phase or intensity of either of two counter-propagating coherent electro-

magnetic waves, or position of the metafilm. Finally, the cases of structural reconfiguration,

lattice reconfiguration, flexible metamaterials and microfluidics have also been briefly

presented.

However, some of those methods become increasingly difficult to implement at shorter

wavelengths, such as the near-infrared or visible spectral ranges [51]. Nanomembrane

based metamaterials are an attractive solution for the optical part of the spectrum.

Particularly, reconfigurable metamaterials that exploit thermal, electrostatic, magnetic and

optomechanic actuators may find applications in transformation optics devices, sensors,

intelligent detectors, tunable frequency-selective surfaces, spectral filters and other tunable

photonic devices [6]. The following chapters of this thesis report numerical and experimental

demonstrations of novel metamaterial devices within this category.

To sum up, reconfigurable metamaterials have bridged the gap between the scientific

proof-of-principle approach of static metamaterials and the technological demand for devices

that offer dynamic control of the electromagnetic response in real time, i.e. properties

that can be tuned on demand. Selection of one or another approach depends on the

requirements of the application to be developed and, strongly, on further developments in

fabrication techniques.

In this work, we have established the basis for addressable metamaterials based on

nanomembrane technology, where control of optical properties is enabled at any point in

time and space, offering a new paradagim for tailoring electromagnetic space.
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Spatially addressable reflection phase modulation based

on path length modulation

3.1 Introduction

The ability to control amplitude and phase of light at will with sub-wavelength spatial

resolution would enable applications from dynamic focusing, diffraction and beam steering

to video holography and programmable transformation optics.

Sub-wavelength spatial control would allow effectively continuous variation of optical

properties, avoiding unwanted diffracted beams that necessarily occur in established

spatial light modulators based on liquid crystal or digital micromirror technology due to

their pixelation on the order of 10 µm [1–3]. While deformable mirror technologies avoid

diffraction, they suffer from even lower resolution determined by their typical actuator

pitch of hundreds of microns.

In this work we define “resolution” as the smallest characteristic distance between

points where the optical properties of the spatial light modulator can be independently

controlled.

3.2 Achieving optical properties on demand with nanomembrane

technology

Technologies with the potential to achieve fast dynamic control over light with much higher

spatial resolution are now emerging in the field of metamaterials and metasurfaces [4].

Metamaterials are media that obtain enhanced or unusual properties from artificial structur-
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ing on the sub-wavelength scale and therefore they do not suffer from unwanted diffraction,

however, dynamic control over their optical properties with sub-wavelength resolution

remains a challenge.

In principle, dynamic control of light by a metamaterial can be achieved by (i) mod-

ification of constituent materials based on phase transitions [5, 6] or nonlinearities [7–

9], (ii) coherent optical control of the light-matter interaction [10–13] or (iii) mechani-

cal rearrangement of the metamaterial’s structure [14–21], see Chapter 2 for a detailed

overview.

While the spatial resolution of optically induced phase transitions, nonlinearities and

coherent control can be far greater than that of conventional spatial light modulators, it is

still diffraction limited. In contrast, the pixelation of nano-electro-mechanically actuated

metamaterials is determined by nanofabrication technology, rather than light.

As discussed in Section 2.5.4, nanomembrane technology recently emerged as a prac-

tical solution for such reconfigurable metamaterials [18–21] and similar optomechanical

nanostructures [22–25] operating in the optical part of the spectrum: a dielectric membrane

of nanoscale thickness (typically silicon nitride) serves as a flexible support for a thin film

of plasmonic metal (typically gold) or high index dielectric (such as silicon), which is then

structured by reactive ion etching and focused ion beam milling to selectively remove either

one or both layers, creating both metamaterial resonators and moving parts.

Electrical reconfiguration is most easily achieved by cutting a metal-coated nanomem-

brane into freestanding parallel nanowires, which may be actuated with microsecond scale

response times by electrostatic forces [19], resistive heating or the magnetic Lorentz force

[20, 21], see Section 2.5.4.

3.3 Addressable metadevice for reflection phase control

The scope of this chapter is to propose a feasible design of a randomly addressable

metadevice and to study numerically the optical functionalities that it can provide. We

propose a metasurface device that modulates the phase of light with sub-wavelength spatial

resolution in one dimension.

The metadevice consists of an array of plasmonic nanowires of sub-wavelength spacing

which can be actuated individually by electrical signals in order to control the phase of

reflected waves. Its feasibility is argued based on recent advances in reconfigurable photonic

metamaterials.

We demonstrate that such a metadevice can perform functionalities of gratings, phase-
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gradient metasurfaces and curved mirrors on demand and without unwanted diffracted

beams that necessarily occur in conventional technology.

Thus, this work illustrates the ultimate level of control over light that becomes possible

when a metadevice becomes a spatial light modulator with one-dimensional subwavelength

pixelation by studying the optical functionalities of a randomly addressable reconfigurable

nanowire metamaterial for the first time.

Notably, in contrast to previous reconfigurable nanowire metamaterials, the proposed

device is non-resonant, broadband / wavelength tuneable, provides spatial light modulation

in addition to temporal light modulation and manipulates reflected rather than transmitted

light.

3.4 Phase modulation by nanomechanical actuators

The nanomembrane device considered here can be made by focused ion beam milling and

consists of 32 parallel nanowires of 300 nm width separated by 100 nm gaps, Fig. 3.1(a)

shows a feasibility test with fewer nanowires of slightly larger period. The nanowires are

fixed at both ends and consist of a gold layer of 50nm thickness supported by a silicon

nitride layer of the same thickness1. One end of each nanowire is connected to a common

ground, while the other is connected to one of 32 electrical control channels to allow

independent actuation of each nanowire.

The nanowires reflect electromagnetic waves that are linearly polarized with the electric

field along the wire without polarization change and the phase of the reflected wave is

controlled by displacing the nanowire in the direction normal to the device plane. As

illustrated by Fig. 3.1(b), at normal incidence, a nanowire displacement of ∆z changes the

path of the reflected wave by −2∆z, resulting in a phase change

∆ϕ = 4π
λ

∆z. (3.1)

As this is a non-resonant effect, the metadevice operates over the full wavelength range

where its nanowire periodicity p0 is smaller than the wavelength (λ > p0 =400 nm), which

avoids unwanted diffraction, and where the achievable maximum nanowire displacement is

at least half a wavelength so that the full range of phases can be accessed (λ ≤ 2∆zmax).

Therefore, the proposed non-resonant plasmonic structure is a wavelength tuneable
1Throughout this thesis, the metamaterial’s gold layer thickness is fixed to be 50 nm. The value is

convenient as to keep a 1:1 ratio with the silicon nitride substrate and is sufficient as to sustain plasmonic
resonances. It is, however, a relatively unrestricted parameter and could be optimised for any particular
application.
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Figure 3.1 | Phase modulation by nanomechanical actuation.
a Scanning electron microscope image of freestanding nanowires suitable for thermal and magnetic
actuation. The nanowires consist of 50 nm of gold on 50 nm of silicon nitride, their overall length is
20 µm including 3 µm elastic springs at either end and their period is about 600 nm. b Out-of-plane
nanowire displacement ∆z changes the phase of the reflected wave by ∆ϕ = 4π

λ ∆z. c Electrothermal
actuation: resistive heating by electrical currents induces nanowire displacement by differential thermal
expansion [20]. d Magnetic actuation: The magnetic Lorentz force displaces current-carrying wires
placed in a magnetic field directed perpendicular to the current flow [21]. Magnetic actuation does
not require the silicon nitride layer (red dotted line). Adapted from [26].

metadevice, making it very different from the resonant, and therefore narrow-band, func-

tionalities offered by most metamaterials.

Electrical actuation of the nanowires can be achieved exploiting two mechanisms.

As illustrated by Fig. 3.1(c), resistive heating of a gold/silicon nitride nanowire by an

electrical current I will bend the nanowire due to differential thermal expansion as the

thermal expansion coefficient of gold (14.2× 10−6 K−1) exceeds that of silicon nitride

(2.8× 10−6 K−1) by a factor of 5.

Neglecting the temperature variation along the wire for simplicity, the resulting nanowire

displacement is proportional to

∆z ∝ ∆T∆αL
2

t
, (3.2)

where ∆T is the temperature change, proportional to the square of the applied current, ∆α

the difference in thermal expansion coefficients, L the nanowire length and t its thickness

[27].

If the nanowire metadevice is placed in a magnetic field B, then it can also be actuated

by the magnetic Lorentz force

F = LI×B (3.3)
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resulting in displacement of the nanowires of width w that is proportional to

∆z ∝ F L3

t3w
. (3.4)

Such magnetic actuation can also be applied to electrically conductive nanowires

consisting of a single material and it allows the actuation direction to be inverted by

reversing the direction of either current or magnetic field, see Fig. 3.1(d). Electrothermal

displacements of 100s of nm due to application of sub-mA currents to nanowires of 10s of

µm length have been reported and similar magnetic displacements have been observed for

magnetic fields of 100s of mT [20].

For such structures, electrothermal actuation is limited by the nanowire cooling timescale

to 10s of kHz, while mechanical resonances limit magnetic actuation to 100s of kHz [21].

Here we present simulations of on-demand optical functionalities that can be expected

from the metadevice.

3.5 Potential functionalities of a one-dimensional superresolu-

tion phase modulator

Grating and mirror functionalities were simulated using finite element modelling (COM-

SOL Multiphysics 4.4), approximating the device with nanowires that have prescribed

displacements and infinite length. The simulation results are shown by Figs. 3.2 to 3.42.

3.5.1 Tunable gratings

In order to minimize computational requirements, the field reflected from the grating

structures (that require large models to include diffracted beams, see Fig. 3.2 and Fig. 3.4)

was extracted at a distance of 2 µm from the metadevice and propagated in free space

by the beam propagation method using Matlab [28]. The original code for free space

propagation was written by Edward T. F. Rogers and conveniently adapted for the purpose

of this research.

The gold side of the nanowire device is illuminated by a normally incident coherent

plane wave of green light (wavelength λ =550 nm) that is polarized with the electric field

parallel to the wires. Gold and silicon nitride were modelled using electric permittivities of

εAu = −5.8 + i1.6 and εSiN = 4.0, respectively [29].

2The data presented here are available as Dataset 1 in reference [26]
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Figure 3.2 | Reconfigurable gratings formed by spatially periodic vertical displace-
ment of nanowires.
a Grating light valve (beam splitter) of period pg =800 nm realized by λ/4 actuation of every second
nanowire. b Grating of period pg =1200 nm resulting from λ/8 displacement of every third nanowire.
c Blazed grating (pg =1200 nm) and d phase-gradient surface (pg =1600 nm) based on a sawtooth
configuration of the nanowires that are displaced in steps of λ/8. The magnitude of the only non-zero
reflected electric field component |Ey| is shown and the metadevice, that is located at z = +2 µm,
is illuminated by a y-polarized plane wave of 550 nm wavelength and electric field amplitude |E0|
propagating along the positive z-axis. The diffraction orders are labelled and marked by arrows.
Adapted from [26].
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All simulations presented here consider nanowires consisting of 50nm of gold supported

by 50nm of silicon nitride. For gold-side illumination as discussed below, we note that

simulations of the same nanowire arrangement with and without the silicon nitride layer

yield almost identical results.

Grating functionalities result from displacing the nanowires periodically in space, see

Fig. 3.2, where diffraction of order m at an angle θ from the normal is determined by the

grating period pg of the structure following

sin θ = mλ

pg
. (3.5)

Thus, without nanowire displacement, the metadevice’s period of 400 nm does not allow

diffraction of visible light at normal incidence.

Equal displacement of every second nanowire results in a diffraction grating of 800 nm

period. It can be operated as a beam splitter or grating light valve [30, 31], where a

displacement of λ/4 causes destructive interference of 0th order reflection due to the π

phase difference for waves reflected from neighboring nanowires and thus all reflected

light is redirected into the 1st diffraction order, Fig. 3.2(a). We note that only one of

the nanowires at the device edges is displaced as the metadevice has an even number of

nanowires, resulting in a small asymmetry that can be seen around x = 0.

Equal displacement of every third nanowire switches the metadevice to a grating of

1200nm period, resulting in diffraction up to the 2nd order. Here, mirror-symmetric

displacement results in equal intensities of diffraction orders ±m, Fig. 3.2(b), while mirror-

asymmetric displacement such as a sawtooth configuration corresponds to a blazed grating

and allows light to be preferentially diffracted into selected diffraction orders, Fig. 3.2(c).

A sawtooth configuration can also be used to create a constant phase gradient along

the metadevice surface by displacing the nanowires in N steps of λ/(2N), corresponding to

phase steps of 2π/N and a phase gradient of 2π/(Np0). In the phase-gradient configuration,

the metadevice will reflect the incident light into a single 1st diffraction order, for example,

for N = 4 the phase gradient is 2π/(1600 nm), resulting in almost complete reflection of

the normally incident beam at 20◦ from the surface normal, Fig. 3.2(d).

Arbitrary phase gradients can be realized by interpolation. In this way, the metadevice

can provide anomalous reflection of phase-gradient metasurfaces [32–35], but, crucially, the

device is electrically controllable allowing on-demand beam steering.
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Figure 3.3 | Reconfigurable mirrors.
a Focusing and b defocusing mirrors with 38.5 µm focal length formed by arranging the nanowires to
form concave and convex cylindrical segments, respectively. c Multifocal mirror array, where each
mirror of 3.3 µm focal length is formed by a concave cylindrical arrangement of 11 nanowires. The
maximum nanowire displacement is 250 nm in all cases. The magnitude of the only non-zero reflected
electric field component |Ey| is shown and the metadevice, that is located at z = 0, is illuminated by
a y-polarized plane wave of 550 nm wavelength and electric field amplitude |E0| propagating along
the positive z-axis. Adapted from [26].

3.5.2 Reconfigurable mirrors

Broadband focusing and defocusing cylindrical mirrors can be realized by displacing the

nanowires to approximate a cylindrical segment, where the focal distance corresponds to

half of the radius of curvature, see Fig. 3.3.

Concave mirrors focus light, where a focal distance of 38.5 µm results from a maximum

nanowire displacement of only 250 nm, Fig. 3.3(a).

Alternatively, a defocusing mirror is realized by a convex nanowire configuration,

Fig. 3.3(b), where the same maximum displacement results in reflection of the incident

plane wave as if it originated from an imaginary focal point 38.5 µm behind the metadevice.

Specifically, given a maximum displacement ∆zmax for a nanowire, a cylindrical mirror

with radius R can be emulated using N strips that are displaced from zero in the z-direction,
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where the coordinate for the ith nanowire (from i= 0 to N − 1) is given by3


xi = (2i−N + 1) p0

2

zi =
√
R2 − x2

i − r
(3.6)

where the radius R of the mirror is

R =
X2

4 + ∆z2
max

2∆zmax
, (3.7)

and the metadevice footprint X defined as the separation of the centers of the outer strips

is

X = (N − 1)p0, (3.8)

and r is defined as

r = 1
2
√

4R2 −X2 = R−∆zmax. (3.9)

Independent control of every nanowire can be used to create multifocal devices where

the position and numerical aperture of every focus can be set independently, for example,

a reflector with 3 focal points consisting of 3 concave cylindrical mirrors formed by 11

nanowires each, Fig. 3.3(c). We note that neighboring concave mirrors have one nanowire in

common, leaving an extra nanowire at one edge of the 32-nanowire-metadevice that causes

a small asymmetry. Such mirrors are broadband, suitable for illumination wavelengths

that are larger than the nanowire periodicity p0 while being small compared to the size of

each individual cylindrical mirror.

3.6 A metadevice with sub-wavelength pixelation

In contrast to established spatial light modulators, the proposed metadevice offers sub-

wavelength pixelation and Fig. 3.4 illustrates the importance of this. Without actuation,

the metadevice reflects the incident visible light without diffracted beams like a flat mirror,

see Fig. 3.4(a,b).

The microstructure that can be seen in the field distribution originates from diffraction

of the incident plane wave on the device edges in the same way as it does for a flat

continuous mirror of the same size and it vanishes during propagation to the far field.

In contrast, a coarser structure with a period that is larger than the wavelength of the

incident wave will have diffracted beams, Fig. 3.4(c), and these unwanted beams will be
3Equations are defined for a focusing concave mirror. For a defocusing convex mirror: zi ← −zi +∆zmax.
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Figure 3.4 | Metadevices with and without sub-wavelength nanowire actuator pitch.
a Flat continuous mirror of 12.7 µm width. b Flat mirror configuration of the nanowire metadevice
with sub-wavelength period of 400 nm and overall width of 12.7 µm. c Flat mirror configuration
of a coarser metadevice, where the period is doubled to 800 nm. d The metadevice with 800 nm
periodicity in the same focusing mirror configuration as presented in Fig. 3.3(a) for the metadevice of
period 400 nm. The magnitude of the only non-zero reflected electric field component |Ey| is shown
and the structures, that are located at z = +2 µm, are illuminated by a y-polarized plane wave of
550 nm wavelength and electric field amplitude |E0| propagating along the positive z-axis. Adapted
from [26].

present in any applications, such as focusing, Fig. 3.4(d), just as they are present in the

case of commercial spatial light modulators. As such potentially dangerous stray beams

remove intensity from the intended application, their absence in case of our metadevice

increases both safety and energy efficiency.



TOWARDS OPTICAL PROPERTIES ON DEMAND 61

3.7 Fabrication notes

With respect to the realization of a functional device, we demonstrate that the fabrication

of a suitable nanowire structure is possible. Indeed, similar metadevices are being devel-

oped and individual electrical actuation of several selected nanowires is demonstrated in

Chapter 5.

We note that aluminum and silver, with a protective coating to prevent oxidation, may

be more suitable alternatives to gold, due to their higher reflectivity in the blue part of

the spectrum. Here, we consider gold as both electrothermal and magnetic actuation of

gold-based nanowire structures has been demonstrated experimentally [20, 21].

Furthermore, the actuated nanowires will be flat only at their center, but curved

towards their ends. Therefore, optical illumination should be limited to the central part of

the nanowires in order to ensure a homogeneous optical response.

3.8 Summary

In summary, we propose a metadevice providing dynamic spatial modulation of optical

phase with sub-wavelength pixelation in one dimension. We show that the realization of

such a device is feasible and demonstrate based on numerical modelling that it can focus

and redirect light by providing optical functionalities of various types of gratings, beam

splitters, phase-gradient surfaces and curved mirrors on demand.

In contrast to existing spatial light modulator technologies, our proposed device does

not create unwanted diffracted beams, making it safer and more optically efficient than

current solutions in addition to allowing higher resolution modulation.

Finally, while independent and simultaneous addressing of 32 nanowires remains an

engineering challenge, such devices are feasible using existing fabrication techniques, and

should be realisable in the near future. All required ingredients are available, the challenge

is one of design, optimization and engineering in order to ensure reliable and simultaneous

independent actuation of all nanowires. Fabrication of individually addressable nanowires

similar to those considered here is reported and discussed in detail in Chapter 5.
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Spatially addressable intensity modulation based on co-

herent absorption

4.1 Introduction

Spatial control over the intensity of light is the basis of optical components such as diffraction

gratings, Fresnel zone plates and amplitude holograms. Dynamic spatial control over light

intensity can, in principle, provide their functionalities on demand, however, established

spatial light modulators based on liquid crystal or digital micromirror technology suffer

from low resolution and unwanted diffraction due to their pixelation on the order of 10 µm

[1–3].

Sub-wavelength resolution would be required to avoid unwanted diffraction and to

achieve truly arbitrary and effectively continuous spatial control over the intensity of

light, as shown for phase modulation in Chapter 3. The required sub-wavelength scale

structuring is a defining characteristic of metamaterials and metasurfaces and leads to

locally homogeneous optical properties.

Static spatial variation of metamaterial structures has given rise to the fields of trans-

formation optics [4–7] and gradient metasurfaces [8–15], while emerging technologies based

on phase transitions [16, 17], nonlinearities [18, 19], coherent light-matter interactions

[20–23] and nanomechanical actuation [24–33] now enable the temporal modulation of

metamaterial properties [34], see Chapter 2.

Here we propose a metadevice that controls coherent absorption of light by selective

actuation of metamaterial nanostructures to provide arbitrary dynamic control over its

reflectivity with sub-wavelength spatial resolution in one dimension, see Fig. 4.1(a).

65
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Figure 4.1 | Intensity modulation based on coherent metasurface absorption.
a Artistic impression of a spatial intensity modulator based on selective actuation of metastrips
above a grounded metallic mirror (GND), where Vi indicate metastrip actuation voltages (bottom).
b Incident Ei and reflected Er electromagnetic waves form a standing wave (grey). The largest
absorption occurs for metastrips placed at an electric field anti-node, while negligible absorption
occurs for metastrips positioned at an electric field node. c Multiple reflections at a metasurface with
reflection coefficient r and transmission coefficient t placed at a distance d in front of a mirror with
reflection coefficient m. Adapted from [35].

4.2 Intensity modulation based on coherent control

In conventional optical materials absorption is proportional to the film thickness. However,

for ultrathin films, where thicknesses are much smaller than the wavelength, near field

effects dominate [36]. In the traveling wave regime absorption in a film of negligible

thickness is limited to 50%, as proven by García de Abajo et al. [37].

Motion of charges in a flat film of infinitesimal thickness necessarily results in radiated

fields that are symmetric with respect to the film. Therefore, such thin films must cause

the same scattered fields in the forward and backward directions. It follows that both

forward and backward scattered fields are described by the same scattering coefficient η.

Consequently, the coefficients of reflection r, and transmission t, in this idealised case,

are defined as

r = η and t = 1 + η = 1 + r. (4.1)

Therefore, for such a thin film, placed in air and illuminated from one side, absorption

is given by

A0 = 1− |r|2 − |t|2 = 1− |η|2 − |1 + η|2 . (4.2)

From the zeroes of the first derivative ∂A0
∂η , we see that the absorption reaches an

extreme value for η = −0.5. At this value, the second derivative has a negative sign
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∂2A0
∂η2

∣∣∣
η=−0.5

< 0, indicating that it is a maximum. This maximum, corresponds to the

fundamental limit of absorption of a planar absorber: Amax0 = 50%.

