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Main Technologies for Functional Photonic Metamaterials
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“What are the possibilities of small but movable machines? ...
R.Feynman, 1959 “Plenty of Room at the Bottom”

Obtaining optical properties on demand. Zheludev. Science 348, 973-974 (2015)
All change, please. Zheludev. Nature Photonics 1, 551-553 (2007)
Controlling the Optical Response of 2D Matter in Standing Waves. Plum, MacDonald, Fang, Faccio, Zheludev. ACS Photonics 4, 3000-3011 (2017)
From metamaterials to metadevices. Zheludev, Kivshar (2012). Nature Materials 11,917-924 (2012)

Zheludev, N. I. (2015). "Applied physics. Obtaining optical properties on demand." Science 348(6238): 973-974.

Zheludev, N. (2007). "All change, please." Nature Photonics 1(10): 551-553.
Plum, E., et al. (2017). "Controlling the Optical Response of 2D Matter in Standing Waves." Acs Photonics 4(12): 3000-3011.
There is a major development unfolding in photonic technology that promises to impact optical data
processing, spectroscopy, and nonlinear/quantum optics. This new direction relates to plasmonics, metamaterials and coherent
optics. It exploits the difference in manifestations of optical properties of thin films in traveling waves and standing waves. In
standing waves, "coherent control" of the energy exchange between incident and scattered waves leads to new technological
opportunities including single photon gates, 100 THz all-optical modulators, sophisticated spectroscopy techniques that can for
example distinguish different multipole contributions to absorption and quantum optical devices. We provide an overview of
the rapidly growing body of work on the optics of films and metasurfaces in coherent light fields.

Zheludev, N. 1. and Y. S. Kivshar (2012). "From metamaterials to metadevices." Nature Materials 11(11): 917-924.

Metamaterials, artificial electromagnetic media that are structured on the subwavelength scale, were
initially suggested for the negative-index 'superlens'. Later metamaterials became a paradigm for engineering electromagnetic
space and controlling propagation of waves: the field of transformation optics was born. The research agenda is now shifting
towards achieving tunable, switchable, nonlinear and sensing functionalities. It is therefore timely to discuss the emerging field
of metadevices where we define the devices as having unique and useful functionalities that are realized by structuring of
functional matter on the subwavelength scale. In this Review we summarize research on photonic, terahertz and microwave
electromagnetic metamaterials and metadevices with functionalities attained through the exploitation of phase-change media,
semiconductors, graphene, carbon nanotubes and liquid crystals. The Review also encompasses microelectromechanical
metadevices, metadevices engaging the nonlinear and quantum response of superconductors, electrostatic and
optomechanical forces and nonlinear metadevices incorporating lumped nonlinear components.
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Microelectromechanical Maltese-cross metamaterial with tunable terahertz anisotropy. Zhu, Liu, Zheludey, et al. Nature Communications (2012)

Zhu, W., et al. (2015). "A flat lens with tunable phase gradient by using random access reconfigurable metamaterial." Advanced
Materials 27(32): 4739-4743.

The first demonstration of an optofluidic metamaterial is reported where resonant properties of every individual metamolecule
can be continuously tuned at will using a microfluidic system. This is called a random-access reconfigurable metamaterial, which
is used to provide the first demonstration of a tunable flat lens with wavefront-reshaping capabilities.

Zhu, W. M., et al. (2012). "Microelectromechanical Maltese-cross metamaterial with tunable terahertz anisotropy." Nature
Communications 3: 1274.

Dichroic polarizers and waveplates exploiting anisotropic materials have vast applications in displays and numerous optical
components, such as filters, beamsplitters and isolators. Artificial anisotropic media were recently suggested for the realization
of negative refraction, cloaking, hyperlenses, and controlling luminescence. However, extending these applications into the
terahertz domain is hampered by a lack of natural anisotropic media, while artificial metamaterials offer a strong engineered
anisotropic response. Here we demonstrate a terahertz metamaterial with anisotropy tunable from positive to negative values.
It is based on the Maltese-cross pattern, where anisotropy is induced by breaking the four-fold symmetry of the cross by
displacing one of its beams. The symmetry breaking permits the excitation of a Fano mode active for one of the polarization
eigenstates controlled by actuators using microelectromechanical systems. The metamaterial offers new opportunities for the
development of terahertz variable waveplates, tunable filters and polarimetry.




Liquid Metal Random Access Reconfigurable Metamaterial
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A Flat Lens with Tunable Phase Gradient by Using Random Access Reconfigurable Metamaterial. Zhu, Liu, Zheludev, et.al. Advanced Materials 29, 4739-4743 (2015)

Zhu, W., et al. (2015). "A flat lens with tunable phase gradient by using random access reconfigurable metamaterial." Advanced
Materials 27(32): 4739-4743.

The first demonstration of an optofluidic metamaterial is reported where resonant properties of every individual metamolecule
can be continuously tuned at will using a microfluidic system. This is called a random-access reconfigurable metamaterial, which
is used to provide the first demonstration of a tunable flat lens with wavefront-reshaping capabilities.




Reconfigurable Nanomembrane Metamaterial Technology
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Reconfigurable Photonic Metamaterials. Ou, Plum, Jiang & Zheludev, Nano Letters 11, 2142 (2011)

Ou, J. Y., etal. (2011). "Reconfigurable Photonic Metamaterials." Nano Letters 11(5): 2142-2144

We introduce mechanically reconfigurable photonic metamaterials (RPMs) as a flexible platform for realizing metamaterial
devices with reversible and large-range tunable characteristics in the optical part of the spectrum. Here we illustrate this
concept for a temperature-driven RPM exhibiting reversible relative transmission changes of up to 50%.




Forces at the Nanoscale
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Reconfigurable nanomechanical photonic metamaterials. Zheludev & Plum, Nature Nanotechnology 11, 16-22 (2016)

Zheludev, N. I. and E. Plum (2016). "Reconfigurable nanomechanical photonic metamaterials." Nat Nanotechnol 11(1): 16-22.

The changing balance of forces at the nanoscale offers the opportunity to develop a new generation of spatially reconfigurable
nanomembrane metamaterials in which electromagnetic Coulomb, Lorentz and Ampere forces, as well as thermal stimulation
and optical signals, can be engaged to dynamically change their optical properties. Individual building blocks of such
metamaterials, the metamolecules, and their arrays fabricated on elastic dielectric membranes can be reconfigured to achieve
optical modulation at high frequencies, potentially reaching the gigahertz range. Mechanical and optical resonances enhance
the magnitude of actuation and optical response within these nanostructures, which can be driven by electric signals of only a
few volts or optical signals with power of only a few milliwatts. We envisage switchable, electro-optical, magneto-optical and
nonlinear metamaterials that are compact and silicon-nanofabrication-technology compatible with functionalities surpassing
those of natural media by orders of magnitude in some key design parameters.

The Coulomb force F ., depends on the potential difference V between the nanowires, their diameter D and the distance d between them, where the dimensionless
parameter 6(D,d) is of order unity for realistic geometries. For V=1V, D= 100nm and d=500nm the Coulomb force is about 5pN per 1um of nanowire length L. This
corresponds to an electric field acting between the nanowires that is close to the electric breakdown of air, which takes place at about 3MV/m 72, With decreasing distance
between the nanowires the Coulomb force increases rapidly.

The Ampere force F,,.,. depends on the current / in the nanowires and distance d between them. The achievable Ampere force tends to be smaller than the Coulomb
force. For / =1mA and d=500nm the Ampere force is about 0.4pN per 1um of nanowire length L. The Ampere force is limited by the current that a nanowire can sustain. A
gold nanowire with diameter D =100nm cannot take more than 10mA continuous current due to the release heat that causes meltingZ?, but much higher current can be
sustained in the pulsed regime.

The Lorentz force F,,,,., depends on the current / and magnetic field B and can be even stronger than the Coulomb force. The force is perpendicular to the current and
magnetic field and moves wires apart. For / =1ImA and B =100mT the Lorentz force is about 100pN per 1um of nanowire length L. An external field B of about a Tesla can be
easily achieved with permanent Neodymium and Samarium-Cobalt magnets.

Optical force. Nanowires can also be driven by illuminating them with light. A nanowire fragment that has a length of approximately half of the wavelength of incident
radiation acts as a resonant antenna for light. Light-induced oscillating dipoles in the nanowires will repel with time-averaged optical force Fy,, that is proportional to the
incident light intensity P. When gold plasmonic nanowires of diameter D =100nm, length L=500nm and spacing d =300nm are illuminated by the wavelength of A =925nm
with intensity P =1mW/um?, the repelling optical force between them is about Fy,c, =1.5pN.



Driven motion at the Nanoscale
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Reconfigurable nanomechanical photonic metamaterials. Zheludev & Plum, Nature Nanotechnology 11, 16-22 (2016)

Zheludev, N. I. and E. Plum (2016). "Reconfigurable nanomechanical photonic metamaterials." Nat Nanotechnol 11(1): 16-22.

The changing balance of forces at the nanoscale offers the opportunity to develop a new generation of spatially reconfigurable
nanomembrane metamaterials in which electromagnetic Coulomb, Lorentz and Ampere forces, as well as thermal stimulation
and optical signals, can be engaged to dynamically change their optical properties. Individual building blocks of such
metamaterials, the metamolecules, and their arrays fabricated on elastic dielectric membranes can be reconfigured to achieve
optical modulation at high frequencies, potentially reaching the gigahertz range. Mechanical and optical resonances enhance
the magnitude of actuation and optical response within these nanostructures, which can be driven by electric signals of only a
few volts or optical signals with power of only a few milliwatts. We envisage switchable, electro-optical, magneto-optical and
nonlinear metamaterials that are compact and silicon-nanofabrication-technology compatible with functionalities surpassing
those of natural media by orders of magnitude in some key design parameters.

Motion at the nanoscale. (a) A nanowire mechanical oscillator of length L, diameter D=L/200, Young’s modulus £ and density p
fabricated from a silicon nanomembrane will have natural frequency v that will rapidly increase with decreasing size of the
oscillator. Using external electromagnetic force F,, it will become possible to drive it to very high frequencies approaching the
GHz range for sub-micron oscillators (see formula for the natural frequency of oscillation). Indeed, as can be seen from the
generic resonance curve of a driven oscillator (b), driving at the mechanical resonance will lead to enhanced motion that is
controlled by the quality factor of the mechanical oscillator, but driving at frequencies v;,, far above the resonance is inefficient.
The force per unit length necessary to achieve static displacement d = L/100 of the nanowire’s center to overcome the elastic
force Fg,qic decreases with size of the device (see formula for elastic force). However, the force per unit length required to
achieve a fixed displacement of d=10nm does not depend on scaling of the device, but it is proportional to the nanowire’s
aspect ratio to the power of four (D/L)*. (c) Often more complex movements are present and may be exploited for
reconfiguration of nano-opto-mechanical metamaterials. For instance, depending on how the oscillator is driven, odd and even
higher order modes can be excited, where in-plane and out-of-plane modes motions are allowed that appear at different
natural frequencies for nanowires with elliptical or rectangular cross-sections.



Plurality of Optical Phenomena Without Change of Frequency
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Nano membrane reconfigurable metamaterials can deliver a wide range of photonic functionalities

Susceptibility Tensors for Nonlinear Optics. Svirko & Zheludev. 10P publishing (1995)




Dl.m = gj(w,T) X Ej (w)
Control of absorption, reflection, anisotropy. Driving mechanism: differential thermal expansion
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Reconfigurable Photonic Metamaterials. Ou, Plum, Jiang & Zheludev, Nano Letters 11, 2142 (2011)

Ou, J. Y., etal. (2011). "Reconfigurable Photonic Metamaterials." Nano Letters 11(5): 2142-2144

We introduce mechanically reconfigurable photonic metamaterials (RPMs) as a flexible platform for realizing metamaterial
devices with reversible and large-range tunable characteristics in the optical part of the spectrum. Here we illustrate this
concept for a temperature-driven RPM exhibiting reversible relative transmission changes of up to 50%.
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Electro-optical modulation. Driving mechanism: differential thermal expansion
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Random access actuation of nanowire grid metamaterial. Cencillo-Abad, Ou, Plum, Valente, Zheludev. Nanotechnology 27, 485206 (2016)

Cencillo-Abad, P., et al. (2016). "Random access actuation of nanowire grid metamaterial." Nanotechnology 27(48).

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 230 nm x 100 nm cross-section,
which consist of gold and silicon nitride. The active structure of the metadevice consists of 15 nanowires each 18 mu m 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.

10
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Optical memory. Driving mechanism: shape memory in alloys
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Optical bistability in shape-memory nanowire metamaterial array. Nagasaki, Gholipour, Ou, Tsuruta, Plum, MacDonald, Takahara, Zheludev. APL 124, 021105 (2018)

Nagasaki, Y., et al. (2018). "Optical bistability in shape-memory nanowire metamaterial array." Applied Physics Letters 113(2).

Non-volatile temperature-induced structural phase transitions such as those found in chalcogenide glasses are known to lead to
strong changes in optical properties and are widely used in rewritable optical disk technology. Herein, we demonstrate that
thermally activated optical memory can be achieved via the nanostructural reconfiguration of a metallic nanowire metamaterial
array made from a shape-memory alloy: A nickel-titanium film of nanoscale thickness structured on the subwavelength scale
exhibits bistability of its optical properties upon temperature cycling between 30 degrees C and 210 degrees C. The structure,
comprising an array of NiTi nanowires coated with a thin film of gold to enhance its plasmonic properties, can exist in two non-
volatile states presenting an optical reflectivity differential of 12% via nanoscale mutual displacements of alternating nanowires
in the structure. Such all-metal shape-memory photonic gratings and metamaterials may find applications in bistable optical
devices. Published by AIP Publishing.
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Control of absorption, reflection, anisotropy. Mechanism: mechanochromics
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(Transitional Metal Dichalcogenides Semicol

Mechanochromic Reconfigurable Metasurfaces. Karvounis, Aspiotis, Zeimpekis, Ou, Huang, Hewak, Zheludev. Advanced Science 6, 1900974 (2019)
Cathodoluminescence of Monolayer Transitional Metal Dichalcogenides Semiconductors. Zheng, So, Liu, Liu, Zheludev, Fan. Nano Letters 17, 6475-6480 (2017)

Karvounis, A., et al. (2019). "Mechanochromic Reconfigurable Metasurfaces." Advanced Science 6(21): 1900974.

The change of optical properties that some usually natural compounds or polymeric materials show upon the application of external stress is named mechanochromism.
Herein, an artificial nanomechanical metasurface formed by a subwavelength nanowire array made of molybdenum disulfide, molybdenum oxide, and silicon nitride
changes color upon mechanical deformation. The aforementioned deformation induces reversible changes in the optical transmission (relative transmission change of
197% at 654 nm), thus demonstrating a giant mechanochromic effect. Moreover, these types of metasurfaces can exist in two nonvolatile states presenting a difference in
optical transmission of 45% at 678 nm, when they are forced to bend rapidly. The wide optical tunability that photonic nanomechanical metasurfaces, such as the one
presented here, possess by design, can provide a valuable platform for mechanochromic and bistable responses across the visible and near infrared regime and form a
new family of smart materials with applications in reconfigurable, multifunctional photonic filters, switches, and stress sensors.

Giant Enhancement of Cathodoluminescence of Monolayer Transitional Metal Dichalcogenides Semiconductors. Zheng, So, Liu, Liu, Zheludev, Fan. Nano Lett. 17,
6475-6480 (2017)

Monolayer two-dimensional transitional metal dichalcogenides, such as M0S2, WS2, and WSe2, are direct band gap semiconductors with large exciton binding energy.
They attract growing attentions for optoelectronic applications including solar cells, photodetectors, light-emitting diodes and phototransistors, capacitive energy storage,
photodynamic cancer therapy, and sensing on flexible platforms. While light-induced luminescence has been widely studied, luminescence induced by injection of free
electrons could promise another important applications of these new materials. However, cathodoluminescence is inefficient due to the low cross-section of the electron-
hole creating process in the monolayers. Here for the first time we show that cathodoluminescence of monolayer chalcogenide semiconductors can be evidently observed
in a van der Waals heterostructure when the monolayer semiconductor is sandwiched between layers of hexagonal boron nitride (hBN) with higher energy gap. The
emission intensity shows a strong dependence on the thicknesses of surrounding layers and the enhancement factor is more than 500-fold. Strain-induced exciton peak
shift in the suspended heterostructure is also investigated by the cathodoluminescence spectroscopy. Our results demonstrate that MoS2, WS2, and WSe2 could be
promising cathodoluminescent materials for applications in single-photon emitters, high-energy particle detectors, transmission electron microscope displays, surface-
conduction electron-emitter, and field emission display technologies.

12
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Control of absorption, reflection, bistability. Driving mechanism: sound (highly nonlinear regime)
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Fast electro-optical modulation. Driving Mechanism: Electrostriction via Coulomb force
(Mechanical deformation under the application of an electric field)
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Ou, J. Y., etal. (2013). "An electromechanically reconfigurable plasmonic metamaterial operating in the near-infrared." Nature
Nanotechnology 8(4): 252-255.

Current efforts in metamaterials research focus on attaining dynamic functionalities such as tunability, switching and
modulation of electromagnetic waves. To this end, various approaches have emerged, including embedded varactors, phase-
change media, the use of liquid crystals, electrical modulation with graphene and superconductors, and carrier injection or
depletion in semiconductor substrates. However, tuning, switching and modulating metamaterial properties in the visible and
near-infrared range remain major technological challenges: indeed, the existing microelectromechanical solutions used for the
sub-terahertz and terahertz regimes cannot be shrunk by two to three orders of magnitude to enter the optical spectral range.
Here, we develop a new type of metamaterial operating in the optical part of the spectrum that is three orders of magnitude
faster than previously reported electrically reconfigurable metamaterials. The metamaterial is actuated by electrostatic forces
arising from the application of only a few volts to its nanoscale building blocks-the plasmonic metamolecules-that are
supported by pairs of parallel strings cut from a flexible silicon nitride membrane of nanoscale thickness. These strings, of
picogram mass, can be driven synchronously to megahertz frequencies to electromechanically reconfigure the metamolecules
and dramatically change the transmission and reflection spectra of the metamaterial. The metamaterial's colossal electro-
optical response (on the order of 10(-5)-10(-6) m V(-1)) allows for either fast continuous tuning of its optical properties (up to
8% optical sighal modulation at up to megahertz rates) or high-contrast irreversible switching in a device only 100 nm thick,
without the need for external polarizers and analysers.

14



xS (w,,0,0) X E; (0)E; (0)E (0)

jlm
Fast electro-optical modulation. Driving Mechanism: Electrostriction via Coulomb force
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Giant Electro-Optical Effect through Electrostriction in a Nanomechanical Metamaterial. Karvounis, Gholipour, MacDonald, Zheludev. Adv. Mater. 31, 1804801 (2019)
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Karvounis, A., et al. (2019). "Giant Electro-Optical Effect through Electrostriction in a Nanomechanical Metamaterial." Advanced
Materials 31(1): e1804801.

Electrostriction is a property of all naturally occurring dielectrics whereby they are mechanically deformed under the application
of an electric field. It is demonstrated here that an artificial metamaterial nanostructure comprising arrays of dielectric
nanowires, made of silicon and indium tin oxide, is reversibly structurally deformed under the application of an electric field,
and that this reconfiguration is accompanied by substantial changes in optical transmission and reflection, thus providing a
strong electro-optic effect. Such metamaterials can be used as the functional elements of electro-optic modulators in the visible
to near-infrared part of the spectrum. A modulator operating at 1550 nm with effective electrostriction and electro-optic
coefficients of order 10(-13) m(2) V(-2) and 10(-6) m V(-1), respectively, is demonstrated. Transmission changes of up to 3.5%
are obtained with a 500 mV control signal at a modulation frequency of approximately 6.5 MHz. With a resonant optical
response that can be spectrally tuned by design, modulators based on the artificial electrostrictive effect may be used for laser
Q-switching and mode-locking among other applications that require modulation at megahertz frequencies.

15
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A magneto-electro-optical effect in a plasmonic nanowire material. Valente, Ou, Plum, Youngs, Zheludev. Nature Communications 6, 7021 (2017)

Valente, J., et al. (2015). "A magneto-electro-optical effect in a plasmonic nanowire material." Nature Communications 6.

Electro- and magneto-optical phenomena play key roles in photonic technology enabling light modulators, optical data storage,
sensors and numerous spectroscopic techniques. Optical effects, linear and quadratic in external electric and magnetic field are
widely known and comprehensively studied. However, optical phenomena that depend on the simultaneous application of
external electric and magnetic fields in conventional media are barely detectable and technologically insignificant. Here we
report that a large reciprocal magneto-electro-optical effect can be observed in metamaterials. In an artificial chevron nanowire
structure fabricated on an elastic nano-membrane, the Lorentz force drives reversible transmission changes on application of a
fraction of a volt when the structure is placed in a fraction-of-tesla magnetic field. We show that magneto-electro-optical
modulation can be driven to hundreds of thousands of cycles per second promising applications in magneto-electro-optical
modulators and field sensors at nano-tesla levels.

16
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Multi-chanel electro-optical modulation. Driving mechanism: Coulomb Force
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THz logic gates: Digital operations
Cryptographic applications

Reconfigurable MEMS Fano metasurfaces with multiple-input-output states. Manjappa, Zheludey, Singh, et.al. Nature Communications 9, 4056 (2018)

Manjappa, M., et al. (2018). "Reconfigurable MEMS Fano metasurfaces with multiple-input-output states for logic operations at
terahertz frequencies." Nature Communications 9(1): 4056.

A broad range of dynamic metasurfaces has been developed for manipulating the intensity, phase and wavefront of
electromagnetic radiation from microwaves to optical frequencies. However, most of these metasurfaces operate in single-
input-output state. Here, we experimentally demonstrate a reconfigurable MEMS Fano resonant metasurface possessing
multiple-input-output (MIO) states that performs logic operations with two independently controlled electrical inputs and an
optical readout at terahertz frequencies. The far-field behaviour of Fano resonance exhibits XOR and XNOR operations, while
the near-field resonant confinement enables the NAND operation. The MIO configuration resembling hysteresis-type closed-
loop behaviour is realized through inducing electromechanically tuneable out-of-plane anisotropy in the near-field coupling of
constituent resonator structures. The XOR metamaterial gate possesses potential applications in cryptographically secured
terahertz wireless communication networks. Furthermore, the MIO features could lay the foundation for the realization of
programmable and randomly accessible metamaterials with enhanced electro-optical performance across terahertz, infrared
and optical frequencies.
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Optical gecko toe

Light drives mechanical motion
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Near-field optical force can exceed radiation pressure and Casimir forces: an optically controlled mechanical actuation mechanism

Optical gecko toe: Optically controlled attractive near-field forces between plasmonic metamaterials. and dielectric or metal surfaces,
Zhang, MacDonald, Zheludev. Phys. Rev. B 85, 205123 (2012)

Zhang, J., et al. (2012). "Optical gecko toe: Optically controlled attractive near-field forces between plasmonic metamaterials
and dielectric or metal surfaces." Physical Review B 85(20).

On the mesoscopic scale, electromagnetic forces are of fundamental importance to an enormously diverse range of systems,
from optical tweezers to the adhesion of gecko toes. Here we show that a strong light-driven force may be generated when a
plasmonic metamaterial is illuminated in close proximity to a dielectric or metal surface. This near-field force can exceed
radiation pressure and Casimir forces to provide an optically controlled adhesion mechanism mimicking the gecko toe: At
illumination intensities of just a few tens of nW/mu m(2) it is sufficient to overcome the Earth's gravitational pull.

18



Di(B)(w) — 6)(1(;1371 (0, w,w,—w) X Ej (w)E; ((up)E,*n(wp)

Controlling light with light.  Driving mechanism: dipole-dipole interaction (Plasmonic)

Nonlinear absorption

. 10° times greater
Au thickness 50nm,

) X than in GaAs
Si3N, thickness 50nm

°
R
£
-
=
£
[=%
D
o)
c
S
s
]
=]
=

07 08 o. )
Pump Power, mW Frequency, MHz

Giant Nonlinearity of an Optically Reconfigurable Plasmonic Metamaterial. Ou, Plum, Zhang, Zheludev. Advanced Materials 28, 729-33 (2016)

Ou, J. Y., etal. (2016). "Giant Nonlinearity of an Optically Reconfigurable Plasmonic Metamaterial." Advanced Materials 28(4):
729-733.

Metamaterial nanostructures actuated by light give rise to a large optical nonlinearity. Plasmonic metamolecules on a flexible
support structure cut from a dielectric membrane of nanoscale thickness are rearranged by optical illumination. This changes
the optical properties of the strongly coupled plasmonic structure and therefore results in modulation of light with light.
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Karvounis, A., et al. (2015). "Nano-optomechanical nonlinear dielectric metamaterials." Applied Physics Letters 107(19).

By harnessing the resonant nature of localized electromagnetic modes in a nanostructured silicon membrane, an all-dielectric
metamaterial can act as nonlinear medium at optical telecommunications wavelengths. We show that such metamaterials
provide extremely large optomechanical nonlinearities, operating at intensities of only a few mu W per unit cell and modulation

frequencies as high as 152 MHz, thereby offering a path to fast, compact, and energy efficient all-optical metadevices. (C) 2015
AIP Publishing LLC.
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Control of Optical activity. Achieved: by mechanical rotation
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Metamaterials: optical activity without chirality. Plum, Liu, Fedotov, Chen, Tsai, and Zheludev, PRL 102, 113902 (2009)

Plum, E., et al. (2009). "Metamaterials: Optical Activity without Chirality." Physical Review Letters 102(11).

We report that the classical phenomenon of optical activity, which is traditionally associated with chirality (helicity) of organic
molecules, proteins, and inorganic structures, can be observed in artificial planar media which exhibit neither 3D nor 2D
chirality. We observe the effect in the microwave and optical parts of the spectrum at oblique incidence to regular arrays of
nonchiral subwavelength metamolecules in the form of strong circular dichroism and birefringence indistinguishable from those

of chiral three-dimensional media.
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Giant nonlinear optical activity in a plasmonic metamaterial. Ren, Plum, Xu and Zheludev. Nature Communications 3, 833 (2012)

Ren, M., et al. (2012). "Giant nonlinear optical activity in a plasmonic metamaterial." Nature Communications 3: 833.

In 1950, a quarter of a century after his first-ever nonlinear optical experiment when intensity-dependent absorption was
observed in uranium-doped glass, Sergey Vavilov predicted that birefringence, dichroism and polarization rotatory power
should be dependent on light intensity. It required the invention of the laser to observe the barely detectable effect of light
intensity on the polarization rotatory power of the optically active lithium iodate crystal, the phenomenon now known as the
nonlinear optical activity, a high-intensity counterpart of the fundamental optical effect of polarization rotation in chiral media.
Here we report that a plasmonic metamaterial exhibits nonlinear optical activity 30 million times stronger than lithium iodate
crystals, thus transforming this fundamental phenomenon of polarization nonlinear optics from an esoteric phenomenon into a

major effect of nonlinear plasmonics with potential for practical applications.

Akhamanoy, S. A,, et al. (1979). "Non-Linear Optical-Activity in Crystals." Jetp Letters 29(5): 264-268.
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Chirality and polarization rotatory power that depends on applied electric field. Zhang, Plum, Ou, Pi, Li, MacDonald, Zheludev. TBP (2020)

One of the most fascinating properties of chiral molecules is their ability to rotate the polarization state of light and since
Faraday’s experiments in 1845 it has been known that polarization rotation can be induced or changed by a magnetic field. But
can molecular chirality and the associated polarization rotation be influenced by an electric field applied to a medium? In the
1960s K. Aizu and I. S. Zheludev described the phenomenon of electrogyration. In contrast to conventional linear (Pockels) and
quadratic (Kerr) electro-optic effects, which lead to induced linear birefringence and dichroism, electrogyration induces circular
birefringence and dichroism. Electrogyration has been observed in a variety of dielectrics, semiconductors and ferroelectrics,
but the effect in naturally occurring materials is small. Here we demonstrate a nanostructured photonic metamaterial that
exhibits quadratic electrogyration — proportional to the square of the applied electric field — 6 orders of magnitude stronger
than has been observed in any natural medium. Giant quadratic electrogyration emerges as electrostatic forces acting against
those of elasticity change the nanoscale chiral configuration of the metamaterial’s building blocks and consequently its
polarization rotatory power. The metamaterial does not manifest linear electrogyration. The discovered nano-mechanical
mechanism of quadratic electrogyration transforms a fundamental but esoteric phenomenon of polarization optics into a
substantive effect with practical applications potential.

23



3 (3) *
D[.( J(cus) = Nt.&f‘;m(ws,cus, Wp, —(up) X Ej(ws) Ek(cu?_,)E.m(wp)

Asymmetric transmission (nonlinear): Driving force: dipole-dipole interaction

Dielectric
patch type B Optical nonlinearity
Dielectric
patch
type A
Elastic beam

Asymmetric transmission
Forward : Backward ratio
>30 dB at ~0.1 mW/um?

-

Wavelength

Optomechanical bistability

f f ) f &
f ; 4 p Af n Assimetric transmission
—
[ r r
-
r r |4
r -

at <0.2 mW/um?

TSN
ALY “7

A
' F v Fi2F,2F2F,

Nonlinear dielectric optomechanical metamaterials. Zhang, MacDonald, Zheludev. NPG Light: Science & Applications 2, €96 (2013)

Zhang, J. F., et al. (2013). "Nonlinear dielectric optomechanical metamaterials." Light-Science & Applications 2.

We introduce a dielectric photonic metamaterial presenting a giant nonlinear optical response driven by resonant
optomechanical forces. Being inherently free of Joule losses, it exhibits optical bistability at intensity levels of less than 0.2 mW

mu m(-2) and, furthermore, manifests nonlinear asymmetric transmission with a forward : backward optical extinction ratio of
more than 30 dB.
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Random Access Nano-mechanical Metamaterials

“Supercell” Coulomb force device 1D random access
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Random Access Nano-mechanical Metamaterials
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Spatial optical phase-modulating metadevice with subwavelength pixelation. Cencillo-Abad, Plum, Rogers, Zheludev. Optics Express 24, 18790-18798 (2016).

Random access actuation of nanowire grid metamaterial. Cencillo-Abad, Ou, Plum, Valente, Zheludev. Nanotechnology 27, 485206 (2016)
Metadevice for intensity modulation with sub-wavelength spatial resolution. Cencillo-Abad, Zheludev, Plum. NPG Scientific Reports 6, 37109 (2016)

Cencillo-Abad, P., et al. (2016). "Metadevice for intensity modulation with sub-wavelength spatial resolution." Scientific Reports NPG 6: 37109.

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.

Cencillo-Abad, P., et al. (2016). "Spatial optical phase-modulating metadevice with subwavelength pixelation." Optics Express 24(16): 18790-18798.

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 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.

Cencillo-Abad, P., et al. (2016). "Random access actuation of nanowire grid metamaterial." Nanotechnology 27(48).

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 230 nm x 100 nm cross-section, which consist of gold and silicon nitride. The active structure of the metadevice consists of 15 nanowires
each 18 mu m 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.
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Random Access Nano-mechanical Metamaterials
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Reconfigurable nanomechanical photonic metamaterials. Zheludev & Plum. Nature Nanotechnology 11, 16-22 (2016)
Spatial optical phase-modulating metadevice with subwavelength pixelation. Cencillo-Abad, Plum, Rogers, Zheludev. Optics Express 24, 18790-18798 (2016)
Random access actuation of nanowire grid metamaterial. Cencillo-Abad, Ou, Plum, Valente, Zheludev. Nanotechnology 27, 485206 (2016)
Metadevice for intensity modulation with sub-wavelength spatial resolution. Cencillo-Abad, Zheludev, Plum. NPG Scientific Reports 6, 37109 (2016)

Zheludev, N. I. and E. Plum (2016). "Reconfigurable nanomechanical photonic metamaterials." Nat Nanotechnol 11(1): 16-22.

The changing balance of forces at the nanoscale offers the opportunity to develop a new generation of spatially reconfigurable nanomembrane metamaterials in which
electromagnetic Coulomb, Lorentz and Ampere forces, as well as thermal stimulation and optical signals, can be engaged to dynamically change their optical properties.
Individual building blocks of such metamaterials, the metamolecules, and their arrays fabricated on elastic dielectric membranes can be reconfigured to achieve optical
modulation at high frequencies, potentially reaching the gigahertz range. Mechanical and optical resonances enhance the magnitude of actuation and optical response
within these nanostructures, which can be driven by electric signals of only a few volts or optical signals with power of only a few milliwatts. We envisage switchable
electro-optical, magneto-optical and nonlinear metamaterials that are compact and silicon-nanofabrication-technology compatible with functionalities surpassing those of
natural media by orders of magnitude in some key design parameters.

Cencillo-Abad, P., et al. (2016). "Spatial optical phase-modulating metadevice with subwavelength pixelation." Optics Express 24(16): 18790-18798.

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 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.

Cencillo-Abad, P., et al. (2016). "Random access actuation of nanowire grid metamaterial." Nanotechnology 27(48).

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 230 nm x 100 nm cross-section, which consist of gold and silicon nitride. The active structure of the metadevice consists
of 15 nanowires each 18 mu m 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.

Cencillo-Abad, P., et al. (2016). "Metadevice for intensity modulation with sub-wavelength spatial resolution." Scientific Reports NPG 6: 37109.

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.
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Optical addressing of nanomechanical metamaterials with subwavelength resolution. Ou, Plum, Zheludev. APL 113, 081104 (2018)

Ou, J. Y., etal. (2018). ".Optical addressing of nanomechanical metamaterials with subwavelength resolution." Applied Physics
Letters 113(8).

Metamaterials that offer "on-demand" control of individual metamolecules are termed "randomly accessible metamaterials."
They can be useful for manipulation of the wavefront of electromagnetic radiation, for tailoring of the nearfield, and ultimately
for multichannel data processing. Here, we demonstrate how light can be used to actuate individual metamaterial elements on
demand. Selectivity is achieved by constructing the metamaterial from nanomechanical elements that are designed to have
slightly different mechanical resonance frequencies. Actuation is controlled by modulation of the optical control signal at the
mechanical resonance frequencies of targeted elements, providing an all-optical route to randomly accessible metamaterials
with spatial resolution beyond the diffraction limit. Published by AIP Publishing.
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Hyperspectral Nanomotion Microscopy (HNM). Liu, Ou, MacDonald, Zheludev. TBP (2020)

High-Frequency Nano-motion Electron Imaging for Artificial Nanostructures

T. Liu, J. Y. Ou, K. F. MacDonald, and N. I. Zheludev
Electron Beam Spectroscopy for Nanophotonics 2019 (EBSN2019), Paris, France, 16-19 Sept 2019

Imaging of high-frequency motion in artificial nanostructures
T. Liu, J. Y. Ou, K. F. MacDonald, and N. I. Zheludev
Metamaterials'2019, Rome, Italy, 16 - 21 Sep 2019
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Hyperspectral Nanomotion Microscopy
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Picometric amplitudes can be measured up to a few MHz

Hyperspectral Nanomotion Microscopy (HNM)

Tongjun Liu 2, Jun-Yu Ou 1*), Kevin F. MacDonald !, Nikolay I. Zheludev %2

Corresponding author email: jo2c09@orc.soton.ac.uk

1 Optoelectronics Research Centre and Centre for Photonic Metamaterials,

University of Southampton, Highfield, Southampton, SO17 1BJ, UK

2 Centre for Disruptive Photonic Technologies, School of Physical and Mathematical Sciences and The Photonics Institute,
Nanyang Technological University, Singapore, 637378, Singapore

Abstract: We have developed a technique that extends static scanning electron microscopic imaging to include hyperspectral
mapping of fast thermal and externally-driven movements at up to Megahertz frequencies. It is based on spectral analysis of the
secondary electron flux generated by a focused electron beam incident on the moving object. We demonstrate detection of
nanowire Brownian motion and hyperspectral mapping of stimulated flea setae oscillations with sub-nanometer displacement
sensitivity
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Hyperspectral Nanomotion Microscopy (HNM). Liu, Ou, MacDonald, Zheludev. TBP (2020)

Hyperspectral Nanomotion Microscopy (HNM)
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Abstract: We have developed a technique that extends static scanning electron microscopic imaging to include hyperspectral
mapping of fast thermal and externally-driven movements at up to Megahertz frequencies. It is based on spectral analysis of the
secondary electron flux generated by a focused electron beam incident on the moving object. We demonstrate detection of
nanowire Brownian motion and hyperspectral mapping of stimulated flea setae oscillations with sub-nanometer displacement

sensitivity
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Nikolay I. Zheludev, Dimitrios Papas, Tongjun Liu, Jinxiang Li, Qiang Zhang, Dr. Jun-Yu Ou, Eric Plum, Kevin F. MacDonald

Reconfigurable Nanomembrane Metamaterial Technology
offers a plethora of photonic functionalities including:

Optical nonlinearity
Control of light with light
Electro-optical modulation
Magneto-optical modulation
Control of linear and circular dichroism

Asymmetric transmission

Engineering and
Physical Science:
Research Council

This talk can be found on: www.nanophotonics.org.uk Mty of Educaton
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Nonlinear optical activity in crystals

S. A. Akhamanov, B. V. Zhdanov, N. I. Zheludeyv, N. I. Kovrigin, and
V. l. Kuznetsov
M. V. Lomonosov Moscow State University

(Submitted 24 January 1979)
Pis’ma Zh. Eksp. Teor. Fiz. 29, No. 5, 294-298 (5 March 1979)

We report on the first investigation of the effect of nonlinear optical activity
(NOA) in crystals (dependence of the angle of rotation of the polarization plane
on light intensity) which is dependent on the electronic nonlinearity.
Measurements are made in LilO; crystals. Electronic NOA is separated from the
thermal effect background and is (14-0.6) X 10~ ' deg-cm-w ~ .

PACS numbers: 78.20.Ek, 42.65. — k

1. The object of this article is to present results of an experimental investigation
involving the first study of nonlinear optical activity (NOA) in crystals (dependence of
the angle of rotation of the polarization plane on light intensity) which is dependent on
“fast” electronic nonlinearity.

Electronic NOA as identified in lithium iodate crystals in the background of
slower thermal effects; the nonlinear rotation constant, measured at A = 0.532 um,
was (1 4+ 0.6) X 10" deg-cm-W™.

Measurement of NOA dispersion may, in our opinion, be a new effective method
in nonlinear polarization spectroscopy of condensed media which yields unique infor-
mation on the combined effects of anharmonicity and spatial dispersion.

264 0021-3640/79/050264-05%$00.60 © 1979 American Institute of Physics 264



2. The NOA effect was predicted in Ref. 1; phenomenologically, it is based on
taking into account third-order terms of the optical field intensity in an expression for
the polarization. The following holds for a medium with spatial dispersion, to within
third-order field terms:
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where the terms containing ¥**’, %, and y**’ correspond, clearly, to the terms y ‘*’,
X(Z), and X(J)'

NOA is associated with nonlinear susceptibility 7**’; in the case of a gyrotropic
cubic crystal the following obvious formula—using standard designations—may be
written:
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Here the term responsible for NOA has the same structure as that responsible for
linear activity (LOA).

A detailed analysis of the tensor ¢**’ is given in Ref. 2. The angles of linear and
nonlinear rotation may be expressed as follows:

k2l k21
Laoyy oMo —— V() E|2 €]

L
é =
' .2n° f 2n

o

3. The same physical mechanisms contributing to self-interactions, described by
the cubic nonlinear susceptibility y ‘*’, contribute to NOA in the general case. In this
connection, NOA can be called polarization self-interaction, the simplest manifesta-
tion of which is the heating of a medium by the laser beam. This mechanism was
studied in Ref. 3, yielding results that are similar to those obtained for the temperature
measurements of LOA."’ Coarse estimates of ¥**’ (and, consequently, ) which de-
pend on electronic nonlinearity may be made for the following simple reasons. Away
from the absorption bands, y**’~y ‘*’a, where a is the characteristic lattice dimen-
sion.” In the case of typical nonlinear crystals in the optical region ¥**’' = 10%°-102
CGSE may be expected. Substituting this value into Eq. (3) yields a value of intensity
I=10*W/cm? and / =1 cm, ¢ V=3 x107-3 X 107 rad.

Thus, isolation of the intrinsic electronic NOA from the background of thermal
effects and parasitic signals caused by frequency instability and LOA dispersion, is a

265 JETP Lett,, Vol. 29, No. 5, 5 March 1979 Akhmanovetal. 265



difficult task in itself.>’ To solve this problem, we developed a two-channel pulsed
polarimeter capable of measuring a change in the angle of rotation of the polarization
plane during a single laser pulse, 4¢ = 5X 10 rad (r = 10 sec).

As the test object we used the LilO;, crystal which is characterized by a relatively
high susceptibility y *’ = 3x 102 CGSE.

4. The NOA effect was studied in a 62-mm long LilO, crystal at the second-
harmonic frequency (4 = 0.532 um) of a monochromatic YAG : Nd laser. The experi-
mental set-up is shown in Fig. 1.

CpP FR LiI0, GP BS CDA Nd¥AG Laser

~\ifi¥
/

ADRS

FIG. 1. Bloc diagram of the experimental setup.

The laser output was converted to the second harmonic (SH) by means of a CDA
crystal, resulting in SH pulse width of 10 nsec and having the maximum energy
W, =10 mJ. The SH output was divided by the beam splitter (BS) into two parallel
beams 4 and B with the intensity ratio I, /I, = 30. After being polarized by the Glann
prism (GP), both beams were transmitted through the LilO, crystal along the optical
axis and, subsequently, through the Cotton prism (CP), a polarization analyzer. In
addition to these, channel 4 contained a Faraday rotator (FR) that compensated for
the difference of the linear rotation of the polarization planes of beams 4 and B which
arises due to a difference in the optical path length in the two channels. The electrical
part of the recording system consists of a differential amplifier (DA), two-beam oscil-
loscope and a two-channel pulsed analog-digital recording system (ADRS) with an
output printer. Silicon photodiodes (PD) were used as photoreceivers. The nonlinear
rotation effect was measured as a function of variations in the ratio of optical intensi-
ties in channels 4 and B produced by increasing the power of the beam propagating in
the crystal. The sensitivity of the apparatus used in the NOA observations using the
described method is characterized by a level of parasitic signals, associated with LOA,
which did not exceed 8 107 rad.