Nonetheless, if the planar metamaterial is placed within a standing wave formed by

counter-propagating coherent waves, then absorption will depend on its position relative

to the standing wave’s nodes and anti-nodes and can reach higher values.

Particularly, at an electric field node, the planar structure cannot interact with the wave

and therefore absorption is nominally zero, while absorption at an electric field anti-node

can in principle reach 100% [20].

Projection of images onto a metasurface absorber with coherent light has enabled

all-optical control of light absorption with diffraction-limited resolution [23], however, this

approach cannot beat the diffraction limit and it requires a stable interferometer as well as

coherent light, see Section 2.4.

Instead, we propose a mechanically reconfigurable nanoscale version of a Salisbury

screen [38–41], where individually addressable absorbing metamaterial strips are placed at

a variable nanoscale distance from a mirror in order to exploit coherent perfect absorption

and transparency on demand.

As illustrated by Fig. 4.1, the incident light and multiple reflections by mirror and

metasurface form a standing wave, without a macroscopic interferometer and even for

incoherent illumination provided that the coherence length is large compared to the

metasurface-to-mirror spacing d (measured from the middle of the metasurface to the

mirror surface), see Chapter 6.

Furthermore, the spatial resolution of the metadevice will be determined by the pitch

of the metamaterial strip actuators, i.e. it will be controlled by nanofabrication technology,

rather than the diffraction limit.

Thermal, electric, magnetic and optical actuation of such metamaterial strips [28–31]

as well as actuation of similar optomechanical nanostructures [42–45] has been reported,

see Section 2.5.4. Selective actuation of individual metamaterial strips is demonstrated in

Chapter 5 and was introduced as a method for spatial phase modulation in Chapter 3.

Structures for the optical part of the spectrum are typically based on a dielectric

membrane of nanoscale thickness (e.g. silicon nitride) which is coated by a plasmonic

material (e.g. gold) or a high index dielectric (e.g. silicon), and finally structured, by

reactive ion etching or focused ion beam milling, to create the metamaterial pattern and

strip actuators with or without the original dielectric layer [46], see Section 2.5.4.
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4.3 Addressable metadevice for intensity modulation

The metadevice considered here consists of a reconfigurable metasurface in front of a

metallic mirror, see Fig. 4.1(a). The metasurface is composed of parallel gold strips of

400 nm width and 50nm thickness that are separated by 100 nm gaps and perforated with

asymmetrically split ring apertures, see Fig. 4.2.

A unit cell size of 500 nm was chosen to enable non-diffracting operation in the red to

infrared spectral range where gold is highly reflective. Asymmetrically split ring apertures

were chosen as they are well-studied [47] and known to provide coherent perfect absorption

[20].

The size of the split rings was determined by the available space on the gold strips

prescribing a minimum feature size of 50nm that can be routinely achieved with both

focused ion beam milling and electron beam lithography.

The optical properties of metasurface and metadevice were simulated for normal

incidence illumination by a coherent plane wave using finite element modelling (COMSOL

Multiphysics 4.4) in three dimensions, approximating the device with metastrips that have

prescribed displacements and infinite length.

We consider linearly polarised light with the electric field parallel to the strips in

all cases to avoid the excitation of metal-insulator-metal waveguide modes. The electric

permittivity of gold is computed from a Drude-Lorentz model with 3 oscillators [48].

Fig. 4.2(a) illustrates the optical properties of the flat metasurface without the backing

mirror. The split ring aperture array has rich transmission, reflection and absorption

spectra with several resonances corresponding to the fundamental and higher order modes

of the split ring slits, see Fig. 4.2(c).

The optical properties of the structure change dramatically when it is combined with a

mirror. For an optically thick mirror, transmission is zero and reflectivity R and absorption

A are given by the superposition of the waves that are multiply reflected by mirror and

metasurface as illustrated by Fig. 4.1(c). Neglecting near-field effects,

A = 1−R = 1−
∣∣∣∣∣r + e−i2αmt2

1− e−i2αmr

∣∣∣∣∣
2

, (4.3)

where r and t are the complex Fresnel reflection and transmission coefficients of the flat

metasurface, m is the reflection coefficient of the mirror and

α = 2πd/λ (4.4)
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Figure 4.2 | The metamaterial and its resonances.
a Reflection, transmission and absorption of the flat metasurface without mirror. b Schematic of the
unit cell. c Modes of excitation at the absorption maxima in terms of the instantaneous magnetic
field Hz 10 nm above the gold surface relative to the incident wave’s magnetic field amplitude |H0|.
Adapted from [35].

is the phase accumulated during propagation of the wave of wavelength λ from metasurface

to mirror.

Assuming an ideal mirror (m = −1), the metadevice absorption is that of the metasur-

face. In this case, the electric field at the metasurface position, which controls absorption,

corresponds to the superposition of the incident wave with the wave that is transmitted by

the metasurface and then multiply reflected between mirror and metasurface.

The metasurface absorption A is proportional to the square of the resulting electric

field enhancement. For an ideal planar metasurface (t = r + 1),

A = 1− cos 2α
|1 + e−i2αr|2

2A0, (4.5)

where

A0 = 1− |r|2 − |r + 1|2 (4.6)

is the metasurface absorption without the mirror.
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Notably, this analytical model predicts that absorption vanishes completely due to

electric field cancellation at the metasurface when α is a multiple of π, i.e. when the

metasurface-to-mirror spacing d becomes a multiple of λ/2.

As illustrated by Fig. 4.3, this behaviour is confirmed by numerical simulations. Ab-

sorption of the metadevice is strongly dependent on the metasurface-to-mirror spacing and

reduces to few % for wavelengths corresponding approximately to multiples of λ/2.

The small residual reflectivity and 10s of nm deviations in the spectral position of the

absorption minima result from (i) the metasurface not being perfectly planar due to having

a finite thickness of 50 nm (t ' r + 1) and (ii) the gold mirror not being an ideal mirror

due to small absorption losses and slight deviations from reflection with a π phase change

(m ' −1).

For intermediate spacings, the metasurface’s resonant modes are excited (compare

Fig. 4.2(c) and Fig. 4.3) and the strength of the metasurface excitation is controlled by the

distance d that determines the interference of incident and (multiply) reflected waves on

the metasurface.

Constructive interference results in stronger excitation and higher levels of absorption

(> 99% for selected wavelengths) than for the metasurface without the backing mirror,

compare with Fig. 4.2(a). Destructive interference suppresses metasurface excitation

resulting in negligible absorption as discussed above.

We note that absorption as a function of the metasurface-to-mirror spacing is generally

periodic with period λ/2 (provided that d is small compared to the coherence length, as

discussed in detail in Chapter 6), however, some deviations due to near-field interactions

between metasurface and mirror are observed for small gaps d approaching 200 nm.

Fig. 4.4 shows the absorption spectrum of the metadevice as a function of the

metasurface-to-mirror spacing d, where panel (a) shows results for numerical modelling of

the entire metadevice, while panel (b) shows semi-analytical results based on Eq. (4.3),

where the metasurface properties, r and t, were determined separately by numerical

modelling and the reflectivity of the gold mirror m was calculated using the Fresnel

equations.

The results are almost indistinguishable and they reveal that the metadevice’s absorption

can be strongly modulated in wide spectral bands around the metasurface’s resonances

I-IV, see Fig. 4.3.

These bands of operation are separated by the metasurface’s transmission minima at

700 nm, 885 nm and 1455 nm (compare to Fig. 4.2(a)) and the absorption wavelength can
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Figure 4.3 | Dependence of absorption on the metasurface-to-mirror spacing d.
Results at wavelengths of I 615 nm, II 785 nm, III 930 nm and IV 1600 nm. Colour maps show
the instantaneous magnetic field Hz 10 nm above the gold surface relative to the incident wave’s
magnetic field amplitude |H0| for absorption maxima and minima. Adapted from [35].
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be moved continuously across each band by adjusting the metasurface-to-mirror spacing,

resulting in a wavelength-tuneable metadevice.

Notably, the bands of operation include the red part of the visible spectrum and the

main telecommunications bands around 1310 nm and 1550 nm wavelength.

The absence of absorption when the metasurface-to-mirror spacing coincides with a

multiple of λ/2 corresponds to the straight dark bands across the colormaps.

Based on Eq. (4.5), Fig. 4.4(c,e) illustrates how the metadevice absorption depends on

the metasurface’s complex scattering coefficient r for characteristic metasurface-to-mirror

spacings d.

As should be expected, absorption vanishes for lossless metasurfaces, which satisfy

|r + 0.5| = 0.5, and, as shown above, absorption vanishes for d = λ/2 regardless of the

metasurface’s scattering coefficient.

For lossy metasurfaces, the dependence of absorption on d is symmetric for real scattering

coefficients, as in Fig. 4.3(I,II), and asymmetric for complex scattering coefficients, as in

Fig. 4.3(III,IV).

4.4 Reconfigurable Fresnel zone plate

As indicated in Fig. 4.1(a), actuation of individual metamaterial strips can be driven

by electrostatic forces resulting from grounding the mirror and application of an electric

potential to an individual nanowire as in commercial grating light valves [49, 50].

In-plane strip deformation can be neglected as the strips deform about 100× more

easily towards the mirror than towards their neighbours due to their perforated center and

their width/thickness aspect ratio of 8 [51].

Spatial intensity modulation results from positioning different metastrips at different

distances from the mirror. This is illustrated by Fig. 4.5 for a metastrip configuration that

corresponds to a Fresnel zone plate operating at λ = 785nm wavelength.

The zone plate consists of reflective and absorbing areas arranged in such a way that all

scattered fields will constructively interfere at the intended focus as illustrated in Fig. 4.5(a).

Here, the zone plate is realised by placing the metastrips at positions of either negligible

(d = 370nm) or almost complete (d = 560nm) absorption as shown.

In order to achieve a line focus 2 µm above the metadevice, light scattered by the

reflective areas must constructively interfere on the focal line. Therefore, all strips for
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Figure 4.5 | Fresnel zone plate application of a metadevice with 12 metastrips
operating at λ = 785nm wavelength.
a Basic operating principle of the zone plate: all reflective areas are sources of scattered fields,
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metastrip-to-mirror spacings of d = 370 nm (negligible absorption) and 560 nm (perfect absorption)
as shown. The colour maps show b the total electric field amplitude |E| and c the square of the
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which the strip-to-focus optical path length pi satisfies

0 ≤ pi/λ−Ni − C < 0.5 (4.7)

where Ni is an integer and C = 0.6 is an arbitrarily chosen real number, were set to the

reflective position, while all other strips were set to the absorbing position.

The simulations show that coupling between neighboring strips is sufficiently small

to allow weak excitation of strips at d = 370 nm and strong excitation of strips at d =

560nm even in the most extreme case when these reflective and absorbing strips alternate,

Fig. 4.5(b). The same panel also shows the complex pattern of standing waves that forms

above the actuated metadevice due to interference of incident and scattered fields.

Fig. 4.5(c) shows the focal spot that forms 2 µm above the metadevice in its Fresnel

zone plate configuration due to constructive interference of the fields scattered by the

weakly absorbing strips.

4.5 Fabrication notes

Regarding the experimental feasibility of the metadevice, actuation of metastrips of similar

complexity and characteristic dimensions has already been demonstrated [46]. Metastrips
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will generally be fixed at both ends and therefore voltage application will result in metastrip

bending towards the ground plane, where only the middle section of each strip will achieve

the desired displacement. The size of this optically useful middle section of the metastrips

scales with the overall strip length and it can be enlarged by making the end sections of

the strips more elastic (e.g. thinner).

Permanent metastrip deformation was not found to be a major issue in prior work and

could be addressed by adding an elastic dielectric supporting layer (e.g. silicon or silicon

nitride). However, we note that electrostatic forces will overcome the elastic restoring force

of the metastrips when the metastrip-to-mirror spacing is reduced to approximately half of

its original size [29].

In order to achieve reliable electrostatic operation without such accidental switching

of the device, metastrips should only be displaced by significantly less than half of their

original distance from the ground plane.

Slight differences in response and rest position of different metastrips could arise from

fabrication imperfections, but could be offset using adjusted actuation voltages after device

calibration.

Achievable modulation rates of metastrips are limited by their mechanical resonances

and the associated resonance frequencies scale inversely proportional to the square of the

metastrip length. Typical metastrips of 10s of µm length have mechanical resonances at

100s of kHz to MHz and could have actuation voltages of several volts if placed 100s of nm

away from a ground plane [29, 32, 46].

4.6 Summary

In summary, we demonstrate that nanoscale actuation of metamaterial strips placed at

a nanoscale distance from a mirror could be the basis for a spatial light modulator with

sub-wavelength spatial resolution in one dimension and, in principle, unlimited optical

contrast resulting from complete reflection and coherent perfect absorption.

We proposed a metadevice that combines recent advances in reconfigurable nanomem-

brane metamaterials and coherent all-optical control of metasurfaces. It uses nanomechani-

cal actuation of metasurface absorber strips placed near a mirror in order to control their

interaction with light from perfect absorption to negligible loss.

We argue that recent breakthroughs in reconfigurable nanomembrane metamaterials

and coherent all-optical control of metasurfaces make such a device a realistic proposition.

Potential application areas of such metadevices include dynamic diffraction, focusing
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and attenuation of light as well as holography without unwanted diffraction artefacts.
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Addressable nanomechanical photonic metamaterials:

Towards optical properties on demand

5.1 Introduction

Metamaterials are a paradigm for engineering electromagnetic space and controlling prop-

agation of waves [1]. They provide a huge range of functionalities not available on the

nature. However, these are typically narrow-band and fixed by design, as discussed in

Section 1.4.

Reconfigurable photonic metamaterials were introduced as a flexible platform for

modulation of metamaterial properties in time, establishing a technology for fast, high-

contrast tuning and modulation of metamaterial optical properties [2–6], see Chapter 2

and Chapter 6.

In this chapter, we build upon established reconfigurable metamaterials to develop a

fabrication procedure that allows the realization of metamaterials that enable simultaneous

spatial and temporal control over their optical properties. We report independent selective

actuation of individual nanowires, which is required to enable spatial light modulation

applications.

In contrast to prior art, the number of nanoscale electrical terminals scales with the

number of nanowires. We address the resulting increase in complexity by combining multiple

nanofabrication processes and introducing standard electronic packaging and standard

electronic interfaces, as well as computer control. We discuss 3 different approaches: (i) use

of platinum nano-interconnects, (ii) direct focused ion beam writing, and (iii) an approach

that combines focused ion beam writing with an initial electron beam lithography step.

81
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5.2 Optical properties on demand

Full active control over diffraction and focusing of light, beam steering and video holography

require dynamic control over amplitude and phase of light with sub-wavelength resolution,

i.e. a device where optical properties of points spaced by less than the wavelength of

operation can be controlled independently. However, sub-wavelength pixelation is out of

reach for established spatial light modulator technologies based on digital micromirrors

or liquid crystal cells that have a characteristic size of 10 µm [7–9] as well as deformable

mirrors that have a typical actuator pitch of hundreds of microns.

Approaches to achieving dynamic control over metamaterial properties can be grouped

into 3 categories. (i) All-optical control over the light-matter interaction using multiple

coherent light waves [10, 11], see Section 2.4; (ii) modification of the materials making

up the metamaterial nanostructure, e.g. based on optical nonlinearities [12, 13], phase

transitions [14] or electronic doping [15], see Section 2.3; and (iii) spatial rearrangement of

the metamaterial components [2, 16–20], see Section 2.5.

However, dynamic control over metamaterial properties with sub-wavelength resolu-

tion remains a challenge. Spatial resolution of all-optical approaches involving coherent

light-matter interactions, optical nonlinearities or phase transitions is limited by the ability

to focus light. In contrast, this limitation is avoided by nanoelectromechanically actu-

ated metamaterials, whose pixelation is determined by nanofabrication technology rather

than light. It has been predicted that selective actuation of nanowires in nanowire grid

metamaterials would enable spatial phase and intensity modulation with one-dimensional

sub-wavelength pixelation providing focusing, diffraction and beam steering functionalities

on demand [21, 22], Chapter 3 and Chapter 4. One can refer to such metamaterials

that allow selective control of each individual element as random access metamaterials or

addressable metamaterials.

Here we discuss 3 different approaches to the nanofabrication of an addressable metade-

vice consisting of individually addressable plasmonic nanowire actuators. Particularly, we

analyse the case of nanowires arranged in a grid, forming a metamaterial with a chevron-

shaped unit cell. We demonstrate selective electrical actuation of individual nanowires,

which allows the metamaterial nanostructure to be controlled with 620 nm pixelation in

one dimension.
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5.3 Fabrication techniques for reconfigurable metamaterials

Metamaterials are engineered by arranging subwavelength scatterers or apertures on periodic

structures. In the case of nanophotonic metamaterials, operating in the near-infrared and

visible parts of the spectrum, the subwavelength constraint implies structural features

on the order of nanometers. Techniques that allow precise and repeatable patterning of

these structures are required for manufacturing of reconfigurable metamaterial devices.

These challenging requirements explain why early investigations on metamaterials were

implemented in the microwave frequency range [23]. However, as the technology evolved,

the focus of research shifted to higher frequencies: from THz to the near-infrared and

visible.

Because of the small size of the required features, metasurfaces are normally manu-

factured using electron beam lithography (EBL). In EBL, a beam of electrons is used to

write the metamolecules on the surface of a sample, with beam widths on the order of

nanometers. Nevertheless, EBL can only structure small areas in reasonable time and at

reasonable cost. EBL is a multi-step approach which requires time-consuming tests for

optimization of the writing parameters and processing steps [24].

For rapid prototyping of metamaterials, focused ion beam (FIB) presents a better

alternative. In FIB, a focused beam of ions, for instance of gallium, is used to sputter

or to implant atoms on the surface. This allows the fabrication of nanostructures in

essentially a single step. For the metamaterial designs presented in this work focused

ion beam times shorter than a couple of hours were required. For these reasons, FIB is

the micro-machining tool preferred in terms of time consumption and will be used for

fabricating the metamaterial. The metamaterial structure of interest is designed using

“Nano Pattern Generation Software” (NPGS), a CAD-based program that controls digitally

the FIB machining process.

For the sake of completeness, it is worth to mention that both FIB and EBL suffer

from low throughput as they perform a pixel-by-pixel scan throughout the desired pattern

and therefore are incapable of large-scale production. Novel techniques such as interference

lithography and nanoimprint lithography provide an alternative for industrial production

of large-area and high-quality, 2D nanophotonic metamaterials [24, 25].
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a b c

Figure 5.1 | Random-access electrical actuation of reconfigurable nanowire metama-
terials.
a Electrothermal actuation, which is employed here, exploits differential thermal expansion of materials
with different thermal expansion coefficients in response to resistive heating by a current I to displace
a nanowire. b Magnetic actuation uses the Lorentz force FL on moving charges to actuate a
current-carrying metamaterial strip placed in an external magnetic field B. c Electrostatic actuation
is driven by the Coulomb force FC between charged nanowires or between a nanowire and a ground
plane (GND). Vi indicate nanowire actuation voltages in all cases. Adapted from [26].

5.4 Characterization techniques for reconfigurable metamaterials

After the fabrication process is completed the sample is characterized. Initially, the quality

of the designed pattern is checked with a scanning electron microscope (SEM). In this

step, possible nanofabrication failures caused, for instance, by problems with resolution or

alignment, will be identified. In case of such issues, further optimization of the process’s

parameters is carried out and the fabrication repeated.

After satisfactory fabrication of a sample, optical characterization of the 2D metama-

terial is required. This is achieved by measuring reflection, transmission and absorption

spectra of the sample for orthogonal polarizations using a CRAIC microspectrophotometer.

5.5 Nanomembrane technology

Reconfigurable metamaterials [2–5, 27] and similar optomechanical nanostructures [28–

31] operating in the visible to near infrared part of the spectrum have been developed

based on dielectric membranes of nanoscale thickness. Such membranes serve as a flexible

support for a plasmonic metal or high index dielectric thin film, which can be structured by

standard nanofabrication processes to create metamaterial nanostructures and actuators.

Electrical actuation is most easily achieved by cutting a membrane with an electrically

conductive layer into freestanding metamaterial strips. Deformation of such nanowires,

with microsecond scale response times, can then be driven by Coulomb or Lorentz forces, or
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Figure 5.2 | A metamaterial design for an addressable metadevice.
a Design parameters of the unit cell. b High-resolution image of the chevron-nanowire grid metama-
terial employed throughout this study.

resistive heating, resulting in very large electro-optical and magneto-electro-optical effects

[3–5], see Section 2.5.4.

Selective electrical actuation of individual nanowires requires the wires to be controlled

by independent electrical signals. Bimorph nanowires can be actuated by resistive heating,

where the same temperature change of materials with different thermal expansion coefficients

causes nanowire deformation due to differential thermal expansion, Fig. 5.1(a). Current-

carrying nanowires can be actuated by the magnetic Lorentz force that acts on moving

charges in a magnetic field, Fig. 5.1(b). Electrically charged nanowires can be actuated

by electrostatic forces due to a nearby plane (or neighboring wires) that has a different

electric potential, Fig. 5.1(c). Here we have chosen actuation of bimorph nanowires due to

differential thermal expansion in response to resistive heating as this allows simultaneous

nanowire observation by scanning electron microscopy.

5.5.1 Metamaterial design

Metamaterial optical properties arise from the interaction of light with the subwavelength

unit cells, the so-called metamolecules. Thus, by modifying the shape or spacing of these

metamolecules one can control the electromagnetic properties of the metamaterial.

Starting with a commercially available (Norcada Inc) low stress silicon nitride membrane

of 50nm thickness, metamaterial nanostructures were fabricated by gallium focused ion

beam (FIB) milling, Fig. 5.2(a). 15 freestanding 18 µm-long chevron nanowires with a

(230× 100) nm2 cross-section were created by milling through both the gold and silicon

nitride layers.

Plasmonic chevron metamaterial strips were chosen for their suitability for electrother-

mal and magnetic actuation, their spring-like mechanical properties and their optical
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Figure 5.3 | Technological solution for reconfigurable metamaterials.
a In order to create reconfigurable capabilities, membranes are coated with four defined terminals,
indicated by numbers, that are eventually electrically connected. b Sample holder employed in previous
studies, see [6, 32]. The holder design limited the number of electrical connections to four: three
inputs and one ground.

resonances [4, 5]. The chevron metamaterial unit cell is (600× 620)nm2 in size, corre-

sponding to an active metamaterial area of (18× 9) µm2 with a one-dimensional metadevice

pixelation of 620 nm, Fig. 5.2(b).

Prior work on electrically actuated nanowire grid metamaterials was limited to equal

actuation of every second nanowire controlled by a total of two electrical terminals [3–

5]. In these cases, the approach was limited by the characteristics of the membrane

and the sample holder which imposed a maximum number of terminals of 4 (3 inputs

plus a ground), Fig. 5.3. Furthermore, this approach had an additional limitation: the

binary configuration of the bridges imposed by the 2D geometry of the metamaterial,

i.e. electrically disconnecting even bridges while connecting all odd bridges to the same

electrical terminal constrains the number of qualitative states to two, either all beams

grounded or all odd bridges deflected by the same amount. More interesting solutions that

involve connecting interleaved groups of bridges to the same channel would require a 3D

component of crossing wires.

In this chapter three experimental approaches for going beyond previously reported

reconfigurable capabilities of the metamaterial are presented. The first one is based on the

inclusion of nanowires in the third spatial dimension in order to allow electrical terminals to

be connected to interleaved groups of nanowires. The second approach avoids the need for

crossing wires by addressing each reconfigurable bridge individually by direct focused ion

beam writing. Finally, on the search for more stable and reliable devices a third approach

was tried which combines both, electron beam lithography and focused ion beam. Devices

fabricated in this way promise a strategy for fully reconfigurable metamaterials dynamically

controlled by a computer, linking the nanoscopic world of the subwavelength photonic

metamaterial with the macroscopic world of the computer. A proof-of-concept device with

13 independently reconfigurable bridges is demonstrated.
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Figure 5.4 | Making reconfigurable metamaterials addressable.
a As a first test pattern, every second bridge is insulated by removing the gold from the Au/SiN
structure. b For enabling addressable capabilities, platinum interconnects, artistically recreated over
the SEM image, should join from the pads of the bridges to another terminal.

5.6 Approach 1: Platinum interconnects for 3D electrical con-

nections

Works described in this first approach were conducted by Joao P. Valente.

It is clear from Fig. 5.4(a) that independent reconfiguration of interleaved groups of bridges

is impossible as long as the 2D geometry is conserved. Indeed, the introduction of a

third dimension would introduce another degree of freedom that would allow greater

reconfiguration capabilities overcoming this limitation.

In order to extend to the third dimension a way of creating electrical nano-wires

compatible with the nano-dimensions and requirements of the metamaterial was necessary.

The approach pursued was to employ platinum interconnects developed by electron or ion

beam induced deposition (EBID or IBID) [33].

Electron or ion beam induced deposition is a direct-write lithographic technique that

utilizes the dissociation of volatile precursors by a focused electron or ion beam, in a low

vacuum environment, to create 3D structures of non-volatile fragments onto a substrate

[34]. IBID is typically used for fabricating structures in the range of tens of nanometres up

to few micrometres, although is also capable of sub-10 nm features [33].

Pillars are grown using gallium ions accelerated from 10 to 30 kV and currents of about

10pA. Selection of ions over electrons is made according to the alleged higher purity of the

final structures resulting from the larger cross-section and mass of the ions that facilitate

the breaking of the precursor molecules. On the other hand, ion implantation, surface

damage, and worse resolution are also associated with this choice [33, 35].
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Overall, this approach presents several challenges. The process should have high

precision: small spaces, hundreds of nanometers, were available for basing the Pt inter-

connects while their bases should be separated by, in some cases, few microns, meaning

large lengths/width ratios, Fig. 5.4(b). Another challenge is the requirement of high

repeatability, the process should be reliable and the interconnects as similar as possible in

order not to introduce distortions and uncertainties in the control process. Finally, the

interconnects should support currents of several milliamperes without introducing extra

heating or melting, in other words, their electrical resistance should be low.

After a long trial and error process, optimizing the design of the arch-shaped intercon-

nects and the parameters of the deposition, only one of the challenges was overcome: the

repeatability requirement. Interconnects deposited in similar atmosphere conditions and

with the same fabrication parameters were very repeatable with properties and shapes

almost equal, see Fig. 5.5.

However, in the deposition process for the smallest distances, around 1 micron, shadows

appeared under the arch-shaped interconnect that broke the insulation, Fig. 5.5(c). The

trims and bumps result from the fact that while the Ga ions remove material they also

deposit over the surface. This problem could be solved after further optimization of the

deposition parameters.

Lastly, and more importantly, although the resistance of Pt interconnects, based on

bulk resistivity values, it is expected to be about 4 Ω they were measured to be 800 Ω,

which means more than two orders of magnitude larger than expected -not surprisingly, as

differences of up to 5 orders of magnitude have been reported in the literature [33, 35]. This

significant drawback is related to the low purity levels of the deposition, mainly resulting

from incomplete decomposition of the precursor molecule, (CH3)3Pt(CpCH3), which could

also lead to appearance of nonlinear I/V characteristics. Several strategies for overcoming

this problem have been proposed in literature: from post-processing purification techniques,

changes of the gas environment, changes of the precursor gas and even the use of other

materials such as gold, germanium, silicon, carbon or iron as alternative ion source. A very

complete review can be found in [35].
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Figure 5.5 | Examples of ion beam deposited three-dimensional platinum intercon-
nects.
a, b, d Repeatibility and precision of growing these structures. c Trims and shades appear when
distances are reduced. All SEM images were taken at viewing angles of 52◦ and 0◦.
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500 μm a 500 μm b

Figure 5.6 | Customised silicon nitride membranes with contacts.
Norcada membranes with 32 electrodes are a simple solution for addressing up to 31 microbridges
independently. Optical microscope images of a the terminals and b the SiN window.

5.7 Approach 2: Direct focused ion beam writing of electrical

connections

The solutions proposed in the literature for the challenges presented above add more

problems than they solve. Because of this, a completely new approach was followed that

employed membranes specially designed for this project (Norcada Inc1). These membranes

consist of a 50nm-thick low stress silicon nitride membrane window that is (250× 250) µm2

in size. The membrane is supported by a (5× 5)mm2 silicon frame with 32 electrodes and

(400× 400) µm2 contact pads, consisting of 50 nm-thick gold with a chromium adhesive

layer that were made by standard photolithography, metal deposition and lift-off processes

by Norcada Inc. Wire tracks end about 30 µm away from the window edge, Fig. 5.6.

With these membranes, one can avoid the need for electrical connections that cross

insulating lines with a two-dimensional structure that has up to 31 independently controlled

bridges, enabling, in principle, full individual control over the microbridges. As a first

proof of the concept, a metamaterial design with 13 independently addressable bridges is

considered.

This new approach brings new challenges. Again, the insulating cuts on the membrane

have to be extended to the inner edge of the frame and the wire tracks on the frame

extended to the edge of the SiN window. The dimensions of the new membranes, half of

the ones used earlier, simplifies this task by making the design and fabrication process

1Note that two sets of membranes with different configuration have been used. For the Pt interconnects
approach, membranes of (500× 500) µm2 SiN window were used; while in the case of the electrode
membranes, dimensions of the SiN window were (250× 250) µm2. The latter choice benefits from a greater
mechanical stability due to the smaller window size.
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250 μm a 250 μm b

Figure 5.7 | Membrane seen through the deposition mask.
a Before and b after gold deposition. The mask’s aperture is made large enough to cover not only
the membrane but also the ends of the tracks, thus shortcircuiting the electrodes, which is necessary
in order to achieve high conductivity connections for addressing of the metamaterial.

easier and faster.

In order to connect the tracks of the frame to the window a mask with a centred hole

of (500× 500) µm2 was used in the process of depositing gold. The size of the mask’s hole,

larger than the window, was chosen such that the gold layer covers both the membrane and

the ends of the tracks to ensure a good electrical connection of the wire tracks to the gold

film on the window. The mask was designed and 3D-printed on VeroClear. Microscope

images taken just before and after the gold deposition are shown in Fig. 5.7. Because of

this strategy extra milling between the tracks in the area covered with gold is needed in

order to break the short circuit.

After gold is deposited with the mask, the tracks of the sample are patterned by direct

FIB. A central patch is left as the metamaterial will be patterned on it. A schematic of

the FIB direct writing process is shown on Fig. 5.8.

An SEM image of an example of a complete sample prototype fabricated by direct

FIB can be seen in Fig. 5.9. The sample was tested under high-vacuum conditions

(< 1× 10−5 torr) and proved clearly addressable reconfigurable capabilities with up to

thirteen bridges independently controllable. Unfortunately, optical interrogation under

standard conditions did not demonstrate any changes in optical properties in response

to application of different electrical signals. Later SEM examination showed electrostatic

failure: parallel bridges stuck together irreversibly, preventing further motion of the

structure.
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a b c
Ga+

Au SiNSi

Figure 5.8 | Process for manufacturing a sample by direct FIB.
a Gold is deposited on top of the SiN membrane by thermal evaporation. b The gallium ion beam
removes unwanted material. c The desired structure of the sample. The metamaterial will be
patterned on the central gold patch.

There are three main challenges with FIB direct patterning of the sample: excessive

milling, defective milling and stitching.

As explained before, electrical wires need to be extended from the edge of the membrane

to the centre of it, where the metamaterial is patterned. With direct FIB patterning,

milling of lines where only gold is removed is necessary to insulate parallel wire tracks from

each other. However, control over the dosage to avoid milling also of the SiN membrane is

required.

This requirement is not easy to satisfy, especially when large areas have to be covered.

The typical length of the lines is tens of micrometres. FIB milling of these lines can result

in areas with many holes in the membrane, Fig. 5.10(a), and short-circuits, Fig. 5.10(b),

making this process extremely difficult.

The main problem with areas where both gold and silicon nitride have been milled is

that it compromises the mechanical stability of the sample. Indeed, experimental evidence

of device failure was found on samples fabricated by direct FIB under testing conditions,

Fig. 5.11.

Finally, because of the limited size of the writing field, large cuts properly patterned

require that writing fields are precisely joined together (stitching) [36]. This problem can

be solved by using lines that are short enough to fit into a single writing field. However,

this simultaneously demands more interaction of the user with the software and turns

the process into an arduously manual task, since when moving the writing field relatively

far away from the calibrated point, refocusing and adjusting of the stigma is required.

Consequently, the time of patterning is greatly increased making this approach inefficient

and prone to human error.

An alternative approach that addresses these problems is the use of electron beam
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100 μm b

Figure 5.9 | Prototype fabricated with 13 independently reconfigurable bridges.
a Addressable metamaterial structure. b Connection of the wire tracks on the membrane and the
frame and test structures.
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3 μm a 500 nm b

Figure 5.10 | Errors during FIB fabrication.
a Excessive milling and b defective milling of gold during electrical insulation cuts.

a 35 μm b 8 μm 

Figure 5.11 | Device failure during operation.
Due to excessive milling, the mechanical stability of the sample is affected, leading to fracture of the
SiN membrane during operation.
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Figure 5.12 | Process for manufacturing a contact pattern by electron beam lithog-
raphy.
a PMMA is spin coated on the membrane. b E-beam patterning of the sample. c The sample is
developed in 1:3 MIBK:IPA, d removing the exposed areas. e Gold is deposited by thermal evaporation
on the PMMA covered membrane. f Lift-off procedure in acetone resulting in the desired structure
of the sample. The metamaterial will be patterned on the central gold patch.

lithography as reported in the next section.

5.8 Approach 3: Electron beam lithography for electrical con-

nections

In electron beam lithography a finely focused computer controlled electron beam is scanned

over the SiN membrane previously coated with Poly(methyl methacrylate), PMMA, a

special electron beam sensitive resist [36]. After the exposure, a development process,

during which the exposed areas will be removed, is carried out. Next, gold is thermally

evaporated and the remaining non-exposed PMMA is lifted-off resulting in the desired

pattern. A schematic of the process is shown in Fig. 5.12.

First successful results of a sample prepared following the EBL approach are shown

in Fig. 5.13. The two central gold patches are reserved for metamaterial patterns of final

devices, while other gold areas are intended for optimizing the FIB patterning of the

metamaterial. Crosses are alignment marks that will be employed for auto-placement of

the metamaterial during manufacturing of the reconfigurable metasurfaces allowing high

precision results.
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Electron beam lithography requires solvent-based chemical processes, therefore surface

adhesion of metals and surface issues resulting from solvent processes can be an issue [6].

Indeed, during fabrication of early samples, problems during the development and lift-off

steps of the process resulted in failure, see Fig. 5.14. Luckily, these problems can be tackled

by optimizing the chemical recipe and design,see details in next section.

Although EBL may result in minor errors during the fabrication process, it is expected

that these could be corrected by localized deposition of platinum or gold in the case of

open circuit failures, and by FIB milling in the case of short circuits. These are however

exceptional, and can be further reduced with additional optimization of the recipe.

Considering the challenges explained above associated with direct FIB and the EBL

approaches, we can conclude that the EBL strategy proved to be more reliable and less error

prone than the direct FIB strategy and no more demanding in terms of time consumption,

in spite of being a procedure involving multiple steps.

5.9 Fabricating an addressable metamaterial

After extra optimization of both, EBL mask design and the FIB metamaterial pattern, we

fabricated an electrically addressable metamaterial nanostructure following the approach

described above. To create the plasmonic metal film for metamaterial fabrication on the

membrane and to transition from the 30 µm electrode spacing at the membrane edge to

the sub-micron electrode spacing at the metamaterial edge, we performed electron beam

lithography. For this purpose, a 1 µm-thick layer of PMMA resist was spin-coated onto

the membrane chip. Then, the electrode pattern and areas for metamaterial fabrication

were exposed by electron beam. The electrode pattern was developed for 60 s in a 1:3

MIBK:IPA solution at room temperature, rinsed with IPA and dried with N2, followed by

thermal evaporation of 50 nm of gold and subsequent lift-off by submerging the sample on

acetone for 24h, Fig. 5.16(a).

As described before, the last step involves FIB patterning of the metamaterial. The

metamaterial nanostructure was fabricated by focused ion beam milling and positioned

relative to the e-beam lithography pattern using standard alignment techniques, Fig. 5.15(a).

Chevron nanowires were created by milling through both the gold and silicon nitride layers.

Then, the electrical connections of the 13 central nanowires to the contacts of the e-beam

lithography pattern were separated by manual FIB milling at a reduced dose in order to

remove the gold layer while keeping the silicon nitride membrane intact to ensure structural

integrity of the device, Fig. 5.15(b).
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Figure 5.13 | Example of succesful fabrication of an EBL mask.
a After development. b After lift-off.

90 μm a 90 μm b

Figure 5.14 | Failures during chemical steps associated with electron beam lithogra-
phy.
a Unsuccessful cleaning of the sample after development. b A gold flake covering the sample after
failure of the lift-off process.
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GND...

Figure 5.15 | Addressable reconfigurable nanomembrane metadevices.
a SEM image of the central membrane area with two contacted metadevices and alignment marks for
automated FIB milling. Vi indicate electrical terminals for actuation of individual nanowires and GND
indicates the common ground terminal. b High-resolution image of the nanowire grid metamaterial
nanostructure. Adapted from [26].
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5.10 Digitally programmable metadevice

Independent electrical control of every bridge allows random reconfiguration of the rows of

metamolecules enabling different states of the metadevice. The ability to apply the same or

different control signals to all parts of such metadevices allows operation as homogeneous or

massively parallel phase and intensity modulators, gratings of switchable period, tuneable

cylindrical lenses, high resolution spatial light modulators and, in principle, even tuneable

transformation optics devices and holographic video displays, see Chapter 3 and Chapter 4.

In order to facilitate an easy integration of the addressable metamaterial reported here

with industry standards a solution with standard connectors is presented that allows digital

control on the nanoscale.

5.10.1 Metamaterial adapter

Despite the big increase of scale from the microbridges, hundreds of nanometers, to the

electrodes, hundreds of micrometers, by using the new membranes, a solution for electric

addressing of the metamaterial is still needed. This requires an adapter that allows

contacting of the electrodes on the membrane frame.

The metamaterial adapter idea relies on the technology of integrated circuits encapsu-

lation. The metamaterial adapter is composed of a “M-QFN44W.5 Open Cavity” socket

and a commercial “SMD to DIP” PCB adapter2. The socket is soldered to the PCB and

after that, a hole sufficiently large to allow optical illumination of the final metadevice is

drilled at the center of the adapter followed by soldering of the pin headers.

Once the metamaterial adapter is prepared the sample is placed on it taking care of

aligning the SiN membrane window with the hole, as it will be used to pass light through it

in experiments where optical transmission is needed. The sample is then fixed to the socket

using tape or epoxy3. Finally, the pads of the socket are wire bonded to the electrodes of

the frame, Fig. 5.16(b). Thus, the metamaterial can be addressed by plugging a socket to

the pins of the adapter. In this way, the metamaterial adapter approach provides a solution

for addressing individual metamaterial bridges that is fully compatible with conventional

electronic technology, Fig. 5.16(c). After all these stages are completed, the metamaterial

2This PCB adapter is by no means necessary but only convenient from an experimental point of view.
Any other environment where the metamaterial may be integrated would require careful selection of an
alternative, if needed at all.

3Epoxy being the preferred option to avoid excessive stress causing fracture of the Si frame during wire
bonding. Alternatively, some types of greases, e.g. vacuum grease, may also be used, though care must
be put about their thermal and electrical specifications, and to avoid the flow onto the membrane during
application.
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design can be patterned by FIB4.

5.10.2 Computer programmable metamaterial

The last step for achieving controllable electric addressing of the metamaterial is the

incorporation of a source of voltages that will be plugged to the pin headers and run

the metamaterial reconfiguration. A 16 channel digital to analog converter (DAC) is

employed. The DAC is controlled by USB, thereby a solution that enables the control of

the metamaterial with a computer is presented.

For this purpose a Labview software is developed for controlling the DAC. This software

is compatible with other programs for automatized measurements widely used in research

and industry environments and would allow, eventually, an easy integration in other

software contexts.

Finally, a protective circuit that provides a 1 kΩ series resistor for each nanowire as

well as grounding to avoid electrical shock to the nanostructure, Fig. 5.18(a), is inserted

between the chip assembly and the DAC5. Such a protective circuit was designed and

assembled on a PCB (printed by Newbury Electronics) and completes the setup for control

of the metamaterial, Fig. 5.17(a).

The resulting chip assembly can then be used to address and interrogate the metadevice

in situ Fig. 5.17(b) and Fig. 5.18(a).

5.11 Characterization of the metadevice

Actuation of individual nanowires is illustrated by Fig. 5.18(b-d)6, which show scanning

electron micrographs of the central part of the metadevice at a viewing angle of 50◦ from

the normal in order to visualize out-of-plane displacements of individual nanowires. The

left and right panels show actuation of the third and fifth nanowires from the bottom

with DAC control voltages of 3V, while the middle panel shows a reference image without

applied electrical signals. The nanowire resistance is small compared to the 1 kΩ protective

resistor, therefore, the nanowire actuation current is about 3mA, with <9mW (<1mW)

power dissipation per metamaterial strip including (excluding) the protective circuit. The

movement of the actuated nanowires relative to their neighbours is clearly visible and
4According to our experience, fabricated samples are fragile and electrically sensitive. Packaging following

patterning endangers the sample unnecessarily.
5The fragility of the metamaterial, its sensitivity to leakage currents, made the addition of this protective

circuit necessary.
6Videos of nanowires being actuated can be found in the supplementary information of references [20]

and [26].
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Figure 5.16 | From the nanoscale to the macroscale.
a Nanoscale gold contacts and gold areas for testing and metadevice fabrication made by e-beam
lithography. b Close-up image of the metadevice in the QFN carrier. c Addressable metamaterial
device placed in a standard QFN to DIP package.
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a b

DAC

Metamaterial

Figure 5.17 | Digitally programmable addressable metamaterial.
a Protective circuit. A universal screw terminal was selected for convenience although a socket
compatible with the pin headers could be used. b The chip asembly enables programmable optical
properties in time and space.

corresponds to about 100 nm vertical displacement.

The actuation is caused by resistive heating of the nanowires, which leads to differential

thermal expansion as the thermal expansion coefficient of gold (14.2× 10−6 K−1) is five

times larger than that of silicon nitride (2.8× 10−6 K−1). Neglecting temperature variation

along the wire for simplicity, the resulting displacement d is proportional to

d ∝ ∆T∆αL
2

t
, (5.1)

where the temperature change ∆T is proportional to the square of the applied current,

the difference in thermal expansion coefficients ∆α depends on the chosen materials, and

L and t correspond to nanowire length and thickness, respectively [37]. Therefore, larger

nanowire displacements and lower current operation are most easily achieved with longer

nanowires or by placing the metadevice in a static magnetic field in order to combine

electrothermal actuation with magnetic actuation driven by the Lorentz force.

We found in our experiments that currents exceeding 3mA (about 3× 1011 Am−2

current density) are likely to damage our metadevice due to reaching the melting point

of gold in positions where fabrication imperfections cause the nanowire to have a smaller

gold cross-section. The exact nanowire damage threshold depends on the gold film quality,

nanofabrication accuracy as well as the nanowire dimensions, see reference [38] for a detailed

study. Therefore, an increased range of nanowire displacement due to a larger temperature

range would require higher nanofabrication accuracy, a cooled environment or replacement

of gold with a conductive material that has a higher melting point.

Potential thermal issues such as heat transfer between nanowires still need to be

investigated and the overall current applied to the metadevice may need to be limited to
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Figure 5.18 | Selective electrical actuation of individual nanowires.
a Schematic of the computer-controlled actuation circuit, where DAC indicates the digital-to-analog
converter and GND indicates ground. b-d Strip actuation — SEM images showing the nanostructure
at a viewing angle of 50◦ from the normal b with V3 =3V applied to nanowire 3 from the bottom,
c without voltage application and d with V5 =3V applied to nanowire 5 from the bottom. Adapted
from [26].

avoid possible overheating during simultaneous actuation of all nanowires. Such thermal

issues can be minimized by fabricating the metadevice on a smaller membrane so that the

thick supporting frame that acts as a heat sink is located at the nanowire ends. Reducing

the size of the membrane will also enhance the mechanical stability of the structure. The

device packaging could be improved with a transparent anti-reflection-coated protective lid

to create a sealed unit.