5. Figure 2 shows the characteristic shape of signals generated at the polarimeter
output (maximum beam intensity 7 = 300 MW/cm?). The first pulses are constrained
by electronic NOA; the effect was accompanied by the laser radiation depolarization
effect (distinguishable from the NOA signal by changing the position of the working
point of the polarimeter) which accumulated with each new laser burst and was,
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\ FIG. 2. Signals at the output of two-channel pulsed po-
larimeter after successive firing of YAG : Nd laser
1074k \ (—NOA signals, = change in signal sign, associated with
1 2 3 optically-induced depolarization in a crystal).
V4 5 6 7 N

clearly, associated with inhomogeneous heating of the crystal by the laser radiation.
As the intensity decreases, so does the depolarization with the characteristic time
7, = 1 sec which confirms its thermal origin. The effect of thermal rotation during a
single laser pulse did not exceed 10% of the observed NOA effect in our experiments
and was characterized by an opposite sign.

The experimental value of the optical rotation constant is (1 + 0.6)Xx 10"
deg-cm-W-, and the effective value of the ¥**’ tensor component (the beam propagat-
ing along the optical axis) is

y3) = (6 £+4):1072! CGSE .

Although as the NOA effect in LilO, is relatively small and measuring it presents
some difficulty, the generation of considerably greater effects may be expected. It
suffices to point out that the susceptibility in crystals in the vicinity of biexciton
resonances is y **’=10® CGSE (see Ref. 9),

The study of NOA in liquid crystals is of considerable interest; the use of tunable
lasers will permit the development of NOA as a new method of nonlinear polarization
spectroscopy which simultaneously yields information concerning anharmonicity and
spatial dispersion.

Finally, the relation between NOA and the quadratic electrogyration effect is of
considerable interest from the standpoint of crystal spectroscopy. A comparison of this
kind is not possible at present since the measurement of NOA and quadratic electro-
gyration were made using different crystals."'”

""An interesting manifestation of the thermal effect in the dependence of the Faraday rotation on laser light
intensity was first shown in Ref. 4.

*'This relation is actually used for a coarse evaluation of constants of linear gyration. Naturally, this is not a
sufficient reason in support of this method of evaluation of the nonlinear constants; in this connection, it
should be pointed out that such an evaluation is indirectly supported in Refs. 5-7 where the susceptibility
¥'?" which describes the quadrupole generation of the second optical harmonic was determined.

’In our opinion incomplete exclusion of the foregoing effects has affected the accuracy of results described
in Ref. 8.
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Examples of structural phase changes abound in the natural world around us. But if we can
exploit such changes on the nanoscale using light, new nanophotonics technology may be just

around the corner.

elting polar ice caps or the

fantasy of freezing oceans

in cataclysmic Hollywood

films are graphic illustrations

of often badly understood
thermodynamic processes involving a
structural phase change in water (Fig. 1).
What is less widely known is that similar
phase change events occurring on the
nanoscale lie at the foundation of one
of today’s most important data-storage
technologies, the re-writable digital
versatile disk (DVD), and that they are
lining up to underpin the next generation
of super-reliable, high-capacity electronic
memories. Ultrasmall devices exploiting
structural phase changes could also form
the basis for the design of future active
nanoscale optical circuits.

A radical change in the arrangement of
atoms is called a structural phase transition,
or phase change. Liquid water, in which
the molecules are randomly arranged,
undergoes a phase change to the regular
crystalline atomic construction of ice on
freezing, and back on melting. This is a
phase change between disordered and
ordered states.

So what use are such transformations
for photonics? It appears that phase-
change functionality can provide a way
of shrinking optical switching devices
all the way down to the nanoscale. They
can help achieve the ultimate goal of
nanophotonics — that is, to create devices
smaller than or comparable in size to the
carrier wavelength of the signals they
handle, a relationship of proportions that is
easily achieved in most electronic circuits.

The concept of all-optical logical
memory elements has been studied
extensively since the 1980s. Optical
nonlinearities can be used together with

Figure 1 Processes similar to that of global climatic events involving melting icebergs also occur on the
nanoscale, but quadrillions of times faster. By harnessing such phase changes, scientists could come up with fast
and flexible nanophotonic circuit designs.

a feedback mechanism to enhance the
switching response of a material and lock
it into one of two or more possible stable
states. However, the minimum spatial size
of early bistable and multistable optical
devices was limited to one wavelength —
too large for nanophotonic technology —
because they involved feedback from the
interference of light'.

Two main hurdles obstruct the
nanoscale miniaturization of photonic
circuits: the need to guide optical signals in
the narrow and sharply bending waveguides
of a highly integrated environment; and
the need to modulate these signals in very
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small active devices. It is now believed that
the guiding problem can be successfully
addressed using surface-plasmon-polariton
waves as information carriers>*. However,
the modulation challenge seems to be much
more difficult to tackle.

In essence, the modulation of a signal
in a waveguide requires that its amplitude
or phase be changed substantially by a
control signal either through a change in
propagation losses or propagation delays.
This is practically achieved by modulating
the absorption coeflicient and refractive
index of a length of waveguide over which
a change in amplitude or phase then
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Figure 2 Phase change optical functionality in a nanoparticle: the dependence of optical cross-section o on
absorbed light energy @ for a nanoparticle undergoing a phase transition. At low temperature, the particle exists
in phase A (nanowinter). Reversible changes occur when a light pulse of energy between @, and @, is used to
excite the system (nanospring). Excitation energy levels above @, herald in nanosummer and a memory effect:
phase A fully transforms into phase B, and the particle remains in this metastable phase even as the excitation
is withdrawn. A transition to the low-temperature phase takes place abruptly and only after overcooling
(nanoautumn). The spherical structures indicate nanoparticles in phase A (silver), phase B (gold) and transitional
mixed-phase states (silver and gold) occurring in the energy range between Q, and Q..

accumulates. But in optical nanocircuits,
individual components are spaced on
the nanoscale and there is not enough
propagation distance to obtain

effective modulation.

The only way to overcome the lack of
propagation distance is to use nanometre-
scale materials that can undergo a very
strong change in absorption or refraction
in response to an external control wave;
for example, for a refractive index the
real and imaginary parts would need to
change on the order of unity. Traditional
approaches such as the use of optical
resonators to enhance modulation do not
help here; any resonator must be at least
one wavelength long (longer if possible,
as resonator performance improves with
length), and it will therefore simply not
fit into nanoscale circuits. The required
large changes in absorption and refraction
are only possible in media where there is
something substantial to change. And on
this score, metals, which refract and absorb
light strongly, fit the bill.

PHASE-DEPENDENT OPTICAL PROPERTIES

Large changes in the optical properties

of metals can only be achieved through a
phase change, and some metals — gallium,
for example — can exist in phases

with vastly different optical properties.
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This is the first piece of good news for
nanophotonics. The stable ground-state
phase in bulk is o-gallium, which has a
very low melting point of only 29.8 °C

and is likened to an inorganic polymer.
When a.-gallium melts at about room
temperature, the modulus of its dielectric
coefficient changes by more than a
hundred. The a-phase is not normally
observed in nanoparticulate form, but
gallium nanoparticles can exist in a variety
of other phases: from the highly metallic
liquid phase to forms known as f3-, y-, 8-
and e-gallium, which display some marked
departures from metallic behaviour. When
gallium melts, the absorption and scattering
cross-sections at the plasmonic resonance
frequency change by an order of magnitude.

ENERGY EFFICIENT

The second piece of good news is that the
energy difference between phases is often
small, making phase-change-based devices
extremely energy efficient. For instance in
the case of optical nonlinearity associated
with the bound electrons of a material, the
maximum effect that the absorption of a
single photon can have on the properties

of a medium occurs when it knocks the
molecule out of the light-matter interaction
process (for example, by saturating the
absorption) or, in contrast, when it ‘switches

on’ the optical response of the molecule (for
instance, by forcing it into a resonance). This
requires one photon per atom. A similarly
strong effect on the optical properties of a
material may be achieved by providing the
energy needed to move it from one phase to
another. This energy ‘price’ is typically of the
order of the characteristic phonon energy
per atom. As phonon energy is three to four
orders of magnitude lower than photon
energy, changing the optical properties
through a phase transition is much more
energy efficient than relying on electronic
nonlinearity. So the energy of only a handful
of photons should be enough to convert

an entire nanoparticle from one phase

to another, say from a weakly absorbing
‘semiconductor’ phase to a strongly optically
absorbing ‘metallic’ phase.

NANOSEASONS

The third piece of good news for
nanophotonics is that structural phase
transitions in nanoscale objects are
different from those in bulk media.
Depending on the regime of excitation, one
can obtain either reversible or irreversible
phase changes. Continuous and reversible
changes occur through the intermediate
coexistence of phases, and are suitable for
controlling light with light. Irreversible
changes are better suited to nanoscale
optical memory elements.

Consider, for example, a nanoparticle
that can exist in two different phases
depending on temperature (Fig. 2).
Continuing with the climatic analogy, the
low-temperature phase represents winter
when water is frozen into ice, whereas
the high-temperature phase is that of
summer, when ice melts into water. The
seasons of spring and autumn in the
nanoworld are interesting for photonics.
Just as sunlight melts some of the ice on
a spring day, a nanoparticle still in its
low-temperature phase but with a rising
ambient temperature, can be converted
to the high-temperature phase by only a
small amount of extra heat provided by a
control light beam. If this phase change is
only partial, then on removing the control
light beam the particle will return to the
low-temperature phase, like ice re-forming
overnight in spring. These ‘nanospring’
processes can be reversible.

However, as the temperature increases
further, there comes a point when the
particle is converted completely into the
high-temperature phase and it remains
locked in ‘nanosummer’. Full conversion
to the high-temperature phase may
also be achieved by providing sufficient
energy in the form of a control light pulse
hitting the nanoparticle, rather than by
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changing the ambient temperature. Under
these conditions the fully converted
particle remains in the high-temperature
phase even after the optical excitation is
withdrawn. It could be said that the particle
has a memory of past events written into
its phase: reducing the temperature to the
lowest nanospring level will not revert
the particle back to its low-temperature
phase. Much stronger cooling to a few tens
of degrees below the lowest nanospring
temperature (known as overcooling) is
needed to trigger ‘nanoautumn’ In fact, in
some cases the nanoautumn transition may
be stimulated by a short optical pulse.

Under the right conditions, therefore,
a polymorphic nanoparticle can be locked
into a metastable state, in which it remains
regardless of changes in temperature. As
the different crystalline phases of a single
nanoparticle possess different optical
absorption and scattering cross-sections,
one can build a logical memory element by
coding each distinct optical characteristic
with a unique label. The transitions
between the different phases, or equivalent
logical states, may be activated by
increasing or decreasing the temperature
of the medium. In the case of optical data
storage, this could be done by external
excitation using optical pulses.

The phase-change approach to
controlling the optical properties of
a nanoparticle is deeply rooted in the
nanoscale nature of the effect. The
smaller the particle gets, the more
rapidly and easily its optical properties
(absorption, in this case) can be
modulated by energy from an external
light beam. Nanoparticles are particularly
promising for all-optical data-storage
applications because they provide intrinsic

mechanisms of phase metastability,

offer outstanding information-storage
density in the terabits-per-square-inch
territory and require a very small amount
of energy per logical state to write. For
example, in gallium an energy of just

0.4 f], which is equivalent to the energy
of about 2,000 photons at a wavelength
of 1 um, is in principle enough to convert
the state of a nanoparticle with a radius
of 15 nm from the §- to the B-solid phase.
And absorbing the energy of just one
photon could be sufficient to completely
convert a particle with a diameter of a few
nanometres into a different phase, thus
making a single-photon all-optical switch
a feasible proposition.

The ten orders of magnitude size
difference between a melting iceberg and
a nanoparticle changing its phase has
welcome implications for nanophotonics:
in the nanoworld spring and autumn may
take only a few billionths of a second.
Because the phase change proceeds
through the coexistence of two phases, it
involves the propagation of a boundary
between the phases. Although this phase
front does not travel particularly fast,
and is normally much slower than the
speed of sound, in nanoparticles it does
not have far to travel, so switching times
in the nanosecond range are possible.
Subnanosecond switching times may even
be possible if the ‘explosive crystallization’
regime — observed in thin metal films
when crystallization velocities reach tens
of metres per second — can be achieved
in nanoparticles. A transition from a
low-temperature to a high-temperature
phase induced by an optical pulse may be
even faster if the high-temperature phase
is a disordered state of matter and the
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low-temperature phase is highly ordered.
It only takes a few angstroms of atomic
movement in a random direction to
achieve such a transition. These processes
occur on the picosecond timescale or
even faster.

Nanophotonic switching and memory
functionality underpinned by phase
change has already been demonstrated
using gallium nanoparticles. Solid-to-
solid and solid-to-liquid light-induced
phase transitions have been observed in
various crystalline and amorphous phases
of gallium*. Similarly, resonator-free
all-optical memory has been achieved
in this system®®. The size of the memory
element, which is equal to the size of the
nanoparticle itself, is comparable to that
of magnetic domains in state-of-the-art
hard disks. Moreover, the energy needed
to switch the nanoparticle (that is, to
store one ‘bit’) is an order of magnitude
smaller than that needed in DVD/DVR
technology. These findings suggest that
in the future photons driving structural
phase changes could offer a practical way
of controlling signals in plasmonic’ and
nanophotonic circuits®.
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Metamaterials: Optical Activity without Chirality
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We report that the classical phenomenon of optical activity, which is traditionally associated with
chirality (helicity) of organic molecules, proteins, and inorganic structures, can be observed in artificial
planar media which exhibit neither 3D nor 2D chirality. We observe the effect in the microwave and
optical parts of the spectrum at oblique incidence to regular arrays of nonchiral subwavelength
metamolecules in the form of strong circular dichroism and birefringence indistinguishable from those

of chiral three-dimensional media.

DOI: 10.1103/PhysRevLett.102.113902

The phenomenon of optical activity, that is the ability to
rotate the polarization state of light, is a fundamental effect
of electrodynamics which is traditionally associated with
mirror asymmetry (chirality) of organic molecules. The
effect has enormous importance for analytical chemistry,
crystallography, molecular biology, and is also a signature
effect used to detect life forms in space missions. The
recognition of chirality as a source negative refraction of
light [1-9] needed for the creation of a perfect lens [10]
inspired intense work in developing microwave and optical
artificial chiral metamaterials [11-15] and yielded a dem-
onstration of negative index due to chirality [11,16,17]. In
this Letter, we present a somewhat surprising result that
very strong optical activity may be seen in a metamaterial
system consisting of metamolecules that itself are not
chiral. Here, chirality is drawn extrinsically from the mu-
tual orientation of the wave propagation direction and the
two-dimensional metamaterial. We demonstrate the effect
in both the microwave and optical parts of the spectrum
using artificially created nonchiral planar metamaterial
structures and show that they behave indistinguishably
from 3D-chiral molecular systems manifesting resonant
circular birefringence and dichroism. Our experiments
also indicate that in such metamaterials, extrinsic chirality
may also lead to negative refraction of circularly polarized
electromagnetic waves.

The recent effort in creating artificial metamaterials with
strong optical activity was focused on different types of
arrays of 3D-chiral metamolecules [11-21]. It is signifi-
cantly less acknowledged that the effect can also be seen
when oriented nonchiral molecules make a chiral triad with
the wave vector of light (extrinsic chirality). This mecha-
nism was first described by Bunn [22] and detected in
liquid crystals [23]. Here, we show that extrinsic chirality
can lead to exceptionally large optical activity and circular
dichroism in microwave and photonic planar metamateri-
als that possess neither 2D chirality [24] nor 3D chirality,
and which are much simpler to fabricate than metamate-
rials based on arrays of 3D-chiral metamolecules.

0031-9007/09/102(11)/113902(4)
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We argue that to manifest optical activity, metamole-
cules of a planar metamaterial may have a line of mirror
symmetry, but shall lack an inversion center, i.e., they will
posses a polar direction s (see Fig. 1). A regular oriented
array of such metamolecules will not show optical activity
at normal incidence. However, the metamaterial will be-
come optically active at oblique incidence provided that
the plane of incidence does not contain the polar direction.
Indeed, in this case, the wave vector k, normal to the
metamolecule plane n and polar vector s, constitute a

lmisomm

50 nm

200 nm

500 nm

FIG. 1 (color online). (a) Planar metamaterials based on an
array of asymmetrically split rings manifest optical activity and
circular dichroism at oblique incidence of light. The direction of
asymmetry is represented by a polar vector s (long to short arc).
Optical activity is seen when the metamaterial plane is tilted
around the x-axis so that the sample normal » and the incident
wave vector k form an angle a # 0. Configurations >« are
enantiomeric arrangements showing optical activity of opposite
signs. Configuration o = 0, i.e., normal incidence, shows no
optical activity. (b) Unit cell of the microwave metamaterial: an
asymmetrically split ring aperture in a 1 mm thick aluminum
sheet. (c) Unit cell of the photonic metamaterial containing
50 nm thick aluminum wires placed on a 500 um-thick glass
substrate.

© 2009 The American Physical Society
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3D-chiral triad. The enantiomeric configurations of these
vectors corresponding to optical activity of opposite signs
are created by tilting the plane of the structure in opposite
directions with respect to the incident wave vector (com-
pare @« >0 and @ <0 in Fig. 1).

The origin of the effect in such a planar nonchiral
structure may be readily seen by considering a ‘“‘unit
cell,” which contains a single tilted split ring (Fig. 1).
Using the terminology of crystallography, the direction of
light propagation will be a ““screw direction” of the unit
cell (that is to say, it will have a sense of twist), if several
conditions are met [25]. First, the unit cell itself shall not
have an inversion center. This is assured by an asymmetry
of the split ring. Second, there should be no reflection
symmetry in the plane perpendicular to the propagation
direction, which is provided by oblique incidence. Third,
there should be no inversion or mirror rotation axis along
the propagation direction. This is provided by oblique
incidence and the asymmetric split. And finally, there
should be no reflection symmetry for any plane containing
the propagation direction. This requirement is only ful-
filled if the split is not perpendicular, and therefore vector s
is not parallel, to the incidence plane yz. Therefore, with
reference to Fig. 1(a), in cases @ >0 and a <0, the
direction of light propagation is a screw direction and
supports optical activity. On the contrary, case a = 0,
i.e., normal incidence, fails the second, third, and forth
conditions of the “screw direction” test. For instance, at
normal incidence, there is a plane of reflection symmetry
containing the propagation direction.

‘We observed optical activity in microwave and photonic
metamaterials based on regular arrays of asymmetrically
split rings. Each split ring has a line of mirror symmetry
along the x-axis but has no axis of twofold rotation, which
enables the introduction of a polar vector s that points
towards the short arc [see Fig. 1(a)]. The microwave meta-
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FIG. 2 (color online).

material is a self-standing aluminum plate with a size of
~220 X 220 mm?, which is perforated with split ring slits
[see Fig. 1(b)]. The period of perforation is 15 mm render-
ing the structure nondiffracting at normal incidence for
frequencies below 20 GHz. The photonic metamaterial
consists of aluminum split nanorings manufactured by
e-beam lithography on a glass substrate and has size of
500 X 500 wm? [see Fig. 1(c)]. The period of the nano-
structure is 500 nm, which ensures no diffraction in the
near IR.

The microwave metamaterial has a number of intriguing
and useful properties. Being essentially a perforated sheet
of metal, it is not transparent apart from a narrow spectral
range around the resonant frequency, at which the wave-
length is approximately twice the slit length. Transmission
at the resonance is “‘extraordinarily’” high and substantially
exceeds the fraction of the area taken by the slits. As Joule
losses in metals at microwave frequencies are negligible,
the incident energy is split between reflected and trans-
mitted radiation, and at the resonance reflection is low [26].
As illustrated below, the structure shows a strong bell-
shaped resonance of circular birefringence leading to
strong polarization rotation, while circular dichroism is
zero at the resonance. This very useful feature is in striking
contrast with optical activity in most molecular systems,
where characteristically strong resonant polarization rota-
tion is accompanied by substantial circular dichroism re-
sulting in elliptical polarization. Moreover, at the optical
activity resonance, the system shows no linear birefrin-
gence (anisotropy), and eigenstates are therefore two cir-
cular polarizations with equally moderate losses.

For microwaves, we measured the complex transmission
matrix ¢ relating the incident E™ and transmitted E°U
circularly polarized electric fields and defined as E" =

tijE;“, where subscripts + and — denote right and left

circularly polarized waves correspondingly. Our measure-
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Circular birefringence §¢ and circular dichroism A observed in transmission for different tilt angles «:

(a) microwave metamaterial (measured in an anechoic chamber using broadband horn antennas and a vector network analyzer) and
(b) photonic structure (measured in a microspectrophotometer using linear polarizers and a superachromatic wave plate).
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ments show that ¢#,, and r__ are generally not equal,
indicating true optical activity. The difference between
their magnitudes A = |z, |*> —|t__|*> is a measure of
circular dichroism, while the corresponding phase differ-
ence §¢p = arg(r, ) — arg(r__) is a measure of circular
birefringence (see Fig. 2). t_, and ¢, _ are equal within
experimental accuracy, which indicates the expected pres-
ence of some linear anisotropy but also shows a complete
absence of the asymmetric transmission effect recently
discovered in planar chiral structures [24]. Importantly,
the metamaterials’ gyrotropic properties cannot be ex-
plained by linear anisotropy, which does not contribute to
A and 6¢. Particularly, while linear anisotropy causes a
polarization state dependent modulation of azimuth rota-
tion, it has no effect on the material’s average polarization
rotary power, which is only determined by 6¢. For the
photonic metamaterial, we measured the transmission dif-
ference A for right and left circular polarizations and the
average polarization azimuth rotation 8¢ /2 directly. In all
cases, experiments performed in opposite directions of
wave propagation show identical results.

In case of the lossless microwave structure, the observed
effect has a resonant nature and is strongest around the
resonance between 9 and 10 GHz, where the average arc
length corresponds to approximately half of the free-space
wavelength. For the photonic metamaterial, the effect is
weaker and the resonances are broader due to the increase
of losses in the metal wires. The following characteristic
features of the effect have been observed in the experi-
ments: i) no circular birefringence or dichroism is seen at
incidence normal to the metamaterial array (a = 0);
ii) equal tilt in opposite directions yields circular dichroism

\ B

k

FIG. 3 (color online). Electric and magnetic responses in an
asymmetrically split wire ring. Oscillating currents in the split
ring (a) can be represented as a sum of symmetric (b) and
antisymmetric (c) currents that correspond to the induced elec-
tric dipole in the plane of the ring d (green arrow) and magnetic
dipole perpendicular to the plane m (red arrow). For tilted
asymmetrically split rings, polarization rotation is strongest
and of opposite sign if the projections of d and m onto the plane
perpendicular to the k-vector (correspondingly green and red
dashed arrows) are either antiparallel (d) or parallel (e). Optical
activity is only absent if these projections are orthogonal (f).

and circular birefringence of opposite sign. On the absolute
scale, the effect due to extrinsic chirality (polarization
azimuth rotation, |6®/2|, exceeds 60° for microwaves
and 1° in optics) appears to be even stronger than that
exhibited by microwave and photonic artificial 3D-chiral
rosette structures [11,14,16]. Metamaterials of the pro-
posed type, being essentially planar structures, are gener-
ally much easier to fabricate than the existing artificial
chiral media, especially in the visible, and therefore are
capable of superseding the latter as powerful ultrathin
circular polarizers and polarization rotators.

The microscopic origin of optical activity in extrinsi-
cally chiral split wire rings can be easily understood (see
Fig. 3, also see [27]). As with conventional optical activity
exhibited by chiral molecules, the effect must result from
the presence of both electric and magnetic responses. As
illustrated in Fig. 3(a), a wave polarized along the split
induces unequal oscillating currents in the upper and lower
arches of the ring. This may be represented as a sum of
symmetric and antisymmetric currents corresponding to
the induced electric dipole in the plane of the ring and
magnetic dipole perpendicular to the ring [see Figs. 3(b)
and 3(c)]. Now we shall consider non-normal incidence of
the wave onto the structure [see Figs. 3(d)-3(f)]. Here blue,
red, and green solid arrows represent the wave vector k and
induced magnetic m and electric d dipoles of the metama-
terial’s unit cell, while dashed arrows show projections of
the corresponding dipole moments onto the plane perpen-
dicular to the wave vector. The structure shows optical
activity if the split is not perpendicular to the plane of
incidence. Maximum optical activity is observed when the
split is parallel to the plane of incidence; in this case, the
wave vector and induced magnetic and electric dipoles are
coplanar. The mutual phase difference between the electric
and magnetic responses and thus the sign of optical activity
depends on the sign of the tilt [compare projections of
electric and magnetic dipoles in Figs. 3(d) and 3(e)].
Similarly to how it happens in conventional chiral media,
when the wave vector and induced magnetic and electric
dipoles of the “metamolecule’ are coplanar, the oscillat-
ing dipole components perpendicular to the k-vector create
scattered electromagnetic waves with orthogonal polariza-
tions in the direction of wave propagation, and therefore
the polarization of the transmitted wave rotates. On the
contrary, if the split is perpendicular to the plane of inci-
dence, the induced magnetic and electric dipoles as well as
their projections are orthogonal and the structure does not
show any optical activity [see Fig. 3(f)]: the oscillating
magnetic and electric dipoles emit electromagnetic waves
of the same polarization that propagate along the direction
of the incident wave. According to Babinet’s principle, the
slit metamaterial, which is the Babinet complementary
structure to the wire pattern discussed above, will exhibit
similar polarization resonances in the same frequency
band.

Intriguingly, in the slit metamaterial, in the resonance
spectral band from about 9 to 10 GHz, phase velocity
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FIG. 4 (color online). (a) Dispersions of phase delay ¢ for
transmitted left and right circularly polarized waves. The shaded
area indicates the frequency range with almost circular eigen-
states, where phase velocity v, and group velocity v, for right
circular polarization have opposite signs. (b) Transmitted inten-
sity of both left and right circularly polarized waves.
(c) Efficiency of circular polarization conversion, which is a
direct indication of anisotropy (linear birefringence) of the
material response. All data correspond to incidence angle
a = 30° onto the microwave metamaterial, see Fig. 1.

(v, ~ /¢, where w = 27f) and group velocity (v, ~
dw/dg¢) for right circular polarization have opposite
signs indicating the appearance of a backward wave [see
Fig. 4(a)]. In accordance with Pendry [1], this is a neces-
sary condition or signature of negative refraction in bulk
chiral media. Following Pendry, negative refraction should
be seen at the resonance for one circular polarization only
swapping to the other one in the medium’s enantiomeric
form. Indeed, our experiments show opposite signs of
group and phase velocities for right circular polarization
at & = 30° and for left circularly polarized waves for the

enantiomeric arrangement, at « = —30°. Importantly, lin-
ear anisotropy essentially disappears [negligible circular
conversion f,_ =1t_, = % (tx — 1), see Fig. 4(c)].

Thus, the polarization eigenstates are very close to circular
and in the k-vector direction, the material behaves as
isotropic optically active medium. Moreover, in this spec-

tral range, losses represented by |t ,|*> and |r__|* are
relatively small [see Fig. 4(b)].

In conclusion, we have demonstrated strong optical
activity and circular dichroism in nonchiral planar micro-
wave and photonic metamaterials. The phenomena are due
to extrinsic chirality, which arises from the mutual orien-
tation of the metamaterial and the incident beam. The
effect could be exploited for developing novel highly
efficient polarization rotators and modulators, and vibra-
tion sensors, and may lead to the appearance of a new class
of negative index metamaterials, in addition to the recently
demonstrated conventional chiral negative index media
[11,16,17].
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A Micromachined Reconfigurable Metamaterial via
Reconfiguration of Asymmetric Split-Ring Resonators

Yuan Hsing Fu, Ai Qun Liu,* Wei Ming Zhu, Xu Ming Zhang, Din Ping Tsai,
Jing Bo Zhang, Ting Mei, Ji Fang Tao, Hong Chen Guo, Xin Hai Zhang, Jing Hua Teng,

Nikolay I. Zheludev, Guo Qiang Lo, and Dim Lee Kwong

A micromachined reconfigurable metamaterial is presented, whose unit cell
consists of a pair of asymmetric split-ring resonators (ASRRs); one is fixed to
the substrate while the other is patterned on a movable frame. The recon-
figurable metamaterial and the supporting structures (e.g., microactuators,
anchors, supporting frames, etc.) are fabricated on a silicon-on-insulator
wafer using deep reactive-ion etching (DRIE). By adjusting the distance
between the two ASRRs, the strength of dipole—dipole coupling can be tuned
continuously using the micromachined actuators and this enables tailoring

have demonstrated amazing properties
such as negative refraction,!! super lens
effect,”! transformation optics,>¥ chi-
rality,®! toroidal dipoles,® etc. Recently,
reconfigurable metamaterials have
attracted intense research interest since
the active control of metamaterial char-
acteristics is necessary to provide a flex-
ible and versatile platform for mimicking
fundamental physical effects.’”) In addi-

of the electromagnetic response. The reconfiguration of unit cells endows
the micromachined reconfigurable metamaterials with unique merits such as
electromagnetic response under normal incidence and wide tuning of reso-
nant frequency (measured as 31% and 22% for transverse electric polariza-
tion and transverse magnetic polarization, respectively). The reconfiguration
could also allow switching between the polarization-dependent and polariza-
tion-independent states. With these features, the micromachined reconfig-
urable metamaterials may find potential applications in transformation optics
devices, sensors, intelligent detectors, tunable frequency-selective surfaces,

and spectral filters.

1. Introduction

Metamaterials are artificial composites which exhibit strong
electric and magnetic responses to manipulate the amplitude,
direction, polarization, wavelength, and phase of electromag-
netic waves. By proper design of the unit cells, metamaterials

tion, the tunability could broaden the
operation frequency range and enable
reconfigurable metamaterial devices.®”
Tuning methods usually utilize capaci-
tors/varactors,[1011] semiconductors, %
phase-change materials,'*™ and ferro-
magnetic/ferroelectric materials.’> How-
ever, most of these methods suffer from
a limited tuning range as the variation of
material properties is usually very small
for the surrounding media and the meta-
material constituents. On the other hand,
microelectromechanical systems (MEMS)
technology has been well developed for
fabrication and actuation of complicated
micromechanical devices.'®”] MEMS offers an ideal plat-
form to directly reconfigure unit cells to overcome the limita-
tions of the constituent materials.'®2% As the unit cell is the
fundamental building block of metamaterials, reconfiguration
of the unit cell modifies the metamaterial properties and may
promise unprecedented tunability. In our previous work,?% a
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single split-ring resonator (SRR) was tuned by changing the
gap between its two semisquare rings. Herein, two asymmetric
split-ring resonators (ASRRs) are tuned by changing their sepa-
ration distance, which dominates the coupling between both
the electric and magnetic dipoles. The interactions between two
adjacent ASRRs are demonstrated from the face-touch state to
the back-touch state in real time. This reconfigurable metama-
terial can be applied to many transmission-type applications
which require normal incidence.

Two-dimensional (2D) metamaterials with one layer of
metal pattern and another layer of dielectric substrate have
been intensively studied experimentally thanks to their ease
of fabrication.?!l However, a single layer of metal patterning
makes it difficult to directly induce a magnetic response to
normal incident light. An SRR with an asymmetric gap has
been proposed as a paradigmatic design of a unit cell that
would electrically induce the magnetic dipole.???4 The mag-
netic moment originates from the current loops in the fun-
damental inductive-capacitive (LC) resonant mode of the
SRR. For this reason, the resonant frequency is strongly
dependent on many factors that affect the current loops, such
as the structure of a single SRR, the vertical coupling between
stacked layers of SRRs,[?! and the lateral coupling of adjacent
SRRs.2728] Among these factors, the lateral coupling of SRRs
can be modified easily using micromachined actuators and
also promises to be very efficient at tuning the metamaterial
properties.

With this understanding, this paper demonstrates a reconfig-
urable metamaterial in which the unit cell is constructed using
a pair of ASRRs. Previous work showed that induced magnetic-
dipole resonance in the ASRR with two splits can only be excited
by a normal incident wave when the polarization is perpendic-
ular to the mirror line of the ASRR. This fact shows an impor-
tant property of the “coherence” nature of the metamaterial, by
adjusting the coupling between the ASRR.?#?°] Here, we inves-
tigate an ASRR with only one split and in which the symmetry
is broken by displacing the gaps from the central line. Due to
the asymmetry of the ASRR, a normal incident wave can excite
a surface current loop to produce a magnetic dipole oscillation,
regardless of the polarization direction of the normal incident
wave. By adjusting the distance between two ASRRs using the
micromachined actuators, the dipole-dipole couplings of both
the magnetic field and the electric field are tuned simultane-
ously. These features provide the reconfigurable metamaterials
with a unique merit of ability to wide tune the electromagnetic
response.

2. Results and Discussion
2.1. Design and Fabrication of the Unit Cell

The design of the unit cell for the reconfigurable metamate-
rial is shown in Figure 1a. The cell consists of a pair of square
split rings with the split parts (i.e., the gaps) arranged oppo-
site to each other. Asymmetry is achieved by displacing the
gaps from the central line by s = 4.5 pm. As stated above, such
asymmetry is essential to induce a magnetic dipole using the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic of the reconfigurable metamaterials. a) The gaps of
the ASRRS are shifted from the central line by s = 4.5 um. b—d) represent
the unit cell in different configurations, b) for the face-touch state (i.e.,
A =0), c) for the separated state (i.e.,, 0 < A < 20 um), and d) for the
back-touch state (i.e., A =20 um).

electric field component of normal incidence. The size of the
unit cell is 50 um X% 25 um (L x W), and other dimensions
are the sidewall length [ = 15 pm, the width of the metal wire
t =2 um, and the width of the gap g = 2 um. The distance A
between the paired ASRRs is an important tuning parameter
since different configurations of the unit cell can be obtained
by simply adjusting A. In an extreme case where A = 0, the
split rings touch face to face, which is called the face-touch
configuration and is shown in Figure 1b. For 0 < A < 20 um,
the split rings are separated (called separated configuration)
and their coupling strength varies with A. Figure 1c exempli-
fies a particular state of the separated configuration with A =
10 um. In another extreme case A = 20 um, the split rings
touch back to back; this is called the back-touch configura-
tion (Figure 1d). The diagrams in Figure 1b—d elucidate the
key concept of micromachined reconfigurable metamaterials,
namely, rearranging the metamaterial unit cell by simply dis-
placing a part of the unit cell. For easy notation, the polari-
zation of the incident wave is also indicated in Figure 1a.
Transverse electric (TE) polarization state represents tthe case
in which the electric field is perpendicular to the split side
of the ring, while transverse magnetic (TM) occurs when the
electric field is parallel to the split side.

The unit-cell design containing two oppositely arranged
ASRRs has an intrinsic merit of high coupling between the two

Adv. Funct. Mater. 2011, 21, 3589-3594
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Figure 2. Transmission spectra of a) single ASRR and b) coupled ASRRs
under TE- (upper row) and TM- (lower row) polarized incidence at various
values of A. A was varied from 0 to 20 um which is represented by the
data curves from dark to light.

ASRRs and is thus expected to produce a wide tuning range,
which is among the main interests of this work. For easy expla-
nation of this feature, we compare this coupled ASRR design
with another unit cell that is constructed by using two ASRRS
with the same orientation, which equals to a single ASRR
design (see Figure 2). In both designs, the coupling can be
tuned by adjusting A. For the single ASRR design, resonant
dips appear near 1.26 THz under the normal incidence of TE
polarization (Figure 2a). However, the variation of A causes
only a slight shift of the resonance frequency (0.6% at the
maximum). Under the TM-polarized incidence, the shift of
resonance dip is small also (0.8% at the maximum). Further-
more, changing A from 0 to 10 um has the same effect as that
of changing A from 20 to 10 um due to the periodic symmetry
of the unit cells, which further limits the tunability. In contrast,
the coupled ASRR design exhibits very large tuning under
either TE or TM incidence as shown in Figure 2b. For example,
no LC-resonance dip occurs under TE polarization when A =0
um (see the upper panel of Figure 2b). We estimate that varia-
tion of A could cause > 20% shift of the resonance frequency,
regardless of the polarization of incidence. This result verifies
the large tunability of the coupled ASRRs and also shows the
feasibility of reconfiguring the unit cells using the microma-
chined actuators.

The reconfigurable metamaterial and the supporting struc-
tures (e.g., microactuators, anchors, supporting frames, etc.)
were fabricated on a silicon-on-insulator (SOI) wafer using
deep reactive-ion etching (DRIE).2Y A close-up of the unit cell
and an overview of the fabricated reconfigurable metamaterial
are shown in Figure 3a and b, respectively. In the unit cell,
one split ring is fixed while the other is movable. The fixed

Adv. Funct. Mater. 2011, 21, 3589-3594
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eable splifrilig

(b

Figure 3. Scanning electron micrographs (SEMs) of the reconfigurable
metamaterial. a) Close-up of the unit cell, which consists of a fixed split-
ring resonator and a moveable ring. b) Overview of the reconfigurable
metamaterial formed by an array of unit cells.

ring sits on an isolated anchor and the moveable one is on
a floating frame connected to the comb-drive actuators with
supporting beams. The split rings are formed by depositing
and patterning an evaporated 500-nm aluminum layer. Some
trenches surrounding the anchors are intentionally designed
in to release the movable structures from the substrate and
also provide space to move the supporting frame. The initial
distance after fabrication is A = 10 um. The reconfigurable
metamaterial as shown in Figure 3b consists of 400 x 200 unit
cells (footprint 1 x 1 cm); it employs two identical electrostatic
comb-drive actuators on both sides for mechanically balanced
translation of the supporting frame. Each comb-drive actuator
provides a bidirectional in-plane translation following the actu-
ation relationship Ay = AV?, where Ay is the displacement, V
the actuation voltage, and A = 0.05 um V=2 is the actuation
coefficient. The actuation range is from —-10 to 10 um, which
corresponds to A =0 to 20 um.
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2.2. Electromagnetic Response of the Reconfigurable
Metamaterial

To characterize the electromagnetic response of the reconfig-
urable metamaterial, the transmission spectra of the metama-
terials were measured using a terahertz time-domain spectrum
(THz-TDS) system.! To understand the nature of the response,
a simulation was also conducted using the finite diffraction-time
domain (FDTD) solver. In the simulation, the electric conduc-
tivity of aluminum was chosen to be 2 x 10’ S m™' and the die-
lectric constant of the silicon substrate was 11.7. It is noted that
although the surrounding media of the movable ASRR are dif-
ferent from those of the fixed ASRR due to the presence of the
trenches and the supporting frame, the coupling effect is domi-
nated by the relative positions between the ASRRs. In the numer-
ical analysis, such substrate effect was taken into consideration.
The response to the TE normal incidence was first char-
acterized. Figure 4 shows both the measured and simulated
transmission spectra in the frequency range of 0.9-1.5 THz for
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Figure 4. Transmission spectra for the TE polarization incident wave
under the conditions of a) A=0, b) A=2.5,5, 10, 15 um (from dark to
light) and c) A =20 um. The simulated surface currents and magnetic-
field components Hpoma are shown on the right side. The arrows and
colors represent the directions and the intensities (the darker part shows
the lower intensities and vice versa) of the surface currents (on the metal
part), respectively. The maximum values of the surface current in (a), (b),
and (c) were 0.015, 0.139, and 0.114 A m™', respectively. The maximum
values of Hpgmal in (@), (b), and (c) were 0.012, 0.124, and 0.100 A m™',
respectively. The values of the surface currents and H,qma, Were calcu-
lated assuming that the incident electric field was 1V m™".
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the TE polarization. The corresponding surface currents and
magnetic-field components H, .1 at resonance frequencies are
also displayed on the right side of the spectra. Figure 4a repre-
sents the face-touch configuration and shows no LC resonance
in the transmission spectrum. This absence can be explained
by the observation that the surface currents on the two arms of
the ASRR oscillate in parallel to the electric field and thus form
no loop. Figure 4b shows the separated configuration in which
A is tuned from 0 to 20 um. In this configuration, circular sur-
face current occurs on each ASRR, which results in two mag-
netic dipoles oscillating in phase. The quality factor (Q factor)
of the resonance is approximately 13.8. When A = 2.5, 5, 10,
and 15 um, the resonant frequencies were positioned at 1.17,
1.21, 1.24, and 1.27 THz, respectively. An increase in A resulted
in a blue shift of the resonant frequency. Figure 4c represents
the back-touch configuration, and a broad resonance dip is
present in the spectrum. It is observed that the surface currents
on the contact sides (in the middle of the paired ASRRs) have
near-zero amplitude, whereas those on the two arms oscillate in
opposite directions and form a loop. The surface currents con-
centrate on the outside arms of the rings, which are similar to
those of the asymmetric rings reported in previous work.[24]

For TM polarization, the transmission spectra were also meas-
ured and simulated as shown in Figure 5. Because the electric
field is oriented along a mirror plane for the ASRRs, the reso-
nance is purely due to the electrical response, which is similar
to the so-dubbed electric split-ring resonators (eSRRs).2? In dif-
ferent unit-cell configurations, the circular surface currents are
always excited but the two magnetic dipoles maintain a 7 phase
shift, which results in a net zero magnetic dipole. However the
frequency tuning is associated with the interaction of the two
antiparallel magnetic dipoles. The resonant dips for A = 0, 2.5,
5, 10, 15, and 20 um appear at 1.42, 1.32, 1.29, 1.24, 1.22, and
1.16 THz, respectively. The resonant frequency tends to have a
red shift, which is opposite to the blue shift for the TE polariza-
tion, with increasing values of A. The Q factor of TM polariza-
tion (electric dipole resonance) for the separated configuration is
approximately 7.8, which is approximately half of the Q factor of
the TE polarization (LC resonance) under the same conditions.