The speed of the thermal actuation process is determined by the cooling timescale of

the nanowires, which in this case is on the order of 10 microseconds. Assuming conductive

cooling, the time τ scales with the length of the nanowire as

τ ∼ L2, (5.2)

which imposes an upper modulation frequency limit of MHz [39]. For faster actuation,

magnetic and electrostatic forces can be engaged as illustrated by Fig. 5.1(b,c).
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5.12 Potential applications

Potential optical functionalities of such programmable metadevices have been studied

numerically in Chapter 3 and Chapter 4, which show that similar metadevices can modulate

the phase or intensity of reflected light in one dimension by controlling either the optical

path length or light absorption separately with each nanowire, enabling functionalities of

gratings, phase-gradient metasurfaces and curved mirrors on demand and without unwanted

diffracted beams for wavelengths of operation that exceed the nanowire period, here 620 nm.

Our metadevice design is intended to operate in the red to infrared band at wavelengths λ

longer than the nanowire period, but small compared to the overall size of the nanowire

array, i.e. 620 nm < λ�9 µm.

5.13 Summary

In summary, we report the nanofabrication of an electrically addressable reconfigurable

metadevice with 620 nm pixelation in one dimension. We demonstrate selective actuation

of individual rows of metamaterial unit cells.

Though more optimization and further research are required, the approach presented

here represents the first demonstration of an addressable nanomechanical photonic meta-

material. Potential applications of such random access metadevices include spatial light

modulators with sub-wavelength pixelation.
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Experimental intensity modulation based on reconfig-

urable coherent absorbers

6.1 Introduction

From their beginnings as microwave frequency selective surfaces [1], metasurfaces have

developed into a diverse branch of nanophotonics [2]. Such essentially planar arrays of

resonators of sub-wavelength size are being used as spectral filters, wave plates [3], polarizers

[4, 5] and, based on spatially varying resonators, for redirection [6–8] and focusing [9] of

light as well as holography [10, 11].

Dynamic control over such structures has been achieved by modifying the materials

that make up a metasurface, e.g. using phase transitions [12–14] or optical nonlinearities

[15, 16], by nanomechanical rearrangement of the array of coupled resonators [17, 18],

and by controlling the metasurface excitation with counterpropagating coherent beams of

light [19]. However, these approaches rely on specialist materials and operating conditions

(e.g. temperature, intensity); or complex and fragile nanostructures; or extremely stable

interferometric setups, see Chapter 2.

Here we use nanoelectromechanical actuation to control metasurface excitation in a

robust way that is compatible with ambient conditions. We place a plasmonic metasurface

absorber of nanoscale thickness a few microns in front of a mirror. Using electrostatic

forces, we move the metasurface between positions of constructive interference and positions

of destructive interference to control the light-metasurface interaction, resulting in high-

contrast modulation of absorption and significant spectral shifts of the structure’s absorption

resonances. The experimental device reported here demonstrates the basic intensity

109
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modulation principle of the more complex intensity modulator modeled in Chapter 4.

The combination of a metasurface with a backing mirror is known as Salisbury screen [1,

20, 21] and has been used previously to control optomechanical resonances [22], to realize

a mid-infrared electro-optical switch [23] and to enhance metasurface performance, e.g. to

achieve phase gradient metasurfaces with high efficiency [24, 25] as well as handedness-

maintaining [26] and handedness-inverting [27] mirrors for a single circular polarization.

Here we highlight that dynamic control over the spacing of a metasurface of substantially

sub-wavelength thickness and a backing mirror provides an effective solution for tuning,

modulating and switching the various optical functionalities metasurfaces can provide.

6.2 Coherent control of light-matter interaction

Any material of substantially sub-wavelength thickness may be placed at a node or anti-

node of a standing wave formed by coherent counterpropagating waves. At an electric field

node of the standing wave, there is no electric field that could interact with the material

and therefore the electric light-matter interaction vanishes. In contrast, at an electric field

anti-node, the electric field amplitude doubles due to constructive interference, leading to

enhancement of the electric light-matter interaction. Thus, the light-matter interaction

may be controlled by modulating the relative position of standing wave and material.

Such coherent control of light with light has been exploited to control absorption of light

from almost 0% to almost 100% [19], to control the propagation direction of light interacting

with phase gradient metasurfaces [28] and to control polarization of light interacting with

anisotropic metasurfaces [29], with applications including all-optical logic gates [30] and

parallel information processing [31], see Section 2.4.

These works have been based on meter-scale laser Mach-Zhender interferometers, which

had to be stable on a length-scale of few nanometers as nodes and anti-nodes are separated

by a quarter of the wavelength. Our approach avoids such challenges by shrinking the

interferometer size by 5-6 orders of magnitude. By placing the metasurface in the standing

wave that forms in front of a mirror we create a Fabry-Perot microcavity of variable length

that controls the light-metasurface interaction.

6.3 Metadevice fabrication

The metadevice consists of an electrostatically actuated metasurface that forms a Fabry-

Perot microcavity of variable length with a gold mirror as illustrated by Fig. 6.1. The
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metasurface is an array of asymmetrically split ring apertures in a 50nm-thick gold layer

supported by a 50 nm-thick silicon nitride membrane. Asymmetrically split ring apertures

were chosen as they are well-studied [32] and known to provide coherent perfect absorption

[19].

The metadevice was fabricated starting with a commercially available (500× 500) µm2

silicon nitride membrane of 50 nm thickness that is supported by a (5× 5)mm2 silicon

frame (Norcada Inc) and a glass substrate, see Fig. 6.1.

The mirror was fabricated by coating the glass substrate with 200 nm of gold using

thermal evaporation. Photolithography resist (S1813) was used as a spacer on top of the

gold mirror. A central groove of about 1 mm width was exposed and developed to generate

the gap of the resonant cavity.

The membrane was coated with a 50 nm-thick gold layer that was then perforated by

focused ion beam milling to create the metasurface, an array of asymmetrically split ring

apertures. The metasurface has an overall size of (30× 30) µm2 with a (500× 530)nm2

unit cell.

The metadevice was assembled by placing the membrane in front of the mirror, taking

care to align the groove with the membrane window. Electrical probes were finally attached

to both the membrane and the mirror to allow for electrostatic actuation.

6.4 Reconfigurable coherent absorber metadevice

Application of an electrical voltage U to the gold layers of the device leads to charge

accumulation in the elastic metamaterial and the gold mirror in a way that is similar to

a parallel plate capacitor. The resulting electrostatic force Fe bends the nanomembrane

metamaterial to an equilibrium point where it is balanced by the mechanical restoring force

Fm of the elastic structure. Thus, the applied voltage U controls the metasurface-to-mirror

distance d (cavity length).

We note that the electrostatic force grows infinite as the distance approaches zero,

while the elastic force scales linearly with the deformation, leading to unstable behaviour

for sufficiently large U . Indeed, a pull-in voltage UP can be defined above which the

electrostatic force cannot be compensated by elastic forces resulting in membrane-to-mirror

stiction and device failure.

Following [34], the relationship between applied voltage and resulting metamaterial
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Figure 6.1 | Electrostatic control of metasurface excitation.
a Schematic cross-section of the metadevice consisting of a nanostructured gold-coated silicon
nitride membrane separated from a gold-coated glass substrated by a resist spacer layer. b Scanning
electron micrograph of a fragment of the lossy metasurface (MS) consisting of asymmetrically split
ring apertures in 50 nm of gold on 50 nm of silicon nitride and c its cross-section and unit cell.
d,e Operating principle of the device that is actuated by application of a voltage U leading to
an electrostatic force Fe balanced by an elastic restoring force Fm. The resulting change of the
metasurface-to-mirror distance d translates the metasurface between positions of d constructive
interference corresponding to enhanced light-metasurface interaction and e destructive interference
corresponding to suppressed light-metasurface interaction. Adapted from [33].
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displacement ∆d = d0 − d (cavity length change) is given by

U2 = 27
4

∆d
d0

(
1− ∆d

d0

)2
U2
P , (6.1)

where d0 is the metasurface-to-mirror distance without applied voltage and ∆dP = 1
3d0

corresponds to the metasurface displacement at the pull-in voltage, i.e. the displacement

at which device failure is expected. The pull-in voltage can be calculated as

UP =
√

8
27
d2

0k

ε0S
(6.2)

where ε0 is the dielectric constant of vacuum, k the characteristic stiffness of the system

and S the surface area of the movable membrane.

For small displacements, ∆d� d0, the displacement is proportional to the square of

the applied voltage,

∆d ' 4
27
U2

U2
P

d0. (6.3)

The optical properties of the metadevice are most easily understood by considering

the standing wave that forms in front of a mirror. For a given wavelength of light, the

metasurface may be placed at an anti-node or node of the standing wave, depending on

the voltage applied to the metadevice, see Fig. 6.1(d,e).

At an electric field anti-node, light will interact strongly with the lossy metasurface

resulting in large absorption that can reach 100% (coherent perfect absorption). In contrast,

absence of electric field at a node will lead to weak light-metasurface interaction with 0%

absorption in the ideal case (coherent perfect transparancy).

An accurate description of the metadevice’s optical properties must consider the charac-

teristics of the Fabry-Perot cavity formed by metasurface and mirror as well as the optical

response of the metasurface itself. Throughout this work we consider linearly polarized

light with the electric field oriented parallel to the symmetry axis of the metamaterial

pattern.

The optical response of a Fabry-Perot cavity formed by a partially transparent interface

and a mirror is determined by multiple reflections of light and its absorption A and

reflectivity R are given by

A(λ) = 1−R(λ) = 1−
∣∣∣∣∣ro + mt2e−i4πd/λ

1−mrie−i4πd/λ

∣∣∣∣∣
2

(6.4)

where ro(λ) and ri(λ) are the complex Fresnel reflection coefficients for illumination of
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the partially transparent interface from outside and inside the cavity, t(λ) is its transmis-

sion coefficient, m(λ) ' −1 is the mirror’s reflection coefficient and 2πd/λ is the phase

accumulated during propagation of the wave of wavelength λ from interface to mirror, see

Chapter 4.

In the cases considered here, absorption by the mirror is small and absorption of the

cavity is therefore dominated by absorption in the partially transparent interface, which is

controlled by constructive/destructive interference of incident and multiply reflected waves

on the interface.

While Eq. (6.4) implies interference effects for any cavity length, observation of the

cavity resonances with good visibility requires the cavity length d to be small compared

to the coherence length lc ' c/∆f , where c is the speed of light and ∆f is the spectral

bandwidth in terms of frequency.

For larger cavity lengths, interference effects average out over the detected spectral band

which will contain wavelengths experiencing both constructive and destructive interference

on the lossy interface. Notably, for a narrow-band light source detected with a broadband

detector ∆f is the spectral bandwidth of the light source, while for a broadband light source

detected with a narrowband detector (or a spectrometer) ∆f is the spectral bandwidth (or

resolution) of the detector.

Assuming linear superposition of light at different wavelengths, this effect of temporal

coherence on the measured absorption AM can be described by

AM =
∫
P (λ)A(λ)dλ, (6.5)

where P (λ) is the normalized product of spectral power distribution and detector sensitivity.

For measurements with a spectrometer this applies to each spectral bin. In the case of

our experimental wavelength range of 950 nm - 2000 nm with a spectral resolution of 7 nm

the coherence length ranges from 136 µm to 286 µm.

6.4.1 Metamaterial Fabry-Perot microcavity

In order to disentangle the effects of Fabry-Perot cavity and metasurface, we will first

consider a Fabry-Perot cavity formed by a gold mirror and an ideal lossy beam splitter in

the incoherent and coherent regimes, characterized by the cavity length being much larger

and much smaller than the coherence length, respectively.

An ideal lossy beam splitter exhibits the largest possible absorption for planar metasur-

faces, which is 50% of a single beam illuminating one side of the metasurface [35], and its
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Figure 6.2 | Interactions between Fabry-Perot cavity and metasurface.
a Absorption of a Fabry-Perot cavity formed by a gold mirror and an ideal lossy beam splitter of
infinitesimal thickness in the limiting cases corresponding to cavity lengths much larger (top) and
much smaller (bottom) than the coherence length. The coherent case assumes a cavity length of
d0 =5485 nm. b Absorption spectrum of the metasurface. c Absorption spectrum of the metadevice
consisting of metasurface and gold mirror as a function of cavity length d assuming 7 nm detector
bandwidth. The experimental cavity length d0 =5485 nm is indicated by a dashed line. All results
shown in this figure are simulations. Adapted from [33].

Fresnel reflection and transmission coefficients are ro,i = −0.5 and t = +0.5. As illustrated

by Fig. 6.2(a), in the coherent case, the Fabry-Perot cavity exhibits alternating absorption

maxima and minima, corresponding to constructive and destructive interference of light

on the lossy beam splitter, respectively, while no interference effects can be seen in the

incoherent case. Numerical modelling uses a Drude-Lorentz model with 3 oscillators for

the electric permittivity of gold [36] and a constant permittivity of 4.0 for silicon nitride.

Fig. 6.2(b) shows the simulated absorption spectrum of the metasurface, which has
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absorption resonances at wavelengths of about 1024 nm and 1389nm. The optical properties

of the metasurface were simulated for normal incidence illumination by a plane wave

considering a single unit cell with periodic boundary conditions using finite element method

modelling (COMSOL Multiphysics 4.4) in three dimensions and the material parameters

given above.

Fig. 6.2(c) shows the absorption spectrum of the whole metadevice consisting of

metasurface and mirror as a function of the cavity length d. For cavity lengths that

are small compared to the coherence length, the absorption spectrum of the metadevice

corresponds to Fabry-Perot resonances with an envelope that resembles the absorption

spectrum of the metamaterial. Negligible light-metasurface interaction due to destructive

interference of light on the metasurface when the cavity length is a multiple of λ/2 is

apparent as absorption minima corresponding to dark blue straight lines on the colour

map. Indeed, for any ideal planar metasurface (t = ro,i + 1) and an ideal mirror (m = −1)

absorption according to Eq. (6.4) is zero in this case. In contrast to the absorption minima,

both spectral position and amplitude of the absorption maxima depend on the optical

properties of the metasurface in addition to the cavity length.

As the achievable maximum displacement ∆dP is proportional to the cavity length,

longer cavities enable a larger dynamic range of absorption modulation, provided that the

cavity length remains small compared to the coherence length. However, as the voltage

required to achieve a given displacement is also proportional to the cavity length, longer

cavities imply larger actuation voltages.

The spectral separation of the Fabry-Perot resonances decreases with increasing cavity

length, preventing their detection when the cavity length becomes half of the coherence

length as their spectral separation equals the spectral resolution of the spectrometer in this

case. For our spectral resolution of 7 nm, the coherence length is 140 µm at about 1000nm

wavelength, causing the Fabry-Perot resonances at this wavelength to vanish for a cavity

length of 70 µm, while Fabry-Perot resonances at longer wavelengths remain visible as

they correspond to longer coherence lengths, see Fig. 6.2(c). For large cavity lengths, the

Fabry-Perot resonances cannot be resolved resulting in a metadevice absorption spectrum

that is similar to that of the metasurface.

6.4.2 Electric tuning of absorption bands

Fig. 6.3(a) shows absorption spectra of the metadevice measured with 7 nm spectral

resolution for applied voltages of 0V and 20V alongside numerical fits based on Eq. (6.5),
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Figure 6.3 | Electric tuning of absorption bands.
a Absorption spectra measured with voltages U of 0V and 20V applied to the metadevice (top)
and best fit theoretical absorption corresponding to metasurface-to-mirror spacings d of 5485 nm
and 5406 nm based on Eq. (6.5) assuming the experimental detector bandwidth of 7 nm (bottom).
b Experimental and theoretical absorption spectra as a function of voltage U , where theoretical
spectra are calculated as above for cavity lengths d = d0 −∆d given by Eq. (6.1) with UP =66V
and d0 =5485 nm. Adapted from [33].

where the cavity length d is the only fitting parameter.

Absorption spectra of the metadevice, which cannot transmit light, were determined

from its reflectivity spectra that were measured with applied voltages between 0V and

20V using a microspectrophotometer (CRAIC Technologies) with a halogen light source

and 7 nm spectral resolution. White light linearly polarised and at normal incidence is

focused onto the sample with a 0.28 numerical aperture objective, so the beam spot is

sufficiently large to cover all the metasurface pattern, (30× 30) µm2. Light reflected is

then collected and passed through a (20× 20) µm2 aperture, aligned with the sample, into

the spectrophotometer. Reflection from a silver mirror is used as the reference, whereas a

Vantablack sample is used as the dark scan.

The spectra show absorption maxima and minima corresponding to enhanced and sup-

pressed metasurface excitation due to constructive and destructive interference, respectively.

The largest absorption is found near the metasurface resonances and the spectral positions

of measured and simulated absorption maxima and minima are in close agreement.

Gallium implantation during focused ion beam milling of the metasurface, nanofab-

rication inaccuracies, a small variation of the cavity length across the metasurface area

and focused illumination with a 0.28 numerical aperture objective contribute to reduced

contrast in the experimental absorption spectra.

Application of 20V reduces the cavity length from d0 =5485 nm to 5406 nm, that is by
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79nm. This cavity length change of 1.44% leads to a blue-shift of the metadevice’s spectral

response of the same magnitude, i.e. a 20 nm blue-shift around 1400nm wavelength.

The measured and simulated voltage-dependence of absorption is given by Fig. 6.3(b) for

the spectral range of highest contrast and the corresponding metasurface displacements that

were determined by fitting the experimental absorption spectra are shown by Fig. 6.4(a).

Both spectral shift and metasurface displacement are proportional to the square of

the applied voltage within our experimental range of voltages. The voltage-dependence of

the metasurface displacement closely follows Eq. (6.1) with a pull-in voltage of UP =66V

corresponding to a maximum displacement of ∆dP '1.8 µm, where both UP and d0 are

free parameters returned by performing a nonlinear regression to Eq. (6.1) of the estimated

displacement values calculated from the best fitting of experimental spectra to the simulated

ones, as described above, for each applied voltage 1. Thus, our cavity length of d0 =5485nm

is big enough to allow a large dynamic range of modulation and sufficiently small to operate

the metadevice with reasonable actuation voltages within the coherent regime.

Throughout our experiments, we limited the applied voltage to a maximum of 20V,

which is well below the pull-in voltage and thus avoids any risk of electrical damage, while

being sufficient for metadevice operation and characterization.

The voltage-induced spectral shift of the metadevice absorption spectrum leads to

large intensity changes at specific wavelengths, which may be exploited for tuning and

modulation. This is illustrated by Fig. 6.4(b) for selected wavelengths of λ1 =1348nm

and λ2 =1586 nm, where absorption and reflection can be changed by a factor of two.

Gradual changes of the applied voltage between 0V and 20V lead to gradual changes in

absorption. On cycling of the applied voltage, the values were reproduced within 2% in

terms of absolute absorption.

6.4.3 Dynamic modulation of metasurface absorption

Hereinafter, results reported were conducted by Jun-Yu Ou. The dynamic switching

behaviour of the metadevice was measured by detecting the reflection of a 1310 nm CW

laser using a photodetector and an oscilloscope, while modulating the actuation voltage

with a function generator. Fig. 6.5 shows how the metadevice absorption changes in

response to application of a step-like voltage.

Upon voltage application and withdrawal, the absorption, and thus the metasurface-to-

mirror spacing, approaches its new equilibrium position exponentially with a characteristic

1Note that ∆dP = d0 − dP = d0/3.
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Figure 6.4 | Electric control over metadevice deformation and absorption.
a Metasurface displacement ∆d as a function of voltage U , where the data points were obtained
by fitting the experimental spectra as in Fig. 6.3(a) and the green curve corresponds to Eq. (6.1)
with UP =66V and d0 =5485 nm, with line width indicating the 95% confidence interval of the fit.
b Tuning of absorption at λ1 =1348 nm and λ2 =1586 nm by gradual voltage application, where
dotted lines serve as an eye guide. Adapted from [33].

time constant of about 150 µs. Thus, the switching behaviour of the metadevice is consistent

with an overdamped harmonic oscillator, where the air surrounding the metadevice is a

source of damping.

In general, the temporal resolution of nanomembrane metamaterials is controlled by

the dimensions of the metasurface membrane, the density and Young’s modulus of the

constituent materials and the damping effect of the surrounding atmosphere [17]. Faster

modulation can be achieved by operating a metadevice based on a smaller membrane in a

low pressure environment. Like metasurface displacement and slow tuning of metadevice

absorption, as shown in Fig. 6.4, also the magnitude of the observed absorption modulation

is approximately proportional to the square of the applied voltage.

The optical damage threshold of the metadevice due to melting of the gold nanostructure

is controlled by heat transport away from the metasurface by thermal conduction along the

metasurface membrane and convection by the surrounding atmosphere. We did not observe

any thermal issues in our experiments conducted at sub-milliwatt power levels, however,

based on the thermal properties of similar plasmonic nanomembrane metamaterials [37]

we expect that our metadevice can tolerate illumination with at least several milliwatts.

6.4.4 Controlling light-matter interaction

Absorption of our metadevice is a measure of metasurface excitation. Therefore, we argue

that our method can be employed to control the light-matter interaction of any metasurface
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or functional film of substantially sub-wavelength thickness in a reliable and repeatable

way at ambient conditions.

For example, phase gradient metasurfaces for holography, redirection and focusing of

light may be turned on and off, while anisotropic and chiral metasurfaces may become

polarization modulators and thin layers of luminescent particles such as quantum dots

could become tuneable light sources.

Metasurfaces or thin films can also be separated into smaller elastic sections with

individual electrical contacts, e.g. strips, in order to achieve dynamic spatial control over

their functionality. It has been demonstrated numerically in Chapter 4, that reconfigurable

elements of sub-wavelength spacing can deliver effectively continuous spatial control over

the intensity of light [38].
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6.5 Summary

In summary, we demonstrate dynamic control over metasurface excitation by assembling a

Fabry-Perot microcavity from a gold mirror and an elastic metasurface that is actuated by

electrostatic forces.

The metadevice acts as an electrically controlled spectral filter and intensity modulator.