2.3. Real-Time Tuning of Electromagnetic Response

To demonstrate the real-time tuning capability of the microma-
chined reconfigurable metamaterial, the tuning of the reso-
nance dip under dynamic actuation was also characterized.
The tuning time from minimum to maximum distance was
experimentally determined to be about 500 ps, which cor-
responds to an operational frequency of 1 kHz. The Doppler
effect is trivial in this case since the speed (0.04 m s7!) was ten
orders of magnitude smaller than the speed of light. Therefore,
the responses in the real-time tuning process can be repre-
sented by the spectra of different static states. The simulated
contour maps of the transmission at different time intervals
are shown in Figure 6 for both TE and TM polarization. It can
be seen clearly that with the increase of time (and consequent
larger values of A), the belt of resonance dips curves upwards
for the TE polarization but bends down for TM polarization.
Moreover, the belt of resonance dips for the TE polarization is

Adv. Funct. Mater. 2011, 21, 3589-3594
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Figure 5. Transmission spectra for the TM polarization incident wave at
a) A=0,b) A=25,5,10, 15 um (from dark to light), and ¢) A =20 pm.
The simulated surface currents and magnetic field components Hpoymar
are shown on the right side. The arrows and the colors represent the
directions and the intensities (the darker part shows the lower intensities
and vice versa) of the surface currents (on the metal). The maximum
values of the surface currents in (a), (b), and (c) are 0.103, 0.096, and
0.105 A m™', respectively. The maximum values of H,omal in (a), (b),
and (c) are 0.092, 0.085, and 0.094 A m™, respectively. The values of the

surface currents and H,m, Were calculated assuming that the incident

electric field was 1V m™.

narrower (which corresponds to a higher Q factor) than that
for the TM polarization. This distinction can be attributed to
the differences in the excited electric and magnetic dipoles
and the dipole-dipole coupling. More specifically, for the TE
polarization the two electric dipoles are excited antiparallel at
the gap whereas the two magnetic dipoles are in-phase in the
center of the ASRR (see Figure 4b); for the TM polarization
the opposite is true (see Figure 5b). The electric dipole cou-
pling dominates the frequency shift when the tuning time is
less than 250 us, and the magnetic dipole coupling dominates
thereafter. For transverse dipole-dipole coupling, the interac-
tion of the parallelly oriented electric dipoles (in TM polariza-
tion) decreases the resonance frequency with increasing A.1>’)
The electric dipole-dipole coupling dominates this interaction,
which results in the downwards trend of the belt of resonance
over a tuning time from 0 to 250 ps, as shown in Figure 6b.
For a tuning time between 250 to 500 ps, the two antiparallelly
oriented magnetic dipoles become closer (in TM polarization),
which tends to further decrease the resonance frequency. When
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Figure 6. Real-time tuning of the transmission spectra as represented
by the contour maps of transmission as functions of time and frequency
for a) TE polarization and b) TM polarization. The circles represent the
measured data points of resonance frequencies shown in Figure 4 and
Figure 5. The insets indicate the changes of unit-cell configurations.

the tuning time is approximately 250 us, both the electric and
magnetic dipole coupling are relatively weak, which results in
a slight tuning of resonance frequency. Unlike with TM polari-
zation, the electric dipoles are antiparallelly oriented while the
magnetic dipoles are parallelly oriented, which results in a blue
shift of the resonance frequency. For TE polarization, the tuning
range of the resonance frequency is from 0.98 to 1.28 THz,
which corresponds to a change of approximately 31% of the
initial resonance frequency. For TM polarization, the tuning
range of the resonance frequency is from 1.15 to 1.40 THz
(approximately 22%). For easy comparison, the measured reso-
nant dips (see Figure 4 and Figure 5) are superimposed onto
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the contour maps. A reasonable agreement of the resonance
positions is achieved between the simulation and the measure-
ment. It is interesting to see that, at a particular time interval of
250 ps (corresponding to A = 10 um), the resonant dips of the
TE and TM polarization overlap. This overlap is of profound
importance since the response is polarization independent; it
demonstrates the unique potential of the reconfigurable meta-
materials in switching from a polarization-dependent state to
a polarization-independent state for electromagnetic response,
although the Q factors are not the same due to the asymmetry
of the gaps in the split rings.

3. Conclusions

A reconfigurable metamaterial is presented by reconfiguring
the unit cell, which consists of a pair of asymmetric split-ring
resonators. The coupling distance between the pair of ASRRs
is tuned by bidirectional micromachined actuators. Due to the
asymmetry of the ASRRs, the inductive-capacitive resonance
can be excited by a normal incident terahertz wave. The recon-
figurable metamaterial not only has a wide tuning range of the
resonance frequency up to 31% and 22% for the TE and the
TM polarization, respectively, but also produces a high quality-
factor resonance and an in-phase magnetic-dipole oscillation
for the TE polarization. In the process of dynamic tuning, the
reconfigurable metamaterial can be switched from the polariza-
tion-dependent state to the polarization-independent state. The
metamaterial may find potential applications in transformation
optics devices, sensors, intelligent detectors, tunable frequency-
selective surfaces, and spectral filters.

4. Experimental Section

The transmission spectra characterization of the reconfigurable
metamaterials was performed using a terahertz time-domain spectrum
(THz-TDS) system. 100-fs optical pulses centered at 800 nm at a
repetition rate of 76 MHz from a mode-locked Ti:sapphire laser were
focused onto a photoconductive antenna of low-temperature-grown
GaAs to generate the terahertz wave. A Fourier transform was used to
extract the frequency spectrum from the time-domain data. A time range
of the time-domain data was chosen to exclude Fabry-Pérot fringes that
arise from the substrate. The transmission spectra were normalized with
respect to the transmission of the pure silicon substrate (i.e., Tsample/ Tsi)-
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Reconfigurable Photonic Metamaterials
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ABSTRACT: We introduce mechanically reconfigurable
photonic metamaterials (RPMs) as a flexible platform for
realizing metamaterial devices with reversible and large-range
tunable characteristics in the optical part of the spectrum. Here
we illustrate this concept for a temperature-driven RPM ex-
hibiting reversible relative transmission changes of up to 50%.

KEYWORDS: Tunable metamaterial, reconfigurable nano-
structure, bimaterial, nanophotonics

witchable and tunable metamaterials are expanding areas of

research driven by the development of nanophotonic all-
optical data processing circuits, optical memory, smart surfaces,
adaptable detection, imaging systems, and transformation optics
devices." Several avenues are being explored. Metamaterials
where metal nanostructures are hybridized with nonlinear and
switchable layers provide a way to achieve high-contrast optical
switching and enhanced nonlinear responses. Indeed, a change in
the refractive index or absorption in the hybridized material will
modify the plasmon spectrum of the nanostructure. This can lead to a
strong change in the resonant transmission and reflection character-
istics of the hybrid structure. For instance the ability to change a
metamaterial’s response at terahertz frequencies by injection or optical
generation of free carriers in a semiconductor substrate has been
reported.* A layer of single-wall semiconductor carbon nanotubes
deposited on a metamaterial shows an order of magnitude higher
nonlinearity than the already extremely strong response of the
nanotubes themselves due to resonant plasmon-exciton interactions.*
Nanoscale metamaterial electro-optical switches using phase change
chalcogenide glass® and vanadium dioxide® have already been demon-
strated. Graphene is another favorite that promises to add electro-
optical capability to metamaterials in particular in the infrared and
terahertz domains by exploiting the spectral shift of the electromag-
netic response that is driven by applied voltage.”*

‘When high-speed switching is not the prime objective, meta-
materials can be reliably and reversibly controlled by microelec-
tromechanical (MEMS) actuators repositioning parts of the
meta-molecules. MEMS-based metamaterials can provide con-
tinuous tuning, rather than steplike switching associated with
phase-change materials and in contrast to approaches exploiting
optical nonlinearities they are compatible with low intensities.
This has been convincingly demonstrated for terahertz and far-
infrared metamaterials consisting of specially designed deform-
able meta-molecules.”'® Reconfigurable photonic metamaterials
(RPMs) operating in the visible and near-infrared parts of the
spectrum require the development of components and actuators
operating on the scale of a few tens of nanometers. Here, we
demonstrate that RPM nanostructures based on metal-dielectric
films of nanoscale thickness provide a generic platform for

v ACS Publications © 2011 American chemical Society

achieving large-range continuous reversible tuning of metama-
terial properties in the optical part of the spectrum. By placing
metamaterial resonators (meta-molecules) on a thermally re-
configurable bimaterial scaffold we control intermetamolecular
coupling leading to a profound reversible change of the meta-
material’s transmission of up to 50%.

The basic approach is illustrated by Figure 1a. Tunability will
be introduced in almost any metamaterial system, if the distance
and thus the coupling between neighboring meta-molecules can
be controlled. For example, this may be achieved by placing the
meta-molecules on alternating reconfigurable and nonreconfi-
gurable support structures. This approach has two key advantages:
(i) Asit does not depend on the details of the meta-molecule design,
it is applicable to a huge range of metamaterial patterns. (ii) It
eliminates the need for reconfigurable elements on the size
scale of the meta-molecules, which would be extremely
challenging to achieve for the optical part of the spectrum.

As illustrated by Figure 1b, thermally reconfigurable support
structures can be fabricated from a bilayer consisting of two
materials with different thermal expansion coefficients, for ex-
ample a plasmonic metal and a dielectric. Bending of the bimaterial
structure will be caused by differential thermal expansion of the
constituent materials. On the other hand, nonreconfigurable
support structures can consist of either a single material or
bending may be suppressed by using a symmetric sequence of
layers such as metal-dielectric-metal.

Here we illustrate this concept for the reconfigurable photonic
metamaterial shown in Figure 2. It consists of nanoscale “C”-
shaped aperture plasmonic resonators (split rings) supported by
alternating thermally reconfigurable and nonreconfigurable''
bridges. The entire structure was fabricated by focused ion beam
milling from a 100 nm thick silicon nitride membrane covered by
50 nm thick thermally evaporated gold layers on both sides. In
order to create reconfigurable and nonreconfigurable support
structures, the gold underlayer was removed from every second
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Figure 1. Thermally controlled metamaterial scaffold. (a) Thermally
tunable metamaterial support structure consisting of alternating recon-
figurable and nonreconfigurable bimaterial bridges. (b) Bilayered sup-
port beams consisting of materials with large (orange, for e.g., gold) and
small (blue, e.g, silicon nitride) thermal expansion coeflicients will bend
in response to temperature changes, while bending is inhibited for a
symmetric layer sequence.
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Figure 2. Thermally controlled reconfigurable photonic metamaterial.
(a) Schematic with dimensions. (b) Scanning electron micrograph taken
at room temperature.

bridge. Next the “C”-slit plasmonic resonator pattern was milled
into the gold layer covering the front of the membrane. And
finally the metamaterial membrane was cut into 50 #m long and
390 nm wide bridges separated by 110 nm gaps.
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Figure 3. Temperature dependence of the reconfigurable metamater-
ial’s transmission characteristics for waves polarized perpendicular to the
supporting beams. (a) Transmission spectra measured at different
temperatures. (b) Relative change of the metamaterial transmission
normalized to a reference temperature of 76 K.

Because of the large thermal expansion coefficient of gold
(144 x 107 °/K), which exceeds that of silicon nitride (2.8 X
107%/K) by a factor of 5, the metamaterial bridges without gold
underlayer will arch upward (downward) upon heating (cooling),"
see the lowered bridges in Figure 2. On the other hand, thermal
bending is suppressed for the more symmetric bridges with gold
underlayer, which are raised in the scanning electron micrograph.
We note that the metamaterial properties are position-dependent
toward the end of the support structures, where the spacing between
the metamaterial resonators gradually decreases. Therefore we
investigated the central part of the structure, which is homogeneous
and experiences the largest temperature-dependent changes.

The metamaterial’s temperature-dependent transmission
spectrum, which is shown in Figure 3a, was measured using a
microspectrophotometer (CRAIC Technologies) equipped
with a cryostatic sample stage. It reveals that the structure has
resonant transmission minima in the near-infrared at about
1140, 1400, and 1670 nm. The resonant modes themselves are
quite complex excitations of the coupled system of “C”-slit
resonators and the gold underlayer on every second bridge.
Importantly, the resonant properties of this system strongly
depend on the coupling between neighboring bridges and
therefore a continuous change of the physical configuration
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of the nanostructure drives a dramatic change of its optical
properties.

Figure 3b shows the change of the reconfigurable metamaterial’s
transmission characteristics relative to a reference temperature of
76 K. As the metamaterial is heated to 270 K, we observe dramatic
37, 38, and S51% relative increases of its transmission near its
resonant transmission minima at 1180, 1435, and 1735 nm, respec-
tively. These remarkably large relative increases in transmission are
due to a 20 nm blue shift of the metamaterial spectrum combined
with an overall transmission increase as the plasmonic resonators are
moved closer together by differential thermal expansion driven by
the ambient temperature increase. Importantly, as the structure is
cooled back to its initial temperature of 76 K these changes of its
transmission spectrum are reversed, indicating that the reconfigur-
able metamaterial returned to its initial state.

For practical applications, it may be important to achieve large-
range tuning of metamaterial properties with much smaller tempera-
ture changes. This may be achieved with longer and thinner
reconfigurable support structures and optimized material choices
and layer thicknesses, as the mechanical tuning range of the reconfi-
gurable bimaterial beams is proportional to ATAOL/t, where AT and
Aaq.are the temperature and thermal expansion coeflicient differences
and L/t is the length/thickness aspect ratio of the support structures.
We chose gold for its good plasmonic properties and silicon nitride for
its easy availability in form of membranes of nanoscale thickness.
However, silicon nitride could be replaced by glass, which has a
significantly smaller thermal expansion coefficient of only 0.4 X
1076/K.12 Furthermore, intermetamolecular coupling could be en-
hanced by placing the supporting beams closer together and the
relative thermal displacement of neighboring resonators could be
doubled by alternating metal-on-dielectric and dielectric-on-metal
reconfigurable structures, which would bend in opposite directions.

In summary, we show that reconfigurable photonic metama-
terials provide a flexible platform for the realization of tunable
metamaterials for the optical part of the spectrum. By placing
nanoscale plasmonic resonators with useful functionalities at
optical frequencies on reconfigurable support structures, their
interaction can be controlled, which leads to large-range tun-
ability of the system’s electromagnetic properties. Potential
applications of this generic approach include optical temperature
sensors, tunable spectral filters, switches, modulators and any
other planar metamaterial device where tunability is required or
desirable. Reconfigurable photonic metamaterials can be proto-
typed by focused ion beam milling or electron beam lithography
and could be mass-produced by standard semiconductor manu-
facturing techniques. Specifically, we have realized a thermally
controlled reconfigurable photonic metamaterial exhibiting re-
versible relative changes in transmission of up to 50%.
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Giant nonlinear optical activity in a plasmonic
metamaterial
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In 1950, a quarter of a century after his first-ever nonlinear optical experiment when intensity-
dependent absorption was observed in uranium-doped glass, Sergey Vavilov predicted that
birefringence, dichroism and polarization rotatory power should be dependent on light intensity.
It required the invention of the laser to observe the barely detectable effect of light intensity on
the polarization rotatory power of the optically active lithium iodate crystal, the phenomenon
now known as the nonlinear optical activity, a high-intensity counterpart of the fundamental
optical effect of polarization rotation in chiral media. Here we report that a plasmonic
metamaterial exhibits nonlinear optical activity 30 million times stronger than lithium iodate
crystals, thus transforming this fundamental phenomenon of polarization nonlinear optics from
an esoteric phenomenon into a major effect of nonlinear plasmonics with potential for practical
applications.
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cal activity, that is the ability to rotate the polarization state of

light, has acquired great importance in spectroscopy, analyti-
cal chemistry, crystallography and molecular biology, and it is asso-
ciated with the biochemistry of life?. It is now well understood that
the effect is linked to chirality. In dissipative media optical activ-
ity manifests itself as circular birefringence, leading to polarization
rotation, and circular dichroism, that is, differential transmission
of circularly polarized waves, that yields a change of the degree of
ellipticity of the propagating wave. In contrast to the Faraday effect,
which causes polarization rotation in the presence of static mag-
netic fields, polarization rotation due to natural optical activity is
reciprocal and it does not distinguish between opposite directions
of wave propagation.

The dependence of optical activity on the intensity of light was
discussed by Vavilov in 1950 (ref. 3), a quarter of a century after the
first effect of light self-action, the intensity-dependent absorption,
was observed in uranium-doped glass*. The symmetry, wave propa-
gation and quantum mechanical description of the phenomenon
that later acquired the name of nonlinear optical activity (NOA) was
then rigorously derived>~!1.

Observation of NOA due to the fast electronic mechanism of
nonlinearity became possible in 1979, using a high-intensity sin-
gle-mode nanosecond-pulsed laser and the natural crystal of lith-
ium iodate that is simultaneously a highly nonlinear and strongly
optically active medium!? (Fig. 1a). Shortly after that, transient
pump-probe measurements of NOA were performed in the chiral
cholesteric phase of a liquid crystal exploiting the thermal mech-

S ince its discovery by Francois J.D. Arago in 1811 (ref. 1), opti-
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Figure 1| Nonlinear optical activity. (a) To observe NOA in 1979 in a LilO3
crystal, intensity-dependent change of the polarization azimuth of about
0.02° was recovered on a background of 8,000° of natural rotation by
comparing the polarization state in high-and-low intensity channels using
a pulsed laser'2. (b) Observation of NOA in a gold plasmonic metamaterial
along a chiral direction, where nonlinearity is resonantly enhanced by
nanoscale confinement of light. The scanning electron micrograph shows

a fragment of the gold nanostructure (1-um scale bar) and detailed
dimensions of a single meta-molecule.

anism of nonlinearity'®. Thermal NOA was also seen in optically
active crystals'#~1©, Since then NOA has been observed in a number
of chiral liquids'72%. Nevertheless, the effect remained challenging
to detect, making it unsuitable for routine practical applications,
even in spectroscopy.

Although NOA in natural media was weak, hopes have been
growing that a stronger effect could be found in artificial media.
Indeed, an observation of optical activity in artificial media (twisted
jute) in the millimeter wave part of the spectrum was reported by
J.Bose as far back as 1898 (ref. 21). Recently, with the development
of metamaterials (periodic media structured on the subwavelength
scale), it has become possible to design optimized photonic struc-
tures with specific optical activity orders of magnitude larger than
in natural media??>~%>. It was found, for instance, that artificial cir-
cular birefringence could be so strong that, whereas it is normally a
correction to the refractive index, in some metamaterials it makes
the refractive index negative for one circular polarization?®27.
Moreover, recent experiments in waveguides revealed that a chiral
inclusion containing a varactor nonlinear element forces a strong
intensity-dependent rotation of the polarization state of microwave
radiation and exhibits asymmetric transmission?$. At the same time,
resonant local field enhancement in plasmonic metamaterials can
dramatically amplify the nonlinear response of hybridized materi-
als, such as silicon?*3% and carbon nanotubes’!, and even the metal
forming the metamaterial framework itself3%33.

The phenomenon of natural optical activity is inextricably
linked to chirality. In many optically active media, chirality resides
in the left-right asymmetry of the constituent components of the
medium. For instance, a liquid consisting of only one form of chiral
molecules, that is, molecules that are not congruent with their
mirror image, is likely to exhibit optical activity. Here the best known
natural example is sugar solution where optical activity is routinely
used to measure the concentration of the syrup. Optical activity may
also result from chiral arrangements of non-chiral molecules, as
it may be found in crystals of quartz or lithium iodate. Chirality
can also emerge from the mutual arrangement of the beam of light
and the medium, creating what is known in crystallography as a
screw direction. For instance a regular array of oriented molecules
that are not chiral in their own right, could make an arrangement
with a beam of light that lacks mirror symmetry and shows optical
activity>*3. In general, only crystals whose point group contains no
inversion centre could have screw directions. Polarization rotation
in certain symmetric crystal classes is underpinned by this mecha-
nism of optical activity>®, which is also routinely observed in liquid
crystals’” and metamaterials®®. True circular birefringence and
dichroism can be found in these cases.

Here we report that a plasmonic metamaterial exhibits a huge
NOA in the optical part of the spectrum. Itis 30 million times stronger
than in the lithium iodate crystal'2. This colossal magnitude of the
nonlinear polarization effect was achieved by combining strong
metamaterial optical activity due to extrinsic chirality with strong
metamaterial optical nonlinearity: in this artificial medium, the
figure of merit that represents specific nonlinear polarization rotation
(° per cm) per unit of optical intensity (W cm~2) is 3x10~4°cm W1
(compare with 10~ 1°cm W ~! for lithium iodate). As a result, non-
linear rotation on the order of degrees can be seen at an average
laser power level of only a few milliwatts.

Results

Optical activity due to extrinsic chirality. The metamaterial
consists of a periodic array of asymmetric split ring slits, which were
cut by focussed ion-beam milling through a 50 nm thick gold film
supported by a 500 um thick fused quartz substrate. The overall size
of the metamaterial array is 100 x100 um? with a period of 425 nm,
and the individual meta-molecules lack inversion symmetry
(Fig. 1b). Figure 2 illustrates the origin of chirality and optical
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Figure 2 | Chiral scattering in plasmonic metamaterial. Electric field magnitude |E| (colour map) and instantaneous directions of the electric field (small
red arrows) inside the metamaterial gold film, for excitation with y-polarized light at (a) normal incidence, (b) +20° oblique incidence (experimental
case) and (c) —20° oblique incidence. At normal incidence, the unit cell's total electric d and magnetic m dipoles trace perpendicular directions. No
polarization change is observed in this case (a). At oblique incidence, vectors d and m trace ellipses with main axes that are not perpendicular to one
another. The scattered wave's polarization is now different from that of the incident wave. The polarization change reverses with reversing sense of
chirality of the mutual arrangement of the incident light wave (vector k) and the metamaterial’s normal n and symmetry axis s; scenarios (b) and (c) are
mirror-symmetric and will show optical activity equal in amplitude but opposite in sign.

activity in this material for oblique incident angles. It is caused
by circular differential forward scattering of incident photons that
may be traced down to the scattering contributions of the unit
cell’s effective electric d and magnetic m dipole moments induced
by the incident wave. It is well known from the molecular theory
that optical activity requires the molecule to exhibit magnetic and
electric responses simultaneously in such a way that there is a non-
zero projection of the induced magnetic dipole on the induced
electric dipole®°. In this case, the forward scattered wave will
exhibit polarization rotation, as electric and magnetic dipoles will
emit orthogonal polarization components with a phase lag. The
mechanism for extrinsic chirality in metamaterials is illustrated
by the finite element method simulations in Fig. 2 for a single
meta-molecule excited by an incident y-polarized wave. At normal
incidence, the field distribution in the unit cell of the metamaterial
is mirror-symmetric with respect to the y-direction. The total
electric and magnetic moments of the unit cell oscillate along
strictly perpendicular directions; no optical activity is observed in
this case (Fig. 2a). At oblique incidence, the total induced magnetic
and electric moments are tracing ellipses, whose main axes are no
longer perpendicular and conditions are right for the meta-molecule
to scatter with a polarization change. This polarization effect is
optical activity and it will change sign with changing chirality of the
arrangement, as illustrated by Fig. 2b,c.

Measurements oflinear optical activityand anisotropy. We studied
linear and intensity-dependent optical activity using a femtosec-
ond mode-locked tunable laser with 115 fs pulse duration and
80 MHz repetition rate. Figure 3 illustrates the metamaterial’s linear
(low-power) optical properties for wavelengths between 930 and
954nm, where the metamaterial has a plasmonic resonance and
optical activity is largest. In general, in media of low symmetry opti-
cal activity coexists with anisotropy that manifests itself as differ-
ential refraction (birefringence) and transmission (dichroism) for
orthogonal linear polarizations.

On propagation through an optically active and anisotropic
medium, a wave with initially linear polarization becomes ellipti-
cally polarized and its polarization azimuth rotates. For moderate
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Figure 3 | Giant linear polarization effects in a plasmonic nanostructure.
Optical activity in terms of (a) circular birefringence (polarization rotation)
and (b) circular dichroism (ellipticity angle) at linear and nonlinear average
power levels of 50 uW (blue) and 5mW (red), respectively; optical
anisotropy in terms of (¢) linear dichroism and (d) linear birefringence at
50 uW average power. Vertical dashed lines indicate the wavelength of
942 nm for which the power dependence of NOA has been studied.

polarization changes, it may be shown that rotation of the polariza-
tion azimuth contains contributions resulting from circular birefrin-
gence o and linear dichroism f, while the ellipticity of the transmit-
ted wave will contain contributions from circular dichroism 7 and
linear birefringence ¢. These four contributions can be separated
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by measuring polarization rotation and ellipticity angle as functions
of the input polarization azimuth of an initially linearly polarized
wave, providing @, B, ), p< 7 (see Methods).

Figure 3 presents measurements of circular birefringence and
dichroism (optical activity) and linear birefringence and dichroism
(anisotropy) in the metamaterial sample, observed as functions of
wavelength at the incident angle of 20° to the normal (measure-
ments taken at —20° show rotation and ellipticity angles of the same
magnitude but opposite signs). We note that optical activity is the
dominant contribution to the polarization azimuth and ellipticity
changes at the resonance wavelength of 942 nm; here anisotropy
contributes only up to 12% to the total polarization azimuth rota-
tion and 30% to ellipticity. Detailed measurements of the intensity-
dependent polarization changes, reported below, were performed at
this wavelength.

Measurements of nonlinear optical activity. The intensity depend-
ence of optical activity was studied using the same laser source as for
the linear characterization. While we performed the linear measure-
ments at an average power of 50 uW, the laser power was ramped
up to 5mW for nonlinear measurements, which corresponds to a
peak intensity of I=2 GW cm ™2 as the beam is focused to a spot size
of 8um in diameter. This is sufficient to see a profound change of
the light polarization state with intensity, as illustrated by Fig. 4a,b.
Here results are represented in terms of changes relative to the low-
intensity values of circular birefringence A and circular dichroism
An. The most obvious effect of increasing intensity is a suppression
of optical activity; at 942 nm polarization rotation is reduced by 1.0°,
whereas the ellipticity angle drops 0.5°.

To determine the strength of NOA, we shall be concerned
with the gradient of the polarization azimuth rotation change
with increasing incident intensity that is measured to be about
Ao/T=—0.8°cm? per GW, before nonlinear rotation starts to satu-
rate above 1 GW cm ~2. Here nonlinearity resides in the gold film
of thickness 53 nm along the direction of propagation. Thus, the
specific constant of NOA is Q2=3x10"4°cm W ~! (this accounts for
the 50% reflection of the metamaterial sample). This is more than
7 orders of magnitude stronger than NOA in natural materials
such as LilO5 (10~ M°cm W~ (ref. 12)), sucrose (2x10~1ecm W !
(refs 17,20)), a-pinene (<10~ M°cm W1 (ref. 20)) and ruthenium
salt solution!$17.

The spectral dependence of NOA is shown by Fig. 4c,d. Non-
linear circular birefringence becomes more pronounced towards
shorter wavelengths, whereas nonlinear circular dichroism changes
sign at about 937 nm. As illustrated by Fig. 3a, the increase of light
intensity reduces the overall polarization rotation throughout the
studied spectral range.

Discussion

The nonlinearity of the metamaterial resides in the nonlinearity of
its metal framework. It is mainly caused by the nonlinear process of
direct two-photon absorption between the d and sp states in the gold
band structure (Fig. 4e). Here direct two-photon absorption occurs
through a virtual state when the energy Zw of two incident pho-
tons is combined to bridge the gap AE=2.4eV, between the d states
and states above the Fermi level: AE/2 < hw<AE. As the energy gap
cannot be bridged by individual photons directly, ‘Fermi-smear-
ing, which dominates the nonlinearity of gold in the visible, is less
important in our case. This inherited nonlinearity of gold is reso-
nantly enhanced more than 300 times by the nanostructure through
the virtue of strong field concentration at the edges of the grooves,
which support a plasmonic mode (see bright hot-spots of field maps
in Fig, 2)32. Pump-probe experiments>? also confirmed that this is
a very fast nonlinearity, because its main mechanism requires both
the pump and the probe photons to be present simultaneously.
This degenerate cubic optical nonlinearity gives rise to a nonlinear
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Figure 4 | Nonlinear optical activity of a plasmonic metamaterial. Power-
dependent changes of the metamaterial’s (a) circular birefringence Ac
and (b) circular dichroism An for a fixed wavelength of 942 nm. Spectral
dependence of nonlinear (¢) circular birefringence and (d) circular
dichroism for a fixed average power of 5mW (relative to 50 uW in all
cases; guides to the eye are shown alongside experimental data points).
The wavelength of 942 nm, for which the power dependence of NOA

has been studied, is marked by dashed lines. (e) Sketch of the Au-band
structure and the two-photon absorption process, where a d-band electron
is excited to the sp-conduction band above the Fermi level Eg via absorption
of two photons h.

absorption coefficient on the order of 10~>m W ~ 1. Importantly, the
spectral maxima of the absorption nonlinearity and optical activity
in this metamaterial overlap, as they are underpinned by the same
plasmonic resonance, which arises from the asymmetry of the met-
amaterial pattern®>32, The asymmetry of the plasmonic structure
results in excitation of a strong anti-phased current mode through
weak free-space coupling, which ensures low radiation losses and
therefore a narrow Fano-type optical resonance). Here two-pho-
ton absorption reduces not only the intensity of light transmitted
through the nanostructure, but it also hampers the chiral dipole
scattering efficiency by dampening the underlying plasmon oscilla-
tions. Manifestation of this is a suppression of circular birefringence
at high intensities (Fig. 3a).

It may be expected that similarly large nonlinear polarization
effects can be observed at resonances in a wide range of plasmonic
metamaterials. In particular, large NOA may also occur in intrin-
sically three-dimensionally chiral metamaterials while chiral plas-
monic interfaces*! may show nonlinear versions of other polariza-
tion effects such as asymmetric transmission*?.

In summary, we report that engineering of chiral and nonlinear
optical properties in a plasmonic metamaterial allows the observa-
tion of NOA that is millions of times stronger than in natural crystals.
Observation of this giant polarization effect provides a powerful
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Figure 5 | Measuring optical activity and optical anisotropy.

(a) Polarization azimuth @ and ellipticity angle ¢ of the polarization
ellipse (red) define the polarization state of a polarized electromagnetic
wave. (b) Polarization azimuth rotation A® and () ellipticity angle

as a function of the azimuth @, of the linearly polarized incident wave.
The individual contributions of circular birefringence o and circular
dichroism 7 correspond to the average levels of rotation and ellipticity of
the transmitted wave, while the corresponding modulations arise from
linear dichroism f3 and linear birefringence ¢, respectively. The data shown
was taken at 20° oblique incidence for a wavelength of 930 nm and low
average power (50 uW).

illustration that nanoscale nonlinear plasmonics of metamaterials
offers extremely strong effects unfolding in nanoscale volumes
of nonlinear medium that could lead to applications in modulation
of light intensity and polarization in nanophotonic devices.

Methods

Definition of polarization parameters. The polarization state of polarized light
is characterized by the polarization azimuth @ and the ellipticity angle { which are
defined by the polarization ellipse, that is, the trace of the end of the electric field
vector as seen by an observer looking into the beam (Fig. 5a).

Separation of optical activity and optical anisotropy. On propagation through
an optically active and anisotropic medium, a wave with initially linear polarization
becomes elliptically polarized and its polarization azimuth rotates. For moderate
polarization changes, it may be shown that the polarization azimuth change A@
contains contributions resulting from circular birefringence ¢t and linear dichroism
B. On the other hand, the ellipticity angle { of the initially linearly polarized
wave after interacting with the sample will contain contributions from circular
dichroism 7 and linear birefringence ¢.

Indeed, in the slow envelope approximation, evolution of the polarization
state of light in linear media is governed by the following set of equations for
the components of the four-dimensional Stokes vector S, which in a Cartesian
coordinate frame can be written as follows (formula 3.24, ref. 10):

d i " -,
E(sue“m{k}Z) = ZC(QanO'%O',%Ek - QEjofiohiE) €]

Here z is the propagation direction, k and @ are the wave number and frequency,
c is the speed of light, E is the electric field vector, 6® are Pauli spin matrices, J;; is
the Kronecker delta, and (formulae 3.19 and 3.21, ref. 10)

Q, =0fi(e; +ikTy, —n26,-j)/n, @

where g;; are cartesian components of the dielectric coefficient describing anisot-
ropy and I, are cartesian components of the nonlocality tensor describing optical

activity. They are defined by the constitutive equation for the nonlocal anisotropic
response (formula 2.14, ref. 10):
1
P, :E[(‘gﬁ_aﬁ)EjJrrij A\ 3)
Therefore, it follows from the linear nature of equation (1) that small changes of the
Stokes vector components and, thus, small polarization changes that are induced by
the anisotropic and nonlocal effects are additive.

Now, by measuring the sample’s polarization rotation A® and ellipticity angle §
as functions of the input polarization azimuth @;, of an initially linearly polarized
wave, one can separate these four contributions, providing o, 8, 1, Q<K 7.

Precise formulae for these contributions are given by formulae 3.41, 3.48 and
3.49 in ref. 10. For our consideration, here it is important that, for initially linearly
polarized waves, polarization rotation and induced ellipticity are proportional to
Re(T, x},z) and Im(T, xyz) describing circular birefringence and circular dichroism,
correspondingly. Polarization rotation and induced ellipticity also have compo-
nents that oscillate with the incident polarization azimuth @;, as sin(2®;,).

They are proportional to linear dichroism described by Im(&1; - €5;) and linear
birefringence described by Re(g;1 - &;).

Within this approximation, we retrieve circular birefringence o by measuring
the @,,-independent (average) component of the polarization azimuth rotation; we
retrieve circular dichroism 7) by measuring the @;,-independent (average) compo-
nent of the ellipticity angle; we retrieve data on linear birefringence ¢ by measuring
the amplitude of oscillation of the ellipticity angle with the incident polarization
azimuth; we retrieve data on linear dichroism f by measuring the amplitude of
oscillation of the polarization azimuth rotation with the incident polarization
azimuth (Fig. 5b,c).
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On the mesoscopic scale, electromagnetic forces are of fundamental importance to an enormously diverse
range of systems, from optical tweezers to the adhesion of gecko toes. Here we show that a strong light-driven
force may be generated when a plasmonic metamaterial is illuminated in close proximity to a dielectric or metal
surface. This near-field force can exceed radiation pressure and Casimir forces to provide an optically controlled
adhesion mechanism mimicking the gecko toe: At illumination intensities of just a few tens of nW/um? it is

sufficient to overcome the Earth’s gravitational pull.
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In various guises, electromagnetic forces are extremely
important in mesoscopic systems: They are exploited in all
forms of optical tweezing, manipulation, and binding,'™
in optomechanical photonic devices,”!! and may offer a
mechanism of “quantum lubrication” between surfaces'?; The
fact that light exerts pressure upon any surface exposed to
it (deduced theoretically by James Clerk Maxwell in 1871
and proven experimentally in 1901 by Lebedev'® and in
1903 by Nichols & Hull'*) can be exploited to generate
“optical lift’"; And in nature, van der Waals interactions
underpin the gecko’s remarkable ability to overcome grav-
ity by sticking to walls and ceilings.'® In recent years
it has become clear that plasmonic systems can provide
unprecedented control over optical fields on the nanoscale,
offering gigantic field enhancement, subwavelength light
localization, and strongly enhanced interactions between
nano-objects.!”?° They present opportunities, for example,
to extend/enhance the functionality of optical tweezers/traps>!
and to experimentally investigate the idea that structures with
negative refractive indices will experience negative radiation
pressure.?>?3

Here we show that in addition to the conventional, well-
understood force of radiation pressure a much stronger
light-driven near-field force may be generated between an
illuminated planar plasmonic metamaterial and a dielectric
or metallic surface. This newly identified near-field force has
aresonant nature linked to the excitation of the metamaterial’s
plasmonic mode and acts to close the gap between the
metamaterial film and the surface (Fig. 1). This “optical
adhesion” force exists alongside interfacial Casimir forces and
can overcome both radiation pressure and, like the gecko toe,
gravity.

Within the framework of classical electrodynamics the
components of the total time-averaged force F acting on a
metamaterial structure illuminated with light can be calculated
using a surface integral:

(F,) =}tj§<T,,>n, s, (1)

where S is a bounding surface around the meta-
material and 7;; is the time-averaged Maxwell stress
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The stress tensor integral equation (1) encompasses both
the radiation pressure and near-field force—the focus of this
study. It does not include Casimir forces, which are derived
from vacuum quantum fluctuation and thus exist even in the
absence of illumination. (It will be demonstrated below that
the classical electromagnetic force can be much stronger than
the Casimir force.)

Radiation pressure arises through transfer of momentum
between photons and any surface on which they impinge. It
depends on the reflection R and absorption A coefficients of the
surface according to the equation F, = (2R 4+ A)P/c, where
c is the speed of light in vacuum and P is the power of the
incident light, and assumes a maximum value of 2P /c when
the reflectivity of a surface is 100%.

In addition to this radiation force, a near-field optical force
emerges when a metamaterial is placed in close proximity to
another object and the evanescent field of the nanostructure
encounters that object. The magnitude of this force depends
on how strongly optical energy is trapped in the metamaterial

Optical L
‘adhesion’ ‘
force

(b)

Radiation
pressure

FIG. 1. (Color online) Gecko toes and their optical analog. (a)
Gecko toes sticking to a smooth glass wall (Ref. 24). (b) Artistic
impression of a metamaterial film attracted by a beam of light to a
dielectric surface.
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and on the electromagnetic properties of the nearby object. In
general, the higher the refractive index of the nearby object
is, the stronger the interaction will be and in all cases studied
here the near-field optical force is attractive. In what follows,
the ratio |F| : P/c is employed as a dimensionless measure of
optical force.”

In the present study, forces acting on metamaterial struc-
tures are evaluated via the Maxwell stress tensor integral
Eq. (1) with electric E and magnetic H field distributions
obtained from fully three-dimensional finite-element Maxwell
solver simulations (COMSOL MULTIPHYSICS). This analysis uti-
lizes established experimental values of the complex dielectric
parameters for gold,?® excludes losses in dielectric media, and
assumes normally incident, narrowband coherent illumination.
By modeling a single “metamolecule” (translation unit cell of
the metamaterial design) with periodic boundary conditions,
calculations assumed a planar metamaterial array of infinite
extent, parallel to the surface of a nearby semi-infinite metal
or dielectric. The surface of integration S was defined as a
rectangular parallelepiped enclosing the metamolecule, with
walls along each of the four periodic boundaries and outside
each of the two free surfaces of the metamaterial film. The
same numerical model provides data on the transmission 7'
and reflectance R of the structure. In all cases, stress tensor
results are verified against independent calculations of force
based on the variation with gap size of the total energy trapped
in the system.?’

We first consider optical forces between a gold metamaterial
film and the surface of a semi-infinite transparent dielectric
(Fig. 2). The metamaterial here is taken to comprise a
two-dimensional square array of asymmetric split rings—a
popular design recognized for its strong light confinement and
simplicity of fabrication.”®?° Dimensional details are shown
inset to Fig. 2(a).

For a plasmonic metamaterial both the radiation pressure
and near-field forces are resonant [Fig. 2(b)]. The dispersion
of the radiation pressure force F, is linked to variations
in the metamaterial’s absorbtion and reflection coefficients
[Fig. 2(a)] and has a local maximum at a wavelength of
1320 nm corresponding to the reflectivity peak. When the
structure is illuminated from free space the radiation pressure
F, and near-field evanescent F, forces act in the same
direction to reduce the gap h between the metamaterial and
the dielectric surface. The evanescent force is resonant at
1370 nm, the wavelength of the absorption peak, and exceeds
the radiation force across the entire spectral range from
1210 to 1550 nm, reaching a peak magnitude of approximately
6.7P/c as compared to only 1.2P/c for the radiation force.
When light impinges on the sample through the transparent
dielectric [Fig. 2(c)] the evanescent force acts in opposition
to the radiation pressure and again acts to reduce h. In
this configuration, if the gold film were unstructured the
total light force would push it away from the dielectric
surface, but for a metamaterial the attractive near-field force
is dominant and pulls the metamaterial film toward the
dielectric.

The near-field force is related to the nonpropagating
evanescent field of localized plasmons in the nanostructure,
which possesses no momentum. As such it does not contribute
directly to the momentum balance with incident light; it
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FIG. 2. (Color online) Optical forces between a plasmonic meta-
material and a dielectric surface. (a) Reflection R, transmission
T, and absorption A spectra of a 50 nm thick gold metamaterial
located at a distance & = 20 nm from the surface of a dielectric with
refractive index n = 2.5 for y-polarized light normally incident from
free space. The inset shows the metamaterial unit cell geometry. (b)
Total optical force F acting on a metamaterial illuminated from free
space as illustrated inset. Dashed lines show the evanescent F, and
light pressure F, components of F. (c) Total optical force acting on
a metamaterial illuminated through the dielectric. For comparison,
the total force acting on an unstructured gold film in place of the
metamaterial is shown in both (b) and (c). In all cases, positive values
denote forces acting in the direction of incident light propagation.

simply adds to or subtracts from the radiation pressure force
depending on the direction of the latter. The evanescent force
works to change the energy trapped in the nanostructure
when the metamaterial is brought into close proximity with a
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FIG. 3. (Color online) Optical forces between a plasmonic meta-
material and a dielectric surface. Spectral dispersion of the total
optical force [under illumination from free space as illustrated inset
to Fig. 2(b)] for different values, as labeled, of (a) dielectric refractive
index n (at A = 20 nm) and (b) gap size i (n = 2.5). Insets show peak
optical force as a function of n and A, respectively.

surface. As the eigenfrequencies of a metamaterial are always
redshifted relative to their free-space values when the structure
is close to or embedded in another medium with a refractive
index exceeding unity, the closest possible presence of such
a medium is energetically preferable. As a consequence, the
resonant evanescent force between a metamaterial and nearby
surface is always attractive.

Both the radiation pressure and evanescent forces are
stronger when the metamaterial is illuminated through the
dielectric than when light is incident on the structure from
free space. In particular, higher values of |F,| (stronger
evanescent fields between metamaterial and dielectric) are a
consequence the metamaterial’s higher absorption coefficient
under illumination through the dielectric®” (the increase in | F, |
being proportional to that in A).

Figure 3 shows the dependence of total optical force on
dielectric refractive index n and gap size h for free-space
illumination [as in Fig. 2(b)]. As the refractive index of
the dielectric increases from n = 1 to 4, the magnitude of
the optical force increases and the resonance red-shifts. A
similar trend is seen with decreasing gap size: At 1 = 5 nm
the evanescent force is 33 times stronger than the radiation
pressure. Both trends reflect the strong influence of near-field
environment on the metamaterial resonances.
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FIG. 4. (Color online) Optical forces between a plasmonic meta-
material and a metallic surface. (a) Normal incidence reflection R and
absorption A spectra of a 50 nm thick gold metamaterial located at a
distance # = 20 nm from a gold surface (incident light propagation in
the —z direction as defined inset). The insets show the metamaterial
unit cell geometry and a map of the normalized magnetic field
intensity distribution at the 1095 nm resonance wavelength for a
cross-section along the dashed line in the y-z plane. (b) Evanescent
F,, radiation pressure F,, and total optical force F acting on the
metamaterial. The inset shows peak optical force as a function of
gap size h and the corresponding dependence on /4 of the Casimir
force between two perfectly conducting plates (scaled assuming
I =50 mW/um?).

Near-field optical forces are even greater at metallic
surfaces. In this case we consider a metamaterial comprising
a square array of rectangular slots [see inset to Fig. 4(a)].
With a metallic backplane this structure supports a “magnetic
resonance” (where anti-asymmetric currents are excited in
the metamaterial and backplane) at which light is trapped
[see inset to Fig. 4(b)] and strongly absorbed. Indeed, similar
systems have previously been analyzed for “perfect” absorp-
tion applications.>!* Figure 4 shows the normal incidence
reflection and absorption spectra of the structure and the
dispersion of the optical forces acting on the metamaterial film.
In this case the magnitude of the total optical force reaches
~50P /c at the absorption peak around 1095 nm.