Electrostatic actuation of the plasmonic metamaterial absorber’s position leads to a dynamic

change of the Salisbury screen’s spectral response and 50% modulation of the reflected

light intensity in the near infrared part of the spectrum.

While our metadevice modulates absorption of light, we argue that our method may

be used to control any of the diverse optical functionalities that metasurfaces and films of

substantially sub-wavelength thickness can provide.
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Conclusions and outlook

New technological challenges reveal the undeniable fact that traditional photonic materials

are not able to deliver ideal material properties and an endless exponential growth of

optical data capacity. Metamaterials are a paradigm for engineering electromagnetic space

and controlling propagation of waves. They provide a huge range of functionalities not

available in nature. However, these are typically narrowband and fixed by design.

Reconfigurable photonic metamaterials have been introduced as a flexible platform for

modulation of metamaterial properties in time, establishing a technology for fast, high-

contrast tuning and modulation of metamaterial optical properties, see Chapter 2. Since

reconfigurable metamaterials enabled the design of optical properties and functionalities

that can be controlled dynamically, spatial control over metamaterial properties became

the next big challenge.

In this project we have presented the foundations for the realization of the first randomly

addressable reconfigurable metamaterials, one more step on the way towards optical

properties on demand. Based on nanomembrane technology, modulation of the amplitude

and phase of transmitted and reflected waves can be achieved by local deformation of

nanomechanical metamaterial actuators, modifying the near-field coupling between different

metamolecules and their plasmonic components, proposing means for creating randomly

addressable metasurfaces with controllable properties in time and space.

Dynamic control over optical wavefronts enables focusing, diffraction and redirection

of light on demand, however, sub-wavelength resolution is required to avoid unwanted

diffracted beams that are present in commercial spatial light modulators. In Chapter 3 we

introduced a realistic metadevice that dynamically controls the optical phase of reflected

ligth with sub-wavelength pixelation in one dimension. Based on reconfigurable metamate-
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rials and nanomembrane technology, the device consists of individually moveable metallic

nanowire actuators that control the phase of reflected light by modulating the optical path

length. We demonstrate that the metadevice can provide on-demand optical wavefront

shaping functionalities of diffraction gratings, beam splitters, phase-gradient metasurfaces,

cylindrical mirrors and mirror arrays, with variable focal distance and numerical aperture,

without unwanted diffraction.

Effectively continuous control over the intensity, rather than phase, of reflected light

with pixelation smaller than the optical wavelength is shown in Chapter 4, which reports

a spatial intensity modulator with sub-wavelength resolution in one dimension. The

metadevice combines recent advances in reconfigurable nanomembrane metamaterials

and coherent all-optical control of metasurfaces. The device engages nanomechanical

actuation of metasurface absorber strips placed near a mirror in order to control their

interaction with light from perfect absorption to negligible loss, promising a path towards

dynamic diffraction and focusing of light as well as holography without unwanted diffraction

artefacts.

This work addressed also the challenge of fabricating such metadevices. In Chapter 5 we

investigated different fabrication procedures for a device that allows modulation of optical

properties in time and space. Three technical approaches were discussed and compared:

the use of Pt interconnects, fast prototyping with FIB and finally, a more reliable and

efficient combination of electron beam lithography and focused ion beam milling. The first

addressable nanomechanical photonic metasurface reported consists of a nanowire grid

metasurface constructed from individually addressable plasmonic chevron nanowires. It

is packaged as a microchip device where the nanowires can be individually actuated by

control currents via differential thermal expansion. Conveniently, the design could be easily

adapted to include actuators driven by Lorentz or Coulomb forces which would deliver

faster responses not limited by thermal dissipation dynamics.

In Chapter 6 we experimentally demonstrated a reflective light modulator, a dynamic

Salisbury screen where modulation of light is achieved by moving a thin metamaterial

absorber to control its interaction with the standing wave formed by the incident wave

and its reflection on a mirror. Electrostatic actuation of the plasmonic metamaterial

absorber’s position leads to a dynamic change of the Salisbury screen’s spectral response

and 50% modulation of the reflected light intensity in the near-infrared part of the spectrum.

Interestingly, the proposed approach can also be used with other metasurfaces to control

the changes they impose on the polarization, intensity, phase, spectrum and directional
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distribution of reflected light.

It can be expected that future work will be focused on the experimental demonstration

of fully operational randomly addressable reconfigurable photonic metamaterials. The

successful demonstration of arbitrary landscapes of optical properties would spur on

additional work aimed at (i) improved metamaterial designs offering control over amplitude

and phase of electromagnetic waves with larger contrast and (ii) spatial addressing in two

dimensions, ideally with improved spatial resolution down to a single metamolecule.

The physical principle behind potential device applications can be stated in terms of the

Huygens principle as the fabrication of metadevices that can set the phase and amplitude of

electromagnetic waves at every point in space would allow the creation of almost arbitrary

wave fronts. Therefore a key challenge of fabricating randomly addressable metamaterials

is the selection of a metamolecule that can offer large and ideally independent changes in

both phase and amplitude of reflected and/or transmitted waves under reconfiguration. For

this purpose, ideal metamolecules for randomly addressable reconfigurable metamaterials

could be based on a combination of the phase and intensity control concepts introduced in

Chapter 3 and Chapter 4. They could also be inspired by designs that exploit hybridization

of modes such as the so-called electromagnetically induced transparency-like behaviour.

Ideally, nanophotonic resonators in randomly addressable nanomechanical metamaterials

should interact with their closest neighbours only and this could be accomplished by using

metamolecules that concentrate the electromagnetic energy in very localized positions like

for instance bow-tie antennas.

Potential applications of such metadevices include homogeneous or massively parallel

phase and intensity modulators, gratings of switchable period, high-resolution spatial

light modulators and, in principle, even tuneable transformation optics devices and 3D

holographic displays. Finally, although it has not been studied in this work, one could

expect that the most exciting properties and applications of these devices would arise from

the promise of dynamic tailoring of the near-field. In this regard, addressable metamaterial

could present an exciting opportunity in realms where light-matter interaction at the micro-

and nanoscale need to be engaged.
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Abstract
While metamaterials offer engineered static optical properties, future artificial media with
dynamic random-access control over shape and position of meta-molecules will provide arbitrary
control of light propagation. The simplest example of such a reconfigurable metamaterial is a
nanowire grid metasurface with subwavelength wire spacing. Recently we demonstrated
computationally that such a metadevice with individually controlled wire positions could be used
as dynamic diffraction grating, beam steering module and tunable focusing element. Here we
report on the nanomembrane realization of such a nanowire grid metasurface constructed from
individually addressable plasmonic chevron nanowires with a 230nm×100nm cross-section,
which consist of gold and silicon nitride. The active structure of the metadevice consists of 15
nanowires each 18μm long and is fabricated by a combination of electron beam lithography and
ion beam milling. It is packaged as a microchip device where the nanowires can be individually
actuated by control currents via differential thermal expansion.

S Online supplementary data available from stacks.iop.org/nano/27/485206/mmedia

Keywords: reconfigurable metamaterial, nanowire, metadevice, nanoelectromechanical system

(Some figures may appear in colour only in the online journal)

Full active control over diffraction and focusing of light,
beam steering and video holography require dynamic control
over amplitude and phase of light with sub-wavelength
resolution, i.e.a device where optical properties of points
spaced by less than the wavelength of operation can be
controlled independently. However, sub-wavelength

pixelation is out of reach for established spatial light mod-
ulator technologies based on digital micromirrors or liquid
crystal cells that have a characteristic size of 10μm [1–3] as
well as deformable mirrors that have a typical actuator pitch
of hundreds of microns. Opportunities for fast dynamic con-
trol over light with much higher resolution are now emerging
in metamaterials, i.e.media that obtain enhanced or unusual
optical properties from structuring with characteristic
dimensions that are smaller than their wavelength range of
operation. Approaches to achieving dynamic control over
metamaterial properties can be grouped into three categories.
(i)All-optical control over the light–matter interaction using
multiple coherent light waves [4, 5], (ii)modification of the
materials making up the metamaterial nanostructure,
e.g.based on optical nonlinearities [6, 7], phase transitions
[8] or electronic doping [9], and (iii)spatial rearrangement of
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the metamaterial components [10–15]. However, dynamic
control over metamaterial properties with sub-wavelength
resolution remains a challenge. Spatial resolution of all-opti-
cal approaches involving coherent light–matter interactions,
optical nonlinearities or phase transitions is limited by the
ability to focus light, in contrast, this limitation is avoided by
nanoelectromechanically actuated metamaterials, whose pix-
elation is determined by nanofabrication technology rather
than light. It has been predicted that selective actuation of
nanowires in nanowire grid metamaterials would enable
spatial phase and intensity modulation with one-dimensional
sub-wavelength pixelation providing focusing, diffraction and
beam steering functionalities on demand [16, 17]. We refer to
such metamaterials that allow selective control of each indi-
vidual element as random access metamaterials.

Here we report the nanofabrication of a random access
metadevice consisting of individually addressable plasmonic
nanowire actuators. The nanowires are arranged in a grid,
forming a metamaterial with a chevron-shaped unit cell. We
demonstrate selective electrical actuation of individual
nanowires, which allows the metamaterial nanostructure to be
controlled with 620nm pixelation in one dimension.

Reconfigurable metamaterials [14, 18–21] and similar
optomechanical nanostructures [22–25] operating in the
visible to near infrared part of the spectrum have been
developed based on dielectric membranes of nanoscale
thickness. Such membranes serve as a flexible support for a
plasmonic metal or high index dielectric thin film, which can
be structured by standard nanofabrication processes to create
metamaterial nanostructures and actuators. Electrical actua-
tion is most easily achieved by cutting a membrane with an
electrically conductive layer into freestanding metamaterial
strips. Deformation of such nanowires with microsecond scale
response times can then be driven by Coulomb or Lorentz
forces, or resistive heating, resulting in very large electro-
optical and magneto-electro-optical effects [18–20].

Selective electrical actuation of individual nanowires
requires the wires to be controlled by independent electrical
signals. Bimorph nanowires can be actuated by resistive
heating, where the same temperature change of materials with
different thermal expansion coefficients causes nanowire
deformation due to differential thermal expansion
(figure 1(a)). Current-carrying nanowires can be actuated by
the magnetic Lorentz force that acts on moving charges in a
magnetic field (figure 1(b)). Electrically charged nanowires
can be actuated by electrostatic forces due to a nearby plane
(or neighboring wires) that has a different electric potential
(figure 1(c)). Here we have chosen actuation of
bimorph nanowires due to differential thermal expansion in
response to resistive heating as this allows simultaneous
nanowire observation by scanning electron microscopy. Prior
work on electrically actuated nanowire grid metamaterials
was limited to equal actuation of every second nanowire
controlled by a total of two electrical terminals [18–20]. Here
we report independent selective actuation of individual
nanowires, which is required to enable spatial light modula-
tion applications. In contrast to prior art, the number of
nanoscale electrical terminals scales with the number of
nanowires, and we address the resulting increase in com-
plexity by combining multiple nanofabrication processes and
introducing standard electronic packaging and standard elec-
tronic interfaces, as well as computer control.

We fabricated such an electrically addressable metama-
terial nanostructure, starting with a commercially available
(Norcada Inc, figure 2(a)) 250×250μm2 low stress silicon
nitride membrane of 50nm thickness. The membrane is
supported by a 5×5mm2 silicon frame with 32 electrodes
and contact pads consisting of 50 nm thick gold with a
chromium adhesive layer that were made by standard pho-
tolithography, metal deposition and lift-off processes.

In order to create the plasmonic metal film for metama-
terial fabrication on the membrane and to transition from the
30μm electrode spacing at the membrane edge to the sub-

Figure 1. Random-access electrical actuation of reconfigurable nanowire metamaterials. (a)Electrothermal actuation, which is
employed here, exploits differential thermal expansion of materials with different thermal expansion coefficients in response to resistive
heating by a current I to displace a nanowire. (b)Magnetic actuation uses the Lorentz force FL on moving charges to actuate a current-
carrying metamaterial strip placed in an external magnetic field B. (c)Electrostatic actuation is driven by the Coulomb force FC between
charged nanowires or between a nanowire and a ground plane (GND). Vi indicate nanowire actuation voltages in all cases.
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micron electrode spacing that is required at the metamaterial
edge, we performed electron beam lithography (figure 2(b)).
A 1μm thick layer of poly(methyl methacrylate) e-beam
resist was spin-coated onto the membrane chip, then the
electrode pattern and areas for metamaterial fabrication were
exposed by standard electron beam lithography. The electrode
pattern was developed for 60s in a 1:3 MIBK:IPA solution at
room temperature, rinsed with IPA and dried with N2, fol-
lowed by thermal evaporation of 50 nm of gold and sub-
sequent lift-off.

In order to create a reliable and standardized electrical
interface for the membrane chip, we used an open QFN (quad
flat no-leads) chip carrier that had been surface-mounted by
soldering to a QFN to DIP adapter (figure 2(c)). The mem-
brane chip was attached inside the QFN chip carrier and the
contact pads on the membrane frame were wire-bonded to the
contacts of the chip carrier (figure 2(d)). The resulting chip
assembly connects to a 16-way flat ribbon cable.

The metamaterial nanostructure was fabricated by gal-
lium focused ion beam (FIB) milling and positioned relative
to the e-beam lithography pattern using standard alignment

techniques (figure 3(a)). Fifteen freestanding 18-μm-long
chevron nanowires with a 230nm×100nm cross-section
were created by milling through both the gold and silicon
nitride layers. Plasmonic chevron metamaterial strips were
chosen for their suitability for electrothermal and magnetic
actuation, their spring-like mechanical properties and their
optical resonances [19, 20]. The chevron metamaterial unit
cell is 600×620nm2 in size, corresponding to an active
metamaterial area of 18μm×9μm with a one-dimensional
metadevice pixelation of 620nm (figure 3(b)). Then the
electrical connections of the 13 central nanowires to the
contacts of the e-beam lithography pattern were separated by
manual FIB milling at a reduced dose in order to remove the
gold layer while keeping the silicon nitride membrane intact
to ensure structural integrity of the device.

In order to realize a computer-controlled ‘programmable’
metadevice, the reconfigurable metamaterial was connected to
a computer using a 16-channel digital-to-analog converter and
a protective circuit that provides a 1kΩ series resistor for
each nanowire as well as grounding to avoid electrical shock
to the nanostructure (figure 4(a)). A LabVIEW interface

Figure 2. Contacting a nanomembrane. (a)Commercial 250×250μm2 silicon nitride membrane of 50nm thickness on a 5×5mm
silicon frame with 32 electrodes. (b)Nanoscale gold contacts and gold areas for testing and metadevice fabrication made by e-beam
lithography. (c)Addressable metamaterial device placed in a standard QFN to DIP package. (d)Close-up image of the metadevice in the
QFN carrier.
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allows computer-controlled actuation of individual metama-
terial strips by setting the DAC output voltages.

Actuation of individual nanowires is illustrated by
figures 4(b)–(d) and the online supplementary video, which
show scanning electron micrographs of the central part of the
metadevice at a viewing angle of 50◦ from the normal in order
to visualize out-of-plane displacements of individual nano-
wires. The left and right panels show actuation of the third
and fifth nanowires from the bottom with DAC control vol-
tages of 3V, while the middle panel shows a reference image
without applied electrical signals. The nanowire resistance is
small compared to the 1kΩ protective resistor, therefore, the
nanowire actuation current is almost 3mA, with 9 mW< ( 1<
mW) power dissipation per metamaterial strip including
(excluding) the protective circuit. The movement of the
actuated nanowires relative to their neighbors is clearly visi-
ble and corresponds to about 100nm vertical displacement.

The actuation is caused by resistive heating of the
nanowires, which leads to differential thermal expansion as
the thermal expansion coefficient of gold (14.2 10 K6 1´ - - ) is
five times larger than that of silicon nitride (2.8 10 K6 1´ - - ).
Neglecting temperature variation along the wire for simpli-
city, the resulting displacement is proportional to T L t2aD D ,
where the temperature change TD is proportional to the

square of the applied current, the difference in thermal
expansion coefficients aD depends on the chosen materials,
and L and t correspond to nanowire length and thickness,
respectively [26]. Therefore, larger nanowire displacements
and lower current operation are most easily achieved with
longer nanowires or by placing the metadevice in a static
magnetic field in order to combine electrothermal actuation
with magnetic actuation driven by the Lorentz force. We
found in our experiments that currents exceeding 3mA
(about 3 1011´ A m−2 current density) are likely to damage
our metadevice due to reaching the melting point of gold in
positions where fabrication imperfections cause the nanowire
to have a smaller gold cross-section. The exact nanowire
damage threshold depends on the gold film quality, nano-
fabrication accuracy as well as the nanowire dimensions, see
[27] for a detailed study. Therefore, an increased range of
nanowire displacement due to a larger temperature range
would require higher nanofabrication accuracy, a cooled
environment or replacement of gold with a conductive mat-
erial that has a higher melting point. Potential thermal issues
such as heat transfer between nanowires still need to be
investigated and the overall current applied to the metadevice
may need to be limited to avoid possible overheating during
simultaneous actuation of all nanowires. Such thermal issues
can be minimized by fabricating the metadevice on a smaller
membrane so that the thick supporting frame that acts as a
heat sink is located at the nanowire ends. Reducing the size of
the membrane will also enhance the mechanical stability of
the structure. The device packaging could be improved with a
transparent anti-reflection-coated protective lid to create a
sealed unit. The speed of the thermal actuation process is
determined by the cooling timescale of the nanowires, which
is on the order of 10μs and scales with L2 according to
conductive cooling estimates, while faster actuation could be
driven by magnetic and electrostatic forces as illustrated by
figures 1(b) and (c).

Potential optical functionalities of such programmable
metadevices have been studied numerically by references [16]
and [17], which show that similar metadevices can modulate
the phase or intensity of reflected light in one dimension by
controlling either the optical path length or light absorption
separately with each nanowire, enabling functionalities of
gratings, phase-gradient metasurfaces and curved mirrors on
demand and without unwanted diffracted beams for wave-
lengths of operation that exceed the nanowire period, here
620nm. Our metadevice design is intended to operate in the
red to infrared band at wavelengths λ longer than the nano-
wire period, but small compared to the overall size of the
nanowire array, i.e. 620 nm 9 ml m<  . Beyond photonics,
actuation of structured nanowires may also provide opportu-
nities for manipulation of their thermal and phononic prop-
erties, which have been shown to depend on nanostructuring
and strain [28].

In summary, we report the nanofabrication of an elec-
trically addressable reconfigurable metadevice with 620nm
pixelation in one dimension. We demonstrate selective
actuation of individual rows of metamaterial unit cells.
Potential applications of such random access metadevices

Figure 3. Addressable reconfigurable nanomembrane metade-
vices. (a)SEM image of the central membrane area with two
contacted metadevices and alignment marks for automated FIB
milling. Vi indicate electrical terminals for actuation of individual
nanowires and GND indicates the common ground terminal.
(b)High-resolution image of the nanowire grid metamaterial
nanostructure.
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include spatial light modulators with sub-wavelength
pixelation.
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Abstract: Dynamic control over optical wavefronts enables focusing, diffraction and redirection
of light on demand, however, sub-wavelength resolution is required to avoid unwanted diffracted
beams that are present in commercial spatial light modulators. Here we propose a realistic
metadevice that dynamically controls the optical phase of reflected beams with sub-wavelength
pixelation in one dimension. Based on reconfigurable metamaterials and nanomembrane tech-
nology, it consists of individually moveable metallic nanowire actuators that control the phase
of reflected light by modulating the optical path length. We demonstrate that the metadevice
can provide on-demand optical wavefront shaping functionalities of diffraction gratings, beam
splitters, phase-gradient metasurfaces, cylindrical mirrors and mirror arrays — with variable
focal distance and numerical aperture — without unwanted diffraction.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. Introduction

The ability to control amplitude and phase of light at will with sub-wavelength spatial resolution 
would enable applications from dynamic focusing, diffraction and beam steering to video 
holography and programmable transformation optics. Sub-wavelength spatial control would 
allow effectively continuous variation of optical properties, avoiding unwanted diffracted beams 
that necessarily occur in established spatial light modulators based on liquid crystal or digital 
micromirror technology due to their pixelation on the order of 10 μm [1–3]. While deformable 
mirror technologies avoid diffraction, they suffer from even lower resolution determined by their 
typical actuator pitch of hundreds of microns. In this manuscript we define “resolution" as the
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smallest characteristic distance between points where the optical properties of the spatial light
modulator can be independently controlled.

Technologies with the potential to achieve fast dynamic control over light with much higher
spatial resolution are now emerging in the field of metamaterials and metasurfaces [4]. Meta-
materials are media that obtain enhanced or unusual properties from artificial structuring on
the sub-wavelength scale and therefore they do not suffer from unwanted diffraction, however,
dynamic control over their optical properties with sub-wavelength resolution remains a challenge.
In principle, dynamic control of light by a metamaterial can be achieved by (i) modification of
constituent materials based on phase transitions [5,6] or nonlinearities [7–9], (ii) coherent optical
control of the light-matter interaction [10–13] or (iii) mechanical rearrangement of the metamate-
rial’s structure [14–21]. While the spatial resolution of — optically induced — phase transitions,
nonlinearities and coherent control can be far greater than that of conventional spatial light
modulators, it is still diffraction limited. In contrast, the pixelation of nano-electro-mechanically
actuated metamaterials is determined by nanofabrication technology, rather than light. Recently,
nanomembrane technology emerged as a practical solution for such reconfigurable metamateri-
als [18–21] and similar optomechanical nanostructures [22–25] operating in the optical part of
the spectrum: a dielectric membrane of nanoscale thickness (typically silicon nitride) serves as a
flexible support for a thin film of plasmonic metal (typically gold) or high index dielectric (such
as silicon), which is then structured by reactive ion etching and focused ion beam milling to
selectively remove either one or both layers, creating both metamaterial resonators and moving
parts. Electrical reconfiguration is most easily achieved by cutting a metal-coated nanomembrane
into freestanding parallel nanowires, which may be actuated with microsecond scale response
times by electrostatic forces [19], resistive heating or the magnetic Lorentz force [20, 21].

The scope of this paper is to propose a feasible design of a randomly addressable metadevice
and to study the optical functionalities it can provide numerically. We propose a metasurface
device that modulates the phase of light with sub-wavelength spatial resolution in one dimension.
The metadevice consists of an array of plasmonic nanowires of sub-wavelength spacing, which
can be actuated individually by electrical signals in order to control the phase of reflected
waves and it is feasible based on recent advances in reconfigurable photonic metamaterials
[26]. We demonstrate that such a metadevice can perform functionalities of gratings, phase-
gradient metasurfaces and curved mirrors on demand and without unwanted diffracted beams
that necessarily occur in conventional technology. Thus, this work illustrates the ultimate level
of control over light that becomes possible when a metadevice becomes a spatial light modulator
with one-dimensional subwavelength pixelation by studying the optical functionalities of a
randomly addressable reconfigurable nanowire metamaterial for the first time. In contrast to
previous reconfigurable nanowire metamaterials, the proposed device is non-resonant, broadband
/ wavelength tuneable, provides spatial light modulation in addition to temporal light modulation
and manipulates reflected rather than transmitted light.

2. Results and discussion

The nanomembrane device considered here can be made by focused ion beam milling and
consists of 32 parallel nanowires of 300 nm width separated by 100 nm gaps, Fig. 1(a) shows
a feasibility test with fewer nanowires of slightly larger period. The nanowires are fixed at
both ends and consist of a gold layer of 50 nm thickness supported by a silicon nitride layer
of the same thickness. One end of each nanowire is connected to a common ground, while the
other is connected to one of 32 electrical control channels to allow independent actuation of
each nanowire. The nanowires reflect electromagnetic waves that are linearly polarized with the
electric field along the wire without polarization change and the phase of the reflected wave is
controlled by displacing the nanowire in the direction normal to the device plane. As illustrated
by Fig. 1(b), at normal incidence, a nanowire displacement of ∆z changes the path of the reflected
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Fig. 1. Phase modulation by nanomechanical actuation. (a) Scanning electron microscope 
image of freestanding nanowires suitable for thermal and magnetic actuation. The nanowires 
consist of 50 nm of gold on 50 nm of silicon nitride, their overall length is 20 μm including 
3 μm elastic springs at either end and their period is about 600 nm. (b) Out-of-plane nanowire 
displacement ∆z changes the phase of the reflected wave by ∆ϕ = 4πλ∆z. (c) Electrother-
mal actuation: resistive heating by electrical currents induces nanowire displacement by 
differential thermal expansion [20]. (d) Magnetic actuation: The magnetic Lorentz force 
displaces current-carrying wires placed in a magnetic field directed perpendicular to the 
current flow [21]. Magnetic actuation does not require the silicon nitride layer (red dotted 
line).

wave by −2∆z, resulting in a phase change ∆ϕ = 4πλ∆z. As this is a non-resonant effect, the
metadevice operates over the full wavelength range where its nanowire periodicity p0 is smaller
than the wavelength (λ > p0 = 400 nm) — which avoids unwanted diffraction — and where
the achievable maximum nanowire displacement is at least half a wavelength so that the full
range of phases can be accessed (λ ≤ 2∆zmax ). Therefore, our non-resonant plasmonic structure
is a wavelength tuneable metadevice, making it very different from the resonant, and therefore
narrow-band, functionalities offered by most metamaterials.

I

~ ~

Electrical actuation of the nanowires can be achieved exploiting two mechanisms. As illustrated 
by Fig. 1(c), resistive heating of a gold/silicon nitride nanowire by an electrical current ~ will bend 
the nanowire due to differential thermal expansion as the thermal expansion coefficient of gold 
(14.2 × 10−6K −1) exceeds that of silicon nitride (2.8 × 10−6K −1) by a factor of 5. Neglecting 
the temperature variation along the wire for simplicity, the resulting nanowire displacement is 
proportional to ∆T∆αL2/t, where ∆T is the temperature change (proportional to the applied 
current), ∆α the difference in thermal expansion coefficients, L the nanowire length and t its 
thickness [27]. If the nanowire metadevice is placed in a magnetic field B~, then it can also be 
actuated by the magnetic Lorentz force F~ = LI × B resulting in displacement of the nanowires 
of width w that is proportional to F~L3/(t3w). Such magnetic actuation can also be applied to 
electrically conductive nanowires consisting of a single material and it allows the actuation 
direction to be inverted by reversing the direction of either current or magnetic field, see Fig. 1(d). 
Electrothermal displacements of 100s of nm due to application of sub-mA currents to nanowires 
of 10s of μm length have been reported and similar magnetic displacements have been observed 
for magnetic fields of 100s of mT [20]. For such structures, electrothermal actuation is limited 
by the nanowire cooling timescale to 10s of kHz, while mechanical resonances limit magnetic
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actuation to 100s of kHz [21]. Here we present simulations of on-demand optical functionalities
that can be expected from the metadevice.

Grating and mirror functionalities were simulated using finite element modelling (COMSOL 
Multiphysics 4.4), approximating the device with nanowires that have prescribed displacements 
and infinite length. The simulation results are shown by Figs. 2-4 and the data are available as 
Dataset 1 (Ref. [28]). In order to minimize computational requirements, the field reflected from 
the grating structures (that require larger models due to diffracted beams, see Figs. 2 and 4) was 
extracted at a distance of 2 μm from the metadevice and propagated in free space by the beam 
propagation method using Matlab [29]. The gold side of the nanowire device is illuminated by a 
normally incident coherent plane wave of green light (wavelength λ = 550 nm) that is polarized 
with the electric field parallel to the wires. Gold and silicon nitride were modelled using electric 
permittivities of εAu = −5.8 + i1.6 and εSi N = 4.0, respectively [30]. All simulations presented 
here consider nanowires consisting of 50 nm of gold supported by 50 nm of silicon nitride. 
For gold-side illumination as discussed below, we note that simulations of the same nanowire 
arrangement with and without the silicon nitride layer yield almost identical results.

Grating functionalities result from displacing the nanowires periodically in space, see Fig. 2,
where diffraction of order m at an angle θ from the normal is determined by the grating period
pg of the structure following sin θ = mλ/pg . Thus, without nanowire displacement, the metade-
vice’s period of 400 nm does not allow diffraction of visible light at normal incidence. Equal
displacement of every second nanowire results in a diffraction grating of 800 nm period. It can
be operated as a beam splitter or grating light valve [31, 32], where a displacement of λ/4 causes
destructive interference of 0th order reflection due to the π phase difference for waves reflected
from neighboring nanowires and thus all reflected light is redirected into the 1st diffraction
order [panel (a)]. We note that only one of the nanowires at the device edges is displaced as the
metadevice has an even number of nanowires, resulting in a small asymmetry that can be seen
around x = 0. Equal displacement of every third nanowire switches the metadevice to a grating of
1200 nm period, resulting in diffraction up to the 2nd order. Here, mirror-symmetric displacement
results in equal intensities of diffraction orders ±m [panel (b)], while mirror-asymmetric dis-
placement such as a sawtooth configuration corresponds to a blazed grating and allows light to be
preferentially diffracted into selected diffraction orders [panel (c)]. A sawtooth configuration can
also be used to create a constant phase gradient along the metadevice surface by displacing the
nanowires in N steps of λ/(2N ), corresponding to phase steps of 2π/N and a phase gradient of
2π/(Np0). In the phase-gradient configuration, the metadevice will reflect the incident light into a
single 1st diffraction order, for example, for N = 4 the phase gradient is 2π/(1600 nm), resulting
in (almost) complete reflection of the normally incident beam at 20◦ from the surface normal
[panel (d)]. Arbitrary phase gradients can be realized by interpolation. In this way, the metadevice
can provide anomalous reflection of phase-gradient metasurfaces [33–36], but, crucially, the
device is electrically controllable allowing on-demand beam steering.

Broadband focusing and defocusing cylindrical mirrors can be realized by displacing the 
nanowires to approximate a cylindrical segment, where the focal distance corresponds to half 
of the radius of curvature, see Fig. 3.  Concave mirrors focus light [panel (a)], where a focal 
distance of 38.5 μm results from a maximum nanowire displacement of only 250 nm. A 
defocusing mirror is realized by a convex nanowire configuration [panel (b)], where the same 
maximum displacement results in reflection of the incident plane wave as if it originated from an 
imaginary focal point 38.5 μm behind the metadevice.  Independent control of every nanowire 
can be used to create multifocal devices where the position and numerical aperture of every 
focus can be set independently, for example, a reflector with 3 focal points consisting of 3 
concave cylindrical mirrors formed by 11 nanowires each [panel (c)]. We note that neighboring 
concave mirrors have one nanowire in common, leaving an extra nanowire at one edge of the 
32-nanowire-metadevice that causes a small asymmetry.  Such mirrors are broadband, suitable for 
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Fig. 2. Reconfigurable gratings are formed by spatially periodic vertical displacement of the 
nanowires. (a) Grating light valve (beam splitter) of period pg = 800 nm realized by λ/4 
actuation of every second nanowire. (b) Grating of period pg = 1200 nm resulting from λ/8 
displacement of every third nanowire. (c) Blazed grating (pg = 1200 nm) and (d) phase-
gradient surface (pg = 1600 nm) based on a sawtooth configuration of the nanowires that 
are displaced in steps of λ/8. The magnitude of the only non-zero reflected electric field 
component |Ey | is shown and the metadevice, that is located at z = +2 μm, is illuminated by a 
y-polarized plane wave of 550 nm wavelength and electric field amplitude |E0 | propagating 
along the positive z-axis. The diffraction orders are labelled and marked by arrows.
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Fig. 3. Reconfigurable mirrors. (a) Focusing and (b) defocusing mirrors with 38.5 μm focal 
length formed by arranging the nanowires to form concave and convex cylindrical segments, 
respectively. (c) Multifocal mirror array, where each mirror of 3.3 μm focal length is formed 
by a concave cylindrical arrangement of 11 nanowires. The maximum nanowire 
displacement is 250 nm in all cases. The magnitude of the only non-zero reflected electric 
field component |Ey | is shown and the metadevice, that is located at z = 0, is illuminated 
by a y-polarized plane wave of 550 nm wavelength and electric field amplitude |E0 | 
propagating along the positive z-axis.
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Fig. 4. Metadevices with and without sub-wavelength nanowire actuator pitch. (a) Flat 
continuous mirror of 12.7 μm width. (b) Flat mirror configuration of the nanowire 
metadevice with sub-wavelength period of 400 nm and overall width of 12.7 μm. (c) Flat 
mirror configu-ration of a coarser metadevice, where the period is doubled to 800 nm. (d) 
The metadevice with 800 nm periodicity in the same focusing mirror configuration as 
presented in Fig. 3(a) for the metadevice of period 400 nm. The magnitude of the only non-
zero reflected electric field component |Ey | is shown and the structures, that are located at 
z = +2 μm, are illuminated by a y-polarized plane wave of 550 nm wavelength and electric 
field amplitude |E0 |propagating along the positive z-axis.

illuimination wavelengths that are larger than the nanowire periodicity p0 while being small 
compared to the size of each individual cylindrical mirror.

In contrast to established spatial light modulators, the proposed metadevice offers sub-
wavelength pixelation and Fig. 4 illustrates the importance of this. Without actuation, the
metadevice reflects the incident visible light without diffracted beams like a flat mirror [compare
panels (a) and (b)]. The microstructure that can be seen in the field distribution originates from
diffraction of the incident plane wave on the device edges in the same way as it does for the flat
continuous mirror of the same size and it vanishes during propagation to the far field. In contrast,
a coarser structure with a period that is larger than the wavelength of the incident wave will have
diffracted beams [panel (c)] and these unwanted beams will be present in any applications [such
as focusing, panel (d)], just as they are present in the case of commercial spatial light modulators.
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As such potentially dangerous stray beams remove intensity from the intended application, their
absence in case of our metadevice increases both safety and energy efficiency.

With respect to the realization of a functional device, we demonstrate that the fabrication of
a suitable nanowire structure is possible. Indeed, similar metadevices are being developed and
individual electrical actuation of several selected nanowires was recently demonstrated [37].
We note that aluminum and silver (with a protective coating to prevent oxidation) may be more
suitable alternatives to gold, due to their higher reflectivity in the blue part of the spectrum.
Here, we consider gold as both electrothermal and magnetic actuation of gold-based nanowire
structures has been demonstrated experimentally [20, 21]. Furthermore, the actuated nanowires
will be flat only at their center, but curved towards their ends. Therefore, optical illumination
should be limited to the central part of the nanowires in order to ensure a homogeneous optical
response. While independent and simultaneous addressing of 32 nanowires remains an engineer-
ing challenge, such devices are feasible using existing fabrication techniques, and should be
realisable in the near future. All required ingredients are available, the challenge is one of design,
optimization and engineering in order to ensure reliable and simultaneous independent actuation
of all nanowires.

3. Summary

In summary, we propose a metadevice providing dynamic spatial modulation of optical phase
with sub-wavelength pixelation in one dimension. We show that the realization of such a
device is feasible and demonstrate based on numerical modelling that it can focus and redirect
light by providing optical functionalities of various types of gratings, beam splitters, phase-
gradient surfaces and curved mirrors on demand. In contrast to existing spatial light modulator
technologies, our proposed device does not create unwanted diffracted beams, making it safer
and more optically efficient than current solutions in addition to allowing higher resolution
modulation.
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Metadevice for intensity 
modulation with sub-wavelength 
spatial resolution
Pablo Cencillo-Abad1, Nikolay I. Zheludev1,2 & Eric Plum1

Effectively continuous control over propagation of a beam of light requires light modulation with 
pixelation that is smaller than the optical wavelength. Here we propose a spatial intensity modulator 
with sub-wavelength resolution in one dimension. The metadevice combines recent advances in 
reconfigurable nanomembrane metamaterials and coherent all-optical control of metasurfaces. It uses 
nanomechanical actuation of metasurface absorber strips placed near a mirror in order to control their 
interaction with light from perfect absorption to negligible loss, promising a path towards dynamic 
diffraction and focusing of light as well as holography without unwanted diffraction artefacts.

Spatial control over the intensity of light is the basis of optical components such as diffraction gratings, Fresnel 
zone plates and amplitude holograms. Dynamic spatial control over light intensity can — in principle — provide 
their functionalities on demand, however, established spatial light modulators based on liquid crystal or digi-
tal micromirror technology suffer from low resolution and unwanted diffraction due to their pixelation on the 
order of 10 μm1–3. Sub-wavelength resolution would be required to avoid unwanted diffraction and to achieve 
truly arbitrary and effectively continuous spatial control over the intensity of light. The required sub-wavelength 
scale structuring is a defining characteristic of metamaterials and metasurfaces and leads to locally homogeneous 
optical properties. Static spatial variation of metamaterial structures has given rise to the fields of transformation 
optics4–7 and gradient metasurfaces8–15, while emerging technologies based on phase transitions16,17, nonline-
arities18,19, coherent light-matter interactions20–23 and nanomechanical actuation24–33 now enable the temporal 
modulation of metamaterial properties34.

Here we propose a metadevice that controls coherent absorption of light by selective actuation of metamaterial 
nanostructures to provide arbitrary dynamic control over its reflectivity with sub-wavelength spatial resolution 
in one dimension, see Fig. 1a.

Absorbtion of light in a planar absorber of sub-wavelength thickness is limited to 50%, if it is illuminated from 
only one side35. However, if it is placed within a standing wave formed by counterpropagating coherent waves, 
then absorption will depend on its position relative to the standing wave’s nodes and anti-nodes. At an electric 
field node, the planar structure cannot interact with the wave and therefore absorption is nominally zero, while 
absorption at an electric field anti-node can in principle reach 100% (ref. 20). Projection of images onto a meta-
surface absorber with coherent light has enabled all-optical control of light absorption with diffraction-limited 
resolution23, however, this approach cannot beat the diffraction limit and it requires a stable interferometer as well 
as coherent light. Instead, we propose a mechanically reconfigurable nanoscale version of a Salisbury screen36–39, 
where individually addressable absorbing metamaterial strips are placed at a variable nanoscale distance from 
a mirror in order to exploit coherent perfect absorption and transparency on demand. As illustrated by Fig. 1, 
the incident light and multiple reflections by mirror and metasurface form a standing wave, without a macro-
scopic interferometer and even for incoherent illumination provided that the coherence length is large compared 
to the metasurface-to-mirror spacing d (measured from the middle of the metasurface to the mirror surface). 
Furthermore, the spatial resolution of the metadevice will be determined by the pitch of the metamaterial strip 
actuators, i.e. it will be controlled by nanofabrication technology, rather than the diffraction limit. Thermal, elec-
tric, magnetic and optical actuation of such metamaterial strips28–31 as well as actuation of similar optomechanical 
nanostructures40–43 has been reported. Recently, selective actuation of individual metamaterial strips has been 
demonstrated44 and suggested as a method for spatial phase modulation45. Structures for the optical part of the 
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spectrum are typically based on a dielectric membrane of nanoscale thickness (e.g. silicon nitride) which is coated 
by a plasmonic material (e.g. gold) or a high index dielectric (e.g. silicon), which is then structured by reactive ion 
etching and focused ion beam milling to create the metamaterial pattern and strip actuators with or without the 
original dielectric layer46.

Results and Discussion
The metadevice considered here consists of a reconfigurable metasurface in front of a metallic mirror, see Fig. 1a. 
The metasurface is composed of parallel gold strips of 400 nm width and 50 nm thickness that are separated by 
100 nm gaps and perforated with asymmetrically split ring apertures, see Fig. 2. A unit cell size of 500 nm was 
chosen to enable non-diffracting operation in the red to infrared spectral range where gold is highly reflective. 
Asymmetrically split ring apertures were chosen as they are well-studied47 and known to provide coherent per-
fect absorption20. The size of the split rings was determined by the available space on the gold strips prescribing a 
minimum feature size of 50 nm that can be routinely achieved with both focused ion beam milling and electron 
beam lithography. The optical properties of metasurface and metadevice were simulated for normal incidence 
illumination by a coherent plane wave using finite element modelling (COMSOL Multiphysics 4.4) in three 
dimensions, approximating the device with metastrips that have prescribed displacements and infinite length. 
We consider linearly polarised light with the electric field parallel to the strips in all cases to avoid the excitation 
of metal-insulator-metal waveguide modes. The electric permittivity of gold is computed from a Drude-Lorentz 
model with 3 oscillators48. Figure 2a illustrates the optical properties of the flat metasurface without the backing 
mirror. The split ring aperture array has rich transmission, reflection and absorption spectra with several reso-
nances corresponding to the fundamental and higher order modes of the split ring slits, see Fig. 2c.

The optical properties of the structure change dramatically when it is combined with a mirror. For an optically 
thick mirror, transmission is zero and reflectivity R and absorption A are given by the superposition of the waves 
that are multiply reflected by mirror and metasurface as illustrated by Fig. 1c. Neglecting near-field effects,
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where r and t are the complex Fresnel reflection and transmission coefficients of the flat metasurface, m is the 
reflection coefficient of the mirror and α =  2πd/λ is the phase accumulated during propagation of the wave of 
wavelength λ from metasurface to mirror.

Assuming an ideal mirror (m =  − 1), the metadevice absorption is that of the metasurface. In this case, the 
electric field at the metasurface position — which controls absorption — corresponds to the superposition of 
the incident wave with the wave that is transmitted by the metasurface and then multiply reflected between 
mirror and metasurface. The metasurface absorption A is proportional to the square of the resulting electric field 
enhancement. For an ideal planar metasurface (t =  r +  1),

Figure 1. Intensity modulation based on coherent metasurface absorption. (a) Artistic impression of a 
spatial intensity modulator based on selective actuation of metastrips above a grounded metallic mirror (GND), 
where Vi indicate metastrip actuation voltages. (b) Incident Ei and reflected Er electromagnetic waves form a 
standing wave (grey). The largest absorption occurs for metastrips placed at an electric field anti-node, while 
negligible absorption occurs for metastrips positioned at an electric field node. (c) Multiple reflections at a 
metasurface with reflection coefficient r and transmission coefficient t placed at a distance d in front of a mirror 
with reflection coefficient m.
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where = − − +A r r1 10
2 2 is the metasurface absorption without the mirror. Notably, this analytical model 

predicts that absorption vanishes completely due to electric field cancellation at the metasurface when α is a mul-
tiple of π, i.e. when the metasurface-to-mirror spacing d becomes a multiple of λ/2.

As illustrated by Fig. 3, this behaviour is confirmed by numerical simulations. Absorption of the metadevice 
is strongly dependent on the metasurface-to-mirror spacing and reduces to few % for wavelengths corresponding 
approximately to multiples of λ/2. The small residual reflectivity and 10s-of-nm deviations in the spectral position 
of the absorption minima result from (i) the metasurface not being perfectly planar due to having a finite thick-
ness of 50 nm ( +t r 1) and (ii) the gold mirror not being an ideal mirror due to small absorption losses and 
slight deviations from reflection with a π phase change ( −m 1). For intermediate spacings, the metasurface’s 
resonant modes are excited (compare Figs 2c and 3) and the strength of the metasurface excitation is controlled 
by the distance d that determines the interference of incident and (multiply) reflected waves on the metasurface. 
Constructive interference results in stronger excitation and higher levels of absorption (> 99% for selected wave-
lengths) than for the metasurface without the backing mirror, compare with Fig. 2a. Destructive interference 
suppresses metasurface excitation resulting in negligible absorption as discussed above. We note that absorption 

Figure 2. The metamaterial and its resonances. (a) Reflection, transmission and absorption of the flat 
metasurface without mirror. (b) Schematic of the unit cell. (c) Modes of excitation at the absorption maxima 
in terms of the instantaneous magnetic field Hz 10 nm above the gold surface relative to the incident wave’s 
magnetic field amplitude |H0|.

Figure 3. Metadevice absorption at the metasurface absorption maxima. Dependence of absorption on the 
metasurface-to-mirror spacing d at wavelengths of (I) 615 nm, (II) 785 nm, (III) 930 nm and (IV) 1600 nm. 
Colour maps show the instantaneous magnetic field Hz 10 nm above the gold surface relative to the incident 
wave’s magnetic field amplitude |H0| for absorption maxima and minima.
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as a function of the metasurface-to-mirror spacing is generally periodic with period λ/2 (provided that d is small 
compared to the coherence length of the illuminating light), however, some deviations due to near-field interac-
tions between metasurface and mirror are observed for small gaps d approaching 200 nm.