It is interesting to compare the enhanced optical forces
between a metamaterial and metallic surface with the force
of gravity on the metamaterial film. The gravitational force
on a 50 nm thick gold film is of order 1 x 10~ N/um?.
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An optical force of the same magnitude can be achieved
between a metallic (gold) surface and a metamaterial 20 nm
away when the metamaterial is illuminated at the 1095 nm
resonant wavelength at an intensity of around 60 nW/um?.
Under such conditions the optical force will be sufficient
to pull a metamaterial against gravity toward a surface. At
shorter distances the pulling force becomes even stronger
but other micro/nanoscale forces also become important. The
Casimir force F, = —(m°hc)/(240d*) between two perfectly
conducting plates separated by 20 nm is (at ~8 nN/um?)
equivalent to the optical force achieved at the same separation
between a gold metamaterial and planar gold surface for an
illumination intensity / of approximately 50 mW/um? [see
inset to Fig. 4(b)]. However, for a perforated real metal thin
film the Casimir force may easily be an order of magnitude
smaller than the above estimate,* ¢ in which case it would
be surpassed by the near-field optical force at much lower
intensities.

Indeed, as the Casimir and near-field forces depend dif-
ferently on distance—F, oc h=* (or h~3 for realistic metal-
lic plates at values of A smaller than the metal’s plasma
wavelength35 Ywhile F, o Ie~"/? (where a is the characteristic
dimension of the nanostructural pattern)—above a threshold
value of intensity / there will be a range of distances 4 where
the near-field force is dominant, and this range will broaden
with increasing intensity. As a result, the near-field force is
likely to prevail where conditions such as surface roughness
limit the proximity of two objects.

With regard to the experimental observation of the evanes-
cent force described here, photonic metamaterials can readily
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tolerate mW /um? illumination intensities under which F,
would exceed the gravitational force by several orders of
magnitude. The great advantage of this near-field force for
nanoscale manipulation is that it depends on both light inten-
sity and wavelength, thereby offering dynamic controllability
and spectral selectivity. Such forces could manifest themselves
in a variety of resonant structural configurations including,
for instance, single metamolecules or plasmonic elements and
may serve applications in optical trapping/tweezing and in
the control of light with light via optically reconfigurable
metamaterials. For example, an optical fiber scanning probe
tip capped with a plasmonic metamaterial may be employed
to pick up and reposition individual nano-objects; an array of
optically switchable adhesion elements may dynamically con-
trol patterns of particles/flakes; optically tuning the position
of a metamaterial elastically suspended near a metal surface
(varying illumination intensity to adjust the balance between
near-field and mechanical forces) will deliver broadband
changes in the reflectivity of the structure.

In summary, we have demonstrated that the attractive
near-field optical forces between a nanostructured plasmonic
metamaterial film and a dielectric or metal surface can greatly
exceed the associated radiation pressure and outstrip the
Casimir forces. This force is sufficient to overcome gravity
at illumination intensities of just a few tens of nW/um?.
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From metamaterials to metadevices
Nikolay I. Zheludev'?* and Yuri S. Kivshar®

Metamaterials, artificial electromagnetic media that are structured on the subwavelength scale, were initially suggested for
the negative-index ‘superlens'. Later metamaterials became a paradigm for engineering electromagnetic space and control-
ling propagation of waves: the field of transformation optics was born. The research agenda is now shifting towards achieving
tunable, switchable, nonlinear and sensing functionalities. It is therefore timely to discuss the emerging field of metadevices
where we define the devices as having unique and useful functionalities that are realized by structuring of functional matter
on the subwavelength scale. In this Review we summarize research on photonic, terahertz and microwave electromagnetic
metamaterials and metadevices with functionalities attained through the exploitation of phase-change media, semiconductors,
graphene, carbon nanotubes and liquid crystals. The Review also encompasses microelectromechanical metadevices, metade-
vices engaging the nonlinear and quantum response of superconductors, electrostatic and optomechanical forces and nonlinear

metadevices incorporating lumped nonlinear components.

considered as a means of engineering the electromagnetic

response of passive micro- and nanostructured materials by
engaging resonance excitations such as localized plasmonic modes.
Remarkable results have been achieved in this way: they include,
for instance, negative-index media that refract light in the opposite
direction from that of conventional materials, chiral materials that
rotate the polarization state of light hundreds of thousands of times
more strongly than natural optical crystals, and structured thin
films with remarkably strong dispersion that can slow light in much
the same way as resonant atomic systems with electromagnetically
induced transparency.

The ever-increasing demand for faster information transfer and
processing drives efforts to remove the bottleneck between fibre-
based optical telecommunication networks and electronic data han-
dling and routing, improving data storage and developing parallel
data processing operating in a compact space. Fulfilment of these
tasks will require strong and fast nonlinearities for switching light
with light, and much improved control of the electromagnetic prop-
erties of matter with external stimuli such as electric signals.

In this Review we illustrate that many of these functionalities
may be greatly enhanced by hybridizing functional matter with
metamaterials, by exploiting nonlinearity of the metamaterial
framework itself, and by taking advantage of the changing balance
of forces in systems with building blocks smaller than the wave-
length of light. This leads to the concept of metadevices, a logical
extension of the metamaterial paradigm, where interactions are
nonlinear and responses are dynamic. Here we envisage that the
future platform for highly integrated electromagnetic signal pro-
cessing and distribution will emerge that will combine nonlinear,
memory and switchable functionalities with transformation optics’
ability to guide light via the engineered electromagnetic space, using
metamaterials with spatially variable parameters.

For some years the metamaterials paradigm has mostly been

Reconfigurable metadevices

Active tunability and switching of electromagnetic characteristics
of metamaterials can be achieved by altering the shape of indi-
vidual metamolecule resonators, or by manipulating the near-field
interactions between them. The latter can be attained by changing

the relative position of rows of the metamolecular structure! or by
displacing arrays of metamolecules forming a three-dimensional
metamaterial lattice® (Fig. 1a).

The potential of microelectromechanical systems (MEMS) for
electromagnetic metamaterials was initially recognized for the
tuning of transmission lines**. Shortly after the first publications
on MEMS filters, microelectromechanical actuators were applied
to reconfigure metamolecules®, in the expectation that controlling
the resonant properties of the individual elements could be used
to make tunable negative-refractive-index metamaterial arrays.
Reconfigurable metamaterials at terahertz frequencies were first
produced by fabricating planar arrays of split-ring resonators on
bimaterial cantilevers designed to bend out of plane in reaction to
a thermal stimulus (Fig. 1b). A marked change of the electric and
magnetic response was observed as the split-ring resonators syn-
chrously reoriented within their unit cells®. Similar thermally acti-
vated structures may be used in infrared and terahertz detectors.
A number of terahertz metamaterial designs with electrically acti-
vated MEMS switches have since been demonstrated®®. One of the
most elaborate designs is an array of pairs of asymmetric split-ring
resonators, one fixed to the substrate and the other patterned on
a movable frame’® (Fig. 1c). Here the reconfigurable metamaterial
and the supporting structures (microactuators, anchors, support-
ing frames and so on) are fabricated on a silicon-on-insulator wafer
using deep reactive-ion etching. By adjusting the distance between
the two rings using the micromachined actuators, the strength of
dipole-dipole coupling can be tuned continuously, allowing efhi-
cient tailoring of the electromagnetic response. The reconfiguration
of metamolecules also allows switching of polarization eigenstates
of this anisotropic metamaterial.

Terahertz metamaterial structures that use flexing microelec-
tromechanical cantilevers to tune the resonance frequency were
suggested recently'. The cantilevers are coated with a magnetic
thin film that can be actuated by an external magnetic field, ena-
bling continuous control of the resonance frequency over a large
frequency range'’. Manufacturing arrays of plasmonic resonators
on flexible, stretchable polymer substrates offers a practical way
to dynamically tune the response of photonic metamaterials'***3,
and also allows them to be fabricated on curvilinear shapes

'Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, UK; ?Centre for Disruptive Photonic Technologies, Nanyang
Technological University, Singapore 637378, Singapore; *Nonlinear Physics Centre and CUDOS@ANU, Australian National University, Canberra
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Figure 1| Reconfigurable metamaterials. a, A metamaterial that is tuned
by shifting the metamolecular planes of the lattice by da relative to each
other (artist's impression)?. b, Arrays of metamolecules of a terahertz
metamaterial are switched from one configuration to the other by thermal
activation (scanning electron micrograph, SEM)®. ¢, Terahertz metamaterial
can be dynamically tuned by manufacturing the metamaterial array on

a MEMS-driven silicon platform®. Inset: SEM showing the metamolecule
consisting of static and movable split rings. d, Photonic metamaterials
manufactured on polymer films can be tuned by manipulation of resonator
components by stretching the substrate". E (H) shows the direction of the
incident electric (magnetic) field. e, Schematic impression of a microwave
metamaterial that can be switched by injecting liquid metallic mercury
into the capillary array in the shape of split-ring resonators'. f, Plasmonic
metamaterials manufactured on dielectric strings cut from a silicon nitride
membrane can be driven electrostatically to megahertz frequencies'. The
inset is an SEM that shows a fragment of the array at the terminal end.
Figure reproduced with permission from: a, ref. 2, © 2009 AIP; b, ref. 6,

© 2009 APS; ¢, ref. 9, © 2011 Wiley; d, ref. 11, © 2010 ACS; e, ref. 14,
©2009 AIP; f, ref. 15, © 2012 OSA.

(Fig. 1d). Microfluidics can also be used to reconfigure microwave
metadevices when a conductive liquid (such as mercury) is injected
into the network of metamolecules, changing their electromagnetic
spectra' (Fig. le).

Engineering dynamically reconfigurable photonic metamateri-
als with metamolecular features on the scale of tens of nanometres
is a formidable technological challenge. However, working on the
nanoscale also has some important advantages. The elastic forces
and the forces of inertia acting on metamaterial elements scale
differently with size in such a way that the mechanical frequen-
cies of the system reach high values for submicrometre structures.
Moreover, the electrostatic force, which is inversely proportional to
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the distance, becomes the dominant force at the nanoscale: potential
differences of only a few volts induce a force that can overcome the
elastic response of a metamaterial framework. A photonic metama-
terial driven by electrostatic forces' has been developed, consist-
ing of a gold plasmonic nanowire pattern fabricated on a dielectric
membrane (Fig. 1f). Operating in the optical telecommunication
range of wavelengths, it can be used as a megahertz-bandwidth
modulator consuming only a few microwatts of power and can
also perform non-volatile switching, providing high-contrast
transmission change.

It is clear that the technological solutions developed in MEMS,
NEMS and micro/nanofluidics technologies will have considerable
impact on metadevices in the future. The mechanical oscillation fre-
quencies of nanoscale components could be in the gigahertz range,
allowing properly engineered arrays of metamolecules based on
subwavelength-sized cantilevers to be driven at high bandwidth. In
some applications this approach can directly compete with electro-
optical modulators, simultaneously offering low-voltage operation
and lending itself to high-density integration.

Electro-optical metadevices

An active metadevice capable of efficient real-time control of
radiation with electric signals was first developed for the terahertz
part of the spectrum'. It consisted of a gold metamaterial array
fabricated on a semiconductor substrate. The array and substrate
together effectively formed a Schottky diode, where dielectric prop-
erties of the substrate can be controlled by injection and depletion
of carriers. An electric signal applied to the metamaterial affects the
high-frequency conductivity of the substrate in critical areas near
the metamolecules and thus affects their resonant response (Fig. 2a).
This approach allows modulation of the terahertz transmission by
50%. These types of hybrid metamaterial devices offer frequency
and modulation bandwidth potentially up to 10 MHz (ref. 17). A
multi-pixel 4 x 4 voltage-controlled spatial modulator for tera-
hertz beams has been developed using this type of active terahertz
metamaterials (Fig. 2b). In the modulator each pixel is an array of
subwavelength-sized split-ring resonator elements fabricated on a
semiconductor substrate, and is independently controlled by apply-
ing an external voltage. The spatial modulator has a uniform modu-
lation depth of around 40% and negligible crosstalk at the resonant
frequency. It can operate at room temperature under small voltages,
with low power consumption'®. Researchers have also demonstrated
that carrier photogeneration in the silicon substrate supporting a
chiral terahertz metamaterial can lead to a switching of its optical
activity in the form of reversed circular dichroism®.

A very substantial change in the dielectric properties of a nano-
metre-thick layer may be achieved in conductive oxides through
the injection of free carriers, which should be enough to control
resonant transmission in a hybrid metamaterial®. Ferroelectrics
can also be engaged in tuning a metamaterial response?. Graphene
(Fig. 2¢) is another favourite for constructing metamaterials?* with
electro-optical capability, in particular in the infrared and terahertz
domains, by exploiting the modification of the electromagnetic
response by an applied voltage*. Such a terahertz electro-optical
modulator, consisting of engineered graphene microribbon arrays,
was recently demonstrated (Fig. 2d)**. The graphene plasmon reso-
nances were reported to have remarkably large oscillator strengths,
resulting in prominent room-temperature optical absorption peaks.
Moreover, the graphene’s response can be tuned over a broad tera-
hertz frequency range by electrostatic doping.

The main advantage that metamaterial technology can bring to
electro-optical modulation is achieving deep modulation in thin,
often subwavelength, metadevices. In many cases such metadevices
can operate at low voltages, which is clearly a competitive advantage
over conventional technology exploiting bulk and expensive electro-
optical crystals.
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Liquid-crystal metadevices

Tunability and a strongly nonlinear response can be achieved in
metamaterials by infiltrating them with liquid crystals®. Electrical
control of negative permeability in microwave metamaterials infil-
trated with nematic liquid crystals was experimentally demonstrated
for a periodic array of split-ring resonators®, showing a reversible
change of the transmission resonance with a maximum shift of
about 210 MHz (Fig. 2e). A similar approach was later applied to
demonstrate the tunability of wire-pair”” and fishnet?® microwave
metamaterials, where the external electric field changes the orienta-
tion of infiltrated molecules, leading to an effective index variation
within the negative-index regime. In a similar way, the tunability
can be achieved with magnetic field®.

Mastering control in the near-infrared and optical regimes is a
much harder task, but thermal® and ultraviolet-irradiation-induced
tunability of optical metamaterials with liquid crystals has been
shown experimentally®'. Light-induced control of fishnet metama-
terials infiltrated with liquid crystals was also achieved recently?*
using a metal-dielectric (Au-MgF,) sandwich nanostructure on a
glass substrate infiltrated with a nematic liquid crystal (Fig. 2f). In
such a device the transmission can be modulated up to 30% by both
the electric voltage and incident optical power at the telecommuni-
cations wavelength of 1,550 nm.

Liquid crystals are a robust, proven and affordable technology
offering a highly practical solution for controlling metamaterial
devices when ambient temperatures and speed of operation are not
critical issues, given that in most liquid crystals the response relaxa-
tion time is in the millisecond ballpark.

Phase-change metadevices

A radical change in the arrangement of atoms is called a structural
phase transition, or phase change. Phase-change functionality of
semiconductor chalcogenide glass has been used for decades in opti-
cal compact disks and DVDs, where the rewritable memory function
is underpinned by a transition from amorphous to crystalline phase.
Phase-change functionality in polymorphic metals can also provide
a way to achieve nanoscale optical and plasmonic switching devices
that can be fast and require little energy to activate®. Depending on
the regime of stimulation and confinement of the active medium,
phase changes can be either reversible or irreversible.

The first phase-change nanocomposite material for nonlinear
optics and nonlinear plasmonics was created by grain-boundary
penetration of gallium into the network of domains of an alumin-
ium film*. Here, continuous and reversible changes occur through
the intermediate coexistence of two different phases of gallium™®.
The change may be induced in a few picoseconds, and it relaxes back
on a timescale of microseconds or nanoseconds. This optically and
temperature-driven composite metamaterial forms a mirror-like
interface with silica and shows an exceptionally broadband phase-
transition-based switching response to optical excitation. It operates
from the visible to near-infrared part of the spectrum and exhibits
~20% reflectivity change at optical fluence of about 1.5 mJ cm= with
sub-100-ns response time.

Another important example of a phase-change medium is vana-
dium dioxide (VO,), which shows a phase transition of a percolative
nature in which 5-10-nm metallic puddles emerge and grow in the
insulating host (Fig. 3a). It has attracted considerable attention as an
active medium for hybrid metamaterial structures®. Hybridizing
vanadium dioxide with a metamaterial shows 20% temperature-
activated tuning of the transmission in the terahertz range. Similar
switching has also been demonstrated in the near-infrared using a
dual-bar gold metamaterial array®. A form of electrically activated
memory function and persistent frequency tuning of a metamate-
rial, which allows lasting modification of its response by using a
transient stimulus, have also been demonstrated in a hybrid VO,
metadevice in the terahertz part of the spectrum®.
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Figure 2 | Electro-optical and liquid-crystal metadevices. a, A terahertz
metamaterial modulator fabricated on a semiconductor substrate (artist's
impression) can be controlled by injection and depletion of carriers in
response to an electric bias'®. A vertical cross-section of the metamaterial
structure near the resonator gap is shown below. b, Terahertz spatial light
modulator based on metamaterial array elements that are individually
addressable by electrical signals™. ¢, Graphene covering a metamaterial
strongly modifies its plasmonic spectrum. A helium ion microscope
image shows a fragment of the gold nano-slit array partially covered by
graphene??”!. d, Right: A terahertz electro-optical modulator consisting of
graphene microribbons with electrical terminals on a dielectric substrate
(artist's impression)?*. Left: An atomic force microscope image of the
graphene array. S and D are the source and drain terminals. e, A negative-
permeability microwave metamaterial consisting of an array of split

rings infiltrated with nematic liquid crystals (artist’s impression) can be
continuously and reversibly adjusted by an applied electric field?. ITO,
indium tin oxide. f, Optical nonlinearity of photonic fishnet metamaterials
(artist's impression) infiltrated with nematic liquid crystal (LC). The
material’s optical properties can be tuned by an electric field*. Figure
reproduced with permission from: a, ref. 16, © 2006 NPG; b, ref. 18,

© 2009 AIP; ¢, ref. 71, © 2011 AIP; d, ref. 24, © 2011 NPG; e, ref. 26,

© 2007 AIP; f, ref. 32, © 2012 AIP.

Combining the phase-change technology of chalcogenide glass
semiconductors with metamaterials is a promising direction that
offers high-contrast, near-infrared, electronically and optically
addressable gating and switching. Its technological importance lies
in the wide availability of chalcogenide glass production for optical
data storage and the potential of integration with the future silicone
and chalcogenide glass photonics technologies. Switching has been
demonstrated by exploiting the frequency shift of a narrowband
Fano resonance mode of a plasmonic planar metamaterial that

919

© 2012 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3431

REVIEW ARTICLE

NATURE MATERIALS pol: 10.1038/NMAT3431

Su?:stgate: Metamaterial
arz Au:50 nm

YBCO
LSMO

YBCO
LSMO

YBCO 9.3nm
LSMO  26.1nm

LSAT

284 nm

Control
signal

Figure 3 | Phase-change and superconducting metadevices. a, Metal-oxide
memory hybrid-metamaterial device exploiting the temperature-driven
phase transition of a vanadium oxide film (artist's impression)*°. FTIR,
Fourier transform infrared spectroscopy. b, Structure of the metamaterial
all-optical switch using phase-change chalcogenide glass GST: the hybrid
device consists of a planar gold plasmonic metamaterial on a silicon nitride
membrane, covered with chalcogenide glass*. ¢, Negative-refraction,
millimetre-wave metamaterial nanostructure based on ferromagnet-
superconductor superlattice®. YBCO, yttrium barium copper oxide;

LSMO, lanthanum strontium manganese oxide. d, A spiral metamolecule
made from superconducting niobium is about 700 times smaller than

its resonance wavelength®, e, Controlling sub-terahertz transmission

of niobium superconducting metamaterial with electric current running
through the network of metamolecules (inset shows optical image

of the network of metamolecules connected by the control wire)>>.

f, Millimetre-wave quantum metamaterial exploiting the flux exclusion
effect in superconductors manufactured from high-critical-temperature
superconductor YBCO (profile image)®'. Figure reproduced with permission
from: a, ref. 40, © 2009 AAAS; b, ref. 41, © 2010 AIP; ¢, ref. 52, © 2005 APS;
d, ref. 53, © 2011 IEEE; e, ref. 55, © OSA; f, ref. 61, © 2012 NPG.

was induced by a change in the dielectric properties of an adjacent
200-nm-thick film of chalcogenide glass*. The material used was
a new gallium lanthanum sulphide chalcogenide glass, which was
bistable and silicon-on-insulator compatible. An electrically stimu-
lated transition between amorphous and crystalline forms of the glass
brings about a 150-nm shift in the near-infrared resonance, provid-
ing transmission modulation with a contrast ratio of 4:1 in a layer
of subwavelength thickness. One of the advantages of this technol-
ogy is that devices may be structurally engineered to operate at any
wavelength throughout the visible and infrared spectral range down
to 11 pm. Recently, fully reversible bidirectional optically activated
switching has been demonstrated in a gold plasmonic nanostructure
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combined with a conventional germanium-antimony-tellurium
(GST) chalcogenide glass*, making this technology compatible
with real-world photonic applications (Fig. 3b).

Phase-change technology is gaining recognition in photonics
applications. When non-volatile switching is required, its combi-
nation with metamaterials offers high contrast switching response
with response times as low as nanoseconds and beyond® in devices
of subwavelength thicknesses.

Superconducting metadevices

Negative dielectric constants and the dominant kinetic resist-
ance make superconductors an intriguing plasmonic medium*.
Applications of superconducting metamaterials are, however, lim-
ited to the microwave domain for niobium-based metamaterials,
and to the terahertz spectral domain if high-temperature super-
conductors are used. This is because higher frequencies destroy the
superconducting phase.

Researchers have demonstrated the fabrication of microwave
and terahertz metamaterials where superconductors replace met-
als in conventional metamaterial designs. This includes the use of
niobium* and patterned high-critical-temperature perovskite-
related cuprates and niobioum nitride*'. Negative refraction in a
multilayer stack of ferromagnetic and superconducting thin films
(Fig. 3¢) has also been demonstrated™. Because a niobium thin film
shows low losses at cryogenic temperatures, it allows the develop-
ment of a metamaterial with extremely compact metamolecules that
are as small as 1/658 of the free-space wavelength and have reso-
nances with quality factors in excess of 5,000 (ref. 53; Fig. 3d).

Tuning of metamaterial resonances by temperature and external
magnetic field is easy to achieve®******, A superconducting meta-
material in the form of an interlinked network of subwavelength
resonators can also be dynamically controlled by passing electrical
current through it*: using a niobium metamaterial it was possible to
achieve 45% intensity modulation at a carrier frequency of 100 GHz
(Fig. 3e). The mechanism underpinning this functionality is a com-
bination of the suppression of superconductivity by magnetic field
and heat created by the control current. Superconducting metama-
terials can be used in temperature-controllable slow light devices*
and other applications®.

Moreover, in superconducting metamaterials, it will be possible
to switch from the plasmonic excitations of conventional metamate-
rial devices to quantum excitations underpinned by flux quantization
and quantum interference effects. Indeed, the iconic object of meta-
materials research — the ubiquitous split-ring metamolecule — has
much in common with the fundamental superconductive element,
the Josephson junction ring. An array of Josephson rings could be a
truly quantum metamaterial, where each metamolecule is a multilevel
quantum system supporting phase qubits®>-®. However, Josephson
junction devices require extremely high-quality nanofabrication and
sub-kelvin temperatures. It was recently suggested® that a much sim-
pler quantum superconducting metamaterial could be constructed
that would exploit the magnetic flux quantization for switching, but
would not require Josephson junctions (Fig. 3f). This metamaterial
is an array of split-ring resonators enclosing a nest of superconduct-
ing rings®. To achieve a quantum regime of switching, it exploits the
quantum exclusion of the oscillating magnetic field penetrating the
superconducting rings when a magnetic field is generated by the cur-
rent in the outer split ring driven by the incident wave.

A superconducting metamaterial can also be used to control
static magnetic fields®**. An anisotropic magnetic metamaterial
consisting of an array of superconducting plates can be used for
non-intrusive screening of weak d.c. magnetic fields. Moreover,
a purposely designed cylindrical superconductor-ferromagnetic
bilayer can cloak uniform static magnetic fields®.

Superconducting metamaterials offer a radically new base
for data processing and quantum information technologies.
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Superconductors not only provide far lower losses, but also allow
access to the extreme sensitivity of the superconducting state to exter-
nal stimuli such as heat, electric and magnetic fields, light, current
and mechanical stress. The cryo-cooling requirement is no longer
a serious technological limitation as compact cryo-devices are now
widely deployed in telecommunications and sensing installations.

Ultrafast photonic metadevices

Metamaterials in which metal nanostructures are hybridized with
nonlinear and switchable dielectric or semiconductor layers and
controlled by ultrafast optical pulses provide much faster switch-
ing than is attainable with MEMS/NEMS repositioning of parts,
phase-change or voltage-driven carrier injection, liquid crystals or
superconductivity modulation. A change in the refractive index or
absorption in the layer adjacent to a plasmonic metamaterial array
induced by the intense light modifies the plasmon spectrum of the
nanostructure. This can lead to a strong change in the resonant
transmission and reflection of the hybrid. Prime candidates for
hybridization with metamaterials are semiconductors and semi-
conductor multiple-quantum-well structures used as substrates for
a metallic framework, carbon nanotubes and graphene implanted
into the fabric of the metamaterials.

The interaction of ultrafast optical pulses with metamaterial was
initially studied for optical modulation of their terahertz responses:
shunting the capacitive region of the metallic split-ring network by
injecting optical carriers into the supporting ErAs/GaAs superla-
ttice leads to a deep modulation of terahertz transmission char-
acteristics of the planar metamaterial, with recovery time on the
picosecond scale®®”.

In the optical part of the spectrum the plasmonic resonance
field enhancement created by the metamaterial network may be
used to enhance the nonlinear response of the adjacent dielectric
or semiconductor layer®® (Fig. 4a). A threefold improvement of
pump-probe response was observed in the near-infrared part of the
spectrum in a fishnet metamaterial manufactured on an a-silicon
substrate exhibiting up to 60% light-induced modulation at an
excitation fluence of about 0.5 mJ cm™2. Here the relaxation of non-
linearity is controlled by the electron relaxation time and happens
within 2 ps (ref. 68).

Semiconductor carbon nanotubes are highly nonlinear media in
their own right, where nonlinearity is associated with the optical
saturation of excitonic transitions. Hybridization of single-walled
carbon nanotubes with plasmonic metamaterials makes a pho-
tonic medium with an exceptionally strong ultrafast nonlinearity
operating in the regime of plasmon-exciton coupling” (Fig. 4b).
More than tenfold enhancement of the nonlinearity of nanotubes
was achieved in a plasmonic nanostructure supporting Fano-type
resonances, so a fluence of only 40 pJ cm™ can create a 10% optical
modulation with relaxation time less than 500 fs.

If the nonlinearity of carbon nanotubes has an essentially
resonant nature, graphene is highly attractive as a medium with
extremely broadband and fast nonlinear response. Unfortunately
the achievable nonlinear transmission changes of atomic-thickness
graphene films (which absorb only about 2% of incident light) are
very small, in the region of 107, even at intensities close to optical
breakdown. The broadband nonlinear optical response of graphene
can, however, be resonantly enhanced by more than an order of
magnitude through hybridization with a plasmonic metamaterial®,
while retaining an ultrafast response time of about 1 ps (ref. 71).
Transmission modulation close to 10% has been seen at a pump flu-
ence of 30 uJ cm™ (ref. 71). This approach allows the engineering of
graphene’s nonlinearity at a prescribed wavelength within a broad
wavelength range, enabling applications in optical switching and
pulse shaping.

In terms of data-processing applications, one of the most
important figure of merit is the product of the fluence necessary to
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Figure 4 | Ultrafast metadevices, varactor metamaterials and
electromagnetic forces. a, A fishnet photonic metamaterial with
sub-picosecond optical response exploits fast carrier dynamics in

the a-Si substrate®. b, A plasmonic metamaterial functionalized with
carbon nanotubes shows strong sub-picosecond exciton-plasmon
nonlinearity in the near-infrared part of the spectrum’®. ¢, A nonlinear
magnetic metamaterial with lumped varactor diodes embedded in the
metamolecules’®. Inset: a unit cell of the metamaterial before deposition
of carbon nanotubes. d, Nonlinear electric metamaterials with varactor
diodes®. e, A magnetoelastic metamaterial®® is driven by the Ampeére's
force between excited metamolecules. Artist's impression of a metamaterial
slab before (top) and after (bottom) illumination with light (the red arrows
indicate the electromagnetic forces acting between the metamaterial
elements). f, Optical gecko toe: artist’s impression of a metamaterial film
attracted by a beam of light to a dielectric surface'. Figure reproduced
with permission from: a, ref. 69, © 2009 ACS; b, ref. 70, © 2010 APS;

¢, ref. 78, © 2008 OSA; d, ref. 80, © 2009 AIP; e, ref. 99, © 2012 NPG;

f, ref. 102, © 2012 APS.

create an acceptable modulation contrast and the recovery time of
response. Remarkably, in the optical part of the spectrum the metal
metamaterial framework itself provides a source of nonlinearity
that delivers one of the best performances. Indeed, metamaterial
nanostructuring of a thin gold film increases the two-photon inter-
band resonant absorption nonlinearity 300-fold, creating arguably
one of the fastest and brightest nonlinear optical medium currently
known’%. Moreover, depending on the spectral position with respect
to the plasmonic resonance, nonlinearity may change sign, thus
switching from nonlinear dissipation to enhanced transmission. At
a fluence of about 270 yJ cm™, modulation of up to 40% can be
achieved with a recorded relaxation time that has a fast component
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of about 100 fs (ref. 72). Enhanced nonlinearity of a gold meta-
material has been used to demonstrate a giant effect of intensity-
dependent polarization rotation that is millions of time stronger
than previously observed in natural crystalline materials™.

In metals, optical excitation close to the edge of the Fermi level
also offers a strong, but more slowly relaxing, nonlinear response.
In this regime a metal nanowire metamaterial provides a 1-ps
relaxation time with a good modulation contrast’™ at fluence of
7 mJ cm™.

Strong and fast nonlinearities are needed for controlling light
with light because, according to the fundamental Huygens super-
position principle, light beams travelling in a linear medium will
pass though one another without mutual disturbance. Indeed, the
field of photonics is based on the premise that controlling light sig-
nals with light requires intense laser fields to facilitate beam inter-
actions in nonlinear media, where the superposition principle can
be broken. This premise was recently challenged with help of a
plasmonic metamaterial”: it was demonstrated that two coherent
beams of light of arbitrarily low intensity can interact on a meta-
material layer of nanoscale thickness in such a way that one beam
modulates the intensity of the other. The interference of beams can
eliminate the plasmonic Joule losses of light energy in the metama-
terial or, in contrast, can lead to almost total absorption of light.
Applications of this phenomenon may lie in ultrafast all-optical
pulse-recovery devices, coherence filters and terahertz-bandwidth
light-by-light modulators.

Enhancement of ultrafast nonlinearities with metamateri-
als arguably offers the brightest and fastest nonlinear media with
potential ground-breaking applications for terahertz-rate all-opti-
cal data processing as well as ultrafast optical limiters and laser
saturable absorbers.

Nonlinear metadevices with varactors

Tuning metamaterials by taking advantage of the nonlinear response
of lumped elements integrated into metamolecules of left-handed
metamaterials was first suggested theoretically’®”” and later imple-
mented experimentally’®”. A similar approach has been explored
for other types of metamaterial systems'”**, For instance, reso-
nance of the split-ring metamolecule can be controlled by adding
the capacitance of a varactor diode in series with the distributed
capacitance of the resonator when placed at a point of maxima in
the electric currents®®. At low powers a split ring with embedded
varactor exhibits nonlinearity of the second and third order®*,
whereas at higher powers the nonlinear response becomes multi-
valued or bistable®**’.

An example of a nonlinear magnetic metamaterial operating at
microwave frequencies is shown in Fig. 4c. Here the varactor diodes
are placed in each element of the composite structure®®. By select-
ing the operating frequency to be near resonance, one can dynami-
cally change the transmission properties of the metamaterial, for
instance from opaque to transparent, by varying the input power.
If a point-like dipole source is placed near the metamaterial, the
metamolecules closer to the source will experience stronger fields,
making the metamaterial more transparent, which can be seen as
beaming of radiation emerging from the metamaterial®. A similar
approach has been applied to the design of a tunable nonlinear elec-
tric response® (Fig. 4d).

Intensity-dependent (nonlinear) polarization rotation can also
be achieved with a varactor-based chiral metadevice®. This polar-
ization effect is almost negligible in any natural crystals, whereas
in the nonlinear metamaterial the response of the structure has
strongly resonant features caused by the excitation of currents in
the left-handed metamolecule by the left-handed circularly polar-
ized wave. At the same time, the right-handed circularly polarized
wave does not noticeably excite any resonances in the structure.
Changing the power of the incident wave shifts the resonance of
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the gyrotropic response to a higher frequency, and also leads to
asymmetric transmission in the forward and backward directions®.

The quadratic nonlinear response of the varactor-loaded meta-
materials® can be used in various parametric processes, including
phase conjugation®, three- and four-wave mixing”, and second-
harmonic generation in quasi-phase-matched” and doubly reso-
nant® structures. An unusual effect of phase matching between the
backward and forward waves can also be realized in metamateri-
als that display negative refraction, giving rise to a range of exotic
transmission and reflection features®. In applications that involve
second-harmonic generation in metamaterials, momentum conser-
vation can be satisfied in a process that creates backward harmonic
radiation®**. For other applications of lumped nonlinear devices in
metamaterials see references 96-98.

Integration of lumped electronic components with metamaterial
offers a highly efficient playground for modelling nonlinear
systems and also provides a straightforward way of developing
highly nonlinear and switchable media for the microwave part of
the spectrum.

Metadevices driven by electromagnetic forces

In metamaterials composed of an anisotropic lattice of resonant
elements, such as split-ring resonators or capacitively loaded ‘meta-
atoms) the currents induced in the resonators not only affect each
other through mutual inductance, but also result in Ampére’s force
between the resonators (Fig. 4e), which is attractive, provided
that the neighbouring currents are in phase. If the resonators are
allowed to move, this force will displace them from their original
positions, thus changing their mutual impedance, which in turn
affects the current amplitudes and interaction forces. The balance
is maintained by a restoring Hooke force, which originates from the
elastic properties of the host medium. It enables the electromagneti-
cally induced forces to change the metamaterial structure, dynami-
cally tuning its effective properties. Reconfigurable metamaterials
exploiting this force have been branded magnetoelastic metamateri-
als®. Related ideas involving conformational nonlinearity of chiral
spiral metamolecules'® and metamaterials with a gold nanowire
pairs have also been discussed recently'"".

A strong light-driven force may be generated when a plasmonic
metamaterial is illuminated in close proximity to a dielectric or
metal surface'® (Fig. 4f). This near-field force can exceed radia-
tion pressure and Casimir forces to provide an optically controlled
adhesion mechanism mimicking the gecko toe: at illumination
intensities of just a few tens of nanowatts per square microme-
tre, it is sufficient to overcome the Earth’s gravitational pull, thus
offering a new opportunity for designing metadevices driven by
electromagnetic forces.

The proliferation of nanostructured materials is magnifying the
role of electromagnetic forces. In the near future, these could become
a practical source of optical nonlinearity and photonic switching.

Outlook

Future technologies will demand a huge increase in photonic
integration and energy efficiency far surpassing that of bulk opti-
cal components and silicon photonics. Such a level of integration
can be achieved by embedding the data-processing and waveguid-
ing functionalities at the material’s level, creating the new paradigm
of metadevices. We argue that robust and reliable metadevices will
allow photonics to compete with electronics not only in telecommu-
nication systems, but also at the level of ‘Photonics Inside’ consumer
products such as mobile phones or automobiles. The main chal-
lenges in achieving this vision will be in developing cost-efficient
fabrication and device integration technologies.
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Microelectromechanical Maltese-cross
metamaterial with tunable terahertz anisotropy
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Dichroic polarizers and waveplates exploiting anisotropic materials have vast applications in
displays and numerous optical components, such as filters, beamsplitters and isolators.
Artificial anisotropic media were recently suggested for the realization of negative refraction,
cloaking, hyperlenses, and controlling luminescence. However, extending these applications
into the terahertz domain is hampered by a lack of natural anisotropic media, while artificial
metamaterials offer a strong engineered anisotropic response. Here we demonstrate a
terahertz metamaterial with anisotropy tunable from positive to negative values. It is based
on the Maltese-cross pattern, where anisotropy is induced by breaking the four-fold
symmetry of the cross by displacing one of its beams. The symmetry breaking permits the
excitation of a Fano mode active for one of the polarization eigenstates controlled by
actuators using microelectromechanical systems. The metamaterial offers new opportunities
for the development of terahertz variable waveplates, tunable filters and polarimetry.
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filters and polarization components, anisotropic media was

suggested for the realization of various 1mportant novel
ideas, including negative refractlon , cloaking®*, hyperlenses>®
and controlling luminescence”8. However, although asymmetrles
of crystalline lattices and their constiuent molecules often result
in optical anisotropy of natural materials, it is very difficult to find
the required values of optical anisotropy for a prescribed
wavelength, in particular in the far-infrared and terahertz parts
of the spectrum. On the contrary, metamaterials can be rationally
designed to achieve optical anisotropy®~!° that can also be altered
by changing the refractive index of the surrounding medium?°-23
or by emplying electrical or thermal effects in liquid crystals?*2>,
At the same time, substantial progress has been possible in
developing metamaterials with unit cells reconfigurable with
micro-actuators®6=3°, Here we report the active control of
anisotropy in the terahertz spectral region in a metamaterial
array of Maltese crosses driven by micro-actuators. By breaking
the four-fold symmetry of the cross, we show that it is possible to
tune linear birefringence and dichroism of the array between the
positive and negative values.

Recently, in addition to traditional applications in optical

Results

Tunable metamaterial with Maltese-cross-shaped unit cells.
The metamaterial presented here is a two-dimensional
square- lattlce array of Maltese crosses with unit cell of
28 x 28 um? (Fig. 1a). It is designed to operate in the terahertz
range of the spectrum and was characterized from 1 to 5THz.
The micro-actuator framework allowed for a simultaneous
reconfiguration of all unit cells in the array. This was achieved
by manufacturing one of the trapezoid metal beams in each
unit cell on a movable actuated silicon framework (coloured
green in Fig. 1). Three other beams of the Maltese cross are
fixed to the substrate (blue in Fig. 1). The movable beam of the
cross can be shifted away from the cross centre to a distance S up
to half of its length. Figure 1b-d shows the unit cell for $=0, 2.5
and 5um, respectively. The metamaterlal sample with an

overall size of approximately 1cm? (400 x 400 unit cells) was
fabricated on a silicon-on-insulator wafer as shown in Fig. 2a.
Figure 2b shows a close-up view of the unit cells, which
are formed by patterning a 0.5-um thick evaporated aluminium
layer. The design parameters are shown in Supplementary
Fig. S1.

Comb,drive

|
|

Figure 1 | Schematics of the micromachined Maltese-cross metamaterial.
(@) The unit cell consists of four trapezoid metal stripes, one of

which is located on the movable frames connected with the comb-drive
actuator (green). The rest of the unit cell is located on the isolated
islands (blue) fixed on the substrate. Inset shows the cross view of the unit
cell. (b,c,d) The evolution of the unit cell when the movable trapezoid is
shifted with the distance S=0, 2.5 and 5 um, respectively, is shown.

DRSSPI LSS N

[ e Movable ]

— et

——

Figure 2 | Scanning electron microscopy image of the micromachined
tunable metamaterial. (a) Overview of the unit cell array and comb
drive. (b) Zoomed view of the Maltese-cross-shaped unit cell

(the metal part is highlighted with false colour). The scale bars are

10 pm.
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When the four metal trapezoid beams are arranged into the
pattern of the Maltese cross that has a four-fold symmetry axis,
the metamaterial array exhibits no birefringence for normally
incident radiation. On the contrary, when the four-fold symmetry
of the design is broken by moving one of the beams off-centre,
the metamaterial retains a plane of symmetry and becomes
birefringent for normally incident light. We define the extra-
ordinary polarization (e-polarization) and ordinary polarization
(o-polarization) of this metamaterial with reference to the mirror
symmetry axis of the pattern (Supplementary Fig. S1). The
e-polarization is parallel to the line of symmetry, whereas the
o-polarization is perpendicular to it.

Experimental results on birefringence and dichroism. Optical
anisotropy of the sample is completely characterized by its linear
birefringence, and dichroism can be derived from its polarization-
sensitive transmission and phase retardation spectra. The
transmission spectra were measured by using an optical
pump-terahertz probe (OPTP) system for different levels of
asymmetry of the Maltese cross (Fig. 3). The experimental setup
and data analysis approaches are discussed in the Methods and
Supplementary Figs S2-S6. These measurements show that
indeed at zero displacement S, when the cross has a four-fold
symmetry, the metamaterial shows no dichroism: the recorded
absorption spectra for both the o- and e- polarizations are nearly
identical with the transmission peaks located at approximately

e- polarization

3.11 and 3.14 THz, respectively. Displacement of one of the beams
of the cross is signified by a strong modification of the transmission
spectrum for the e-polarization, including the appearance of a new
transmission peak >4 THz, whereas the transmission spectrum for
the o-polarization remains practically unchanged. The transmission
peak moves from 3.11 to 2.73 THz, when the beam displacement
changes from S=0 to 5pm. See more detail on variation of
dichroism in Supplementary Figs S7-S9.