Figure 4a,b shows the absorption spectrum of the metadevice as a function of the metasurface-to-mirror 
spacing d, where panel (a) shows results for numerical modelling of the entire metadevice, while panel (b) shows 
semi-analytical results based on equation (1), where the metasurface properties, r and t, were determined sepa-
rately by numerical modelling and the reflectivity of the gold mirror m was calculated using the Fresnel equations. 
The results are almost indistinguishable and they reveal that the metadevice’s absorption can be strongly modu-
lated in wide spectral bands around the metasurface’s resonances I-IV (see Fig. 3). These bands of operation are 
separated by the metasurface’s transmission minima at 700, 885 and 1455 nm (compare to Fig. 2a) and the absorp-
tion wavelength can be moved continuously across each band by adjusting the metasurface-to-mirror spacing, 
resulting in a wavelength-tuneable metadevice. Notably, the bands of operation include the red part of the visible 
spectrum and the main telecommunications bands around 1310 nm and 1550 nm wavelength. The absence of 
absorption when the metasurface-to-mirror spacing coincides with a multiple of λ/2 corresponds to the straight 
dark bands across the colormaps.

Figure 4c–e illustrates based on equation (2) how the metadevice absorption depends on the metasurface’s 
complex scattering coefficient r for characteristic metasurface-to-mirror spacings d. As should be expected, 
absorption vanishes for lossless metasurfaces, which satisfy + . = .r 0 5 0 5, and, as shown above, absorption 
vanishes for d =  λ/2 regardless of the metasurface’s scattering coefficient. For lossy metasurfaces, the dependence 
of absorption on d is symmetric for real scattering coefficients (as in Fig. 3I, II) and asymmetric for complex scat-
tering coefficients (as in Fig. 3III, IV).

As indicated on Fig. 1a, actuation of individual metamaterial strips can be driven by electrostatic forces result-
ing from grounding the mirror and application of an electric potential to an individual nanowire as in commercial 
grating light valves49,50. In-plane strip deformation can be neglected as the strips deform about 100×  more easily 
towards the mirror than towards their neighbours due to their perforated center and their width/thickness aspect 
ratio of 8 (ref. 51). Spatial intensity modulation results from positioning different metastrips at different distances 
from the mirror. This is illustrated by Fig. 5 for a metastrip configuration that corresponds to a Fresnel zone plate 
operating at λ =  785 nm wavelength. The zone plate consists of reflective and absorbing areas arranged in such a 
way that all scattered fields will constructively interfere at the intended focus as illustrated by panel (a). Here, the 
zone plate is realised by placing the metastrips at positions of either negligible (d =  370 nm) or almost complete 
(d =  560 nm) absorption as shown. In order to achieve a line focus 2 μm above the metadevice, light scattered by 
the reflective areas must constructively interfere on the focal line. Therefore, all strips for which the strip-to-focus 
optical path length pi satisfies 0 ≤  pi/λ −  Ni −  C <  0.5, where Ni is an integer and C =  0.6 is an arbitrarily chosen 
real number, were set to the reflective position, while all other strips were set to the absorbing position. The sim-
ulations show that coupling between neighboring strips is sufficiently small to allow weak excitation of strips at 
d =  370 nm and strong excitation of strips at d =  560 nm even in the most extreme case when these reflective and 
absorbing strips alternate, see panel (b). The same panel also shows the complex pattern of standing waves that 

Figure 4. Metadevice absorption according to numerical and analytical models. Dependence of absorption 
on metasurface-to-mirror spacing d and wavelength λ based on (a) numerical modelling of the entire 
metadevice and (b) the semi-analytical model given by equation (1). (c–e) Dependence of absorption on 
the metasurface scattering coefficient r for metasurface-to-mirror distances (c) d =  λ/4, (d) λ/2 and (e) an 
intermediate spacing of λ/8 based on the analytical model given by equation (2).
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forms above the actuated metadevice due to interference of incident and scattered fields. Panel (c) shows the focal 
spot that forms 2 μm above the metadevice in its Fresnel zone plate configuration due to constructive interference 
of the fields scattered by the weakly absorbing strips.

Regarding the experimental feasibility of the metadevice, actuation of metastrips of similar complexity and 
characteristic dimensions has already been demonstrated46. Metastrips will generally be fixed at both ends and 
therefore voltage application will result in metastrip bending towards the ground plane, where only the middle 
section of each strip will achieve the desired displacement. The size of this optically useful middle section of the 
metastrips scales with the overall strip length and it can be enlarged by making the end sections of the strips more 
elastic (e.g. thinner). Permanent metastrip deformation was not found to be a major issue in prior work and could 
be addressed by adding an elastic dielectric supporting layer (e.g. silicon or silicon nitride). However, we note 
that the electrostatic force will overcome the elastic restoring force of the metastrips as the metastrip-to-mirror 
spacing decreases towards half of its original size29. In order to achieve reliable electrostatic operation without 
such accidental switching of the device, metastrips should only be displaced by substantially less than half of their 
original distance from the ground plane. Slight differences in response and rest position of different metastrips 
could arise from fabrication imperfections, but could be offset using adjusted actuation voltages after device cali-
bration. Achievable modulation rates of metastrips are limited by their mechanical resonances and the associated 
resonance frequencies are inversely proportional to the square of the metastrip length. Typical metastrips of 10 s 
of μm length have mechanical resonances at 100 s of kHz to MHz and could have actuation voltages of several V 
if placed 100 s of nm away from a ground plane29,32,46.

Conclusion
In summary, we demonstrate that nanoscale actuation of metamaterial strips placed at a nanoscale distance from 
a mirror could be the basis for a spatial light modulator with sub-wavelength spatial resolution in one dimen-
sion and — in principle — unlimited optical contrast resulting from complete reflection and coherent perfect 
absorption. We argue that recent breakthroughs in reconfigurable nanomembrane metamaterials and coherent 
all-optical control of metasurfaces make such a device a realistic proposition. Potential application areas of such 
metadevices include dynamic diffraction, focusing and attenuation of light as well as holography.

Data availability. The data from this paper can be obtained from the University of Southampton ePrints 
research repository: http://dx.doi.org/10.5258/SOTON/398132.
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Electro-mechanical light modulator 
based on controlling the interaction 
of light with a metasurface
Pablo Cencillo-Abad1, Jun-Yu Ou  1, Eric Plum  1 & Nikolay I. Zheludev1,2

We demonstrate a reflective light modulator, a dynamic Salisbury screen where modulation of light 
is achieved by moving a thin metamaterial absorber to control its interaction with the standing wave 
formed by the incident wave and its reflection on a mirror. Electrostatic actuation of the plasmonic 
metamaterial absorber’s position leads to a dynamic change of the Salisbury screen’s spectral response 
and 50% modulation of the reflected light intensity in the near infrared part of the spectrum. The 
proposed approach can also be used with other metasurfaces to control the changes they impose on the 
polarization, intensity, phase, spectrum and directional distribution of reflected light.

From their beginnings as microwave frequency selective surfaces1, metasurfaces have developed into a diverse 
branch of nanophotonics2. Such essentially planar arrays of resonators of sub-wavelength size are being used 
as spectral filters, wave plates3, polarizers4, 5 and — based on spatially varying resonators — for redirection6–8 
and focusing9 of light as well as holography10, 11. Dynamic control over such structures has been achieved by 
modifying the materials that make up a metasurface, e.g. using phase transitions12–14 or optical nonlinearities15, 

16, by nanomechanical rearrangement of the array of coupled resonators17, 18, and by controlling the metasurface 
excitation with counterpropagating coherent beams of light19. However, these approaches rely on special materials 
and operating conditions (e.g. temperature, intensity); or complex and fragile nanostructures; or extremely stable 
interferometric setups.

Here we use nanoelectromechanical actuation to control metasurface excitation in a robust way that is 
compatible with ambient conditions. We place a plasmonic metasurface absorber of nanoscale thickness a few 
microns in front of a mirror. Using electrostatic forces, we move the metasurface between positions of construc-
tive interference and positions of destructive interference to control the light-metasurface interaction, resulting 
in high-contrast modulation of absorption and significant spectral shifts of the structure’s absorption resonances. 
The combination of a metasurface with a backing mirror is known as Salisbury screen1, 20, 21 and has been used 
previously to control optomechanical resonances22, to realize a mid-infrared electro-optical switch23 and to 
enhance metasurface performance, e.g. to achieve phase gradient metasurfaces with high efficiency24, 25 as well as 
handedness-maintaining26 and handedness-inverting27 mirrors for a single circular polarization. Here we high-
light that dynamic control over the spacing of a metasurface of substantially sub-wavelength thickness and a 
backing mirror provides an effective solution for tuning, modulating and switching the various optical function-
alities metasurfaces can provide.

Any material of substantially sub-wavelength thickness may be placed at a node or anti-node of a standing 
wave formed by coherent counterpropagating waves. At an electric field node of the standing wave, there is no 
electric field that could interact with the material and therefore the electric light-matter interaction vanishes. In 
contrast, at an electric field anti-node, the electric field amplitude doubles due to constructive interference, lead-
ing to enhancement of the electric light-matter interaction. Thus, the light-matter interaction may be controlled 
by modulating the relative position of standing wave and material. Such coherent control of light with light has 
been exploited to control absorption of light from almost 0% to almost 100%19, to control the propagation direc-
tion of light interacting with phase gradient metasurfaces28 and to control polarization of light interacting with 
anisotropic metasurfaces29, with applications including all-optical logic gates30 and parallel information process-
ing31. These works have been based on meter-scale laser Mach-Zhender interferometers, which had to be stable 
on a length-scale of few nanometers as nodes and anti-nodes are separated by a quarter of the wavelength. Our 
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approach avoids such challenges by shrinking the interferometer size by 5–6 orders of magnitude. By placing the 
metasurface in the standing wave that forms in front of a mirror we create a Fabry-Perot microcavity of variable 
length that controls the light-metasurface interaction.

Results and Discussion
The metadevice consists of an electrostatically actuated metasurface that forms a Fabry-Perot microcavity of 
variable length with a gold mirror as illustrated by Fig. 1. The metasurface is an array of asymmetrically split 
ring apertures in a 50-nm-thick gold layer supported by a 50-nm-thick silicon nitride membrane, see Methods 
for details. Asymmetrically split ring apertures were chosen as they are well-studied32 and known to provide 
coherent perfect absorption19. Application of an electrical voltage U to the gold layers of the device leads to charge 
accumulation in the elastic metamaterial and the gold mirror in a way that is similar to a parallel plate capacitor. 
The resulting electrostatic force Fe bends the nanomembrane metamaterial to an equilibrium point where it is 
balanced by the mechanical restoring force Fm of the elastic structure. Thus, the applied voltage U controls the 
metasurface-to-mirror distance d (cavity length). We note that the electrostatic force grows infinite as the dis-
tance approaches zero, while the elastic force scales linearly with the deformation, leading to unstable behaviour 
for sufficiently large U. Indeed, a pull-in voltage UP can be defined above which the electrostatic force cannot be 
compensated by elastic forces resulting in membrane-to-mirror stiction and device failure. Following33, the rela-
tionship between applied voltage and resulting metamaterial displacement Δd = d0 − d (cavity length change) is 
given by
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The optical properties of the metadevice are most easily understood by considering the standing wave that 
forms in front of a mirror. For a given wavelength of light, the metasurface may be placed at an anti-node or 
node of the standing wave, depending on the voltage applied to the metadevice, see Fig. 1d,e. At an electric field 
anti-node, light will interact strongly with the lossy metasurface resulting in large absorption that can reach 100% 
(coherent perfect absorption). In contrast, absence of electric field at a node will lead to weak light-metasurface 
interaction with 0% absorption in the ideal case (coherent perfect transparency).

An accurate description of the metadevice’s optical properties must consider the characteristics of the 
Fabry-Perot cavity formed by metasurface and mirror as well as the optical response of the metasurface itself. 

Figure 1. Electrostatic control of metasurface excitation. (a) Schematic cross-section of the metadevice 
consisting of a nanostructured gold-coated silicon nitride membrane separated from a gold-coated glass 
substrate by a resist spacer layer. (b) Scanning electron micrograph of a fragment of the lossy metasurface (MS) 
consisting of asymmetrically split ring apertures in 50 nm of gold on 50 nm of silicon nitride and (c) its cross-
section and unit cell. (d,e) Operating principle of the device that is actuated by application of a voltage U leading 
to an electrostatic force Fe balanced by an elastic restoring force Fm. The resulting change of the metasurface-to-
mirror distance d translates the metasurface between positions of (d) constructive interference corresponding 
to enhanced light-metasurface interaction and (e) destructive interference corresponding to suppressed light-
metasurface interaction.
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Throughout this work we consider linearly polarized light with the electric field oriented parallel to the symmetry 
axis of the metamaterial pattern.

The optical response of a Fabry-Perot cavity formed by a partially transparent interface and a mirror is deter-
mined by multiple reflections of light and its absorption A and reflectivity R are given by

λ λ= − = − +
−

π λ

π λ

−

−
A R r mt e
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where ro(λ) and ri(λ) are the complex Fresnel reflection coefficients for illumination of the partially transparent 
interface from outside and inside the cavity, t(λ) is its transmission coefficient, λ −m( ) 1 is the mirror’s reflec-
tion coefficient and 2πd/λ is the phase accumulated during propagation of the wave of wavelength λ from inter-
face to mirror34. In the cases considered here, absorption by the mirror is small and absorption of the cavity is 
therefore dominated by absorption in the partially transparent interface, which is controlled by constructive/
destructive interference of incident and multiply reflected waves on the interface.

While equation (3) implies interference effects for any cavity length, observation of the cavity resonances with 
good visibility requires the cavity length d to be small compared to the coherence length ∆l c f/c , where c is the 
speed of light and Δf is the spectral bandwidth in terms of frequency. For larger cavity lengths, interference effects 
average out over the detected spectral band which will contain wavelengths experiencing both constructive and 
destructive interference on the lossy interface. Notably, for a narrow-band light source detected with a broadband 
detector Δf is the spectral bandwidth of the light source, while for a broadband light source detected with a nar-
rowband detector (or a spectrometer) Δf is the spectral bandwidth (or resolution) of the detector. Assuming 
linear superposition of light at different wavelengths, this effect of temporal coherence on the measured absorp-
tion AM can be described by

∫ λ λ λ=A P A d( ) ( ) , (4)M

where P(λ) is the normalized product of spectral power distribution and detector sensitivity. For measure-
ments with a spectrometer this applies to each spectral bin and for our experimental wavelength range of 
950 nm–2000 nm with a spectral resolution of 7 nm the coherence length ranges from 136 μm to 286 μm.

In order to disentangle the effects of Fabry-Perot cavity and metasurface, we will first consider a Fabry-Perot 
cavity formed by a gold mirror and an ideal lossy beam splitter in the incoherent and coherent regimes, char-
acterized by the cavity length being much larger and much smaller than the coherence length, respectively. An 
ideal lossy beam splitter exhibits the largest possible absorption for planar metasurfaces, which is 50% of a sin-
gle beam illuminating one side of the metasurface35, and its Fresnel reflection and transmission coefficients are 
ro,i = −0.5 and t = +0.5. As illustrated by Fig. 2a, in the coherent case, the Fabry-Perot cavity exhibits alternating 
absorption maxima and minima, corresponding to constructive and destructive interference of light on the lossy 
beam splitter, respectively, while no interference effects can be seen in the incoherent case. Figure 2b shows the 
simulated absorption spectrum of the metasurface, which has absorption resonances at wavelengths of about 
1024 nm and 1389 nm, see Methods for details on numerical modelling. Figure 2c shows the absorption spec-
trum of the whole metadevice consisting of metasurface and mirror as a function of the cavity length d. For 
cavity lengths that are small compared to the coherence length, the absorption spectrum of the metadevice corre-
sponds to Fabry-Perot resonances with an envelope that resembles the absorption spectrum of the metamaterial. 
Negligible light-metasurface interaction due to destructive interference of light on the metasurface when the 
cavity length is a multiple of λ/2 is apparent as absorption minima corresponding to dark blue straight lines on 
the colour map. Indeed, for any ideal planar metasurface (t = ro,i + 1) and an ideal mirror (m = −1) absorption 
according to equation (3) is zero in this case. In contrast to the absorption minima, both spectral position and 
amplitude of the absorption maxima depend on the optical properties of the metasurface in addition to the cavity 
length. As the achievable maximum displacement Δdp is proportional to the cavity length, longer cavities enable 
a larger dynamic range of absorption modulation, provided that the cavity length remains small compared to 
the coherence length. However, as the voltage required to achieve a given displacement is also proportional to 
the cavity length, longer cavities imply larger actuation voltages. The spectral separation of the Fabry-Perot res-
onances decreases with increasing cavity length, preventing their detection when the cavity length becomes half 
of the coherence length as their spectral separation equals the spectral resolution of the spectrometer in this case. 
For our spectral resolution of 7 nm, the coherence length is 140 μm at about 1000 nm wavelength, causing the 
Fabry-Perot resonances at this wavelength to vanish for a cavity length of 70 μm, while Fabry-Perot resonances 
at longer wavelengths remain visible as they correspond to longer coherence lengths, see Fig. 2c. For large cavity 
lengths, the Fabry-Perot resonances cannot be resolved resulting in a metadevice absorption spectrum that is 
similar to that of the metasurface.

Figure 3a shows absorption spectra of the metadevice measured with 7 nm spectral resolution for applied 
voltages of 0 V and 20 V (see Methods) alongside numerical fits based on equation (4), where the cavity length d 
is the only fitting parameter. The spectra show absorption maxima and minima corresponding to enhanced and 
suppressed metasurface excitation due to constructive and destructive interference, respectively. The largest 
absorption is found near the metasurface resonances and the spectral positions of measured and simulated 
absorption maxima and minima are in close agreement. Gallium implantation during focused ion beam milling 
of the metasurface, nanofabrication inaccuracies, a small variation of the cavity length across the metasurface area 
and focused illumination with a 0.28 numerical aperture objective contribute to reduced contrast in the experi-
mental absorption spectra. Application of 20 V reduces the cavity length from d0 = 5485 nm to 5406 nm, that is by 
79 nm. This cavity length change of 1.44% leads to a blue-shift of the metadevice’s spectral response of the same 
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magnitude, i.e. a 20 nm blue-shift around 1400 nm wavelength. The measured and simulated voltage-dependence 
of absorption is given by Fig. 3b for the spectral range of highest contrast and the corresponding metasurface 
displacements that were determined by fitting the experimental absorption spectra are shown by Fig. 4a. Both 

Figure 2. Interactions between Fabry-Perot cavity and metasurface. (a) Absorption of a Fabry-Perot cavity 
formed by a gold mirror and an ideal lossy beam splitter of infinitesimal thickness in the limiting cases 
corresponding to cavity lengths much larger (top) and much smaller (bottom) than the coherence length. The 
coherent case assumes a cavity length of d0 = 5485 nm. (b) Absorption spectrum of the metasurface.  
(c) Absorption spectrum of the metadevice consisting of metasurface and gold mirror as a function of cavity 
length d assuming 7 nm detector bandwidth. The experimental cavity length d0 = 5485 nm is indicated by a 
dashed line. All results shown in this figure are simulations.

Figure 3. Electric tuning of absorption bands. (a) Absorption spectra measured with voltages U of 0 V and 
20 V applied to the metadevice (top) and best fit theoretical absorption corresponding to metasurface-to-mirror 
spacings d of 5485 nm and 5406 nm based on equation (4) assuming the experimental detector bandwidth 
of 7 nm (bottom). (b) Experimental and theoretical absorption spectra as a function of voltage U, where 
theoretical spectra are calculated as above for cavity lengths d = d0 − Δd given by equation (1) with UP = 66 V 
and d0 = 5485 nm.
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spectral shift and metasurface displacement are proportional to the square of the applied voltage within our 
experimental range of voltages. The voltage-dependence of the metasurface displacement closely follows equation 
(1) with a pull-in voltage of UP = 66 V corresponding to a maximum displacement of ∆ .d 1 8P  μm. Thus, our 
cavity length of d0 = 5485 nm is big enough to allow a large dynamic range of modulation and sufficiently small to 
operate the metadevice with reasonable actuation voltages within the coherent regime. Throughout our experi-
ments, we limited the applied voltage to a maximum of 20 V, which is well below the pull-in voltage and thus 
avoids any risk of electrical damage, while being sufficient for metadevice operation and characterization.

The voltage-induced spectral shift of the metadevice absorption spectrum leads to large intensity changes at 
specific wavelengths, which may be exploited for tuning and modulation. This is illustrated by Fig. 4b for selected 
wavelengths of λ1 = 1348 nm and λ2 = 1586 nm, where absorption and reflection can be changed by a factor of 
two. Gradual changes of the applied voltage between 0 V and 20 V lead to gradual changes in absorption. On 
cycling of the applied voltage, the values were reproduced within 2% in terms of absolute absorption.

The dynamic switching behaviour of the metadevice was measured by detecting the structure’s reflectivity at 
1310 nm wavelength while modulating the actuation voltage (see Methods). Figure 5 shows how the metadevice 
absorption changes in response to application of a step-like voltage. Upon voltage application and withdrawal, 
the absorption — and thus the metasurface-to-mirror spacing — approaches its new equilibrium position expo-
nentially with a characteristic time constant of about 150 μs. Thus, the switching behaviour of the metadevice 
is consistent with an overdamped harmonic oscillator, where the air surrounding the metadevice is a source of 
damping. In general, the temporal resolution of nanomembrane metamaterials is controlled by the dimensions 
of the metasurface membrane, the density and Young’s modulus of the constituent materials and the damping 

Figure 4. Electric control over metadevice deformation and absorption. (a) Metasurface displacement Δd as 
a function of voltage U, where the data points were obtained by fitting the experimental spectra as in Fig. 3a 
and the green curve corresponds to equation (1) with UP = 66 V and d0 = 5485 nm, with line width indicating 
the 95% confidence interval of the fit. (b) Tuning of absorption at λ1 = 1348 nm and λ2 = 1586 nm by gradual 
voltage application, where dotted lines serve as an eye guide.