Anisotropy of the metamaterial was also characterized by
measuring the differential phase retardation A® =@, — @, and
transmitted power ratio T/T, for e- and o-polarized waves as
functions of S (see Fig. 4). Large phase changes of the transmission
are observed at the frequency regions highlighted by grey colour as
shown in Fig. 3a—f, where the transmission powers are bounced
from the minimum to the maximum. Here the incident frequencies
are fixed at 3.0 and 4.6 THz, which are the transmission peak
frequencies at S=2.5um. However, large tunability of optical
anisotropy of both 3.0- and 4.6-THz incidence is observed either at
Opm<S<lpm or 4pum<S<5um, when the gap between the
movable beam and the fixed part is significantly small as shown in
Fig. 4. The optical anisotropy is changed abruptly, when the
movable beam is disconnected from the fixed ones. For f=3THz,
the phase difference is not sensitive to the shift distance S in
the range from 1 to 4pm. At the same time, the anisotropy
monotonically increased at the high frequency of f=4.6THz as
shown in Fig. 4b. The anisotropy is more sensitive to the shift

o- polarization
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Figure 3 | Measured transmission and phase spectra of the Maltese-cross metamaterial. The first and second columns represent e- and o-polarized
incident light, respectively. The blue solid lines and circular symbols show the numerical and experimental analyses of the transmission, respectively.
The red dotted line and square symbols show the numerical and experimental analyses of the phase, respectively. The first, second and third rows
show the spectra, when the shift distance is S=0pum (a,b), 2.5 um (¢, d) and 5um (e f), respectively. Rapid phase changes in the frequency domain are

highlighted in gray.
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Figure 4 | Measured phase difference and transmitted power ratio
between e- and o-polarized light as functions of the shift distance. (a,b)
The measurement results when the incident frequency is fixed at 3.0 and
4.6 THz, respectively, are shown. The measurement results and their trend
are shown by the symbols and lines, respectively.

distance S at 46THz than that at 3.0 THz. The tuning of the
anisotropy depends on the variation of the dipole resonance mode of
the Maltese cross, which is shown in Fig. 5. The transmission ratio
variation (T./T,) is approximately 1 and 1.2 for f=3 and 4.6 THz,
respectively. The effective refractive index of the Maltese-cross
metamaterials is derived by fitting the measured transmission spectra
with the Fresnel equations®. The differences between the effective
refractive indices of o- and e-polarized incidence are shown in
Supplementary Fig. S9, which shows the same trend as the phase
differences shown in Fig. 4.

Origin of the tunable optical anisotropy. The numerical analysis
of the Maltese-cross structure without the substrate shows the
dipole resonances of the surface current as shown in Fig. 5b-g,
which result in transmission dips in the spectra. For example,
when S=2.5pm, the dipole resonance at 594 and 9.85THz
(Fig. 5a) can be mapped to the two Fano resonance dips as shown
in Fig. 3c. The existence of the substrate has two effects. One is
shifting the resonance dips to low frequencies, which is due to the
permittivity difference between air and silicon substrate’”. The
other effect is leading to Fano-type resonance profile, which is
due to the coupling between the dipole resonance modes of the
Maltese cross and the Fabry-Pérot mode of the substrate’®. The
resonance frequency shifts shown in Fig. 3a,c,e are mainly due
to the resonance features of the Maltese-cross design. Because
the influence of the substrate does not change with
the reconfigurations of the cross, we can conclude that spectral
changes observed with the movements of the beams are due to the
changes in the dipole resonance of the cross pattern. When the
Maltese cross has a four-fold symmetry, the surface current is
resonant between two opposite beams of the Maltese cross, which
are parallel to the incident electric field, as shown in Fig. 4b,c. The
other two beams have trivial effect on the dipole resonance.
Therefore, the shifting of the Maltese-cross beam has trivial
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Frequency f(THz)

Figure 5 | Transmission spectra at different shift distance and surface current contour maps of the Maltese cross without substrate. (a) The

solid, dotted and dashed lines represent the transmission spectra of the Maltese cross when the shift distance S is 0, 2.5 and 5 um, respectively.

The transmission of the 3-um substrate is represented by the black dash dotted line. (b-g) The contour maps show surface currents under excitation
by different frequencies of light. The lighter colour shows the high density of surface current, and the arrows show the surface current flux direction. The direction of
the incident electric field is marked with the white arrow at the lower left corner. The direction of the surface current is marked with the yellow arrow.
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effects on the resonance modes when the movable beam is
perpendicular to the incident electric field (o-polarization).
Considering the e-polarized incidence, however, the changing of
the symmetry has vital effects on the dipole resonance modes due
to the structural change of the beams, where most of the induced
surface currents are concentrated on. This explains the difference
between e- and o-polarized incidence of the transmission spectra
as a function of shift distance S, which is shown in Fig. 3. The
tuning of the anisotropy can also be explained by the change of
the resonance mode of the Maltese cross when the movable beam
is actuated. At low frequencies, the surface current cannot go to
the movable beam, which is disconnected from the remaining
parts of the Maltese cross. The surface current is mainly
concentrated at the fixed beam parallel to the incident electric
field. This beam is weakly coupled to the two perpendicular
beams. Therefore, the change of the shift distance S has small
effects on the resonance mode of the Maltese cross, which
explains the small variation of the optical anisotropy, when § is in
the range from 1 to 4 pm under 3.0-THz incidence (Fig. 4a). At
high frequencies, the surface current is mainly concentrated at the
movable beam and has a m phase difference from the incident
electric field. Therefore, the surface current resonance is mainly
induced by the capacitance coupling between the fixed and
movable beams of the Maltese cross. This capacitance is a strong
function of the shift distance S. Therefore, the resonance mode of
the Maltese cross is a strong function of the shift distance S,
which explains the rapid tuning of the anisotropy, when § is in
the range from 1 to 4um under 4.6-THz incidence (Fig. 4b).
There is an abrupt resonance mode change at both low and high
frequencies when the movable beam is being disconnected from
the fixed parts, which explains the abrupt anisotropy change
observed either at O pm<S<1pum or 4 um<S<5pum for both
incident frequencies as shown in Fig. 4.

Insertion loss of the tunable metamaterial. The insertion loss of
the tunable metamaterial consists of three parts, the ohmic loss
due to the electron resonance within the metal structure, the
reflection and the scattering loss of the imperfect surface and
edge. In the experiment, the total insertion loss can be measured
by monitoring the output transmission versus the source.
Figure 6a shows the transmission and absorption spectra under
the shift distance S=0.5pum. Peak 1 and Peak 2 represent the
transmission peaks, when the shift distance S is in the range from
0 to 5pum, at low- and high-frequency region, respectively. The
transmission peak and absorption peaks are staggered in the
frequency domain, which is similar at different shift distance S.
Therefore, the ohmic loss is maintained under 12% at low-fre-
quency region and 6% at high-frequency region. The ohmic losses
of the transmission peaks under different shift distances S are
shown in Supplementary Fig. S8. The transmission peaks in high-
frequency region have lower ohmic absorption because of the
rapid decaying of the absorption profile at high-frequency region.
The measured total insertion losses of the tunable metamaterial
for Peak 1 and Peak 2 are shown in Fig. 6b. The symbols and lines
show the experimental and numerical results, respectively.
The differences of the experimental and numerical results are
approximately 1dB, which is due to the misalignment, surface
roughness and edge scattering of the tunable metamaterial.

Discussion

The breaking of the Maltese-cross symmetry results in the
splitting of the two parallel Maltese-cross beams and, subse-
quently, two different resonators, which can be excited by the
e-polarized incidence. The breaking of the Maltese-cross

a 1.00 I I
i Peak 1 | |
.5 0.75 I
g I
o
[%]
Qo
®©
5 050 )
[}
@
E -
[%]
g
= 025
0.00
1 2 3 4 5
Frequency f(THZ)
b 35
- T =
= . = - - 4
30 B - r Peak 1
. - 0.6 dB
%2_5_ .-_...... ..
- B o e
[}
(%2}
o
c
o
o}
(2]
£

Shift distance S (um)

Figure 6 | Experimental and numerical analyses of the insertion loss for
the reconfigurable metamaterial. (a) The transmission (blue solid line)
and absorption (red dotted line) spectra under the shift distance
S=0.5um. The transmission peak and absorption peaks are staggered in
the frequency domain. (b) The insertion losses of each transmission peak,
when the shift distance S ranges from O to 5 pum. Peak 1 and Peak 2 refer to
the transmission peaks at the low- and high-frequency regions, respectively.
The lines and symbols represent the numerical and measured results,
respectively.

symmetry splits and tunes the resonance modes of the
e-polarized incidence but has minor effects on the o-polarized
incidence with the electric field perpendicular to the mirror
symmetry axis, which is unaltered during the tuning. The
Maltese-cross metamaterial is tuned between positive anisotropy,
negative anisotropy and isotropy states by actuators using
microelectromechanical systems, which have promising applica-
tions such as waveplates, birefringent filters and light modulators.

Methods

Fabrication processes. The structures of the tunable metamaterial are fabricated
on a silicon-on-insulator wafer by using the deep reactive ion etching
processes>>*°, Figure 2a shows the overview of the micromachined tunable
metamaterial imaged by using the scanning electron microscopy. Two identical
micromachined comb drive actuators driven by the electrostatic force are placed on
both sides of the unit cell array. Each actuator provides bidirectional in-plane
translation (along the x direction) following the actuation relationship Ax=AV?,
where Ax is the displacement, V the actuation voltage and A =0.05 um V ~ 2 is the
actuation coefficient. The displacement of the actuator can be monitored by using
vertical microscopic system. The actuation coefficient A is derived by fitting the
measured displacement-voltage curve. The actuation frequency can reach 10 kHz
based on the dynamic measurement results of our previous work?’. Figure 2b
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shows a close-up view of the unit cells. The micro-ring unit cells are formed by
patterning a 0.5-pum thick evaporated aluminium layer on the top of the structure
layer. The movable split rings are patterned on the central frame, which consists of
many crossed narrow beams (2-pum width). The fixed split rings are patterned on
the isolated anchors. Because each anchor encloses a larger area of the underlying
oxide layer than the frame, it needs much longer time to remove all the oxide under
the anchor than that under the frame. Therefore, the supporting frame is fully
released and becomes freely movable, whereas the anchor remains fixed on the
substrate by controlling the release time.

Experimental setup. Supplementary Figure S2 shows the experimental setup of the
OPTP system used in the experiment. The terahertz probe pulse is generated by
35-fs pulses at centre wavelength of 800 nm with a repetition rate of 1 kHz by using
the air-plasma technique. The spectral range of the terahertz pulse is from 0.3 to
8 THz, which is detected by free-space electro-optical (EO) sampling with a
0.3-mm thick <110> GaP crystal. The probe terahertz wave passes through the
samples at normal incidence. The time domain terahertz signal is detected by the
EO detector using a terahertz time-domain spectroscopy (TDS) delay system. It
should be pointed out that the pump-probe system of the OPTP, which is high-
lighted as a red dashed line, is not used during the experiment because the Maltese-
cross metamaterial is not tuned by laser pulses. Therefore, this OPTP system
functions solely as a typical THz-TDS system in the experiment. The transmission
spectra of both amplitude and phase, as shown in Supplementary Figs S5 and S6,
are derived by using the Fourier transform of the time domain signal from the EO
detector and then normalized with the source spectra. In Fig. 3, 20 equally spaced
data points with the least mean-square error is chosen and compared with the
simulation results.
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An electromechanically reconfigurable plasmonic
metamaterial operating in the near-infrared

Jun-Yu Ou', Eric Plum'*, Jianfa Zhang' and Nikolay I. Zheludev'?*

Current efforts in metamaterials research focus on attaining
dynamic functionalities such as tunability, switching and modu-
lation of electromagnetic waves'. To this end, various
approaches have emerged, including embedded varactors?,
phase-change media®#4, the use of liquid crystals®5, electrical
modulation with graphene’® and superconductors®, and
carrier injection or depletion in semiconductor substrates'®",
However, tuning, switching and modulating metamaterial proper-
ties in the visible and near-infrared range remain major
technological challenges: indeed, the existing microelectromecha-
nical solutions used for the sub-terahertz'> and terahertz'>'>
regimes cannot be shrunk by two to three orders of magnitude
to enter the optical spectral range. Here, we develop a new type
of metamaterial operating in the optical part of the spectrum
that is three orders of magnitude faster than previously reported
electrically reconfigurable metamaterials. The metamaterial is
actuated by electrostatic forces arising from the application of
only a few volts to its nanoscale building blocks—the plasmonic
metamolecules—that are supported by pairs of parallel strings
cut from aflexible silicon nitride membrane of nanoscale thickness.
These strings, of picogram mass, can be driven synchronously to
megahertz frequencies to electromechanically reconfigure the
metamolecules and dramatically change the transmission and
reflection spectra of the metamaterial. The metamaterial’s colos-
sal electro-optical response (on the order of 107°-10°mV™")
allows for either fast continuous tuning of its optical properties
(up to 8% optical signal modulation at up to megahertz rates) or
high-contrast irreversible switching in a device only 100 nm
thick, without the need for external polarizers and analysers.

Engineering fast, dynamically reconfigurable metamaterials for
the optical spectral range, with metamolecular features on the
scale of tens of nanometres, is a formidable technological challenge.
However, working on the nanoscale also has some important
advantages, because the electrostatic force, which is inversely pro-
portional to distance, becomes dominant, allowing potential differ-
ences of only a few volts to overcome the elastic response of suitable
nanostructures. Moreover, inertial and elastic forces scale differently
with size, driving mechanical frequencies of microscale reconfigur-
able elements to megahertz values. However, existing electrically
reconfigurable terahertz metamaterials, in which external comb-
drive actuators drive the mass of the entire metamaterial'>-1,
would not allow high-frequency operation, even if they could be
scaled to the optical spectral range. Similarly, approaches based
on the deformation of elastomeric substrates'® lead to low resonance
frequencies as they require macroscopic displacement of a compara-
tively high mass of low-stiffness material.

The electro-optical photonic metamaterial (Fig. 1) described here
comprises a continuous plasmonic, metallic ‘meander near the wire’
pattern manufactured on a grid of flexible dielectric strings with pico-
gram mass and megahertz mechanical resonances. Following
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Figure 1| Electrically reconfigurable photonic metamaterial. a, Scanning
electron microscope (SEM) image of the device. b, Schematic of the driving
circuit (black) and a section of the metamaterial pattern consisting of a gold
nanostructure (yellow) supported by silicon nitride strings (brown). The
driving voltage U causes positive (red) and negative (blue) charging and
thus electrostatic forces acting in opposite directions (pink and green).

¢, SEM image of a single metamolecule. d, Plasmonic field distribution for
the device OFF and ON states (excitation wavelength 1.6 um; polarization E).
e, Static electric field for an applied voltage of 1V.
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Figure 2 | Reversible electro-optical tuning and modulation. a,b, Spectral
dependence of changes in transmission T (a) and reflection R (b) induced
by applying a static voltage to the reconfigurable photonic metamaterial.

application of a few volts to neighbouring strings (‘wire’ and ‘meander’
conducting patterns), an attractive electrostatic force of a few nanonew-
tons moves the strings in the metamaterial plane, closing the gap
between them. This strongly affects the resonant optical response of
the meander pattern, which is linked to excitation of a plasmonic
mode!”, allowing reversible transmission and reflection modulation
with megahertz bandwidth as well as non-volatile switching of
the metamaterial.

Detector

y_

Laser

The nanostructure was manufactured by focused ion beam
milling on a 50-nm-thick silicon nitride membrane (which provides
a stable and flexible base for the plasmonic pattern) to form alter-
nating 50-nm-thick gold straight and meander wires. The wires
are supported by 500-nm- and 250-nm-wide strings cut from the
membrane and separated by 125-nm gaps to provide room for
mutual motion. Pairs of strings were connected alternately to two
electrical terminals on opposite sides of the device. To increase flexi-
bility, the string ends were narrowed to ~200 nm, as shown in the
scanning electron microscopy (SEM) image in Fig. 1a. The entire
nanostructure has dimensions of 12 pm x 35 pwm. (For more fabri-
cation details see Methods.)

When a voltage is applied across the device terminals, the strings
are exposed to electrostatic forces resulting from strong fields in the
gaps between them (~8 MV m™' at an applied control signal of
1 V; Fig. le). In response, pairs of strings bend towards one another.
While the restoring force grows linearly with string displacement,
the electrostatic attraction tends to infinity as the gap approaches
zero. At a critical voltage the electrostatic attraction irreversibly
overcomes the restoring force. For driving voltages below this
threshold, reversible modulation of the metamaterial pattern and
optical properties is possible. Exceeding the critical voltage results in
step-like non-volatile switching and an abrupt change in the optical
properties of the structure. The critical voltage can be estimated
from the balance of electrostatic attraction between two strings and
their elastic restoring force as U, ~ \/(32Etw’g?)/(me,L*) ~ 3V.
Here, the average Young’s modulus of silicon nitride and gold is
E=169 GPa and the initial gap size is g,= 125 nm. The string
dimensions are thickness t=100 nm, length L=35pum and
average width w= 375 nm. In the following, we will present both
regimes of operation separately.

In the device reported here the critical voltage was measured to
be ~3V, and continuous electro-optic modulation was possible at
lower driving signals. Figure 2 shows the spectral dependence of
the induced reversible changes in the transmission and reflection
of the metamaterial relative to a reference case where no voltage is
applied. The transmittance may be modulated by ~5% around
wavelengths of 1.1 um and 1.3 um, and the reflectance can be
modulated by up to 8% around 1.5 pm. (See Methods for character-
ization details.)
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Figure 3 | Megahertz bandwidth electro-optical modulator. a, Modulator schematic. b, Frequency response function. ¢, Equivalent electric circuit diagram,

where R stands for resistance and C for capacitance.
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Figure 4 | High-contrast, non-volatile electro-optical switch. ab, SEM
images of the metamaterial in its OFF (a) and ON (b) states. Scale bar,
500 nm. c-e, Transmission (c), reflection (d) and absorption (e) spectra of
the device in the OFF and ON states (left axis) and the corresponding
switching contrast (right axis).

To understand the potential of electrostatically reconfigurable
nanostructures for high-frequency modulation of metamaterial
optical properties we estimated the fundamental mechanical reson-
ance frequency of strings with rectangular cross-section based on
classical beam theory as f = (1/2m)/(32E/p)(w/L?) ~ 1 MHz,
where p=11.4gcm > is an average density of the gold and
silicon nitride. This simplified formula does not take into account
the incomplete gold coverage and narrowing of the string ends.

Mechanical systems can be easily driven to frequencies up to
their fundamental resonance, although in reality the frequency
response is complicated by the resonant properties of the feeding
electrical network. Indeed, when measuring the frequency depen-
dence of optical modulation at a wavelength of 1.3 pm, we saw a
complex spectral response with initial roll-off at ~0.5 MHz and
two resonance peaks at 1.3 MHz and 1.6 MHz, which is in
reasonable agreement with our estimates of the fundamental
frequency f (Fig. 3).

254

By increasing the applied voltage beyond the structure’s threshold
voltage we enter the regime of step-like switching (see
Supplementary Movie). Here, switching occurs at U.=3V (the
optical characteristics of the ON and OFF states of the device are
presented in Fig. 4). In the telecommunications band, the trans-
mission, reflection and absorption spectra of the metamaterial
redshift by ~20% when the device switches, leading to dramatic
250% transmission changes around 1.2 um and 110% reflectivity
changes around 1.6 pm. Such switching is irreversible, as the meta-
material remains in its ON configuration supported by the van der
Waals force, even after the driving field is withdrawn. (This ‘sticking’
effect could be eliminated by resorting to modified designs, materials
and chemical surface treatments®.) The origin of the drastic switch-
ing-induced change in the metamaterial’s optical properties can be
understood from Fig. 1d, which shows the optical electric field distri-
bution before and after switching. For light polarized parallel to the
wires, the resonances are mainly caused by excitation of plasmonic
standing waves along the meander pattern. In the OFF state, inter-
action with the straight wires is relatively weak, and the electromag-
netic field is mainly localized around the meander pattern. However,
as straight and meander wires move closer together, their interaction
becomes much stronger, the field redistributes into the narrow gap,
and the resonances shift to longer wavelengths. In such a highly non-
linear system the switching dynamics are complex and strongly
depend on the initial conditions and the shape of the control
signal. However, by numerically solving the nonlinear equations of
motion of a pair of strings, the characteristic switching time can be
evaluated as ~500 ns for the metamaterial going from the initial
OFF state to the fully switched ON state, if a control signal equal
to the static switching voltage U, is applied abruptly.

To evaluate the power consumption of the device we approxi-
mated it with the equivalent circuit presented in Fig. 3. The leakage
resistance of R* =400 k() dominates the power consumption in
the low-frequency limit, and P= U?/R* gives the power needed to
drive the modulator (only ~2.5 uW at U= 1V). Simplifying the
nanostructure as 12 parallel wire pairs, the capacitance can be esti-
mated analytically as C,~ 15 fF, increasing to ~20 fF at the static
switching voltage U, due to the decreasing gap between the wires.
The energy required to switch the device from the OFF state to
the ON state can be estimated as the energy required to charge the
capacitive nanostructure to the static switching point and was deter-
mined numerically as ~100 {J, a very small amount of energy.

It is interesting to compare the metamaterial’s electro-optic prop-
erties to those of conventional electro-optic materials. Electro-optic
modulation usually results from minute refractive index changes
achieved by the application of an electric field across an electro-optic
crystal, which is why applications require long crystals, high-voltage
driving signals and polarizers to exploit birefringence-induced polar-
ization effects. A similar solution using liquid crystals yields a slow
response. In conventional electro-optic media such as perovskite-
type ferroelectric lithium niobate, the electro-optic effect mainly
comes from field-induced relative displacement of the central metal
ion and the surrounding oxygen octahedron. This displacement
changes the electronic band wavefunctions through electron—
phonon coupling, which affects the refractive index of the lattice?'.
Similarly, in the reconfigurable metamaterial an electro-optic
effect arises from electric field-induced relative displacement of
its constitutive parts. This displacement changes the structure’s
collective plasmonic wavefunction, which affects the effective
refractive index of the lattice. In light of these intriguing similarities
in the microscopic mechanism and macroscopic manifestation, we
estimated the reconfigurable metamaterial’s effective electro-optic
coefficient. Full three-dimensional Maxwell calculations showed
that OFF to ON switching of the 100-nm-thick structure changes
the transmitted wave’s phase by up to 7 /5 at ~1.6 pum, correspond-
ing to an effective refractive index change of An = 1.6. This results
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from applying U, = 3 V across L = 35 wm of metamaterial. Thus, the
effective electro-optic coefficient of the metamaterial is approxi-
mately AnL/U.~10>m V™" in the non-volatile regime, and
~10"°m V™' in a fully reversible regime, which is about five to
four orders of magnitude greater than in typical electro-optic
media such as lithium niobate (3 x 107" m V™% ref. 22). This
makes the metamaterial suitable for light modulation in small low-
voltage devices without polarizers.

The novel technology presented here provides opportunities for
further development, but it also has some limitations. Larger modu-
lation depths can be achieved with metamaterial patterns that have
narrower resonances®. Even faster modulation would result from
smaller reconfigurable elements, where gigahertz modulation can
be anticipated for electrostatic actuation within the individual meta-
molecules. On the other hand, larger reconfigurable metamaterials
based on longer strings will tend to be slower modulators, which
can only be partially addressed by using stiffer materials. Also,
bowing of the strings necessarily introduces some inhomogeneity,
which can be reduced but not prevented by tapered string ends.

In summary, the novel class of reconfigurable nanostructures
introduced here transfers electrically reconfigurable metamaterials
from the terahertz to the optical part of the spectrum, while simul-
taneously increasing their modulation speed by three orders of mag-
nitude. Such structures, with some modifications, are compatible
with low-cost production using high-resolution complementary
metal-oxide-semiconductor (CMOS) fabrication techniques and
nanoimprinting. The approach, based on combining the elastic
properties of a nanoscale-thickness dielectric membrane and nanos-
cale electrostatic forces in a planar plasmonic structure, provides a
powerful generic platform for achieving tunable metamaterial
characteristics in the optical spectral range. Such reconfigurable
metamaterials can be operated at microwatt power levels and can
provide continuous modulation of optical signals with megahertz
bandwidth. A compact design integrating the actuation mechanism
into the metamaterial, low-power consumption and direct control
with a few volts makes electrostatically reconfigurable photonic
metamaterials compatible with optoelectronic systems, for example
as tunable spectral filters, switches, modulators and adaptable trans-
formation optics devices. The low-energy, high-contrast, non-vola-
tile switching mode of these devices may also have applications in
protective optical circuitry and reconfigurable optical networks.

Methods

Reconfigurable photonic metamaterial fabrication. A 50-nm-thick gold layer (for
the plasmonic metamaterial and contact electrodes) was thermally evaporated
through a shadow mask onto a commercially available 50-nm-thick low-stress
silicon nitride membrane. The gold-coated membrane was structured with a focused
ion beam system (FEI Helios 600 NanoLab), with the contact electrodes connected
to a source measurement unit (Keithley 2636) through a vacuum feedthrough for
in situ electrical characterization. Using focused ion beam milling, the ‘meander near
the wire’ pattern was first milled. The membrane was then cut into suspended silicon
nitride strings with tapered ends, and the terminals at the string ends were
electrically separated by removing the gold film in selected areas. The detailed
dimensions of the nanostructure are given in the main text.

Experimental characterization. All imaging of the nanostructure was conducted
using the scanning electron microscopy mode of the focused ion beam system
(Figs 1,3 and 4). For the Supplementary Movie, the source measurement unit was
used to induce switching.

The transmission and reflection spectra of the reconfigurable metamaterial were
recorded using a microspectrophotometer (CRAIC Technologies) while applying
various DC voltages (via the source measurement unit) to tune the mechanical
configuration of the nanostructure (Figs 2 and 4).

High-frequency electro-optical modulation was studied by measuring the
modulation of a 1.3-um laser beam transmitted through the nanostructure, while
modulating the metamaterial using a signal generator (Tabor 8551, rectangular
modulation between 0 V and 1.1 V). The modulated signal was detected by an
InGaAs photodetector (New Focus 1811) and a lock-in amplifier (Stanford Research
SR844) (Fig. 3).

In all optical experiments, the incident electric field was polarized parallel to
the strings.
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Nonlinear dielectric optomechanical metamaterials

Jianfa Zhang', Kevin F MacDonald" and Nikolay I Zheludev'?

We introduce a dielectric photonic metamaterial presenting a giant nonlinear optical response driven by resonant optomechanical
forces. Being inherently free of Joule losses, it exhibits optical bistability at intensity levels of less than 0.2 mW um_z and, furthermore,
manifests nonlinear asymmetric transmission with a forward : backward optical extinction ratio of more than 30 dB.

Light: Science & Applications (2013) 2, €96; doi:10.1038/Isa.2013.52; published online 30 August 2013

Keywords: Metamaterial; optical bistability; optomechanical

INTRODUCTION
Optical forces are extremely important in mesoscopic systems: they
are exploited in all forms of optical tweezing, manipulation and bind-
ing."” The dynamic back-action caused by optical forces has been
proposed for optomechanical laser cooling and amplification and
underpins the emerging field of ‘cavity optomechanics™® where
enormous progress has been made in recent years.””'> Optical forces
can also be harnessed for actuation of nanophotonic devices.'®™"’
Indeed, the convergence of nanophotonics and nanomechanics
through optical forces presents enormous potential for all-optical
operation of nanomechanical systems, reconfigurable and ultra-
widely tunable nanophotonic devices, and novel nonlinear and self-
adaptive photonic functionalities.?*2°

Here we introduce the concept of optomechanical metamaterials as
anew paradigm for achieving strong optical nonlinearity, optical bist-
ability*” and asymmetric transmission.”® ! Metamaterials are arti-
ficial media with unusual and useful electromagnetic properties
achieved through subwavelength structuring.*® They provide a unique
platform for manipulating electromagnetic fields, and thereby optical
forces,”** on the nanoscale. Numerical analyses reveal that optome-
chanical forces, acting within and among the constituent cells of a
dielectric (silicon/silicon nitride) metamaterial, provide a strong non-
linear optical response mechanism (i.e., one through which light may
change the optical properties of the medium) delivering high contrast,
near-infrared asymmetric transmission and optical bistability at

intensity levels of only a few hundred uW pum ™2,

MATERIALS AND METHODS
Within the framework of classical electrodynamics, the components of
the total time-averaged force F acting on an object illuminated with

light can be calculated using a surface integral:*®
<F1->:<hg<Tij>nde (1)
S

where § is a bounding surface around the object and Tj; is the time-
averaged Maxwell stress tensor:

1 * 1 * 1
<Tj>= ERe {sso (E,Ej — 35’7“5'2) + i (H,H] - 5%‘\H|2)}(2)

The stress tensor integral Equation (1) encompasses both radiation
pressure, which arises through transfer of momentum between
photons and any object on which they impinge, and the gradient force,
which is associated with strong intensity variations in the local field
around an object.”*

Figure la shows an artistic impression and dimensions of the opto-
mechanical metamaterial under consideration: it comprises an array
of 250 nm wide, 690 nm long silicon ‘nano-bars’ with thicknesses
alternating in the y direction between 100 and 150 nm; these are
supported on parallel 100 nm thick, 250 nm wide silicon nitride strips
running parallel to xand separated from each other (in y) by 200 nm. A
unit cell of the metamaterial, with x and y dimensions of 900 nm, thus
comprises a pair of dissimilar silicon nano-bars on parallel, indepen-
dently mobile silicon nitride beams. It has recently been shown
experimentally®® that geometrically asymmetric silicon structures
such as this support strong near-infrared magnetic resonances akin
to the familiar ‘trapped mode’ of metallic asymmetric split ring
designs.”” Here we show computationally that in the vicinity of such
a resonance (detailed further in the Supplementary Materials) strong
optical forces are generated, which act to change the spatial arrange-
ment of nano-bars within each cell and thereby the optical properties
of the array:

e Electric E and magnetic H field distributions for the metamaterial
are obtained from fully three-dimensional finite-element Maxwell
solver simulations (in COMSOL Multiphysics). By modeling a
single-unit cell with periodic boundary conditions in the x and y
directions, these calculations assume an infinite planar array
(which amounts in practical terms only to an assumption that
one’s probe beam is smaller than the array);
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Figure 1 Asymmetric optomechanical forces in a dielectric photonic metama-
terial. (a) Artistic impression and dimensional details of the parallel silicon nitride
beam, silicon nano-bar metamaterial configuration studied. (b) Spectral disper-

sion of the relative optical force F5y

Fllon the two nanobar elements of a single

metamaterial unit cell under normally incident x-polarized illumination for both
forward (—2z) and backward (+2) directions of light propagation (Fgf)‘ll‘ =F,o—F,1,
where F,; and F,» are the optical forces on the thick and thin bars, respectively;
Optical force is presented in units of P/c, where Pis the incident power per unit

cell and c is the speed of light in vacuum).

e Through the Maxwell stress tensor integral (Equation (1)), these E
and H fields provide for the evaluation of optical force (on the
nano-bar elements of a unit cell) as a function of relative displace-

ment for selected wavelengths and/or incident power levels (as

shown in Figure 2a).

e By translating these forces to a purely mechanical model of the
silicon nitride beam structure (again in COMSOL), one may
identify the equilibrium displacement position(s) at which the
total optical force on each beam (for given illumination condi-
tions) is balanced by the elastic restoring force. This mechanical
model necessarily assumes a metamaterial array of finite extent in
the x direction (12 Si nano-bars on a 10.8 pm long, 100 nm thick

Light: Science & Applications

silicon nitride support), with the nitride beams extending, at a
reduced thickness of 50 nm, to fixed mounting points 15 um from
the boundaries of the nano-bar array (edge effects relating to the
finite number of silicon nano-bars on a beam are ignored because
the optical force on each nano-bar is primarily a function of its
electromagnetic interaction with dissimilar near-neighbors in the y
direction.) By modeling a single pair of neighboring beams (one
supporting 100 nm thick silicon nano-bars, the other 150 nm bars)
the model effectively assumes an infinite array in the y direction—
periodic boundary conditions being implied by the absence of any
mechanical coupling between beams.

e The optical transmission coefficients for identified equilibrium
states can then be obtained using the original model for the elec-
tromagnetic properties of the metamaterial array (the mechanical
model shows that, within the range of applied force considered, less
than 5% of the total out-of-plane beam deflection occurs across the
central 100 nm thick section supporting the nano-bar array. As
such, it validates the assumption of zero array curvature implied by
the electromagnetic model’s periodic boundary conditions).

Silicon and silicon nitride are assumed to be lossless with refractive
indices of 3.5 and 2.0 respectively in the near-infrared range under
consideration.”® Further detail of modeling procedures may be found
in the Supplementary Information.

All in-plane (‘horizontal’; perpendicular to z) optical forces gene-
rated within the metamaterial structure are canceled and only out-of-
plane (‘vertical’; parallel to z) forces act on the dielectric beams. These
drive each beam to move up or down until the optical forces are
balanced by elastic restoring forces. While the electromagnetic com-
ponents of the modeling procedure assume an infinite planar meta-
material array, optomechanical properties are presented below for a
representative square domain of 12X 12 unit cells subject to uniform
(plane wave) illumination at a total incident power level P,,.

Figure 1b shows the relative magnitude of optical forces Fg;llll acting
on the pair of adjacent thick (150 nm) and thin (100 nm) nano-bars
within a unit cell for light impinging on the metamaterial in the
forward and backward directions—defined respectively as being
incident on the silicon bar and supporting silicon nitride beam sides
of the structure. A significant difference is found between these two
configurations. The total force of radiation pressure on a unit cell is
+2RP/c (where R is the reflection coefficient, P is the incident power
per unit cell and c is the speed of light in vacuum), depending on the
direction of incident light propagation. Forces on the individual nano-
bar elements (see Supplementary Information) can be much larger in
magnitude and may act against the direction of light propagation.
Resonantly enhanced gradient forces are therefore the primary driver
of the differential movement between neighboring beams, which gives
rise to the asymmetric, nonlinear and bistable optical responses
described below.

RESULTS AND DISCUSSION

Nonlinearity and asymmetric transmission

By providing a mechanism whereby light can induce changes in the
spatial arrangement of a metamaterial’s constituent parts, and thereby
in its optical properties, the optomechanical effect described here acts
as the foundation of a strong optical nonlinearity. Figure 2a shows the
relative optical force acting on two neighboring beams Fgg'ﬁm
(= NFS;IEV where N=12 is the number of silicon nano-bars on each
beam within the mechanical model) as a function of mutual displacement
D in the vertical (z) direction for a selection of incident light power levels

at a wavelength 1=1551 nm. To achieve stable equilibrium, not only

doi:10.1038/Isa.2013.52



should the optical force be equal to the elastic restoring force F| , but they
should also satisfy the conditions that Fg’;f_m >Fq |p—ap and
Fgg'{"m < Fg.|p+ap. If these last conditions are not met, the equilibrium
will be unstable and any perturbation would cause D to increase or
decrease rapidly towards a stable balance point.

In the example shown, stable equilibrium is achieved for forward
incidence of light with a power of 5 mW at a relative displacement of
9 nm (the point at which the black elastic force line intercepts the solid
red 5 mW optical force line). For backward incidence, the direction of

relative movement is inverted and equilibrium is achieved for the same
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Figure 2 Nonlinear optical response and asymmetric transmission. (a) Dependence
of the relative optical force F};;?_m on the mutual out-of-plane displacement D of
neighboring silicon nitride beams supporting thick and thin silicon nano-bars under
1551 nm forward (solid lines) and backward (dashed lines) illumination at a range of
incident power levels Py (as labeled). The straight black line corresponds to the
opposing elastic force. (b, ¢) Dependencies of (b) relative nano-beam displacement
and (c) metamaterial optical transmission on total incident power at a wavelength of
1551 nm (D=D, -D; where D; and D. are the absolute displacements of beams
supporting thick and thin Si nano-bars respectively).
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power level at a mutual separation of —5 nm (the intersection of black
and dashed red lines).

Figure 2b shows the dependence of relative beam displacement on
optical power P, at a wavelength of 1551 nm for forward and backward
light propagation directions. As a result of this movement, the dielectric
metamaterial changes its optical properties as shown in Figure 2c. For
forward propagation, transmission increases from a zero-illumination level
0f 3.2% to 68.3% at a power of 12.5 mW and then drops back to ~0.6% at
50 mW. The backward incidence optical transmission is less than 3.2%
across the entirety of the 0-50 mW power range and at Py=12.5 mW is
only 0.034%, giving a forward:backward extinction ratio >30 dB.

Figure 3a shows the spectral dispersion of relative beam displace-
ment under forward illumination at a selection of optical power levels
and Figure 3b shows the corresponding transmission resonances,
which become increasingly narrow and asymmetric as the optical
power increases from 0 to 10 mW. This figure further illustrates the
property of optomechanically-induced asymmetric transmission
based on differing displacement responses for forward and backward
directions of light propagation: at an optical power of only 10 mW,
one observes an asymmetric transmission band centered at 1551 nm
wherein the forward : backward extinction exceeds 20 dB.

Bistability

The dielectric nano-bar metamaterial also exhibits optical bistability
based on its nano-mechanical response:*”° Figure 4a presents the
relative optical force (for forward incidence at a wavelength of
2A=1555 nm) and the corresponding elastic restoring force acting on
two neighboring beams as a function of relative displacement. At both
low and high incident powers, the system has only one equilibrium
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Figure 3 Optomechanical nonlinearity and asymmetric transmission reso-
nances. (a) Spectral dispersion of the steady-state relative nano-beam displace-
ment and (b) corresponding optical transmission for forward incidence of light
(solid lines) at a selection of total incident power levels (as labeled) and backward
incidence at 10 mW (dashed lines).
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Figure 4 Optomechanical bistability. (a) Dependence of the relative optical force
F}jgi‘_‘“ and elastic restoring force F. on the mutual out-of-plane separation D of
neighboring silicon nitride nano-beams under 1555 nm forward illumination at a
selection of incident power levels Py (as labeled). (b, ¢) Corresponding bistable inci-
dent power dependencies of (b) mutual displacement and (c) optical transmission.

position (the single points of intersection between F and Fgg’;f‘“ lines at
D=6.3 nm for Py,=14 mW and at 59 nm for 22 mW). But at inter-
mediate levels, here between about 16 and 19 mW, the optical and
elastic force lines intersect at more than one point and the system
becomes bistable, as illustrated by the relative displacement and corres-
ponding optical transmission versus power curves in Figure 4b and 4c.

Switching dynamics

In such a highly nonlinear system, the switching dynamics are complex
and depend strongly on initial conditions and control input dynamics.
The above study is concerned with steady-state displacements of
the nanostructure (i.e., assumes constant illumination at any given
incident power level) and with the associated changes in optical

Light: Science & Applications

properties, but an indicative estimate of switching time can be
obtained by numerically solving the nonlinear equations of motion
for individual beams. This analysis yields a characteristic transition
time, from the zero-illumination equilibrium position to maximum
deflection, of order 5 ps (assuming instantaneous application of a
force equivalent to that generated at Py=10 mW for forward illumina-
tion at a wavelength of 1551 nm, ignoring the damping of any sub-
sequent oscillation).

CONCLUSIONS

In summary, we introduce a new type of dielectric metamaterial,
inherently free of Joule losses, which exhibits strong optomechanical
nonlinearity, asymmetric transmission and optical bistability at
optical intensities of less than 0.2 mW pum ™2,

While changes in the transmission spectrum of a metamaterial such
as considered here may also result from the Kerr nonlinearity of the
silicon bars, this nonlinear response mechanism is around five orders
of magnitude weaker than the optomecahnical nonlinearity.

With regard to the practical realization of optomechanical meta-
materials, resonance quality factors will be affected slightly by the
small but non-zero optical absorption coefficients of the constituent
media, but more so by manufacturing imperfections. However, as the
first experimental studies of dielectric metamaterials have shown,*®
neither of these factors is an obstacle to the achievement of near-
infrared resonances at least as sharp as is possible in metallic metama-
terials. Optical absorption (including two-photon absorption) and
variations in ambient temperature may lead to thermomechanical
changes in the structure. But while these would affect every beam
equally, the nonlinear, asymmetric and bistable behaviors of interest
are derived from differential movements of neighboring beams. As
such, their visibility would not be compromised. The viscosity of the
ambient medium, though not relevant to the steady state optical pro-
perties of such a system, will clearly be a determining factor in the
limits of dynamic switching performance.

This metamaterial concept for nanoscale photonic functionality
may exploit unique technological and manufacturing opportunities
provided by semiconductor membrane technology and, in being dri-
ven by forces generated among its constituent parts (as opposed to
external actuators), holds notable advantages over more conventional
M/NEMS structures, particularly in relation to size scaling for differ-
ent operational wavelength bands.
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By harnessing the resonant nature of localized electromagnetic modes in a nanostructured silicon
membrane, an all-dielectric metamaterial can act as nonlinear medium at optical telecommunica-
tions wavelengths. We show that such metamaterials provide extremely large optomechanical
nonlinearities, operating at intensities of only a few uW per unit cell and modulation frequencies
as high as 152 MHz, thereby offering a path to fast, compact, and energy efficient all-optical
metadevices. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935795]

Non-metallic metamaterial nanostructures currently attract
intense attention as they promise to reduce the losses and costs
associated with the use of noble metals in traditional plasmonic
architectures.! It has already been shown that oxides and
nitrides,” graphene,’ topological insulators,* and high-index
dielectrics® " can be used as platforms for the realization of
high-Q resonant metamaterials. A variety of non-metallic
media, such as graphene,'® carbon nanotubes, liquid crys-
tals,'® and semiconductors,”’18 have also been engaged
through hybridization with plasmonic metamaterials to create
media with strongly enhanced optical nonlinearities, while a
nano-optomechanical nonlinearity has recently been observed
in a plasmonic metamaterial.'” Here, we experimentally
demonstrate an all-dielectric metamaterial, fabricated from
a free-standing semiconductor nano-membrane, with sharp
near-infrared optical resonances. It exhibits a strong optical
nonlinearity associated with light-induced nano-mechanical
oscillations of the structure, which change the physical config-
uration and thus the resonant response of the metamaterial
array’s constituent metamolecules.

Optical forces at the sub-micron scale can be compara-
ble or even stronger than elastic forces, and resonantly
enhanced optical forces in photonic metamaterials have been
theoretically studied for both plasmonic and all-dielectric
structures.’’*? The exchange of energy between incident
light and a nano-mechanical resonator can be further
enhanced when the light is modulated at the mechanical
eigenfrequency of the resonator; indeed, it has recently been
shown that plasmonic metamaterials can be optically recon-
figured on this basis with light modulated at MHz frequen-
cies.'"” In consequence of the fact that the mechanical
eigenfrequencies of objects are dictated by their stiffness
(Young’s modulus) and dimensions, nano-scale mechanical
oscillators made of silicon offer the prospect of mechanical
vibration at hundreds of MHz or even GHz frequencies.

Considerable efforts have been devoted to the reduction
of radiative losses in resonant plasmonic metamaterials, as
non-radiative losses (Joule heating) are unavoidable in the
constituent metals. In “all-dielectric” metamaterials non-
radiative losses are a priori limited, so with appropriate
design they can present even stronger optical resonances,
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and thereby generate stronger optical forces, than plasmonic
counterparts.* Previous works have demonstrated that high-
index media such as silicon can support optical frequency
resonances” > and we harness that characteristic here to
engineer an ultrathin medium with optical properties that are
highly sensitive to structural reconfiguration.