Figure 5. Modulating metasurface absorption. (a) Square modulation of the applied voltage U between 0 V 
and a peak voltage of 20 V (top) at 100 Hz and the resulting absorption modulation at a wavelength of 1310 nm 
(bottom). (b) One cycle of modulation for peak voltages from 10 V to 20 V in steps of 2 V.
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effect of the surrounding atmosphere17. Faster modulation can be achieved by operating a metadevice based on a 
smaller membrane in a low pressure environment. Like metasurface displacement and slow tuning of metadevice 
absorption, as shown in Fig. 4, also the magnitude of the observed absorption modulation is approximately pro-
portional to the square of the applied voltage.

The optical damage threshold of the metadevice due to melting of the gold nanostructure is controlled by 
heat transport away from the metasurface by thermal conduction along the metasurface membrane and con-
vection by the surrounding atmosphere. We did not observe any thermal issues in our experiments conducted 
at sub-milliwatt power levels, however, based on the thermal properties of similar plasmonic nanomembrane 
metamaterials36 we expect that our metadevice can tolerate illumination with at least several milliwatts.

Absorption of our metadevice is a measure of metasurface excitation. Therefore, we argue that our method 
can be employed to control the light-matter interaction of any metasurface or functional film of substantially 
sub-wavelength thickness in a reliable and repeatable way at ambient conditions. For example, phase gradient 
metasurfaces for holography, redirection and focusing of light may be turned on and off, while anisotropic and 
chiral metasurfaces may become polarization modulators. Metasurfaces or thin films can also be separated into 
smaller elastic sections with individual electrical contacts, e.g. strips, in order to achieve dynamic spatial control 
over their functionality37. It has been demonstrated numerically, that reconfigurable elements of sub-wavelength 
spacing can deliver effectively continuous spatial control over the intensity of light34.

Conclusion
In summary, we demonstrate dynamic control over metasurface excitation by assembling a Fabry-Perot micro-
cavity from a gold mirror and an elastic metasurface that is actuated by electrostatic forces. The metadevice acts 
as an electrically controlled spectral filter and intensity modulator achieving an intensity contrast of two in our 
experiments. While our metadevice modulates absorption of light, we argue that our method may be used to 
control any of the diverse optical functionalities that metasurfaces and films of substantially sub-wavelength 
thickness can provide.

Methods
Metadevice fabrication. The metadevice was fabricated starting with a commercially available 
500 × 500 μm2 silicon nitride membrane of 50 nm thickness that is supported by a 5 × 5 mm2 silicon frame 
(Norcada Inc) and a glass substrate, see Fig. 1. The mirror was fabricated by coating the glass substrate with 
200 nm of gold using thermal evaporation. Using the same technique, the membrane was coated with a 
50-nm-thick gold layer that was then perforated by focused ion beam milling to create the metasurface, an array 
of asymmetrically split ring apertures. The metasurface has an overall size of 30 × 30 μm2 with a 500 × 530 nm2 
unit cell. Photolithography resist (S1813) was used as a spacer on top of the gold mirror. A central groove of about 
1 mm width was exposed and developed to generate the gap of the resonant cavity. The metadevice was finally 
assembled by placing the membrane in front of the mirror, taking care to align the groove with the membrane 
window.

Simulations. Numerical modelling uses a Drude-Lorentz model with 3 oscillators for the electric permit-
tivity of gold38 and a constant permittivity of 4.0 for silicon nitride. The optical properties of the metasurface 
were simulated for normal incidence illumination by a plane wave considering a single unit cell with periodic 
boundary conditions using finite element method modelling (COMSOL Multiphysics 4.4) in three dimensions.

Experimental metadevice characterization. Absorption spectra of the metadevice — which cannot 
transmit light — were determined from its reflectivity spectra that were measured with applied voltages between 
0 V and 20 V using a microspectrophotometer (CRAIC Technologies) with a halogen light source and 7 nm spec-
tral resolution, see Figs 3 and 4b. The dynamic switching behaviour of the metadevice was measured by detecting 
the reflection of a 1310 nm CW laser using a photodetector and an oscilloscope, while modulating the actuation 
voltage with a function generator, see Fig. 5.

Data Availability. The data from this paper can be obtained from the University of Southampton ePrints 
research repository: http://doi.org/10.5258/SOTON/D0044.
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Abstract 

Reconfigurable photonic metamaterials provide a flexible 

platform for thermo-optical, electro-optical, magneto-

optical and all-optical modulation of metamaterial 

properties. We provide an overview from fundamental 

physics to practical metadevices for high-contrast light 

modulation.  

1. Summary 

Metamaterials offer a large range of novel or enhanced 

optical properties, however, they are usually narrow-band 

and fixed. Thus, dynamic control over metamaterial 

properties has become a major challenge. Practical solutions 

for controlling metamaterial optical properties will greatly 

increase their application potential and open up novel 

opportunities from fundamental physics to programmable 

transformation optics devices. 

Reconfigurable photonic metamaterials achieve large-

range tuning or switching of optical properties by 

rearranging the metamaterial structure on the nanoscale. 

Exploiting weak elastic forces in materials of nanoscale 

thickness and large mechanical eigenfrequencies of 

nanoscale structures, we demonstrate metamaterials that can 

be reconfigured at up to megahertz frequencies. Our 

nanostructures reconfigure in response to heat, electrical 

currents and voltages, magnetic fields and optical signals, 

exploiting different driving mechanisms based on 

differential thermal expansion [1], electrostatic forces [2], 

resistive heating, the Lorentz force (Fig. 1) and optical 

forces (Fig. 2). Beyond fully reversible modulation of 

metamaterial optical properties with contrast on the order of 

50%, we find giant electro-optical and magneto-electric 

optical effects and evidence of forces associated with the 

optical excitation of plasmonic resonators (Fig. 2). 
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Figure 1: Electrically and magnetically reconfigurable 

photonic metamaterial. Transmission modulation measured 

as a function of applied currents and magnetic fields. The 

inset shows a scanning electron micrograph of part of the 

metamaterial structure consisting of free-standing gold on 

silicon nitride bridges.  
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Figure 2: All-optically reconfigurable photonic 

metamaterial. Transmission modulation measured as a 

function of modulation frequency with a 1550 nm 

wavelength pump beam (intensity 265 W/cm
2
) and a 1310 

nm probe. Insets show mechanical eigenmode simulations 

and a scanning electron micrograph of part of the 

metamaterial structure consisting of free-standing silicon 

nitride bridges supporting gold plasmonic resonators. 
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Abstract: We report on randomly addressable reconfigurable metamaterials that can be driven by thermal, Lorentz or 

Coulomb forces. Simultaneous spatial and temporal modulation of optical material properties enables various 

metadevices on demand. 

 

Recently, we have demonstrated that nanomechanically reconfigurable photonic metamaterials provide a flexible 

platform for modulation of metamaterial properties in time, providing contrast on the order of 50% and megahertz-scale 

modulation rates [1]. 

 

Here we demonstrate the first solutions that allow modulation of optical properties in time and space, taking 

reconfigurable metamaterials to the next level of functionality. Fig. 1(a) shows an implementation of an electrically 

addressable metadevice manufactured by focused ion beam milling from a 50 nm gold layer supported by a 50 nm thick 

silicon nitride membrane. The one-dimensionally addressable metamaterial consists of free-standing gold-on-silicon 

nitride bridges, which can be individually electrically addressed and deform out of the device plane due to differential 

thermal expansion in response to resistive heating by the applied electrical current. Panel (b) shows the simulated 

transmission of the device for regular displacement of every second bridge. Local deformation of the nanostructure 

modulates the amplitude and phase of transmission and reflection of the semi-transparent nanostructure locally by 

modifying the near-field coupling between different meta-molecules and their plasmonic components. Two-dimensional 

addressing as well as electrostatically and magnetically driven solutions will also be discussed at the conference. 

 

The ability to apply the same or different control signals to all parts of such metadevices, allows operation as 

homogeneous or massively parallel phase and intensity modulators, gratings of switchable period, tuneable cylindrical 

lenses, high resolution spatial light modulators and – in principle –  even tuneable transformation optics devices. 

 
 

[1] J. Y. Ou, E. Plum, J. Zhang, and N. I. Zheludev, “An electromechanically reconfigurable plasmonic metamaterial 

operating in the near-infrared,” Nature Nanotech. 8, 252-255 (2013).  

 

© Crown copyright 2014. This work is part funded by the Ministry of Defence and is published with the permission of 

the Defence Science and Technology Laboratory on behalf of the Controller of HMSO. 

 

 

0

0.2

0.4

0.6

0.8

1

 

Wavelength (nm)

600 800 1,000 1,200 1,400 1,600 1,800 2,000

Fig. 1: (a) Photonic metamaterial with randomly addressable reconfigurable rows of meta-molecules.  

(b) Simulated dependence of transmission on displacement of every second bridge for waves polarized 

perpendicular to the bridges. 
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Since metamaterials have enabled the design of almost arbitrary landscapes of static optical properties and 

functionalities, dynamic temporal and spatial control over metamaterial properties has become the next big 
challenge [1]. Here we demonstrate the first randomly addressable reconfigurable metamaterials, thus enabling 
fast and high-contrast control over optical properties simultaneously in time and space.  

Recently, we introduced mechanically reconfigurable metasurfaces driven by thermal, electrical and 
magnetic signals as a platform for tuning the properties of homogeneous metasurfaces [2, 3]. However, 
applications from transformation optics to holography require spatial resolution. Fig. 1 shows two 
implementations of random access reconfigurable metamaterials manufactured by focused ion beam milling 
from a 50 nm gold layer supported by a 50 nm thick silicon nitride membrane. Panel (a) shows a one-
dimensionally reconfigurable metasurface consisting of free-standing gold-on-silicon nitride bridges, which can 
be individually electrically addressed and deform out of the device plane due to differential thermal expansion in 
response to resistive heating by the applied electrical current. Further action of a transversal magnetic field gives 
rise to Lorentz forces that can reinforce or oppose to thermal displacement. Panel (b) shows a two-dimensional 
4x4 array of individually addressable metamaterials that deform within the device plane due to electrostatic 
forces between free-standing conductive beams in response to an applied voltage. In either case, local 
deformation of the nanostructure modulates the amplitude and phase of transmission and reflection of the semi-
transparent nanostructure locally by modifying the near-field coupling between different meta-molecules and 
their plasmonic components, introducing means for creating reconfigurable gradient metasurfaces with desired 
properties in time and space. 

The ability to apply the same or different control signals to all parts of such metadevices, allows operation as 
homogeneous or massively parallel phase and intensity modulators, gratings of switchable period, tuneable 
cylindrical lenses, high resolution spatial light modulators and – in principle – even tuneable transformation 
optics devices and holographic video displays. 

 
     

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 1.: Electrically addressable reconfigurable metamaterials. (a) Photonic metamaterial with randomly addressable 
electrothermally reconfigurable rows of meta-molecules. (b) Randomly addressable array of electrostatically reconfigurable 
metamaterials. 
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Abstract  –  We demonstrate the first addressable reconfigurable photonic metamaterials thus enabling 

control over optical material properties with simultaneous spatial and temporal resolution. Potential 

applications of random access metadevices include active focusing, beam steering, dynamic transformation 

optics and video holography. 

 

 

I. INTRODUCTION 

 

Metamaterials are a paradigm for engineering electromagnetic space and controlling propagation of waves [1]. 

They provide a large range of novel functionalities, however, these are typically narrowband and fixed by design. 

Here we report the first solution for optical properties on demand in time and space: random access photonic 

metamaterials. In these metadevices, thermal, Lorentz or Coulomb forces drive a structural reconfiguration of the 

metamolecules which controls the near-field coupling between resonators and thus the local optical properties. In 

principle, this approach enables dynamic control over focusing, diffraction, polarization, propagation direction, 

intensity and phase of light.  

 

 

II. ELECTRICALLY ADDRESSABLE METAMATERIALS 

 

As photonic metamaterials derive their properties from the interaction of local fields between different 

plasmonic resonators, their properties are ultimately determined by the shape and spatial distribution of their 

metamolecular building blocks on the nanoscale.  Therefore, by dynamically rearranging metamaterials on the 

(b) (a) 

Fig. 1. Electrically addressable random access photonic metamaterials. (a) Photonic metamaterial with randomly 

addressable electrothermally reconfigurable rows of metamolecules. (b) Randomly addressable array of electrostatically 

reconfigurable metamaterials. 
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nanoscale one can control the interaction of the resonators with the incident fields and tune the optical properties 

of the metamaterial. Recently, we have introduced reconfigurable photonic metamaterials as a flexible platform 

for modulation of metamaterial properties in time, establishing a technology for fast, high-contrast tuning and 

modulation of metamaterial optical properties [2, 3]. However, applications from transformation optics to 

holography require also spatial resolution. 

An ideal random access photonic metamaterial is a structure in which the resonant optical properties of every 

individual metamolecule can be controlled continuously. In case of metamaterials for the visible and near 

infrared, this requires rearranging metamaterials at the nanoscale. 

Fig. 1 shows two implementations of random access photonic metamaterials manufactured by focused ion 

beam milling from a 50 nm gold layer supported by a 50 nm thick silicon nitride membrane. In both cases, the 

plasmonic resonators have been supported by separate free-standing bridges to allow for mechanical deformation 

in response to an electrical control signal.  

Fig. 1a shows a one-dimensionally randomly addressable metamaterial consisting of free-standing gold-on-

silicon nitride bridges, which have been cut into a chevron shape to introduce plasmonic resonances and to 

increase elasticity. These chevron bridges can be individually electrically addressed and deform out of the device 

plane due to differential thermal expansion in response to resistive heating by an applied electrical current. 

Further action of a transversal magnetic field gives rise to Lorentz forces that can reinforce or oppose to thermal 

displacement of the elastic chevron metamaterials. Electrothermal modulation is limited to 10s of kHz by the 

conductive cooling timescale of the nanostructure, while magnetic modulation can be driven to the mechanical 

resonances of the bridges at 100s of kHz. 

Fig. 1b shows a two-dimensional 4x4 array of individually addressable metamaterials that deform within the 

device plane due to electrostatic forces between free-standing conductive beams in response to an applied 

voltage. The much stiffer design enables much faster electromechanical modulation of the nanostructure up to its 

mechanical resonances at 10s of MHz. 

In random access photonic metamaterials local deformation of the nanostructure modulates the amplitude and 

phase of transmission and reflection of the semi-transparent nanostructure locally by modifying the near-field 

coupling between different metamolecules and their plasmonic components, introducing means for creating 

arbitrary wave fronts in time and space. 
 

 

III. CONCLUSIONS 

 

Dynamic control of the metamolecules enables simultaneous spatial and temporal modulation of optical 

properties, taking photonic metamaterials to the next level of functionality: metadevices on demand. 

Applications of such metadevices include homogeneous or massively parallel phase and intensity modulators, 

gratings of switchable period, tunable focusing devices, high resolution spatial light modulators and - in principle 

- even tunable transformation optics devices and 3D holographic displays.  
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Compared to natural materials, metamaterials provide an opportunity to design artificial materials with 
a far greater range of optical properties, such as negative, zero or extremely large refractive indicies, 
giant nonlinearities and novel polarization effects. However, these properties are usually static and 
narrowband. Therefore dynamic control of metamaterial functionalities has become the next big 
challenge on the route to many applications.  

Here we demonstrate two distinct solutions for the active control of light with metasurfaces – two-
dimensional metamaterials which could be mass-produced based on existing technology. Active 
control of light with metasurfaces by a control signal can be achieved in two ways: the control signal 
can either modify the metamaterial, or it can modify how light and metamaterial interact. We 
demonstrate active control of light with metasurfaces using electrical, magnetic and mechanical 
control signals to rearrange metasurfaces on the nanoscale (modifying the metamaterial), as well as 
coherent optical control signals to control the interaction of light and metamaterial from enhancement 
to complete suppression (modifying the light-matter interaction). 

Metamaterials consist of nanoscale electromagnetic resonators, the so-called meta-molecules. As the 
meta-molecules are strongly coupled, small displacements of their components lead to large changes 
of the optical properties of the metamaterial structure. We drive such actuation of arrays of thousands 
of meta-molecules with electrical currents, magnetic fields and directly through micromanipulation. 
Exploiting that electrical resistive heating bends nanostructures consisting of materials with different 
thermal expansion coefficients, we demonstrate 50% modulation of metamaterial optical properties. 
Using the magnetic Lorentz force that acts on a current-carrying nanowire placed in a magnetic field, 
we reconfigure metamaterial demonstrating a novel reciprocal magneto-electro-optical effect and 
magneto-electro-optical modulation of light at modulation rates of up to 100s of kHz. By combining 
mechanical and electromagnetic metamaterials on the nanoscale, we demonstrate the first 
nanoauxetic metamaterials, paving the way towards mechanically tuneable metadevices that 
conserve isotropy. Furthermore we realize the first random access electrically reconfigurable 
metamaterials, which may lead to spatial light modulators with sub-wavelength resolution and 3D 
holographic displays. 

Instead of modifying the metasurface, active control of light can also be achieved by controlling the 
light-matter interaction with an optical control signal. Here, the basic idea is that a metasurface, which 
is thin compared to the wavelength of light, may be placed at a node or anti-node of the standing 
wave formed by counter-propagating coherent beams of light. If the metasurface is placed at a node 
of electric field, the optical electric field cannot interact with the metasurface and therefore the electric 
light-matter interaction is switched off; the metasurface is effectively transparent. In contrast, the light-
matter interaction will be enhanced if the metasurface is located at an electric field anti-node of the 
standing wave. We demonstrate that this linear approach allows control over absorption of light with 
light from almost 0% to almost 100% with 100 THz bandwidth, arbitrarily low intensities down to the 
single photon quantum limit and diffraction-limited spatial resolution.  
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Abstract: Dynamic control over metamaterial optical properties enables active metadevices. 
Here we demonstrate optically, magnetically and electrically actuated metadevices providing 
functionalities from giant nonlinear and magneto-electro-optical effects to on-demand gratings, 
phase gradient surfaces, beam steering and focusing of light. 

 

The broad range of enhanced and novel functionalities that conventional metamaterials can provide are usually 
not only resonant and therefore narrow-band, but also fixed. Dynamic control over metamaterial functionalities 
enables much more flexible active metadevices and is possible through coherent optical control over the light-
matter interaction, phase transitions of constituent materials and – as discussed here – actuation of metamaterials 
on the nanoscale.  

Metamaterials and metasurfaces are arrays of coupled resonators and therefore their optical properties are 
sensitive to rearrangement of their building blocks on the nanoscale. Such actuation of thousands of 
metamolecules is enabled by dielectric nanomembranes, which are strong enough to support metamaterial 
nanostructures, yet flexible enough to allow their actuation by thermal, electrostatic, magnetic and optical forces 
– so far with up to 50% optical contrast and at modulation frequencies from kHz to 100s of MHz. We show 
experimentally that optical actuation of plasmonic and dielectric nanomembrane metamaterials gives rise to an 
exceptionally large optical nonlinearity [1, 2]. We demonstrate experimentally that nanomembrane 
metamaterials can be actuated by the magnetic Lorentz force acting on electrical charges moving in a magnetic 
field, and that this gives rise to a novel, giant magneto-electro-optical effect [3, 4]. Furthermore, we report on 
the development of first random access reconfigurable metamaterials, where the optical properties of the 
metamaterial nanostructure can be controlled with sub-wavelength resolution in one spatial dimension. We 
show numerically that such metadevices enable on-demand gratings, phase gradient surfaces, beam steering and 
focusing of light. 

In summary, reconfigurable metamaterial nanostructures allow the realization of active metadevices 
providing the optical properties that we want, where we want and when we want.  
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Dynamic control over metamaterial optical properties with high spatial and temporal resolution 
is the key to a broad range of novel functionalities from spatial light modulation without 
pixelation artefacts to parallel all-optical information processing. Here we explore two 
complementary approaches based on (i) mechanically reconfigurable nanostructures and 
(ii) modulation of light with light without nonlinearity.  

The properties of any array of coupled resonators depend on displacement of its components. 
Mechanical actuation of photonic metamaterial structures cut from membranes of nanoscale 
thickness can be driven by temperature, electrical currents and voltages, magnetic fields and 
even light [1], and recently, selective actuation of individual rows of metamolecules has been 
demonstrated [2]. Such structures can provide giant optomechanical nonlinearities, various types 
of optical sensors and spatial light modulation with sub-wavelength pixilation, e.g. to provide 
diffraction, focusing and beam steering on demand [3].  

Any functional material of substantially sub-wavelength optical thickness may be placed at a 
node or anti-node of a standing wave formed by counterpropagating coherent electromagnetic 
waves. As truly planar structures will only interact with the electric field of a normally incident 
wave, the light-matter interaction will be switched off at the electric field node, while it is 
enhanced at the anti-node. This linear interaction can provide all-optical control over intensity, 
polarization and propagation direction of light with high contrast at arbitrarily low intensities and 
with many THz bandwidth. By controlling absorption of light with light on a metasurface 
integrated in an optical fibre network we demonstrate elementary data processing operations. 
Through two-dimensional all-optical control of absorption on a metasurface with diffraction-
limited resolution, we demonstrate novel approaches to all-optical processing of images [4], 
parallel logical operations between pairs of optical data streams [5], pattern recognition and 
image analysis.  
 
[1] N. I. Zheludev and E. Plum, “Reconfigurable nanomechanical photonic metamaterials,” Nature Nanotechnology 
11, 16 (2016). 
 

[2] P. Cencillo-Abad, J. Y. Ou, E. Plum, J. Valente, and N. I. Zheludev, “Random access actuation of nanowire grid 
metamaterial,” Nanotechnology 27, 485206 (2016). 
 

[3] P. Cencillo-Abad, E. Plum, E. T. F. Rogers, and N. I. Zheludev, “Spatial optical phase-modulating metadevice 
with subwavelength pixelation,” Optics Express 24(16), 18790-18798 (2016). 
 

[4] M. Papaioannou, E. Plum, J. Valente, E. Rogers, and N. I. Zheludev, “Two-dimensional control of light with 
light on metasurfaces”, Light: Science & Applications 5, e16070, (2016). 
 

[5] M. Papaioannou, E. Plum, J. Valente, E. T. F. Rogers, and N. I. Zheludev, “All-optical multichannel logic based 
on coherent perfect absorption in a plasmonic metamaterial,” APL Photonics 1, 090801 (2016). 





... y chimpún.
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