The metamaterial is fabricated by direct focused ion beam
(FIB) milling of a commercially sourced (Norcada, Inc.),
100nm thick polycrystalline silicon membrane in a silicon
frame (Fig. 1). To date, all-dielectric metamaterials have invar-
iably been realized as “positive” structures—arrays of discrete
high-index features (nanorods, discs, bars, etc.) supported on a
lower-index substrate.”™'* The metamaterial employed in the
present study shows, however, that strong localized resonances
can also be excited in “negative” dielectric nanostructures, i.e.,
a pattern formed by slots cut into a continuous layer of high-
index material. The free-standing configuration has the addi-
tional advantage of maximizing refractive index contrast with
the near-field environment and thereby resonance quality
factor.” Each 1.05 um x 1.05 um unit cell (metamolecule)
contains a rectangular nano-cantilever of length L =300nm
and width W = 600 nm, with an additional slot across the fixed
end of the cantilever arm to increase flexibility (Fig. 1(c)
shows a geometric schematic of the structure). The metamate-
rial array is composed of 25 x 25 metamolecules.

This structure supports several optical resonances in the
near-infrared range, as illustrated by the microspectrophoto-
metrically measured reflection, transmission, and derived
absorption spectra presented in Figs. 1(d)-1(f). These data
show good correlation with spectra obtained via 3D finite ele-
ment numerical modelling (COMSOL Multiphysics), using a
fixed complex refractive index for polycrystalline silicon of
3.2 + 0.04i (following Ref. 24 with an imaginary part tuned to
match resonance quality with experimental observations, using
the 1550nm pump wavelength as a reference point: a value
<0.01 for pristine polycrystalline silicon produces much
sharper spectral features—the elevated value employed here
effectively represents a variety of material and manufacturing
imperfections including deviations from the ideal rectilinear,
perfectly planar geometry of the model, surface roughness, and
gallium contamination from the FIB milling process).

© 2015 AIP Publishing LLC
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FIG. 1. Optical resonances in free-standing silicon nano-membrane metamaterials: (a) 100 nm thick Si membrane in 5 mm x 5 mm Si frame used as a platform
for fabrication of free-standing all-dielectric metamaterials. (b) Scanning electron microscope image of part of a nano-cantilever metamaterial array fabricated
in a Si membrane by focused ion beam milling [dark areas = slots cut through the membrane]. (c) Schematic oblique view of the nano-cantilever array: period
= 1.05 um; L=300nm; W =600nm; G =100nm; and slot width =100 nm. (d)—(f) Normal incidence reflection, transmission, and absorption spectra of the
metamaterial for x-polarized light. Black lines correspond to experimental measurements, dashed lines to numerical modelling results; grey lines show meas-
ured spectra for the unstructured silicon membrane. (g) and (h) Field maps, in the xy plane at the mid-point of the membrane thickness, for (g), the electric
mode resonance at 1550 nm [E, field component] and (h) the magnetic mode at 1310 nm [E) field]—the experimental pump and probe wavelengths, respec-

tively. The field maps are overlaid with arrows, indicating the direction and magnitude of electric displacement.

In order to achieve a strong optomechanical nonlinear-
ity, we require a metamaterial that is highly sensitive at the
probe wavelength (1310nm in the present case) to structural
reconfiguration driven by strong optical forces generated
within the structure at the pump wavelength (1550 nm).
Figure 2(a) shows simulated transmission around 1310nm
and corresponding maps of field distribution at this wave-
length for three different configurations—tilt angles—of the
metamolecule nano-cantilevers. The probe wavelength sits to
one side of a resonance based upon a spatial distribution of
electric field and displacement currents in the cantilever arms
that generates magnetic dipoles (in the manner of the familiar
plasmonic asymmetric split ring metamaterial “trapped
mode”?). The spectral dispersion strongly depends on the
cantilever tilt angle, with the resonance blue-shifting as the
cantilever arms tilt out of plane (i.e., as their effective length
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decreases), resulting in a transmission increase at the fixed
1310nm probe wavelength (there is a concomitant reflectivity
decrease, and no meaningful change in absorption).

The absorption resonance in the 1550 nm waveband is
derived from the excitation of an electric dipole, hybridized
with higher order electric multipoles, within each unit cell
(Fig. 1(g)), giving rise to a spatial distribution of optical
forces that tilts the cantilever arms out of the sample plane.
In classical electrodynamics, the components of the total
time-averaged force F' acting on an object illuminated with
light can be calculated using the surface integral®®

(Fi) = $s(Tyj)njds, (M
S being a closed surface around the region of interest, n;
unit vector components pointing out of the surface, and
(T;j) the time-averaged Maxwell stress tensor defined by
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FIG. 2. Modelling optical forces and changes in optical properties resulting from structural reconfiguration: (a) Numerically simulated dispersion of metamate-
rial transmission around the experimental 1310 nm probe wavelength for a selection of nano-cantilever tilt angles, as labelled and illustrated schematically to
the right, alongside corresponding Ey field maps for the xy plane at the mid-point of the membrane thickness at 1310 nm. (b) Spectral dispersion of the normal-
ized out-of-plane optical forces acting on either end of the metamolecule nano-cantilevers [as illustrated inset], and of metamaterial absorption, around the ex-
perimental 1550 nm pump wavelength. [In all cases, simulations assume normally incident, x-polarized light.]
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The optical force given by Eq. (1) encompasses both
radiation pressure, which arises through the transfer of mo-
mentum between photons and any object on which they
impinge, and the gradient force, which is associated with in-
tensity variations in the local field around an object. Applied
to the metamaterial unit cell (Fig. 2(b)), this stress tensor
analysis reveals antiparallel forces acting on the two ends of
the cantilever arms—a net “positive” force F/ (in the +z
direction towards the light source) at the free end of the arm
and an opposing force F2 (in the —z direction of light propa-
gation) at the other.

In normalized units, these can, respectively, reach levels
of 0.1 and 0.16 P/c (where P is the incident power per unit
cell and c is the speed of light). In absolute terms, for an illu-
mination intensity of 60 £W/um?, this corresponds to a force
of ~20 fN on the cantilever tip and an opposing force of
~35 fN at the hinge, which would be sufficient to induce a
static deformation (i.e., tilt) of only 2”"—displacing the tip of
the cantilever arm by ~5 pm. However, much larger defor-
mations can be achieved by the same instantaneous driving
forces at the structure’s mechanical resonances, where
displacement will be enhanced by the quality factor of the
mechanical resonator. Assuming a Young’s modulus of
150 GPa for the silicon membrane,”’ the first mechanical
eigenmode of the 300nm metamolecule cantilevers—the
out-of-plane oscillation of the arms—is expected from nu-
merical simulations to occur at a frequency of 165 MHz.

The optomechanical nonlinearity of the free-standing
silicon membrane metamaterial was evaluated using the
pump-probe experimental configuration schematically illus-
trated in Fig. 3(a). Pump and probe beams at 1550 and
1310nm, respectively, are generated by CW single-mode-
fiber-coupled diode lasers, with the pump beam subsequently
electro-optically modulated at frequencies up to 200 MHz.
The beams are combined using a wavelength division multi-
plexer into a single fiber and then pass via a free-space colli-
mator to the input port of an optical microscope operating in
transmission mode. They are focused at normal incidence to

@ =0

Electrical H

1550 nm

1310 nm
probe

Appl. Phys. Lett. 107, 191110 (2015)

concentric spots on the metamaterial, with diameters of
~10 um. A fixed probe intensity of 25 yW/um? is maintained
at the sample, while peak pump intensity is varied up to a
maximum level of 62.5 uW/um>. A low-pass filter blocks
transmitted pump light and the probe signal are monitored
using an InGaAs photodetector (New Focus 1811) connected
to electrical network analyzer (Agilent Technologies
E5071C). The sample is held under low vacuum conditions
at ~0.1 mbar to reduce atmospheric damping of mechanical
oscillations.

Figure 3(b) presents the relative pump-induced change in
probe transmission as a function of pump modulation fre-
quency. As the pump intensity increases, the observed opto-
mechanical resonance grows in strength and collapses
spectrally to a central frequency of 152 MHz, reaching a max-
imum modulation depth of 0.2%. From numerical modelling,
a transmission change of this magnitude corresponds to an
induced nano-cantilever tilt of order 10/, or a tip displacement
of ~830pm—some two orders of magnitude more than the
expected static displacement at the same pump intensity. This
implies a mechanical resonance quality factor of order 100,
though we take this to be a lower limit on the value for indi-
vidual silicon cantilevers inhomogenously broadened (due to
slight manufacturing defects and structural variations) across
the metamaterial array. Indeed, at low pump intensities, a
spectrally disparate set of peaks emerges, suggestive of the
distribution of individual cantilevers’ different mechanical
eigenfrequencies. At higher intensities, the coupling among
oscillators leads to synchronization and collective oscillation
at a common frequency, which is in good agreement with the
computationally projected frequency of the structure’s first
mechanical eigenmode.

It is instructive to estimate what nonlinear susceptibility
a hypothetical homogeneous medium would need to possess
to provide a response of comparable magnitude to the nano-
optomechanical silicon membrane metamaterial: Absorption
in a nonlinear medium is conventionally described by the
expression —dl/dz = al + B 4 ---, where I is the light inten-
sity, z is the propagation distance in the medium, and « and f§
are the linear and nonlinear absorption coefficients, respectively.
The observed nonlinear transmission change AT is proportional
to the pump power, so can be quantified via an estimate of the
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FIG. 3. Measuring the nonlinearity of nano-optomechanical all-dielectric metamaterials: (a) Schematic of the pump-probe experimental arrangement for
transmission-mode measurements of metamaterial nonlinear response. (b) 1310 nm [probe] transmission modulation depth as a function of pump [1550 nm]
modulation frequency for a selection of peak pump intensities [as labelled]. The inset shows a nano-cantilever unit cell colored according to the relative magni-
tude of out-of-plane displacement, from numerical modelling, for the structure’s first mechanical eigenmode.



191110-4 Karvounis et al.
first nonlinear absorption coefficient § ~ AT/(It), where ¢ is the
metamaterial thickness. At the 152 MHz resonance frequency, f§
~ 7 % 10> m/W, which corresponds to a nonlinear susceptibil-
ity of order Im{y®}/in’ ~3.9 x 10~ ¥ m? V2

In conclusion, by structuring a free-standing nano-mem-
brane of silicon at the sub-wavelength scale, we engineer opti-
cal resonances strong enough to deliver a substantial
optomechanical nonlinearity in an otherwise linear ultrathin
medium. The nonlinear all-dielectric metamaterial operates at
sub-GHz frequencies and pW/unit-cell intensities in the near-
infrared spectral range. These free-standing all-dielectric meta-
materials offer a compact, energy efficient, and fast active
optoelectronic platform potentially suited to practical applica-
tion in high speed photonic applications. Improvements may
be made in the design and fabrication of membrane metamate-
rials to enhance the probe transmission or reflectivity change
per degree of tilt or nanometre of displacement, and to maxi-
mize the efficacy with which optical forces can generate such
movements. But even while absolute changes are small, their
sharply resonant nonlinear character may serve a variety of
sensing (e.g., gas pressure and chemical binding) applications.

This work was supported by the UK Engineering and
Physical Sciences Research Council [Grant No. EP/
G060363/1], the Samsung Advanced Institute of Technology
[collaboration Project No. 10140325-01462-01], and The
Royal Society, the Singapore Ministry of Education [Grant
No. MOE2011-T3-1-005]. Following a period of embargo,
the data from this paper can be obtained from the University
of Southampton ePrints research repository, DOI: 10.5258/
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A magneto-electro-optical effect in a plasmonic
nanowire material

Jodo Valente!, Jun-Yu Ou', Eric Plum’, lan J. Youngs? & Nikolay I. Zheludev'?

Electro- and magneto-optical phenomena play key roles in photonic technology enabling light
modulators, optical data storage, sensors and numerous spectroscopic techniques. Optical
effects, linear and quadratic in external electric and magnetic field are widely known and
comprehensively studied. However, optical phenomena that depend on the simultaneous
application of external electric and magnetic fields in conventional media are barely
detectable and technologically insignificant. Here we report that a large reciprocal magneto-
electro-optical effect can be observed in metamaterials. In an artificial chevron nanowire
structure fabricated on an elastic nano-membrane, the Lorentz force drives reversible
transmission changes on application of a fraction of a volt when the structure is placed in a
fraction-of-tesla magnetic field. We show that magneto-electro-optical modulation can be
driven to hundreds of thousands of cycles per second promising applications in magneto-
electro-optical modulators and field sensors at nano-tesla levels.
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ynamic control of metamaterials promises a radical
expansion of photonic functionalities. The use of super-
conductors, phase change and nonlinear media, liquid
crystals, carrier injection, graphene and coherent control'™ has
been reported to achieve tuneable electromagnetlc properties.
Microwave ma netoelastlc metamaterials®, Terahertz MEMS

metamaterials®1® and optlcal reconfigurable metamaterlals
driven by thermal expansion!! and Coulomb forces'? have been
realized.

Several phenomena that allow the modulation of optical
material properties with external electric or magnetic fields are
known. We first recall the well-known linear electro-optical or
Pockels effect of changing or inducing birefringence of crystals in
the presence of static electric field E that is used in numerous
light-modulation applications. In terms of the field-induced
correction to the dielectric tensor ¢; it may be introduced as
Oy = XE;C)E;(. Another example is the electro-optical Kerr effect
that is normally observed in isotropic liquids and manifests itself
as birefringence proportional to the square of applied electric
field: e = XI%E;(EZ. Linear magneto-optical effects, i.e. the
optical Faraday effect that induces circular birefringence and
dichroism for transmission along a longitudinal magnetic field H
and the polar, longitudinal and transversal magneto-optical Kerr
effects that are usually observed for reflected waves, are well-
known and applications include optical isolators and reading
magnetically stored information with reflected light, de;; = ;{Eﬁg Hi
(ref. 13). The quadratic magneto-optical effect of inducing optical
birefringence by transverse magnetic field is also well documented
and known as the Voigt effect in gases and the Cotton-Mouton
effect in solids and liquids, de; = X%HkHl (refs 14,15). Also
known in the literature are phenomena of electro- and magneto-
gyration that describe changes of optical activity in ch1ra1 media

in the presence of electric and magnetic fields!®!” and a
nonreciprocal optical magneto-electric effect, leadmg to
18-22

directional birefringence and dichroism
Here we report the observation of a magneto-electro-optical
effect that manifests itself as strong changes of optical properties
of a metamaterial in response to simultaneous application of
external electric and magnetic fields and does not depend on
reversal of the propagation direction of the wave. It may be
described by the following term in the constitutive equation:

5?,] 71(]k)lEkHl

Results

Magneto-electro-optical nanowire metamaterial. To create a
metamaterial exhibiting strong magneto-electric changes of its
optical response, we designed a flexible plasmonic nanostructure
that can be reconfigured by the Lorentz force on simultaneous
application of external electric E and magnetic H fields, see Fig. 1.
To engage the Lorentz force, we used a continuous conductive
chevron nanowire array of length L along which we applied
electric voltage V to introduce an electric field |E|=V/L and a
current I that is necessary for the appearance of the Lorenz force,
F=LI x H. The chevron pattern was chosen as it has good
longitudinal elasticity due to its spring-like structure, while
providing plasmonic optical resonances, continuous electrical
paths that can support currents and simplicity in terms of
nanofabrication.

Optical properties of metallic nanostructures, such as the
metamaterial investigated here, are determined by the localized
plasmonic response of coupled oscillations of conduction
electrons and the electromagnetic near field induced by the

2
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Figure 1 | Lorentz magneto-electro-optical metamaterial. (a) Artistic
impression of the nanostructure of current-carrying flexible chevron strips
that are driven by the Lorentz force. The scale bar, Tum. (b-d) To illustrate
reconfiguration-induced changes of the plasmonic response of the
nanostructure, we show the magnitude and phase of the near-field E,
perpendicular to the plane of the metamaterial, 10 nm above the chevron
strips. This field component is linked to the light-induced oscillating charge
separation in the gold layer. The effect of displacing every second nanowire
can be seen in both amplitude and phase patterns, most dramatically in the
latter: the increasing displacement d from (b) O to (¢) 50 and (d) 100 nm
leads to a growing phase difference between alternating rows. In these field
maps, the nanowires are separated by white areas and the first and third
complete chevron strips are being displaced. Incident light is at the
wavelength of 1,550 nm and linearly polarized with the electric field
perpendicular to the nanowires.

incident light. The near-field distribution and thus the plasmonic
response are highly sensitive to the geometry of the structure.
Therefore, changes on the nanometric scale, that are induced by
the action of the Lorentz force, can have a strong effect on the
nanostructure’s optical properties. This is illustrated by Fig. 1b-d
using somewhat exaggerated levels of displacement (for clarity):
the electric field distribution in the near-field of the structure
changes dramatically on out-of-plane movement of every second
nanowire of the array.

The magneto-electro-optical effect appears concurrently with
thermally-induced changes of the optical properties that are driven
by the release of Joule heat in the nanostructure. This thermo-optic
effect appears even in the absence of the external magnetic field and
is not sensitive to the current direction. In the first approximation, it

2propomonal to the power dissipated in the array and thus to
|12~ V2~ |E|%. As the nanowire material used in our experiments
was non-magnetic, we observed no optical response on application
of the external magnetic field H alone.

In our experiments, we targeted the magneto-electro-optical
response in the near-infrared part of the spectrum, at telecom
frequencies. The metamaterial reported here is an array of
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separated gold nanowires of length L = 35 pm manufactured on a
50-nm-thick silicon nitride membrane that was cut into separate
elastic chevron strips with 770 nm chevron period (see Methods
and Fig. 2). The nanowire strips form a regular grid with pitch of
775nm. Alternating nanowires were electrically connected to
terminals on both ends, so that electric field applied across
the metamaterial array induces a current I in every second
strip. Optical transmission of the metamaterial has plasmonic
resonances in the near infrared, see Fig. 2b.

In the presence of external magnetic field H, nanowires that bear
current are subject to the Lorentz force F=LI x H that moves
them from the plane of the array against the elasticity force to a
maximum displacement of few tens of nanometres, see Fig. 2d. In
the reconfigurable metamaterial with anchored ends of the strips,
the Lorentz force leads to homogeneous displacement at the centre
that contributes most to the modulation of optical properties of the
metamaterial. This deformation changes the electromagnetic
coupling between neighbouring nanowires and thus the plasmonic
response of the array at optical frequencies. At zero displacement,
symmetry dictates identical light-induced charge oscillations in all
chevron strips, see Fig. 1b. With displacement of every second strip,
charges in neighbouring strips oscillate with an increasing phase
difference and with lower (higher) amplitude in repositioned
(stationary) strips, see Fig. 1c,d.

In general, the Lorentz force-induced change of the optical
properties has components that are even and odd functions of the
nanowire displacement along the z-direction. Indeed, if initially
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all strips are located in the plane of the membrane, any change of
optical properties is insensitive to the direction of displacement z.
However, if alternated nanowires are pre-displaced in the
z-direction, the change in the optical properties will be sensitive
to the direction of displacement z. The out-of-plane motion of
every second strip increases the nanostructure’s periodicity
perpendicular to the strips, so that the metamaterial’s unit cell
in the dynamic regime is 770 x 1,550 nm. Strictly speaking, for
the metamaterial to be an effective medium film, that is, to
transmit and reflect light without scattering, the optical
wavelength shall be longer than the unit cell in all directions.
Characterization of the sample was performed at the edge of the
effective medium regime of the deformed structure at the
telecommunications wavelength of 1,550nm. Therefore, our
results shall be interpreted as indication on what changes in
permittivity ¢ of a hypothetical homogeneous medium shall be
obtained to reach the same modulation depth as the actual
nanostructure.

Experimental characterization of the effect. To detect the
magneto-electro-optical effect, we characterized transmission
changes of the metamaterial induced by simultaneous application
of the electric and magnetic fields. The magneto-electro-optical
effect and the thermo-optical effect can be effectively separated by
changing the magnetic field strength. Moreover, with a harmo-
nically modulated external electric control signal the thermal

d Lorentz force
10s of nm

ot bt
[ f *

Joule
heating

H
V£0
H=0
Ty
_—
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Lorentz force

Figure 2 | Lorentz and thermal forces in reconfigurable metamaterial. (a) Scanning electron microscopy image showing the metamaterial device with
chevron nanowires. The white scale bar, 10 um, the black scale bar in the inset, Tum. (b) Transmission T of the nanostructure as a function of wavelength 4
for several displacements d. Experimental results and numerical simulations are plotted on identical scales and the wavelength used in the modulation

experiments is marked by a dashed line. (¢) Electro-thermal and elastic forces compete in the bimorph nanowire consisting of gold (yellow) and silicon
nitride (green) when an applied voltage V leads to a temperature increase AT due to Joule heating. (d) Current in a magnetic field H produces a Lorentz

force competing with the thermal effect.
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mechanism will respond at the doubled frequency of modulation
due to its quadratic nature. However, the Lorentz mechanism will
create a modulated optical response at the control frequency.

Results for non-zero values of the magnetic field strength
are presented on Fig. 3. It shows the optical modulation
depth recorded at the frequency f for different amplitudes
and frequencies of the control signal V=Acos(2nff). A high-
frequency zoom-up displays the resonant feature. Correspond-
ingly, Fig. 4 shows the optical modulation depth as a function of
control signal amplitude A and magnetic field H at characteristic
frequencies of modulation.

The results clearly indicate a linear dependence of the sample’s
transmissivity on the external magnetic and electric fields and
this can be described as linear magneto-electro-optical effect

0ty = XglyExHy. The effect has a clear resonant nature (a peak at
about 200kHz) that is related to the mechanical resonance of
the chevron nanowires that are supported at both ends.
Off-resonance the effect is weakly dependent on the frequency
of modulation. The effect is enabled by the Lorentz force acting
against the elasticity of the membrane. Indeed the modulation
vanishes at zero magnetic field. Based on the nanostructure’s
resistance of R=27Q, a voltage of V=53mV leads to
I,=V/(12R) =160 pA current in each of the 12 electrically
connected strips, corresponding to a maximum Lorentz force
of F,=LI|H|=640pN per strip in our experiments when
|H| =112 mT magnetic field is applied. The proportionality of
the effect to the driving voltage seen in Fig. 4 is only possible if
the ‘hot’ nanowires bearing the current are pre-displaced from the
plane of the membrane. We argue that such displacement results
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Figure 3 | Magneto-electro-optical modulation. Modulation of
transmission with an external electrical control signal of amplitude A at
different frequencies f in a static magnetic field H. Transmission modulation
is detected at the frequency of electric modulation.

4

from post-fabrication bow-type deformation of the sample and/or
is induced by the Joule heating of the bimorph nanowires.

Indeed, the equilibrium temperature of the heated strips is
proportional to power dissipation. The dissipated power at
V=53mV is V*/R=100pW, corresponding to about 40K
temperature increase at current-carrying nanowire centres
compared with their ends. Such temperature increase will cause
few tens of nanometres static strip displacement due to
differential thermal expansion of gold and silicon nitride??.

In contrast, Fig. 5a shows the optical modulation depth
recorded at frequency 2f at zero magnetic field H for different
amplitudes A and frequencies f of the control signal V.
Correspondingly, Fig. 5b shows the optical modulation depth
as a function of control signal amplitude A at characteristic
frequencies of modulation. The results show a quadratic
dependence of the sample’s transmissivity change on the external
electric field, which shall be expected for the thermo-optic effect.
Similar to the magneto-electro-optical contribution, the effect
has a peak at the mechanical resonance of the metamaterial.
Off-resonance, the effect progressively rolls off with the frequency
of modulation. Indeed, the thermo-optical effect depends on
heating and cooling of the nanostructure, which is controlled by
conductive heat transport from the nanowires to the surrounding
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Figure 4 | Magneto-electro-optic effect. Linear relation between
transmission change and applied external control signals detected at
selected modulation frequencies f. Transmission modulation as a function of
(a) electric modulation amplitude for a |H| =112 mT static magnetic field
and (b) magnetic field for a fixed electric modulation amplitude of
A=53mV (|E|=15kVm~"). Error bars show the s.d. and dashed lines are
linear fits through the origin.
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Modulation frequency f (kHz)

Table 1 | Reciprocity of the magneto-electro-optical effect.

(o= ().

(Fa+ (F)

1

4

7
10
40
70
100

+0.00£0.07
—0.03+£0.07
—0.04%£0.07
—0.03+£0.07
+0.04+0.07
—0.01£0.07
+0.01£0.07

Modulation depth (a.u.)

0.0
0.001

0.01 0.1
Detected frequency 2f (MHz)

20 i T T T T T T T T T {_
2f=1 kHz
15} ]

-
-

1or -~ ABf=20 kHz 1]

(a.u.)

-

Modulation depth ©

0.5 e ,_—f"‘" o &
ma e e e e
00 --===s===="-- ‘ |2f_1.85k|HZ |
0 10 20 30 40 50
Control signal amplitude A (mV)

Figure 5 | Thermal modulation. Transmission modulation with an external
electrical control signal at different frequencies without magnetic field.
Detection at twice the frequency of modulation 2f. Modulation depth as a
function of (a) frequency and (b) electrical modulation amplitude. Error
bars show the s.d. and dashed lines are quadratic fits through the origin.

membrane and then to the supporting silicon frame. Our
calculations starting from the law of heat conduction and
published values for the thermal properties of 50-nm-thick films
of gold ?* and silicon nitride 2° predict a characteristic roll-off
frequency of few tens of kilohertz, which is consistent with the
experimentally observed roll-off (Fig. 5).

Discussion

We are not aware of any highly flexible natural media structured
on the nanoscale with distinctly anisotropic conductivity that
could exhibit a similar magneto-electro-optical effect. Therefore
our work is a further illustration of the power of the metamaterial
paradigm to create materials with novel groperties. In the past
this included negative optical magnetism?®, negative refraction?’,
asymmetric transmission?®, toroidal resonances?®, as well as
extremely high nonlinear®® and electro-optical coefficients!2.
Here we extend this to the observation of a magneto-
electro-optical effect that has never been observed before.
We note that Lorentz force based MEMS magnetic field sensors
have been reported *32, but cannot be approximated as
effective media. From our experimental data, we can estimate
the order of magnitude of 73 in 0y, = ;{)(,f,lyExHy as
;{(3)/n~ 10~ 4mV 1T~ 1), where n is the refractive index.

We note that a nonreciprocal optical magneto-electric effect is
also known. It results from bi-anisotropic constitutive equations
that have terms mixing the polarization (magnetization) of the
medium with the magnetic field (electric field) of the wave at
optical frequencies, resulting in a dependence of the effect on the
propagation direction of the wave'® 22, The phenomenon

Difference of the magneto-electro-optical modulation depths AT/T for opposite directions of
wave propagation normalized by the magnitude of the effect. Indices SiN and Au mark
modulation depths for illumination of the silicon nitride and gold sides of the nanowire
metamaterial, which are found to be identical within experimental accuracy. The transmission is
modulated with an external electrical control signal of amplitude A=53mV at different
frequencies f in a static magnetic field |H| =130 mT and detected at the frequency of electric
modulation. The magnetic field is directed perpendicular to the chevron nanowires in the
metamaterial plane. Incident light is polarized perpendicular to the chevron nanowires at the
wavelength of 1,550 nm.

observed here is different: in the constitutive equation it results
only from the term that describes the change of the dielectric
tensor in response to the slowly variable externally applied
electric and magnetic fields, which control the deformation of the
nanostructure. Such change therefore does not depend on the
wave propagation direction, and therefore leads to a reciprocal
effect. Control experiments confirm within experimental accuracy
that the effect is the same for opposite directions of wave
propagation, see Table 1.

Both lateral uniformity and magnitude of the observed optical
effect can be improved by thinning the chevron nanowires at
their ends, which will lead to larger and more uniform
displacement of the more rigid central part of the pattern, as
has been suggested in ref. 33. The use of stronger currents and
magnetic fields will lead to stronger Lorentz force and larger
displacements of the strips, but the Joule heat dissipation and
inelastic deformation of the nanostructure will limit the
parameter field in which reversible and reproducible changes
and consistent signal modulation can be achieved. The main
obstacle in achieving higher modulation depth will be thermal
damage to the device that we expect to fail at a few hundred
millivolts of driving signal. Displacements and optical modulation
can also be increased by using longer nanowires to increase the
elasticity of the structure and by using more elastic membranes.
A considerable increase in the amplitude of high-frequency
resonant responses can be attained by reducing the damping
associated with the ambient air in which the nanowires move,
thus placing the metamaterial in a vacuum cell will help to
increase the Q-factor of the response. Furthermore, the design of
the plasmonic resonators can be optimized and their spacing
reduced to couple them more strongly, increasing the sensitivity
of optical properties to nanoscale displacements.

In conclusion, we observe a magneto-electro-optical effect that
is driven by the Lorentz force acting on an array of nanowires.
Already the effect in the chevron nanowire array can be used for
magnetic field-sensing applications, where availability of the
second control parameter (the electric field) can be exploited to
engage highly sensitive zero balance phase detection techniques to
realize sensitivity at nano-Tesla levels. Moreover, we argue that a
dedicated optimization of the metamaterial design can lead to the
observation of stronger effects suitable for practical application in
light-modulation devices.

Methods

Reconfigurable photonic metamaterial fabrication. The reconfigurable nanos-
tructure was fabricated from a 50-nm-thick low stress silicon nitride membrane,
which is 500 x 500 pm? in size and supported by a silicon frame. A 50-nm-thick

| 6:7021| DOI: 10.1038/ncomms8021 | www.nature.com/naturecommunications 5

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

gold layer was thermally evaporated onto the membrane and structured with a
focused ion beam system (FEI Helios 600 NanoLab), with the contact electrodes
connected to a source measurement unit (Keithley 2636) through a vacuum
feedthrough for in situ electrical characterization. Using focused ion beam milling,
the chevron pattern was milled through both gold and silicon nitride layers,
creating both the plasmonic resonators and the supporting suspended silicon
nitride strips in one step. Then the terminals at the strip ends were electrically
separated by removing the gold film in selected areas. The overall size of the
metamaterial array is 35 x 20 pm.

Experimental and numerical characterization. In the numerical simulations
shown in Figs 1b-d and 2b and the optical experiments presented in Figs 2-5, the
nanostructure was illuminated from the silicon nitride side with the optical electric
field polarized perpendicular to the strips. High-frequency modulation was studied
with a 1,550 nm laser transmitted through the nanostructure, while modulating the
electric signal applied to the metamaterial using a signal generator and applying
static magnetic fields with neodymium magnets. The modulated signal was
detected by an InGaAs photodetector (New Focus 1811) and two lock-in amplifiers
(Stanford Research SR830 up to 100 kHz and SR844 >100kHz). The numerical
simulations are full three-dimensional Maxwell calculations based on a finite ele-
ment method solver (Comsol). One unit cell consisting of a chevron pair was
modelled with periodic boundary conditions.
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Obtaining optical properties on demand

Reconfigurable metamaterials provide a flexible platform for nanophotonic technology

By Nikolay I. Zheludev'?

ith the developments in nano-

technology that enable atoms,

singly or in clumps, to be moved

and arranged at will, we now have

the capability of creating meta-

materials that can display proper-
ties not found in naturally occurring media.
Today lenses are being developed that im-
age more sharply than glass lenses, and ma-
terials can be designed that make objects
invisible or bend light beams into any cho-
sen trajectory. We look here at the impact
that metamaterials are having on photonics
(see the figure).

Despite the achievements so far, photonic
metamaterials cannot yet be used for many
practical applications because of limitations
associated with energy dissipation in the
metals used to construct them. Alternatives
are being sought in oxides and nitrides (7),
topological insulators, and two-dimensional
materials, which could offer improved
plasmonic response, and in high-index di-
electrics delivering resonant metamaterial
properties with negligible losses (2). Planar
phase and intensity holograms exploiting
metamaterials with spatially variable char-
acteristics may have potential for novel ap-
plications (3, 4). Metamaterials with zero
dielectric permittivity (5) and topologically
protected surface modes (6) promise new
waveguide technologies; metamaterials
with tailored hyperbolic dispersion (7) can
enhance luminescence and improve optical
gain. An emerging direction is to use meta-
materials for optical computation (8) and
thermal and radiation management.

The most remarkable recent develop-
ment in this materials science is that we
can now tune and switch metamaterial
optical properties (9). However, today’s
challenge is not only to achieve homoge-
neous change of optical response across
the entire volume of the metamaterial,
but to develop the “on-demand” control
of individual metamolecules in the mate-
rial. By analogy with electronic random
access memory, such structures are called
“randomly accessible metamaterials.” These
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metamaterials will not only allow for mod-
ulation of light’s intensity or phase, but will
offer full active control of the wavefront of
electromagnetic radiation, tailoring of the
near field, and ultimately multichannel
data processing. Developing randomly ac-
cessible photonic metamaterials is a chal-
lenge: The metamolecules would have to
be subwavelength optical switches with a
physical volume of about 107 m?. To have
an impact on telecommunications technol-
ogies, such switches must also be fast and
energy-efficient.

Do we have in sight physical processes
that can sufficiently alter the optical proper-
ties of individual metamolecules such that
they can change the phase and intensity of
the transmitted and reflected light? Liquid
crystal and digital micromirror spatial light
modulators are well known, but they have
pixels at least a few micrometers in size, too
big for metamaterial applications, and their
bandwidth is only a few tens of kilohertz at
best, whereas electro-optical crystal modu-
lators are fast but bulky. However, there are
emerging technologies that can deliver not

Photonic
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Novel photonic
materials

Traditional
photonic

devices Conventional

£ metamaterials =

d

Traditional
photonic
materials

oty P2

Natural materials

Tunable
metamaterials

only metamolecular-level switching con-
trolled by electric or magnetic signals, but
also switching with light. These are nano-
optomechanical, phase-change, and coher-
ent control technologies.

Some exceptional opportunities are pro-
vided by nano-optomechanics that takes
advantage of the changing balance of
forces at the nanoscale. At the submicrom-
eter dimensions of the metamolecules,
electromagnetic forces compete with elas-
tic forces and can thus be used to reconfig-
ure the shape of individual metamolecules
or their mutual arrangement. Structured
semiconductor nanomembranes are the
ideal platform for such nano-optomechan-
ical reconfigurable metamaterials (70).
These structures can be driven thermoelas-
tically, electrically, and magnetically. They
can also be reconfigured by light-induced
forces between elements of illuminated
metamolecules. Their nonlinear, switch-
ing, electro-optical and magneto-optical
characteristics can surpass those of natu-
ral media by orders of magnitude. More-
over, the nanoscale metamaterial building

Reconfigurable electromagnetic
space and metasystems

2 ‘.;

Metamaterials with
optical properties
on demand

~ @ ?"!'

Nanotechnologies

Mighty metamaterials forest. Metamaterials were first developed as artificial media structured on a size scale smaller
than the wavelength of external stimuli. They showed novel, now well-understood electromagnetic properties, such as
negative index of refraction or optical magnetism, allowing devices such as optical cloaks and superresolution lenses.
Tunable, nonlinear, switchable, gain-assisted, sensor, and quantum metamaterials appeared and increased the potential
for device integration of metamaterial technology. The coming challenge is to develop metamaterials with on-demand
optical properties that may be independently controlled for every individual metamolecule of the nanostructure.
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blocks can be moved very fast, potentially
offering gigahertz bandwidth switching.
The first generation of randomly accessible
reconfigurable metamaterials or nano-
membranes, providing control in a single
spatial dimension, have been realized and
can function as refocusable lenses or dy-
namic diffraction gratings.

Phase change is another technology
that can work for metamolecular-level
switching. Initially developed for rewrit-
able optical discs, it offers a mechanism
for nonvolatile switching of optical prop-
erties within a nanoscale volume (771). This
provides a new platform for creating opti-
cal components that are written, erased,
and rewritten as two-dimensional binary
or grayscale patterns into a film of chalco-
genide glass using tailored trains of femto-
second pulses. Reconfigurable bichromatic
and multifocus Fresnel zone plates, super-
oscillatory lenses with subwavelength fo-
cus, grayscale holograms, and a dielectric
metamaterial with on-demand resonances
have been demonstrated.

Another emerging technology for con-
trolling and switching the manifestation
of optical properties in metamaterials is
coherent control. A highly absorbing plas-
monic metamaterial film of subwavelength
thickness that is placed in the node of a
standing wave formed by counterpropagat-
ing control and signal waves will see zero
electric field and so will not absorb the
light. Any change in the phase or intensity
of the control wave will distort the standing
wave pattern and destroy the regime of zero
absorption. This effect can underpin vari-
ous forms of optical switching (12) operat-
ing down to the level of a few photons and
with a modulation bandwidth up to 100
THz, presenting powerful opportunities
for laser spectroscopies, image processing,
and data handling in the locally coherent
networks that are increasingly part of the
mainstream telecommunications agenda. m
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INFECTIOUS DISEASES

Overcoming neglect of
kinetoplastid diseases

Drug development offers hope for controlling diseases
that affect millions of people worldwide

By Graeme Bilbe

f the 17 neglected tropical diseases
listed by the World Health Organiza-
tion (WHO) (1), three are caused by
parasitic kinetoplastid protozoa: hu-
man African trypanosomiasis (HAT;
also known as sleeping sickness),

leishmaniasis, and Chagas dis-

ease. The three diseases are re- %
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U
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HAT as a public health problem by 2020 is
achieved and maintained. The initial hemo-
lymphatic phase of the disease generally goes
undiagnosed without active surveillance.
Leishmaniasis is caused by Leishmania
parasites that are transmitted by phleboto-
mine sandflies. Visceral leishmaniasis (fatal
without treatment) and cutaneous leish-
maniasis are the two most com-
mon forms of the disease, which

sponsible for high mortality and RS - is prevalent in 98 countries with
morbidity among the world’s b Al A\ | E 350 million people at risk. Leish-
poorest populations. Although i \\‘ ; = maniasis was long considered
these and other neglected dis- / 4 Pagl v\ \: ' not to be a public health threat to
eases have received increased L ;a7 high-income countries, but pop-
attention over the past decade, > n < ‘:\ '}’ ulation increases, migration, and
new drugs are still scarce: INFECTIOUS DISEASESERIES  climate change may be spreading

From 2000 to 2011, only 4% of

new drugs and vaccines were registered for
neglected diseases (2). However, the drug
development pipeline, with sustained re-
sources and research efforts, should see the
delivery of new drugs for these diseases over
the next decade.

KINETOPLASTID DISEASES. Transmitted
by insects, these poverty-related infectious
diseases are genetically highly diverse. They
cause a spectrum of often
chronic visceral and dis-
figuring skin diseases that
can be fatal and that exact
a high socioeconomic bur-
den on patients and their
families. Most cases occur
in impoverished countries
with poor health resources,
but the diseases are also re-
emerging in Europe and the
United States.

HAT is caused by 7Try-
panosoma brucei (see the
first figure). It is transmit-
ted by the bite of an infected
tsetse fly and is fatal without
treatment. Active case detec-
tion and treatment have led
to a fall in the number of ;
cases, currently estimated at By
20,000, and sustained efforts
are vital to ensure that the
WHO’s target to eliminate

Published by AAAS

it, as highlighted by a recent seri-
ous outbreak in Madrid, Spain (3). Of even
greater concern is the change in epidemiol-
ogy of the more serious visceral form due to
the spread of HIV (4).

Chagas disease is caused by 7. cruzi
parasites. An estimated 6 million to 7 mil-
lion people worldwide are infected with the
parasite. The disease is endemic in 21 coun-
tries of Latin America, where it causes more
deaths than malaria, but can remain asymp-

SEFCC M

Trypanosoma sp. parasites in blood smear from a patient with African
trypanosomiasis. The parasites are about 16 to 42 pm long.
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A Flat Lens with Tunable Phase Gradient by Using
Random Access Reconfigurable Metamaterial

Weiming Zhu, Qinghua Song, Libin Yan, Wu Zhang, Pin-Chieh Wu, Lip Ket Chin,
Hong Cai, Din Ping Tsai, Zhong Xiang Shen, Tian Wei Deng, Sing Kwong Ting,
Yuandong Gu, Guo Qiang Lo, Dim Lee Kwong, Zhen Chuan Yang, Ru Huang,

Ai-Qun Liu,* and Nikolay Zheludey*

The concept of metamaterials, electromagnetic media struc-
tured on sub-wavelength scale, has created a platform of new
opportunities for manipulating light across the entire electro-
magnetic spectrum. Metamaterial with manageable disper-
sion allows access to unusual permittivities and permeabilities,
leading to negative index,[?! zero epsilon,l’! giant chirality,
or exotic and useful hyperbolic dispersion anisotropy.’! Meta-
materials can form “invisible” metallic structures and exhibit
extraordinary resonant transparency.*°! Controlling boundary
conditions with metamaterial offers perfect absorbing
mediall®l and “magnetic’ mirrors.'¥ Metamaterials are now
widely exploited to enhance nonlinear, switching and light
emission!!? performance of conventional active materials. Met-
amaterials allow waveform manipulation and offer exciting
opportunities for cloaking,'>'® waveguiding,'”] and localiza-
tion of light. Moreover, metamaterials are now used as a plat-
form for exploration and modeling of new physical effects!'®1’]
and developing practical sensor solutions.?%2!l These thrilling
technological prospects have stimulated a wide search for
developing metamaterials with tunable and switchable prop-
erties using Microelectromechanical Systems (MEMS), phase
change media, liquid crystal, magnetic media, and supercon-
ductors.l?22¢] Efficient modulation of reflection and transmis-
sion of metamaterial array in the terahertz and sub-terahertz
parts of the spectrum can also be achieved by injecting current
into the supporting semiconductor substratel?’] or into a wire
loop continuously connecting all metamolecules.?® In addition,
controlling physical shape or mutual position of metamolecules
in metamaterial arrays allows for a very efficient tuning of their

characteristics, which can now be achieved with megahertz
bandwidth in the optical part of the spectrum.?’!

One of the most exciting breakthroughs based on metama-
terials is the planar lens. Traditional optical lenses tailor the
incident wavefront by accumulating the spatial phase difference
induced by their geometries, which are typically difficult to be
manufactured, e.g., aberration-free lens. Furthermore, the tun-
ability of traditional lens is limited by the low refractive index
contrast and mechanical properties of the transparent materials
available in nature. Therefore, compact lens arrays are required
for most lens-based devices such as cameras and microscopes,
which are difficult to be minimized. Researchers are now
exploring planar metamaterials with spatially variable charac-
teristics as diffraction gratingl**-3? and for focusing.**-3°! The
planar metamaterial lenses tailor the wavefront by spatial phase
gradient induced by the predesigned metamolecules, which
cannot be tuned once fabricated. The ability to control reso-
nant properties of every individual metamolecule in a planar
metamaterial will offer an ultimate freedom for dynamically
shaping wavefronts via reconfigurable spatial phase gradient,
which is essential for applications such as tunable flat lenses,
dynamic holograms, spatial intensity, and phase modulators
with sub-wavelength pixilation. However, metamolecules in a
planar array are difficult to be individually tuned using current
techniques based on integrating lump active elements in the
metamolecules (transistors or diodes), current injection, or sup-
pression of superconductivity. Those methods depend for mod-
ulation on undesirable Joule losses!3®37] and require a network
of wires, individual electrical connections to all metamolecules,
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which will inevitably interfere and could spoil electromagnetic
resonant properties of the metamaterial.

Here we report for the first time a proof-of-principle demon-
stration of a planar metamaterial where resonant properties of
every individual metamolecule can be continuously controlled
at will, which is called a random access reconfigurable metama-
terial (RARM). RARMs are passive structures that are designed
to control wavefront of external source of radiation. They shall
be distinguished from phased antenna arrays that are active
structures, shaping radiated pattern by controlling phase and
intensity characteristics of every emitter through a complex
feed arrangement. Using the developed RARM, we also provide
the first demonstration of a metamaterial lens that is tunable
in focal distance at will. To achieve RARM, we have created
an array of cavities that can be filled with liquid metal®%*!
in a controllable fashion*? using microfluidic technology and
pneumatic valves. A microfluidic network addressing every
individual element of the array provides the mechanism to
dynamically change the filling factor of resonators and thus
their resonant electromagnetic properties at will, continuously
and with random access. Such individually addressable cavi-
ties of sub-wavelength size form a metamaterial array of sub-
wavelength resonators where modulation of transmitted wave-
front is achieved practically without Joule losses!*}] via changing
the spatial phase gradient of the array. Our metamaterial does
not have massive moving parts characteristic to comb-driven
MEMS metamaterial*! while by using pneumatic valves the
proposed solution minimizes the network of conductive ele-
ments that could disturb electromagnetic properties of the
array and can be used with metamolecules of broad variety of
shapes, from simple antennas to complex connected and dis-
connected 3D structures. Our proof-of-principle demonstration
is based on microfluidic elements allowing RARMs operating
in microwave regime. However, with recent progress in nano-
fluidics (for instance, the flow of liquids through carbon nano-
tubes is being investigated® one can envisage a realization
of nanocapillary RARM that could translate the concept into
higher frequencies, including the optical range.

The metamaterial reported here consists of a 2D square
array of metallic split rings and two perpendicularly placed
metal gratings (Figure 1a). The metal gratings consist of
1 mm wide copper wires with period spacing of 2.5 mm, which
is fabricated on 0.635 mm thick Taconic substrate (TLY-5-520,
& = 2.2). The split ring element has a radius of 2 mm in a
60 x 60 lattice with periodic spacing of 5 mm, which has a total
footprint of 300 mm. It is designed to operate in the GHz range
from 12 to 18 GHz (Ku band). The split ring metamolecules are
formed by filling liquid mercury into the ring-shaped microcav-
ities. If completely filled with mercury the ring metamolecule
exhibits a dipole absorption resonance at the wavelength linked
to the half-length of the ring. The resonance wavelength can
be progressively reduced if a section of the ring is removed by
introducing a gap into the ring. This can simply be achieved by
substituting the liquid metal in the cavity with a gas bubble. To
create and control the gaps of the rings individually, they are
connected by microchannels to pneumatic valves, which regu-
late air pressure in the channels. By increasing the pressure
in the channel, air pushes mercury away from the ring cavity,
substituting it with an air bubble (Figure 1b-c). The process

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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can be made continuous and fully reversible by changing the
balance of air and mercury pressures. Here mercury is chosen
for its low melting point (—38.8 °C) and high electrical conduc-
tivity (1.04 x 10° S m™!), which is only one order of magnitude
lower than that of copper (5.96 x 107 S m™!). The metamaterial
is supported on a polymethyl methacrylate (PMMA, &, = 2.57)
substrate of 1 mm thickness while the architecture of micro-
channels and cavities is imbedded into a polydimethylsiloxane
(PDMS, €, = 2.69) layered structure of 2 mm thickness. Ring
cavities are located in the layer bonded with the PMMA sub-
strate that also hosts mercury filling channels. Narrow air
channels directed across the rings connect each cavity with
the vertical air loading channels that are linked to the pat-
tern of pneumatic valves and air inlet in the layers above. The
control system is fabricated within a PDMS layered structure
of 1 mm thick. In the heart of the air control system is a pur-
posely designed ternary valve multiplexer, addressing metamol-
ecules in the array individually (see details in the Supporting
Information, Figure S2). The metamolecules are different row
by row along the x-direction, which creates a 1D spatial phase
distribution.

Here, we illustrate the opportunities provided by the flex-
ibility of random access metamaterial by functionalizing it
into a tunable flat lens (Figure 2). The microfluidic layer with
liquid metal rings functions as a polarization converter of the
linear polarized excitations as the slope angles between the
symmetric axes of the rings and the incident electric field are

Ty<x
7Z

b

Liquid metal input ~ Gap generation Air input

Figure 1. Schematic of tunable flat lens. a) The randomly addressable
metamaterial can be used as a flat lens with tunable focal distance when
resonant properties of a split ring in the array are altered by changing the
metal filling fraction. The RARM is formed by loading liquid metal into the
ring microcavities fabricated in transparent dielectric. b) The liquid metal
(light grey) is injected into the microchannels and filled in the wide chan-
nels with controlled pressure. c) The gap is defined by regulating air pres-
sure in the pneumatic valves, injecting air (dark grey) from the narrow
channels. d) The extra liquid metal in the wide channel are expelled by air.
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Figure 2. Photographs of the flat lens. a) An overview photograph of the
flat lens, which consists of a 60 x 60 square array of SRRs partially filled
with the liquid metal, microchannels pneumatic array, and a ternary valve
multiplexer addressing metamolecules in the array individually at will.
The flat lens is divided into nine independently controlled SRR arrays,
which are highlighted with the red line. b) Zoomed-in view of one single
pneumatic valve when air pushes mercury away from the cavity void
forming the air gap of approximately 75°. c) The gap of the SRR restored
to 5° when air pressure in reduced. The gaps of the cavity can be continu-
ously tuned by changing the pressure of the pneumatic valves. The small
channels on the top of the cavities are the air channels.

either 45° or 315°. The two metal gratings enhance the cross-
polarization transmission due to the Fabry—Pérot resonance.*¢!
The phase and amplitude modulations of the transmitted elec-
tromagnetic wave are highly depending on the gap opening of
the metamolecules. Figure 3a shows the phase and amplitude
of the cross-polarized transmission as functions of the gap
openings and orientations of the symmetric axes. Here, the
incident electric field is along the y-direction with the frequency
of 16 GHz. The metamolecules with different gap openings
are numerically characterized under periodic boundary condi-
tions. The transmission phase can be tuned continuously with
2-m range while maintaining the normalized amplitude larger
than 0.7. Figure 3b,c shows the phase profile when the incident
wave passed through each metamolecule. Here, the wavefront
can be tailored via changing the gap opening and orientations
of the metamolecules individually. For the purpose of demon-
strating a convex lensing function, the incident wave frequency
was chosen at 16 GHz.

Experimental results of electromagnetic wave focusing with
RARM are presented in Figure 4. Here the metamaterial is
illuminated by a plane wave that propagates along z-direction,
normal to the plane of the metamolecules array and is polarized

Adv. Mater. 2015, 27, 4739-4743
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Figure 3. Simulation on the transmission amplitude and phase as the
function of the gap openings. a) Simulation results of the transmission
amplitude and phase as functions of the gap openings and orientations
of the metamolecules. The incidence is linear polarized with the elec-
tric field along y-direction. b,c) Phase profile of different metamolecules
arrayed with the period of 5 mm, which shows the feasibility of tuning the
wavefront by controlling the SRRs.

along the y-direction. All measurements are performed in a
microwave anechoic chamber using a vector network analyzer
with horn antenna as the wave source and a monopole antenna
mounted on an xy scanner as a probe. To map the transmitted
field, the receiving probe is scanned at different z distances
from the sample with steps of 5 mm. During the experiment,
the air inlets are sealed using the microplugs for the sake of the
stability and safety issues. The experimental results and the cor-
responding simulation results of different phase gradient dis-
tributions are shown in Figure 4a—c, when the designed focal
length is 54, 104, and 154, respectively. The 3D full Maxwell
numerical modeling of the electric field intensity distributions
at xz plane are shown in the first column to compare with the
experimental results of xz plane and xy plane in the second and
third columns, respectively. The simulation is done by using
Computer Simulation Technology (CST) microwave studio with
the periodic boundary along y-direction and open boundary
along x- and z-directions. The diffraction efficiency 1 of the flat
lens is defined as n = Pg/P;, where Prand P; are the total optical
power measured at the hotspots and total input power meas-
ured without the sample, respectively. In the experiment, the
measured diffraction efficiency is approximately 10%, which is
much larger than most flat lens design.l*¥! The diffraction effi-
ciency can be further increased by maintaining the transmis-
sion coefficient during the gap tuning, which can be realized
by the optimization of the cavities. The corresponding spatial
phase distributions are shown in the fourth column, which are
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Figure 4. The tuning of the RARM lens hotspot when the spatial phase distribution is changed. Panels a—c) show the experimental results and the
corresponding simulation results of different phase gradient distributions when the designed focal length is 54, 104, and 15, respectively. The 3D
full Maxwell numerical modeling of the electric field intensity distributions at xz plane are shown in the first column to compare with the experimental
results of xz plane and xy plane in the second and third columns, respectively. The corresponding spatial phase distributions are shown in the fourth
column, which are obtained by hyperbolic lens equation. The schematics of the corresponding SRR arrays are shown in the insets. The incident 16 GHz
wave is linear polarized with the electric field along y-direction and propagation direction along z-direction (perpendicular to the surface of the flat lens).

obtained by hyperbolic lens equation. The xz and xy cross-sec-
tions illustrate that the beam can be confined into an intensity
linear hotspot with FWHM = 2.1A when the measured focal
length F = 5.1A. Figure 4a—c shows that the focal length F can
be tuned from 5.14 to 15.2A by adjusting the spatial phase gra-
dient. Here, the focal length is defined as the distance between
the central of the hotspot and the surface of the flat lens. The
measured focal lengths agree with the 3D simulation well as
shown in Figure 4.

In conclusion, a RARM formed by casting liquid metal
microwave resonators through microfluidic channels is dem-
onstrated to have function as reconfigurable wavefront manip-
ulation, which has been illustrated by showing a tunable flat
lens. The RARM can be used as densely integrated tunable lens
array, which has potential applications in high resolution dis-
play, sensor, and imaging systems. We expect that in the future
RARM will be developed for the entire electromagnetic spec-
tral range up to optical frequencies. This will make possible
various applications such as 3D holographic displays for mobile
phones, high-performance devices for space division multi-
plexing in the next generation telecommunication networks,
and adaptive wavefront correction devices, to name just a few.

Supporting Information

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

CrossMark

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 230 nm x 100 nm cross-section,
which consist of gold and silicon nitride. The active structure of the metadevice consists of 15
nanowires each 18 ym 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.

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
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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 10 pum [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

© 2016 IOP Publishing Ltd  Printed in the UK
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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 / to displace a nanowire. (b) Magnetic actuation uses the Lorentz force F 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 F between
charged nanowires or between a nanowire and a ground plane (GND). V; indicate nanowire actuation voltages in all cases.

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 620 nm 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 x 250 ,um2 low stress silicon
nitride membrane of 50 nm thickness. The membrane is
supported by a 5 x 5 mm? 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
30 um electrode spacing at the membrane edge to the sub-
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Figure 2. Contacting a nanomembrane. (a) Commercial 250 x 250 pm? silicon nitride membrane of 50 nm thickness on a 5 x 5 mm
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.

micron electrode spacing that is required at the metamaterial
edge, we performed electron beam lithography (figure 2(b)).
A 1 pm 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 60 s in a 1:3 MIBK:IPA solution at
room temperature, rinsed with IPA and dried with N,, 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-um-long
chevron nanowires with a 230 nm x 100 nm 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 x 620 nm” in size, corresponding to an active
metamaterial area of 18 ym x 9 um with a one-dimensional
metadevice pixelation of 620 nm (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 1 k2 series resistor for
each nanowire as well as grounding to avoid electrical shock
to the nanostructure (figure 4(a)). A LabVIEW interface
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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. V; 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.

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 3 V, while the middle panel shows a reference image
without applied electrical signals. The nanowire resistance is
small compared to the 1 k2 protective resistor, therefore, the
nanowire actuation current is almost 3 mA, 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 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 x 1076 K1) is
five times larger than that of silicon nitride (2.8 x 107° K1),
Neglecting temperature variation along the wire for simpli-
city, the resulting displacement is proportional to AT AalL?/t,
where the temperature change AT is proportional to the

square of the applied current, the difference in thermal
expansion coefficients A« depends on the chosen materials,
and L and ¢ 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 3 mA
(about 3 x 10'' A m~? 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 10 us and scales with L? 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
620 nm. Our metadevice design is intended to operate in the
red to infrared band at wavelengths \ longer than the nano-
wire period, but small compared to the overall size of the
nanowire array, i.e. 620 nm <\ < 9 pm. 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 620 nm
pixelation in one dimension. We demonstrate selective
actuation of individual rows of metamaterial unit cells.
Potential applications of such random access metadevices
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Figure 4. 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 V5 = 3 V applied to nanowire 3 from the bottom, (c) without voltage application and (d) with

Vs = 3V applied to nanowire 5 from the bottom.

include spatial modulators  with

pixelation.

light sub-wavelength
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Metadevice for intensity
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spatial resolution
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Published: 18 Novernber 2016 Effectl\_lely contllnuous control over pr?pagatlon of a beam of light requires Ingtlnt rpodula.tlon 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 um' . 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
optics*” and gradient metasurfaces®'°, while emerging technologies based on phase transitions!®!’, nonline-
arities'®!®, coherent light-matter interactions?*-2* and nanomechanical actuation**~** now enable the temporal
modulation of metamaterial properties®.

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. la.

Absorbtion of light in a planar absorber of sub-wavelength thickness is limited to 50%, if it is illuminated from
only one side®. 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
resolution®, 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 screen®-%,
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 strips®*-! as well as actuation of similar optomechanical
nanostructures**-* has been reported. Recently, selective actuation of individual metamaterial strips has been
demonstrated* and suggested as a method for spatial phase modulation®. Structures for the optical part of the
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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 V; indicate metastrip actuation voltages. (b) Incident E; and reflected E, 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 ¢ placed at a distance d in front of a mirror
with reflection coefficient m.

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 layer?.

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-studied*” and known to provide coherent per-
fect absorption®. 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 oscillators*. 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,

20, 2
A=1-R=1-|r4 21
1—e

mr

1

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 av=27d/ ) is the phase accumulated during propagation of the wave of
wavelength ) 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),
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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 H, 10 nm above the gold surface relative to the incident wave’s
magnetic field amplitude |Hy|.
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Figure 3. Metadevice absorption at the metasurface absorption maxima. Dependence of absorption on the
metasurface-to-mirror spacing d at wavelengths of (I) 615nm, (II) 785 nm, (ITI) 930 nm and (IV) 1600 nm.
Colour maps show the instantaneous magnetic field H, 10 nm above the gold surface relative to the incident
wave's magnetic field amplitude |Hy| for absorption maxima and minima.
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where Ay = 1 — |r]> — |r + 1[*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 « is a mul-
tiple of 7, i.e. when the metasurface-to-mirror spacing d becomes a multiple of A/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 A/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 50nm (¢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 7 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
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Figure 4. Metadevice absorption according to numerical and analytical models. Dependence of absorption
on metasurface-to-mirror spacing d and wavelength A 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=\/4, (d) A/2 and (e) an
intermediate spacing of \/8 based on the analytical model given by equation (2).

as a function of the metasurface-to-mirror spacing is generally periodic with period A\/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 ¢, 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-1V (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 /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 = \/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. 31, II) and asymmetric for complex scat-
tering coefficients (as in Fig. 3I1L, 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 valves**°. In-plane strip deformation can be neglected as the strips deform about 100 x 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 A="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 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=560nm) absorption as shown. In order to achieve a line focus 2 yum 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 p; satisfies 0 < p,/A — N; — C < 0.5, where N; 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=370nm 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
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Figure 5. Fresnel zone plate application of a metadevice with 12 metastrips operating at A=785nm
wavelength. (a) Basic operating principle of the zone plate: all reflective areas are sources of scattered fields,
which interfere constructively at the focal spot. (b,c) A focal spot at a distance of 2 ym results from metastrip-
to-mirror spacings of d=370nm (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 reflected electric field’s amplitude
|E,|* normalised to the incident wave E,,.

forms above the actuated metadevice due to interference of incident and scattered fields. Panel (c) shows the focal
spot that forms 2 yzm 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 demonstrated*’. 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 size?*. 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 10s
of sum length have mechanical resonances at 100 s of kHz to MHz and could have actuation voltages of several V
if placed 100s of nm away from a ground plane?*=>4.

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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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.
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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

th
m
m

ty

at necessarily occur in established spatial light modulators based on liquid crystal or digital
icromirror technology due to their pixelation on the order of 10 um [1-3]. While deformable
irror technologies avoid diffraction, they suffer from even lower resolution determined by their
pical 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 Az 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 pm including
3 um elastic springs at either end and their period is about 600 nm. (b) Out-of-plane nanowire
displacement Az changes the phase of the reflected wave by Ap = 41 1Az. (¢) 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 —2Az, resulting in a phase change A¢ = 47AAz. As this is a non-resonant effect, the
metadevice operates over the full wavelength range where its nanowire periodicity pg is smaller
than the wavelength (1 > po = 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 (1 < 2Az,,4x). 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.

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 I'will bend
the nanowire due to differential thermal expansion as the thermal expansion coefficient of gold
(14.2 x 107°K 1) exceeds that of silicon nitride (2.8 x 107°K 1) by a factor of 5. Neglecting
the temperature variation along the wire for simplicity, the resulting nanowire displacement is
proportional to ATAaL?/t, where AT is the temperature change (proportional to the applied
current), Aa the difference in thermal expansion coefficients, L the nanowire length and ¢ 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 X B resulting in displacement of the nanowires

of width w that is proportional to FL3/(:*w). 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 pm 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



Research Article

Optics EXPRESS

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 um 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 4 = 550 nm) that is polarized
with the electric field parallel to the wires. Gold and silicon nitride were modelled using electric
permittivities of £ 4,, = —5.8 + i1.6 and £g;5 = 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 6 from the normal is determined by the grating period
pg of the structure following siné = mA/p,. 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 1/4 causes
destructive interference of 0™ order reflection due to the 7 phase difference for waves reflected
from neighboring nanowires and thus all reflected light is redirected into the 1% 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 2" 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 1/(2N), corresponding to phase steps of 27/N and a phase gradient of
21 /(N po). In the phase-gradient configuration, the metadevice will reflect the incident light into a
single 1% diffraction order, for example, for N = 4 the phase gradient is 277/(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 pm 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 um 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 1/4

actuation of every second nanowire. (b) Grating of period pg = 1200 nm resulting from 1/8

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 1/8. The magnitude of the only non-zero reflected electric field
component |Ey | is shown and the metadevice, that is located at z = +2 um, is illuminated by a
y-polarized plane wave of 550 nm wavelength and electric field amplitude |E( | 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 um 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 um 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 |E), | 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 |Ey |
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 um width. (b) Flat mirror configuration of the nanowire
metadevice with sub-wavelength period of 400 nm and overall width of 12.7 um. (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 pm, are illuminated by a y-polarized plane wave of 550 nm wavelength and electric
field amplitude |E [propagating along the positive z-axis.

illuimination wavelengths that are larger than the nanowire periodicity po 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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Giant Nonlinearity of an Optically Reconfigurable

Plasmonic Metamaterial
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From the demonstration of saturable absorption by Wawilow
and Levshin in 1926, and with invention of the laser, una-
vailability of strongly nonlinear materials was a key obstacle
for developing optical signal processing, in particular in trans-
parent telecommunication networks. Today, most advanced
photonic switching materials exploit gain dynamicsi? and
near-band and excitonic effects in semiconductors,?! nonlin-
earities in organic media with weakly-localized electrons and
nonlinearities enhanced by hybridization with metamaterials.!
Here we report on a new type of artificial nonlinearity that is
nano-optomechanical in nature. It was observed in an artificial
metamaterial array of plasmonic metamolecules supported by
a flexible nanomembrane. The nonlinearity is underpinned by
a reversible light-induced reconfiguration of the nanostructure.
In a film of only 100 nm thickness, we demonstrate modulation
of light with light using milliwatt power telecom diode lasers.
Some exceptional opportunities for developing engineered
nonlinear media are provided by reconfigurable nanostructures
that take advantage of the changing balance of forces at the
nanoscale.’”] With the decrease in the physical dimensions of a
system, the electromagnetic forces between constituent elements
grow, as may be illustrated by the repulsion of electrons as their
separation diminishes. In contrast, elastic forces, such as the
force restoring a compressed spring, decrease with size. More-
over, nanoscale metamaterial building blocks have high natural
frequencies and thus can be moved very fast, potentially offering
GHz switching bandwidth for elements of sub-micrometer size.
Recently, this was exploited to develop reconfigurable meta-
materials fabricated on elastic membranes of nanoscale thick-
ness. These photonic metamaterials can be driven thermally!**!
and by electromagnetic forces, such as the Coulomb force
between charged elements of the nanostructure,!!l or the
Lorentz force acting on currents running through conductive
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elements in magnetic field.'Z Their electro-optical and mag-
neto-optical switching characteristics surpass those of natural
media by orders of magnitude.

Metamaterials are in essence arrays of optical resonators
where light-induced nanomechanical phenomena can play
crucial roles. For instance, it has been suggested that near-
field™ and Casimir forces!"*"] in metamaterials are modified
by the presence of light. Forces between oscillating plasmonic
or displacement currents induced by light in metamolecules
were also theoretically shown to be sufficient to drive recon-
figuration of a metamaterial structure in the optical part of the
spectrum,l1*18 and proof-of-principle experiments on such
interactions between individual metamolecules have been
reported at microwave frequencies.!*"]

Here we show that reversible reconfiguration of a plasmonic
metamaterial nanostructure driven by optical forces between its
illuminated elements can be the source of a strong optical non-
linearity. We show that this cubic nonlinearity may be used to
modulate light with light at milliwatt power levels. Moreover,
although for the majority of media the magnitude of nonlin-
earity tends to be proportional to its response time, the nano-
optomechnical nonlinearity can modulate light at three orders
of magnitude higher frequencies than could be expected from
this otherwise universal trend.

The plasmonic nanomechanical metamaterial was fabri-
cated on strips of suspended dielectric membrane of nanoscale
thickness in such a way that plasmonic elements of the
metamolecules were located on different strips. Here light
illumination leads to electromagnetic and thermal forces that
induce nanoscale strip displacements and thus reconfiguration
of individual metamolecules in a way that affects their plas-
monic resonances, see Figure 1. This leads to modulation of the
metamaterial's transmissivity at different wavelengths. The non-
linear response of metamaterial, that is only 100 nm thick, can
be observed at only a few milliwatts of continuous laser power,
using lasers operating at telecommunication wavelengths.

We developed optically reconfigurable metamaterial on the
basis of a Il-shaped resonator design known for exhibiting
plasmon-induced transparency,?2! see Figure 1 and Figure Sla
(Supporting Information). To allow mechanical deformation of
the 700 nm X 700 nm plasmonic IT metamolecules, the hori-
zontal and vertical gold bars were supported by different flex-
ible silicon nitride strips of 28 yum length spaced by alternating
gaps of 95 and 145 nm. The nanostructure was fabricated by
focused ion beam milling from a 50 nm thick silicon nitride
membrane covered by 50 nm of gold. Such structures can be
reconfigured: i) by differential thermal expansion through light-
induced heating of the bimorph gold and silicon nitride layers,
and ii) by near-field optical forces acting between elements of
illuminated plasmonic resonators.
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Figure 1. Nonlinearity in optically reconfigurable metamaterial. Light-
induced (red) forces in the plasmonic metamaterial array cause
nanoscale reversible displacements of its small and light building blocks
supported by an elastic nanomembrane. They move fast, with a response
time reaching microseconds. These displacements change the plasmonic
spectra of the metamaterial array and its transmission. This is used to
modulate another, weaker beam of light (green) at a different wavelength.

Experimental measurements and full 3D Maxwell simula-
tions show a pronounced near-infrared absorption resonance
at =1240 nm wavelength, see Figure 2a and Figure S1b (Sup-
porting Information). Maxwell stress tensor calculations!!®!
assuming normal incidence illumination of the nondiffracting,
periodic metamaterial reveal optical forces acting on the
IT-resonators around this resonance, see Figure 2b,c. As the
normally incident photons only carry momentum along the
z-direction the net force must be directed along z and must
comply with the momentum transfer associated with absorp-
tion A and reflection R, F,; + F,,= (A + 2R)P/c, where P is the
incident power per unit cell area and ¢ is the speed of light in
vacuum. In close agreement with this relationship, our simu-
lations show substantial differential optical forces F, — F;
between the unit cell's strip segments reaching =0.4 P/c along y
and 2.8 P/c along z.

Optical forces in such metamaterial nanostructures can be
understood as time-averaged Coulomb and Lorentz forces
acting between the currents and oscillating dipole charges of
the plasmonic resonators in the presence of the illuminating
electromagnetic wave.'® For example, repulsive and attractive
optical forces within the metamaterial plane for illumination
at wavelengths of 1310 and 1550 nm correspond to repulsive
and attractive interaction of the dipole charges on neighboring
strips, see Figure 2a,b. Forces normal to the metamaterial plane
result from a combination of optical pressure and the Lorentz
force acting on the moving charges of the plasmonic mode in
the presence of the incident wave’s magnetic field.

We investigated the nonlinear optical properties of the meta-
material in a pump-probe experiment as presented in Figure 3a.
As the pump and probe optical sources we used fiber-coupled
telecommunication laser diodes operating at the wavelengths of
1550 and 1310 nm, respectively. The intensity of the pump beam
was modulated by a fiber-coupled electro-optical modulator.
The pump and probe were then combined into a single beam
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Figure 2. Optical spectra and optical forces. a) Simulated metamaterial
refection R, transmission T, and absorption A spectra. Insets show maps
of the optically induced charge distributions at the probe and pump wave-
lengths in terms of the instantaneous electric field E, that these charges
generate normal to the metamaterial surface. The maps are normalized
to the maximum of E,. b) In-plane-of-metamaterial component of optical
forces Fyp, acting between the strip segments of an individual unit cell
according to Maxwell stress tensor calculations. ¢) Normal to the metama-
terial component of optical forces F,; , acting on the strip segments along
the light propagation direction. The total optical force on the unit cell (green
line) is presented alongside the value expected from reflection and absorp-
tion (dotted black line). Forces are shown per unit cell in units of P/c, where
Pis the incident power per unit cell and ¢ is the speed of light in vacuum. All
quantities are shown for x-polarized illumination of the silicon nitride side.

using a fiber coupler, decoupled into free space and focused on
the sample placed in a microscope using focusing and collec-
tion objectives. The sample was placed in a cell evacuated to
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Figure 3. Modulating light with light using optically reconfigurable metamaterial. a) Schematic of the pump—probe experimental setup. b) Probe trans-
mission modulation depth at A =1310 nm as a function of pump power for several pump modulation frequencies v with linear fits (solid lines). The
inset shows a hyperbolic fit (proportional to 1/v, black dotted line) of the thermal modulation tail for a pump power of 0.9 mW. c) Modulation depth
as a function of pump laser power and modulation frequency. Corresponding mechanical modes of the metamaterial nanostructure are shown near

resonant peaks. The pump modulation depth is close to 100% in all cases.

the pressure of 30 Pa to prevent damping of the nanomechan-
ical motion. Probe light transmitted through the sample was
detected by an InGaAs photodetector and a lock-in amplifier
locked to the pump modulation frequency. In order to optimize
the light-induced nano-optomechanical modulation, we pumped
the nanostructure at 1550 nm just above its absorption reso-
nance, where simulations predict significant in-plane forces.

At low modulation frequencies, below 100 kHz, the optical
pump leads to pronounced modulation of the metamaterial’s
transmission at the probe wavelength, see Figure 3c. For
0.9 mW pump power (peak intensity 9.2 pW pm™2) a modu-
lation amplitude on the order of 1% is observed at 25 kHz
modulation. This is an exceptionally large effect considering
that the interaction length of light and metamaterial is less
than one tenth of a wavelength. In contrast, in conventional
nonlinear optical media interaction lengths much larger than
the wavelength are required to accumulate significant effects.
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The low-frequency component of the nonlinear response has
a thermal nature and drops rapidly with increasing modu-
lation frequency, fading at a few 100s of kHz. In this fre-
quency range, the modulation amplitude halves as the modu-
lation frequency doubles which is consistent with a thermal
deformation of the bimorph Au/SiN, membrane, see inset to
Figure 3b. This is also consistent with thermal calculations
for 50 nm gold??! and silicon nitridel?3! layers, which predict
conductive cooling timescales on the order of 20-30 ps. The
light-induced heating of the nanostructure is balanced by heat
conduction along the metamaterial strips and according to
our calculations can reach hundreds of degrees for a pump
intensity of 10 pW pm™. As the thermal expansion coeffi-
cient of gold (14.4 x 107% K1) exceeds that of silicon nitride
(2.8 x 10°° K1) fivefold such large temperature changes will
bend the strips. When heated to the same temperature, narrow
strips will rise higher than wider strips due to more complete
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gold coverage; the metamolecule changes its shape and there-
fore its plasmonic absorption and transmission for the probe
wavelength change.

While the thermal nonlinearity easily dominates at low
modulation frequencies, other modulation mechanisms are
at play at higher frequencies. Indeed, as differential thermal
expansion in the layered structure can only drive motion out
of the metamaterial plane, it should not drive in-plane reso-
nant oscillations of the metamaterial strips. Several resonant
peaks of nonlinear response are seen at much higher frequen-
cies =600 kHz, 1 MHz, and 2 MHz, see Figure 3c. Mechanical
eigenmode calculations identify the resonances as the fun-
damental modes of oscillation of the narrow and wide strips,
corresponding to vibration normal to the metamaterial plane
(=600 kHz) and motion within the metamaterial plane (at
MHz frequencies), see insets. Comparing the sub-microsecond
heating and cooling cycles to the characteristic strip cooling
timescale, we argue for their nonthermal origin.

To assess the origin of the high frequency modulation, we
estimate the optomechanical deformation that can be expected
from the optical forces acting between different parts of the
metamolecular resonator. Based on the simulations presented
in Figure 2c, pump-induced optical forces reach 0.5 P/c (0.2 P/c)
for the narrow (wide) strips. For a strip pair with 29 unit cells
and 9.2 pW pm~2 pump intensity, this corresponds to =220 fN
(90 £N) force per strip. Estimating the spring constant k from
strip mass m and measured resonance frequency v as k =
(27v)*m =28 fN pm™! (56 fN pm™) for out-of-plane deformation,
we may expect the gap between strips and thus between ele-
ments of the metamolecule to change by 6 pm. Corresponding
estimates for in-plane deformation predict a gap change on
the order of 1 pm. Such modulation is not sufficient to create
a detectable level of nonresonant high-frequency modulation.
However, much larger displacements are expected at the struc-
ture’s mechanical resonances, where the displacement will be
enhanced by the quality factor of the mechanical resonator. Our
optical measurements show mechanical resonance quality fac-
tors on the order of 100, which may serve as a lower limit for
the quality factor of mechanical resonances of individual strips
as the overall resonance profile is affected by inhomogeneous
broadening due to slight structural variations from strip to strip.
Taking this enhancement into account, optical forces should be
sufficient to induce resonant strip displacements on the order of
1 nm, which is consistent with the observed resonant transmis-
sion modulation on the order of 1%. Therefore we argue that
the resonant response at 600 kHz, 1 MHz, and 2 MHz is pre-
dominantly driven by nonthermal, optical forces.

Absorption in a nonlinear medium is conventionally described
by the expression:

—%=a1+,812+... (1)

where I is the light intensity, z is the propagation distance, and
o and f are the linear and nonlinear absorption coefficients. As
the observed nonlinear transmission change is proportional to
the pump power, we can quantify the nonlinearity of the recon-
figurable photonic metamaterial by estimating its first non-
linear absorption coefficient 8. Assuming that the nonlinear
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transmission change AT results from nonlinear absorption,
B = AT/(It), where t is the metamaterial's thickness. At 1 MHz
modulation frequency, § = 5 X 10> m W~ corresponding to a
nonlinear susceptibility on the order of Im(y*)/n? =~ 10712 m2 V-2
and a nonlinear imaginary refractive index change Ak =5 x 1073 at
9.2 pW pm~2 pump intensity. We argue here that the observed
nano-optomechanical nonlinearity is special as it exhibits a
departure from the prevailing relation between speed and mag-
nitude of nonlinear responses (Figure 4). This happens in a
way that allows larger nonlinearity or higher modulation fre-
quency to be achieved than could be expected from traditional
media. Indeed, it appears that for many mechanisms of optical
nonlinearity the achievable modulation frequency v is related
to the magnitude of the nonlinearity ¥} in such a way that
%3V = 107 m? V-2 57124 At the resonance of in-plane motion,
MHz rate modulation can be achieved at 10 pW pm=2 of light
intensity corresponding to v = 10"°m? V2571,

The magnitude of the observed nonlinearity is controlled by
the magnitude of the light-induced strip displacement and the
displacement sensitivity of the metamaterial's optical properties.
Therefore, the observed nonlinearity may be increased further
by optimizing the design of the metamolecules to achieve higher
quality factor optical resonances and stronger electromagnetic
coupling between the moving parts of the unit cell at the pump
and near the probe wavelengths. Higher quality factor optical
resonances exhibit higher sensitivity to perturbations as well
as increased optical forces and they may be achieved by substi-
tuting gold for a lower loss plasmonic material, such as silver, or
an almost lossless high index dielectric as suggested recently.'l
Stronger electromagnetic coupling between the moving parts
of the unit cell may also be achieved by reducing their spacing.
Furthermore, longer strips will increase the magnitude of the
nonlinearity by increasing the light-induced displacement but
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Figure 4. Optical nonlinearities in metamaterials and conventional
media. Cubic optical nonlinearities due to thermal effects, saturated
absorption, molecular orientation, and electronic anharmonicity follow
a general trend of decreasing achievable modulation frequency v with
increasing magnitude of the nonlinearity: y®)v = 10° m? v=2 571124
Metamaterial patterning of plasmonic metal?>2% (points 1 and 2) as well
as hybridization of carbon nanotubes?’! (point 3), graphenel?! (point 4),
and semiconductors?®3% (points 5 and 6) with metamaterials resonantly
enhances the magnitude of the nonlinear response without affecting its
response time. Optically reconfigurable metamaterial demonstrated in
the present work also departs from the common trend exhibiting x®)v
that is three orders of magnitude bigger than in conventional nonlinear
media (point 7).
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will also have lower mechanical resonance frequencies due to a
reduced spring constant and increased mass.

Larger modulation amplitudes will result from nanomechan-
ical structures with higher nonlinearity (as detailed above) as
well as increasing the pump power (Figure 3). Thus, the achiev-
able modulation amplitude for a given structure is limited by its
thermal damage threshold. For slow modulation—relative to the
structure’s cooling timescale—thermal damage is controlled by
the peak intensity, while thermal damage for fast modulation is
controlled by the average intensity, thus allowing for a two times
higher peak intensity. Therefore, we expect that the resonant
high frequency modulation in our experimental structure can be
increased to several percent by increasing the pump power.

In summary, we provide the first experimental demonstra-
tion of a giant nano-optomechanical nonlinearity in plasmonic
metamaterial that allows modulation of light with light at MHz
frequencies and milliwatt power levels. Bimorph deformation
resulting from optical heating at low modulation frequencies
and electromagnetic forces between elements of plasmonic
resonators drive the nonlinear response. The magnitude and
spectral position of the underlying optical resonance can be con-
trolled across the optical spectral range by design of the plas-
monic resonators and the supporting nanomembrane strips.

Experimental Section

Plasmonmechanical ~Metamaterial ~ Fabrication: ~ Starting with a
commercially available 50 nm thick low stress silicon nitride membrane,
a 50 nm thick gold layer for the plasmonic metamaterial was thermally
evaporated. The gold-coated membrane was structured with a focused
ion beam system (FEI Helios 600 NanolLab). The pattern of plasmonic
resonators was milled and then the supporting silicon nitride membrane
was cut into suspended strips with tapered ends. Detailed dimensions
of the nanostructure are given in Figure S1b (Supporting Information).

Experimental Characterization: The cubic nonlinearity was measured
by detecting the pump-induced modulation of the metamaterial’s
transmission (Figure 3a). The probe beam at wavelength 1310 nm was
generated by a fiber-coupled telecom laser diode (Thorlabs FPL1053S).
The pump beam from a fiber-coupled laser diode at wavelength
1550 nm (Thorlabs FPL1009S) was modulated with a fiberized electro-
optical modulator (EOSpace AX-0K5-10-PFA-UL) and then combined
with the probe beam in a fiber coupler (JDSU L2SWM1310/1550BB).
The transmitted beam was filtered to remove the pump and the probe
signal was detected by an InGaAs photodetector (New Focus 1811) and
a lock-in amplifier (Stanford Research SR844). In all optical experiments
and simulations the electric field was x-polarized (parallel to the strips)
and incident on the silicon nitride side of the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author. The data from this paper can be obtained
from the University of Southampton ePrints research repository:
http://dx.doi.org/10.5258 /SOTON/377861.
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Reconfigurable nanomechanical
photonic metamaterials

Nikolay I. Zheludev'? and Eric Plum’

The changing balance of forces at the nanoscale offers the opportunity to develop a new generation of spatially reconfigurable
nanomembrane metamaterials in which electromagnetic Coulomb, Lorentz and Ampére forces, as well as thermal stimu-
lation and optical signals, can be engaged to dynamically change their optical properties. Individual building blocks of such
metamaterials, the metamolecules, and their arrays fabricated on elastic dielectric membranes can be reconfigured to achieve
optical modulation at high frequencies, potentially reaching the gigahertz range. Mechanical and optical resonances enhance
the magnitude of actuation and optical response within these nanostructures, which can be driven by electric signals of only a
few volts or optical signals with power of only a few milliwatts. We envisage switchable, electro-optical, magneto-optical and
nonlinear metamaterials that are compact and silicon-nanofabrication-technology compatible with functionalities surpassing

those of natural media by orders of magnitude in some key design parameters.

on a size scale smaller than the wavelength of external

stimuli — were first developed to exhibit unusual proper-
ties, such as negative index of refraction, asymmetric transmission,
invisibility or optical magnetism. They stimulated the development
of devices such as optical cloaks and super-resolution lenses. Now
research is focused on tunable, nonlinear, switchable, gain-assisted,
sensor and quantum metamaterials that show growing potential for
practical device integration'. The next challenge is to develop ran-
dom access metamaterials with on-demand optical properties, where
every individual ‘metamolecule’ may be independently controlled at
any given point in space and at any moment of time. This will allow
modulation of the intensity and phase of light, as well as control of
the wavefront and the near-field of electromagnetic radiation, thus
enabling multi-channel optical data processing®. Compared with
commercial liquid crystal spatial light modulators offering kilohertz
modulation and pixel sizes of about 10 x 10 um?, emerging technolo-
gies for random access metamaterials promise two orders of magni-
tude higher pixel densities and up to six orders of magnitude faster
modulation frequencies. However, the development of randomly
accessible photonic metamaterials is challenging: the metamolecules
must be subwavelength optical switches with a fraction of a square
micrometre footprint and a physical volume of only ~107"° m’. To
have an impact on telecommunications technologies, such switches
must be fast and consume energy at a competitive level not prohibi-
tive to their deployment.

Exceptional opportunities to address this challenge are provided
by nanomechanical devices that take advantage of the changing bal-
ance of forces at the nanoscale (Box 1). With the decrease in the
physical dimensions of a system, the electromagnetic forces between
constituent elements grow, as illustrated by the repulsive force
between electrons as their separation diminishes. In contrast, elastic
forces, such as the force restoring a deformed beam, decrease with
size (Box 2). At the submicrometre dimensions of the metamolecules
in photonic metamaterials, electromagnetic Coulomb, Lorentz and
Ampére forces compete with elastic forces and can thus be used to
reconfigure the shape of individual metamolecules or to change their
mutual arrangement. Here, even small movements can lead to a sub-
stantial change of the metamaterial’s optical properties (Fig. 1). The
nanoscale metamaterial building blocks can be moved fast, poten-
tially offering modulation at gigahertz frequencies. Such structures

I\/\ etamaterials — artificial electromagnetic media structured

can also be driven thermoelastically or by light, through optical forces
arising within illuminated metamolecules (Fig. 2). Elastic structured
nanomembranes are the ideal platform for such nanomechanical
reconfigurable metamaterials.

This new high-throughput and silicon-compatible technology
benefits from related advances in nano-optomechanics®, which have
led to the demonstration of thermally driven plasmonic nanome-
chanical oscillators*> and resonators®. Nanomechanical metama-
terials are being developed alongside other approaches for creating
nonlinear, tunable and switchable metamaterials from the microwave
to the optical parts of the spectrum, such as the phase change” and
liquid crystal'®** hybrid metamaterial technologies, coherent con-
trol*, structural reconfiguration®?' of metamaterials based on
stretchable polymer substrates*~?, microelectromechanical systems
(MEMS)#-%, microfluidics®* and magnetic forces***!; carrier injec-
tion in semiconductor metamaterial substrates*»** and graphene**;
and superconducting metamaterials***’. A detailed account of these
approaches is available in recent reviews"*->3,

The technology for growing high-quality free-standing nanomem-
branes, such as ultrathin films of silicon nitride***, silicon®® and
diamond®, that are supported by bulk semiconductor frames is
well established®*. Such membranes are commercially available,
packaged as individual membranes, arrays of membranes on sili-
con wafers or chip prototypes with prefabricated terminal wires (for
example, Norcada, www.norcada.com; Silson, www.silson.com; Ted
Pella, www.tedpella.com; SPI Supplies, www.2spi.com). Individual
membranes, both polycrystalline or nearly single crystal, typically
have thicknesses ranging from a few tens of nanometres to one
micrometre, with overall sizes up to a few square millimetres. They
are mechanically robust, chemically stable and can support plas-
monic metal films deposited on them by thermal evaporation and
sputtering. For prototyping work, focused ion beam milling (FIB) is
extensively used to fabricate plasmonic and dielectric metamaterial
patterns on such membranes, including cutting through the mem-
brane to form individual metamolecules and free-standing strips of
them®-**. When using FIB, the typical prototype fabrication time is
between a few minutes and a few hours, depending on the complex-
ity of the design, and faster lithographic fabrication of metamaterial
patterns on membranes is being developed. Supplementary Movie 1
shows FIB fabrication of an array of metamaterial samples on a sili-
con nitride membrane.
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Box 1| Electromagnetic forces at the nanoscale.

Elements of reconfigurable metamaterials can often be represented
as nanowires. At the nanoscale, electromagnetic forces acting on
such nanowires are comparable with elastic forces of the support-
ing structure (see Box 2) and therefore can be used to reconfigure
metamaterials. Even small mutual motion of the elements of the
metamaterial array can create substantial changes in its interaction
with light and its optical properties (see Fig. 1).

For simplicity, let us consider two cylindrical nanowires of
diameter D spaced by a centre-to-centre distance d and evaluate
forces acting on a segment of nanowire of length L.

The Coulomb force. F.,,,.;, depends on the potential difference V'
between the nanowires, their diameter D and the distance d between
them (panel a). The dimensionless parameter 9(D,d) = 1 for real-
istic geometries and ¢, is the permittivity of vacuum. For V=1V,
D =100 nm and d = 500 nm, the Coulomb force is about 5 pN per
1 um of nanowire length L. This corresponds to an electric field
acting between the nanowires that is close to the electric break-
down of air, which takes place at about 3 MV m™' (ref. 82). With
decreasing distance between the nanowires, the Coulomb force
increases rapidly.

The Ampere force. F,, ... depends on the current I in the nanowires
and the distance d between them (b); y, is the vacuum permeabil-
ity. It may be understood as the Lorentz force acting on the current
in one nanowire due to the magnetic field caused by the current in
the other. The achievable Ampeére force tends to be smaller than
the Coulomb force. For I = 1 mA and d = 500 nm, the Ampére
force is about 0.4 pN per 1 um of nanowire length L. The Ampeére
force is limited by the current that a nanowire can sustain. A gold
nanowire with diameter D = 100 nm cannot take more than 10 mA
continuous current due to the release of heat that causes melting®,
but much higher current can be sustained in the pulsed regime.

The Lorentz force. F, ..., depends on the current I and magnetic
field B and can be even stronger than the Coulomb force (c).
The force is perpendicular to the current and magnetic field. For
I'=1 mA and B = 100 mT, the Lorentz force is about 100 pN per

Thermal actuation

Following the successful implementation of a thermally switchable
terahertz metamaterial*' (Fig. 2a), the first tunable nanomembrane
metamaterial for the optical part of the spectrum® exploited ther-
mally activated deformations of a multilayered plasmonic struc-
ture that was built by sophisticated dual-side ion beam milling on
a silicon nitride membrane. It consisted of an array of plasmonic
metamolecules supported by pairs of strings cut from the mem-
brane and designed in a way that one string of the pair exhibited
temperature-activated deformation while the other did not. The
thermally activated string was a two-layer sandwich of materials
with different thermal expansion coefficients: a 50-nm-thick gold
layer and a 100-nm-thick silicon nitride layer. On increasing the
ambient temperature, the bimorph string bent towards its gold side,
as the thermal expansion coefficient of gold is five times larger than
that of silicon nitride (Fig. 2d). The other, thermally insensitive
string of the pair had a symmetric three-layered structure made
of gold, silicon nitride and gold films. The alternating thermally
active and thermally passive strings supported rows of C-shaped
aperture resonators (split rings) with a 500 nm x 500 nm footprint.
On change of the ambient temperature, relative displacement
of neighbouring strings caused a change in the electromagnetic

neoV2D
2d(d - D) 2nd

FCoulomb/L = 9<D/d)

FLorentz/L =1xB

Foptical /L~ P

1 um of nanowire length L. An external field B of hundreds of mT
can be easily achieved with permanent neodymium and samarium-
cobalt magnets.

Optical force. Nanowires can also be driven by illuminating them
with light. Nanowires that have a length L of approximately half
of the wavelength of incident radiation act as resonant antennas
for light. Light-induced oscillating dipoles in a pair of parallel
nanowires will repel with time-averaged optical force F, that
is proportional to the incident light intensity P, if the radiation is
polarized with the electric field E parallel to the nanowires and
the optical wavevector k is directed perpendicular to the plane
defined by them (d). When such gold plasmonic nanowires of
diameter D = 100 nm, length L = 500 nm and spacing d = 300 nm
are illuminated by light with wavelength A = 925 nm and inten-
sity P = 1 mW pum? the repelling optical force between them is
about 1.5 pN.

coupling of adjacent split rings. Such reconfiguration of the
metamaterial, which involved nanoscale displacements of rows,
strongly affected the transmission spectrum of the entire array:
a temperature increase from 76 K to 270 K caused a transmis-
sion change of up to 50% at plasmonic resonances in the spec-
tral range from 1,200 nm to 1,700 nm. Potential applications of
this thermally activated metamaterial include temperature sen-
sors, tunable spectral filters, switches and modulators. However,
this simple and robust technology is relatively slow: the reac-
tion time 7 depends on the thermal conductivity of the materials
involved and the geometry of the string, and can be estimated as
T = L*C/12Ak, where L is the string length, C; is the heat capac-
ity per unit length, A is the cross-section of the string and k is
the thermal conductivity. For metamaterial arrays with an overall
size of tens of micrometres, the response time is typically on the
microsecond to millisecond scale, but the practically achievable
reaction time is likely to be controlled by the rate at which the
ambient temperature can be changed, unless the nanostructure’s
temperature is controlled directly using local resistive heating by
electrical currents®® or heating by pulses of light® or an electron
beam®. Supplementary Movie 2 shows the thermal actuation of a
nanomembrane chevron metamaterial.
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Box 2 | Motion at the nanoscale.

Nanowires anchored at either one or two ends are fundamental parts
of the toolkit for nanomechanically reconfigurable metamaterials.
A nanowire anchored at both ends of length L, diameter D, Young’s
modulus E and density p will have a fundamental natural frequency
v, that will rapidly increase with decreasing size of the wire (panel a).
Using an external electromagnetic force Fy, it will become possi-
ble to drive submicrometre wires to frequencies approaching the
gigahertz range. Indeed, as can be seen from the generic resonance
curve of a driven oscillator (b), driving at the mechanical resonance
veu = v; will lead to enhanced motion, the amplitude of which is con-
trolled by the quality factor of the mechanical oscillator, but driv-
ing at frequencies far above the resonance is inefficient. The force
necessary to achieve a static displacement d of the nanowire’s centre
against the elastic force Fy, ;. depends on the size and aspect ratio of
the nanowire, as illustrated in the table for silicon nanowires (c): a

4
Fetastic = 6nEDd

13
vy =D |6E
2\ p
FE\ast\c
,,,,,,,,,,,,, >
[4
d L b " FEIastic
10 nm 100 pm 100 nm 60 kHz 3pN
10 nm 10 um 100 nm 6 MHz 3nN
10 nm Tum 10 nm 60 MHz 300 pN
Tnm 100 nm 10 nm 6 GHz 30nN

Electrostatic actuation

Engagement of the Coulomb force (panel a in Box 1) allows for
the development of membrane-based devices” and metamateri-
als®! controlled by electrical signals, which work in the visible and
near-infrared spectral bands. They are orders of magnitude faster
and far more compact than previously reported electrically recon-
figurable terahertz MEMS comb-drive metamaterials (Fig. 2b)
and — in contrast to metamaterials with opaque adjustable ground
plane designs — membrane-based metamaterials can be used in
transmission and reflection modes”~*’. In the metamaterial shown
in Fig. 2e, ‘wire’ and ‘meander’ parts of the metamolecules were
fabricated on separate strings cut from a 100-nm-thick gold-coated
silicon nitride membrane in a way that two parts of each metamole-
cule were placed on neighbouring strings. To increase the flexibility

much smaller force is needed to drive a displacement d = 10 nm in
a nanowire of 100 um length and 100 nm diameter than in a short
nanowire of 1 ym length and 10 nm diameter. The same nanowire
anchored at only one end (a cantilever) will have an about seven
times lower resonance frequency and it will reach the same end
displacement in response to a 48 times weaker force. Often more
complex movements are present in nanostructures that may be
exploited for spatial reconfiguration of metamaterials. For instance,
depending on how the oscillator is driven and anchored, odd and
even higher order modes can be excited, where in-plane and out-of-
plane modes of oscillation are allowed (d). Note that in a nanowire
with finite aspect ratio the frequencies of higher modes (v, and v,)
are not integer multiples of the fundamental natural frequency v,, as
could be expected for an infinitely thin string, thus leading to a rich
pattern of mechanical excitations that can be seen in nanostructures.

Resonant regime

Amplitude of motion

Low efficiency

Static regime

Vem/ V1

of the strings, their ends, which are anchored in the unstructured
membrane, were narrowed to about 200 nm. Such a metamaterial
can be actuated by electrostatic forces arising from the application
of only a few volts to each pair of parallel strings. These strings of
picogram mass can be driven to reconfigure the metamolecules syn-
chronously across the entire array in the static and dynamic regimes.
This actuation significantly changes the transmission and reflec-
tion spectra of the array. In the static regime, reversible changes of
transmission and reflection spectra reaching 8% at the plasmonic
resonances in the near-infrared spectral range were observed on
application of voltages up to 2.4 V. Beyond that level of voltage, the
neighbouring strings come so close to one another that the electro-
static force grows more rapidly than the elastic restoring force; as a
result, the strings came into contact and stuck to each other due to
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surface (van der Waals) forces, fusing together and short-circuiting
the device. A large, irreversible 250% transmission jump around
the wavelength of 1,200 nm and 110% reflectivity changes around
1,600 nm occurred due to the change of electromagnetic coupling
between the plasmonic wire and meander structures (Fig. 1a). Below
the critical switching voltage, the structure can be driven reversibly
up to megahertz frequencies (the main natural frequency of the
strings is about 1 MHz). Driving the array at mechanical resonance
frequencies enhances the amplitude of motion and modulation of
its optical properties. The metamaterial exhibits a complex depend-
ence of its optical response on the frequency of electrical modu-
lation with initial roll-off at about 0.5 MHz and resonant peaks at
1.3 and 1.6 MHz. The effective electro-optical coeficient of such an
electrically driven nanomechanical metamaterial is on the order of
10°-10° m V™ (at 1,600 nm wavelength), which is about four to
five orders of magnitude greater than in reference natural electro-
optic media, such as lithium niobate (3 x 107" m V™' at 633 nm
wavelength). Thus, electro-optical nanomembrane metamaterials
could become a compact alternative for modulator applications at
frequencies well into the megahertz range, where they can comple-
ment and compete with conventional bulky modulators based on
the electro-optical Pockels effect in crystals. The energy required to
switch the metamaterial device from the off state to the on state can
be estimated as the energy required to charge the capacitive nano-
structure and is as little as ~100 fJ for the entire array. Such recon-
figurable metamaterials can be operated with microwatt power
consumption, making them suitable for applications in ultracom-
pact tunable spectral filters, displays, switches, modulators, adapt-
able transformation optics devices, protective optical circuitry and
reconfigurable optical networks. Supplementary Movie 3 shows
switching of a nanomembrane electro-optical metamaterial by the
Coulomb force.

Magnetic actuation

Engaging the Lorentz force (panel ¢ in Box 1) provides another
mechanism for reconfiguring nanomembrane metamaterials. In a
recently demonstrated artificial ‘chevron’ gold nanowire structure
fabricated on an elastic dielectric nanomembrane, the Lorentz force
drives reversible transmission changes on application of a fraction of
a volt when the structure is placed in a magnetic field of a fraction of
1 T (refs 62,63). Typically, the current is less than 1 mA in each of the
actuated wires of the array. The chevron pattern was chosen because
it is easy to fabricate and has good longitudinal elasticity due to its
spring-like shape, while providing plasmonic optical resonances and
continuous electrical paths for control currents (Fig. 2f). The meta-
material was placed between the poles of permanent neodymium
magnets in such a way that the field was directed along the surface
of the array, but perpendicular to the nanowires. The electrical cur-
rent used as the control signal is run through every second nanowire,
forcing out-of-plane motion of alternating strips. The magneto-elec-
tro-optical response of this metamaterial can be separated from its
thermal response caused by resistive heating by observing modula-
tion at different frequencies. Modulation up to frequencies of hun-
dreds of kilohertz was observed. The corresponding optical response
may be quantified in terms of the change 6 to the dielectric tensor
¢; of the medium that is simultaneously proportional to the applied
electric field E that drives the current and the magnetic field B:
8e; = y;uE.B, where the indices can take the values of the Cartesian
coordinates x, y and z. Here the magneto-electro-optical susceptibil-
ity y reaches avalue of y,,../n =~ 10* mV~' T~', where 7 is the refractive
index. Remarkably, no natural media are known that show a notice-
able magneto-electro-optical phenomenon of this type. This change
of the dielectric properties is reciprocal, as it does not depend on
the wave propagation direction® and the phenomenon is therefore
radically different from the conventional magneto-optical Faraday
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Figure 1| Nanoscale motion and fields. a, In a plasmonic reconfigurable
metamaterial® with a 1,000 nm x 700 nm unit cell (see also Fig. 2e) relative
displacement of electrically charged nanowires A and B towards each other
by about 125 nm driven by the Coulomb force leads to a large change of the
resonant optical field trapped in the structure around 1,800 nm wavelength
(top row), and thus to a change in the optical reflectivity and transmission
of the metamaterial array. The distribution of the static electric field

that drives the reconfiguration also changes dramatically (bottom row).
Blue and red indicate the smallest and largest electric field, respectively.

b, A dielectric reconfigurable metamaterial’?> with a 1,050 nm x 1,050 nm
unit cell consisting of an asymmetric split-ring aperture in a silicon
nanomembrane creating a moving flip (see also Fig. 2h). Dashed lines
indicate areas where the membrane was removed. Both images show
optical field maps (colours indicate the field strength along the unit cell’s
symmetry axis, where blue and red correspond to largest fields of opposite
sign) and displacement currents (arrows) for illumination at a wavelength
of 1,280 nm. The field distribution changes significantly when the flip is
turned by an angle ¢ =10° out of the plane of the membrane. In-phase
oscillations of the flips in the metamaterial array may be caused by optical
forces and will lead to a change of the metamaterial’s optical properties.

effect. By engaging highly sensitive zero-balance phase detection
techniques, this magnetically actuated metamaterial could be used to
realize micrometre-size magnetic field sensors with sensitivity at the
nanotesla level. Moreover, we argue that a dedicated optimization of
the metamaterial design can lead to stronger effects suitable for prac-
tical application in light-modulation devices controllable by electrical
signals and magnetic fields.

Optical actuation

Optical forces (panel d in Box 1) allow photonic metamaterials to be
driven by light, and this leads to optical nonlinearity*-**-”!. Building on
the experimental demonstration of such nonlinearity in a microwave
metamaterial (Fig. 2¢), this idea was extended to the optical part of
the spectrum using a dielectric optomechanical metamaterial. The
proposed metamaterial consists of arrays of silicon ‘nanobricks’ with
subwavelength footprint and thicknesses alternating between 100 and
150 nm (ref. 64). Pairs of such ‘bricks’ support a high-quality ‘trapped-
mode’ optical resonance. These bricks are mounted on 100-nm-thick,
250-nm-wide elastic silicon nitride strips running parallel and sepa-
rated from each other by a nanoscale gap. When the wavelength of
light illuminating the array is close to the trapped mode resonance,
strong optical forces are generated, which act to change the spatial
arrangement of the nanobricks within each unit cell and thereby the
optical properties of the array. Numerical Maxwell stress tensor analy-
sis reveals that optical forces, acting within and among the constituent
cells of the dielectric metamaterial, are sufficient to produce relative
movements of neighbouring beams, providing a strongly nonlinear
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Figure 2 | Implementations of spatially reconfigurable nanomembrane metamaterials. a-c, Earlier reconfigurable metamaterials included a thermally
switchable terahertz metamaterial actuated by rapid thermal annealing® (a), a terahertz metamaterial tuned by MEMS actuators® (b) and a
magnetoelastic microwave metamaterial driven by Ampére’s force, Fj,.., between excited metamolecules, shown in its relaxed (top) and actuated
(bottom) states* (c). d-j, Reconfigurable optical metadevices based on flexible strips or nanowires cut from membranes of nanoscale thickness supporting
a thin film of plasmonic metal or high index dielectric. Structures controlled by various forces on the nanoscale have been reported recently. d, A thermally
reconfigurable metamaterial driven by differential thermal expansion between gold and silicon nitride layers®®. e, An electro-optical modulator: metadevice
driven by electrostatic forces (green arrows) between oppositely charged nanowires (+, —)°'. f, A magneto-optical modulator: nanowire structure actuated
by the Lorentz force that is controlled by currents and magnetic field®. g, An all-optical modulator: plasmonic metamaterial actuated by a milliwatt

of light power at telecom wavelengths, a pump beam (red) reconfigures the nanostructure (inset) resulting in modulation of a probe beam (green)®.

h, A nonlinear device: all-dielectric metamaterial with a large optomechanical nonlinearity’2 i,j, A spatial light modulator: electrically addressable
metadevice randomly reconfigurable in one dimension. Panel i shows an array of individually controlled nanowires and panel j shows the packaging
arrangement for the device®'. Scale bars in b,d,e f,h,i, 2 um; j, 2 mm. Figure adapted with permission from: a, ref. 21, APS; b, ref. 33, Nature Publishing Group;
¢, ref. 41, Nature Publishing Group.
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This paper reports the first mechanically reconfigurable
Outlook . L . microwave metamaterial.
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proof-of-principle stage are possible. Indeed, high-index dielectric ~ 23. Aksu, S. et al. Flexible plasmonics on unconventional and nonplanar substrates.
resonators’>’*”> promise lower losses and larger optical forces than Adv. Mater. 23, 4422-4430 (2011). o
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ABSTRACT: There is a major development unfolding in

photonic technology that promises to impact optical

data

processing, spectroscopy, and nonlinear/quantum optics. This
new direction relates to plasmonics, metamaterials and coherent
optics. It exploits the difference in manifestations of optical
properties of thin films in traveling waves and standing waves. In
standing waves, “coherent control” of the energy exchange
between incident and scattered waves leads to new technological
opportunities including single photon gates, 100 THz all-optical
modulators, sophisticated spectroscopy techniques that can for
example distinguish different multipole contributions to absorp-
tion and quantum optical devices. We provide an overview of the
rapidly growing body of work on the optics of films and metasurfaces in coherent light fields.

KEYWORDS: standing wave, metamaterial, metasurface, plasmonics, all-optical, coherent perfect absorption

oherent control is a well-understood concept in quantum

mechanics," where it is used to direct dynamic processes
with light by engaging quantum interference phenomena.
Coherent control has also been employed to manipulate
electron motion in semiconductors,” breaking of chemical
bonds,” the absorption*™® and localization’ " of light in
cavities and at surfaces, transmission of light by metal-dielectric
stacks,'¥'° light modulation in waveguides,m*18 nonlinear
optical phenomena in periodic structures' and nanoparticles,*’
polarization rotation in Faraday media,*"** optical effects in
optomechanical systems,”””* and the excitation and propaga-
tion of surface plasmon polaritons at metal/dielectric
interfaces,”>~>” as well as the absorption of acoustic
waves,28’29 see Figure 1.

Here we review how coherent control of standing waves can
be used to manipulate all kinds of light-matter interactions in
thin films where one can change reflection, transmission,
absorption and polarization properties. We begin with a
theoretical description of such interactions followed by a
review of the resulting opportunities from all-optical modu-
lation of intensity, propagation direction, and polarization of
light to their applications in data and image processing as well
as quantum technologies.

Interaction of Coherent Light with 2D Matter.
Consider a layer of absorbing material illuminated at normal
incidence by a pair of counter-propagating, collinearly polarized
coherent light waves: The incident fields E, and Ej represent
input signals; the transmitted and reflected waves (fields E, and
E;) propagating away from the film on either side constitute
output signals (Figure 2). Assuming a purely linear, isotropic

-4 ACS Publications  © 2017 American Chemical Society

3000

dipolar response of the film, with no change in the polarization
state of light, the input and output fields are related by a
complex scattering matrix™ S:

Es [511 5121 E,

E, Sy Sn | B (1)
where S;; and S,, are, respectively, the reflection and
transmission coefficients for light incident on the medium
from side 1; S,, and S}, being the same for incidence on side 2.
In the absence of any magneto-optical effects, reciprocity
dictates that S, = S,;, so three independent parameters are
necessary to describe the optical properties of such a device.

In this four-port optical device linearity of the film’s
properties implies that if both input signals are scaled by the
same factor 7, both of the resulting output signals must also
scale by 1. However, linearity of the film’s response does not
imply any proportional scaling of one, other, or both outputs
when only one of the inputs is changed. In fact, the relationship
between a given input port and a given output port in a
coherent four-port device can be nonlinear. This nonlinear
response results from the coherent redistribution of energy
between the ports.

Planar metamaterials or metasurfaces—man-made media
structured on the subwavelength scale—provide unprecedented
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Figure 1. Coherent control of various phenomana across many disciplines. (a) Nanosecond-femtosecond spatiotemporal field localization in
plasmonic systems by time reversal.'’ (b) Transparent metal-dielectric stacks."> (c) Nanoscale light localization in metamaterials.'' (d) Quantum
opto-mechanics based on destructive interference on a nanomembrane oscillator.”® (e) Selective excitation of long-range surface plasmon
polaritons.”” (f) Silicon photonic modulator based on coherent perfect absorption.'® (g) Multiband coherent perfect absorption in silicon controlled
by aperiodic dielectric mirrors M.® (h) Coherent perfect absorption of sound.”
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Figure 2. Generic four-port coherent control device. (a) A medium,
with optical properties described by a complex scattering matrix S;
containing three independent parameters, is illuminated by counter-
propagating coherent input light waves @ and f; waves y and J are the
device outputs. (b) In the limit of substantially subwavelength
thickness, the medium can be described by a single complex scattering
coefficient s(1).

freedom to engineer the balance among resonant absorption,
reflection and transmission almost at will in ultrathin metal,
dielectric and semiconductor films. Nanostructuring of thin-
film materials introduces optical resonances with a strength and
spectral position that is controlled by the geometry and size of
the nanostructure, allowing strong light—matter interactions to
be achieved in films of nanoscale thickness and enabling the
four-port optical device to be configured to deliver a broad
range of functionalities.

Consider now a film of sufficient thinness that retardation
effects across it can be ignored, that is, we may consider each
constituent molecule to be exposed to the same electric field,
the combined field E, + E; of the incident waves. Here energy
will be reradiated equally in the forward and backward
directions with an efficiency dependent on the excitation
wavelength 4, resulting in a reradiated field s(A)(E, + Ep),
where s(4) is the complex wavelength-dependent scattering
coefficient for the film as measured in a traveling wave.’' The
magnitude and phase of s(1) respectively correspond to the
relative amplitude of the reradiated field and to the phase lag
between reradiated and driving fields. s(4) may include losses
and thereby excludes any assumption of equality between the

3001

combined incident and combined output beam intensities.
Requirements of field continuity then dictate the following
scattering matrix expression relating input and output fields for
a coherent four-port device based upon a vanishingly thin film
(Figure 2b):

E; E

a

Ep

s(4) s(A) + 1

E ] [s@+1 s(4) )

In cases where the contribution from interference among
multiply reflected/transmitted beams is small, eq 2 can serve as
an approximation to eq 1 for films of substantially
subwavelength thickness and greatly simplifies the analysis of
four-port coherent device functionalities by reducing the
number of free parameters required to describe the system
from three (S;) to one, in the form of s(1).

At the node of a standing wave formed by counter-
propagating coherent incident beams, E, = —Ez; With an
ultrathin medium positioned at the node, E, will thus always be
equal to E,, and E; to Ep, regardless to the value of the film’s
scattering parameter s(A). This is the “coherent perfect
transmission” regime, a situation in which there is no light—
matter interaction because the film is located at a point where
the electric field is zero. (It should be noted here that the
regime of coherent perfect transparency of weakly absorbing
films has long been exploited for intra-cavity laser mode
selection.””™”) At an antinode of the standing wave, on the
other hand, E, = E4. Here, both E, and Es can be reduced to
zero if s(1) = —0.5, whereby the film exhibits the maximum
possible level of zero-thickness single-beam absorption®**” of
50%. This is the regime of “coherent perfect absorption”. It is
interesting to note here that while perfect transparency re%uires
an absorber of substantially subwavelength thickness,”’ the
phenomenon of coherent perfect absorption does not. Indeed,
the latter has been demonstrated in a variety of optically thick
media and spectral domains.”**'~*

The effective optical nonlinearity of coherent four-port
devices, that is, the nonlinear relationship between selected
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input and output port intensities, is illustrated by the intensity
(defined as I = EE*) of output y:

I =11+ s()PL, + Is()PL; + 2Re{(1 + s(2))s"(A)E,E}}
©)
Clearly, if one of the two input signals is removed, the output
signal intensities are strictly proportional to that of the
remaining input. And, if input intensities I, and I, are increased
or decreased in proportion, there will be a correspondingly
proportional increase or decrease in I,. However, if I, remains
fixed and only I; changes, then I, will respond in a nonlinear
fashion, as illustrated in Figure 3 for the case where s(4) = —0.5
and I, = 1: here the dependence of I, on I; is nonlinear.

6=180°

10 Perfect ~——1150°
> U7 transmission
> 120°
‘»
5 90°
€ 059
El 2 60°
] 30°
(@] — i

0.01 perfect g 0°

absorption
T T
0.0 0.5 1.0 1.5

Input intensity IB

Figure 3. Nonlinear response function of a generic four-port coherent
device. Dependence of output intensity I, on input intensity I, for a
fixed input intensity I, = 1, for a selection of mutual phase settings 6
between E, and E; (as labeled) in the plane of a vanishingly thin
absorber with a scattering parameter s(1) = —0.5.

Light propagating in a conventional nonlinear (bulk)
medium experiences harmonic distortion, which can lead
ultimately to optical instability and multistability. The nonlinear
character of a four-port coherent device, however, is different: it
is based on the redistribution of energy among ports and does
not cause harmonic distortion; it is underpinned only by linear
interference effects and as such is of course strictly compliant
with energy conservation; a variety of functionalities is enabled
by the fact that the level of absorption in such devices is
strongly dependent on the balance of intensities and mutual
phase of the input beams.

It is apparent from the above analysis that an effective
nonlinearity may be obtained using any ultrathin film, for
example, a 50:50 beamsplitter. However, in dissipation-free
films the range of achievable input-output functions is
constrained. In this context, photonic metamaterials provide
access to an otherwise inaccessible range of ultrathin-film
scattering coefficients s(1) at any desired wavelength by
nanostructural design, and thereby to a wide range of nonlinear
response functions.

Before illustrating specific metamaterial designs and four-port
device functionalities based upon such structures, we shall
consider the meaning of s(4) scattering coefficients. For
instance, single-pass absorption is governed by the expression

A=1-1lsA)P = Is(2) + 1P (4)

Figure 4a maps levels of single-beam absorption onto the
complex s(1) parameter space. The red circular line
corresponds to A = 0 and describes lossless media that neither
absorb nor amplify incident light. It defines a boundary
between absorbing materials (A > 0, inside the circle) and gain
media (A < 0, outside the circle). The central point of the circle
A = 0.5 represents the maximum possible level of single-beam
absorption permitted by field continuity constraints in a
vanishingly thin film.”*” It corresponds to a film with a
scattering parameter s(4) = —0.5.

A perfectly transparent thin film that does not inflict any
phase change corresponds to s(4) = 0. A thin film of perfect
electric conductor (PEC), on the other hand, will reflect 100%
of incident light at any wavelength with a # phase change
corresponding to s(4) = —1. Scattering coefficients for glass
films with a refractive index of 1.5 also sit on the zero-loss
contour, being represented over a given wavelength range by a
segment of a circle, as opposed to a singular point, as plotted in
Figure 4b for glass films of 10 and S0 nm thicknesses for
wavelengths from 750 to 1050 nm. Gold thin films are
dispersive but highly reflective and weakly absorbing, so they
appear in s(4) space as curves lying just inside the zero-loss
contour.

In contrast, metamaterial nanostructures can provide access
by design to the full parameter space. This is illustrated by
Figure 4c, showing the range of scatting coefficients accessible
with several planar metamaterial designs of sub-100 nm
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Figure 4. Scattering coefficient s(1) of ultrathin films and associated properties. (a) Level of absorption A of an ultrathin film illuminated from only
one side as a function of its scattering coefficinet s. (b) Scattering coefficients for homogeneous thin film media in the 750—1050 nm wavelength
range. (c) Scattering coefficients for selected periodic planar metamaterials indicated by their unit cells, modeled in COMSOL Multiphysics. The
designs ASR1, ASR2, and SLIT consist of gold on silicon nitride with layer thicknesses of 50/30, 50/30, and 30/30 nm and the scattering coefficients
are plotted for wavelength ranges of 750—1050, 1250—1850, and 750—1050 nm, respectively, with a triangular marker indicating the shortest
wavelength. Modeling assumed a Drude-Lorentz model for the properties of gold and a fixed refractive index of 2.0 for silicon nitride, with normal
monochromatic plane-wave illumination linearly polarized with the electric field parallel to the common symmetry axis of the nanostructures.
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Figure S. Coherent absorption modulation in 2D matter. (a) First observation of coherent absorption and transparency for a planar metamaterial
(50 nm thick nanostructured gold supported by glass) illuminated by counterpropagating coherent laser beams at 633 nm wavelength linearly
polarized parallel to the symmetry axis of the nanostructure.** (b) Schematic illustrating coherent perfect transparency and absorption resulting from
destructive and constructive interference of incident electric fields @ and f on a planar metamaterial. (c) Proposed scheme for electric control of mid-
infrared coherent absorption in structured graphene.*® (d) Coherent absorption at the standing wave antinode measured with counterpropagating
coherent femtosecond laser pulses for a plasmonic metamaterial consisting of a freestanding 60 nm thick gold film perforated with an ASR aperture

array of 320 nm period.*’

thickness. These are arrays of asymmetric split ring (ASR) and
slot apertures in a bilayer of gold and silicon nitride. ASR
designs have been employed and optimized in numerous
previous studies,*”** including the first experimental demon-
strations of coherent absorption modulation.*”*® The scattering
coeflicients of metamaterial ASR1 for wavelengths between 750
and 1050 nm describe a loop extending from the neighborhood
of the zero-loss contour, toward the center of the A > 0 domain
with “ideal, zero-thickness absorber” characteristics at 870 nm
wavelength, and back. The metamaterial response can be
modified simply by adjusting the dimensions of the design: the
ASR2 line for example represents a similar pattern with an
absorption resonance centered at 1550 nm. The third trace
presented in Figure 4c corresponds to a metamaterial
comprising an array of linear slots in a gold film on silicon
nitride. Thus, metamaterials can provide otherwise unattainable
thin film optical properties by nanostructural design.

Coherent Modulation of Absorption. As explained
above, the interference of coherent light beams on an ultrathin
layer of material, much thinner than the wavelength of light, can
selectively render the medium almost perfectly transparent or
facilitate near-perfect optical absorption, thus enabling high
bandwidth light-by-light modulation*” at low intensity.**

As noted earlier, coherent control of absorption in standing
waves has long been exploited for laser mode selection,
whereby a lossy thin film is placed within the laser cavity at a
node of the desired mode to selectively absorb competing
modes.”* > Coherent perfect absorption in thick structures,”*'
— sometimes referred to as time-reversed lalsing,4’5’42’43 has also
been known for some time.
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Dynamic coherent control of thin film absorption from
coherent perfect transparency to coherent perfect absorption
was first observed by Zhang et al.”’ for a 50 nm thick gold film
perforated with an ASR aperture array and supported by a glass
substrate using a HeNe laser (Figure Sa). In the absorber, that
was 13X thinner than the laser wavelength, a full span of
modulation from nearly perfect absorption to nearly perfect
transmission was demonstrated. When the absorber is placed at
an electric field node of the standing wave no light-matter
interaction occurs (Figure Sb). In contrast, if the metasurface is
located at an antinode of the standing wave, the light—matter
interaction is enhanced, resulting in nearly complete absorption
of all incident light. Apart from photonic metasurfaces made
from plasmonic materials,”® dielectrics,*’ or graphene,50
coherent perfect absorption and transparency has also been
investigated in multiband microwave metamaterials’’ and
heavily doped silicon thin films for terahertz waves™” as well
as observed in 9 nm thick (30-layer) graphene,>” which exhibits
broadband 50% absorption when illuminated by a single beam
of light. Notably, the electric tunability of layered or structured
graphene absorbers offers the interesting opportunity of electric
modulation of coherent absorption,” see Figure Sc.

While optical nonlinearities suffer from a trade-off between
speed and magnitude,54 Xu, Nalla, and coauthors*®*” have
demonstrated that coherent absorption offers intensity-
independent high contrast modulation of light-with-light even
at femtosecond time scales which can be used for generation of
“dark pulses”. Figure 5d shows coherent absorption measured
in a plasmonic metasurface with femtosecond laser pulses.
Absorption of about 90% can be achieved with laser pulses as
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Figure 6. Coherent control of diffraction, polarization effects, and nonlinear phenomena in the optical part of the spectrum. (a) Constructive
interference (left) of incident waves A and B on a phase-gradient metasurface leads to efficient redirection of light to Port C, while the diffracted
beam vanishes almost completely in case of destructive interference (right).”” (b) Manifestation of optical activity of a metasurface controlled by
constructive interference (phase 0) and destructive interference (phase + 180°) of 640 nm wavelength signal and control beams illuminating the
nanostructure.”® (c) Photoluminescence of dye molecules on aluminum nanopyramids (300 nm scale bar) as a function of the phase difference
between coherent (circles) and incoherent (triangles) counterpropagating pump beams.® (d) Nonlinear response of 30-layer graphene controlled
by constructive (phase 0) and destructive (phase 7) interference of counterpropagating coherent pump beams on the nonlinear thin film at 780 nm
wavelel;gth. Time-averaged nonlinear polarization P*;, as well as negatively refracted (NR) and phase-conjugated (PC) beam amplitudes, are

shown.

short as 10 fs, corresponding to about four optical cycles and a
bandwidth on the order of 100 THz.

The ability to control absorption of light-with-light without a
nonlinear medium, with 100 THz bandwidth and without need
for high intensities opens up a broad range of possibilities. As
discussed later on, the resulting effective nonlinearity may be
used to achieve various logical functions for ultrafast all-optical
data processing, image recognition and analysis, as well as
small-signal amplification and coherence filtering.

Coherent Control of Diffraction, Polarization Effects,
and Nonlinear Optical Phenomena. While the ability to
control absorption is very important, coherent interaction of
light-with-light on planar materials can go much further. The
superposition of coherent waves allows control over both the
local electric and the local magnetic field from zero (destructive
interference) to enhancement (constructive interference). By
controlling the field in the plane of a 2D material, the
interaction of coherent light fields may therefore be used to
control the optical excitation of the material and thus the
manifestation of any optical functionality the material may have.
Opportunities include control over diffraction from gratings or
phase-gradient metasurfaces, the manifestation of linear and
circular birefringence and dichroism, and the efficiency of
nonlinear optical responses, promising new functionalities for
wavefront shaping and signal processing.

For example, Shi et al.”” studied coherent control of phase-
gradient metasurfaces, which are planar metamaterials consist-
ing of “meta-molecules” that scatter light with a spatially
varying phase, resulting in diffraction, transmission and
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reflection of light”® Exploiting destructive interference of
coherent light fields incident on the metasurface from opposite
sides, scattering and thus diffraction may be turned off, whereas
constructive interference yields diffraction with enhanced
efficiency, enabling dynamic redirection of light. An exper-
imental realization was recently reported by Kita et al.”” using a
gold phase-gradient nanostructure with a partial back reflector
that directs scattered light preferentially to one side of the
nanostructure, see Figure 6a. Such all-optical beam deflection
could have applications in signal routing and the concept could
be extended to planar meta-lenses*®*” and meta—hologmms,éo’6l
that could also be coherently controlled.

Coherent control of polarization phenomena with very high
contrast has been reported at microwave frequencies using
anisotropic as well as 3D-chiral structures that are thin
compared to the wavelength.®> Coherent interaction of
microwaves on an anisotropic metamaterial, resembling a
wave plate, has allowed full control over the orientation of the
plane of polarization. Arbitrary levels of polarization rotation
have also been achieved with a chiral thin film consisting of
mutually twisted metal patterns in parallel planes spaced by a
distance of a small fraction of a wavelength. Optical activity—
an ability to rotate the polarization state of light (circular
birefringence), and differential throughput for left- and right-
handed circular polarizations (circular dichroism)—is usually
observed in such 3D-chiral structures (that is, in structures that
cannot be superimposed with their mirror image). While 3D-
chiral structures can be very thin, they cannot be planar,
however optical activity does not require chiral materials.
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% (c) The electric dipole resonance of a plasmonic slot aperture metamaterial can be detected at the electric field antinode, but not at the

magnetic field antinode (E node).”® (d) The magnetic dipole and electric quadrupole resonance of stacked plasmonic wires can be detected at the
magnetic field antinode, but not at the electric field antinode (B node). 7

Instead, optical activity may be observed if the mirror-symmetry
of the experimental arrangement is broken by the illumination
direction. Such so-called “extrinsic 3D chirality” leads to very
large optical activity in planar metamaterials lacking rotational
symmetry®® and this effect can also be coherently controlled.
Coherent interaction of microwaves on an array of asymmetri-
cally split metallic rings has allowed almost complete control
over the ellipticity of electromagnetlc waves from right-handed
to left-handed circular polarization.** Figure 6b illustrates the
first demonstration of such polarization control in the visible
part of the spectrum.65 Constructive (or destructive)
interference at oblique incidence is achieved by illuminating
both sides of the metamaterial with coherent waves incident in
the same plane with the same incidence angle on the same side
of the surface normal as shown. This way, the phase difference
between the incident waves is constant across the metamaterial.
The metamaterial is an asymmetric split ring aperture array in a
gold film with ~300 nm period. Oblique incidence yields an
extrinsically chiral experimental arrangement (except when the
structure’s line of symmetry coincides with the plane of
incidence). The manifestation of the resulting optical activity is
then controlled by the phase difference of the incident waves.
For constructive interference of the incident electric fields
significant circular dichroism (as well as circular birefringence)
is observed, which increases with increasing angle of incidence.
In contrast, destructive interference renders the nanostructure
essentially transparent causing all polarization effects to vanish.

Coherent interaction of light-with-light on thin films can also
be exploited to control light emission. For example, Pirruccio et
al. reported that photoluminescence may be enhanced or
suppressed through interference of pump light on a
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luminescent thin film®® or on 6plasmon1c nanostructures
coupled to a luminescent material®® (Figure 6¢), providing a
route to phase-modulated light sources.

Not only linear, but also nonlinear phenomena can be
controlled by two coherent beams of light. This has been
explored by Rao et al.”” who studied nonlinear four-wave
mixing in 30-layer graphene, which is about 9 nm thick, at a
wavelength of 780 nm. By controlling the interference of two
counterpropagating coherent pump beams on the thin
graphene film (or one pump beam and its reflection on a
mirror), the authors were able to control phase conjugation in
the graphene film, see Figure 6d.

Coherent Excitation-Selective Spectroscopy. Important
differences between interactions of light and matter in traveling
and standing waves have prev10usly been noted in the context
of cavity ringdown spectroscopy®”’® (Figure 7a), where
different levels of absorption were observed for thin samples
positioned at a node or antinode of a standing wave formed
within a cavity. Standing waves, formed by counter-propagating
coherent waves, offer degrees of freedom that allow probing of
materials of substantially subwavelength thickness in ways that
are not possible with traveling waves. For example, non-
radiating anapoles, formed by destructive interference of
electric and toroidal dipoles, can be excited in this way.”'

In particular, copolarized, counter-propagating, coherent
linearly polarized waves form a standing wave of alternating
electric and magnetic field nodes and antinodes, see Figure 7b.
As electric field antinodes correspond to magnetic field nodes,
and vice versa, this allows selective material excitation with
electric or magnetic field only. This enables the selective
detection of even parity multipole resonances (e.g, electric
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dipole) of a thin sample placed at an electric field antinode and
detection of odd parity multipole resonances (e.g., magnetic
dipole and electric quadrupole) at magnetic field antinodes.””
Such excitation-selective spectroscopy in standing waves has
been demonstrated experimentally by Fang et al.”’ using thin
plasmonic metamaterials. The electric dipole resonance of an
array of slots in a single plasmonic metal layer was clearly visible
for electric field excitation but could not be detected with
magnetic excitation (Figure 7c). In contrast, the magnetic
dipole and electric quadrupole resonance of plasmonic wire
pairs could only be detected with magnetic excitation of the
nanostructure (Figure 7d).

Standing waves formed by copolarized, counterpropagating
waves are only one type within a much bigger family of
electromagnetic energy and polarization standing waves’ "
promising further spectroscopic opportunities. Energy standing
waves can be formed by counterpropagating coherent waves of
parallel linear polarization or opposite circular polarizations and
they are characterized by spatially oscillating electric and
magnetic energy densities. Polarization standing waves are
formed by counterpropagating waves of orthogonal linear
polarization or identical circular polarization and they are
characterized by a spatially oscillating local polarization state. As
Fang et al.”* have shown recently, they offer an additional
degree of freedom for spectroscopy and control of light-matter
interactions dependent on planar structural symmetries.

Data and Image Processing with Coherent Metade-
vices. The signal processing opportunities presented by
coherent interaction of light-with-light on 2D matter in a
four-port device, as discussed above, have been investigated in
detail in a theoretical study by Fang et al,,”* followed by recent
experimental demonstrations.”*~”* They include transistor-like
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small-signal amplification as well as logical operations NOT,
XOR, XNOR on phase-modulated data and NOT, XOR, AND,
OR on intensity-modulated data, promising fast and low energy
information processing in the locally coherent networks that are
becoming part of the mainstream telecommunications agenda.
With 100 THz bandwidth*” and energy requirements at the
quantum level*® (see next section), coherent control of light-
with-light on 2D matter may therefore provide part of the
answer to the bandwidth and energy challenges in optical
telecommunications.

Recently, a first fiberized coherent data processing system has
been demonstrated,’® see Figure 8a. It consists of a plasmonic
metasurface absorber fabricated on the core area of a cleaved
optical fiber coupled to a second optical fiber by a pair of
microcollimator lenses. The fully packaged four-port meta-
device connects directly to standard telecoms fibers. It exhibits
the effective nonlinearity introduced in Figure 3 as well as
several logical functions. For example, an XOR operation on
binary phase-modulated data, where logical states of “1” and “0”
are represented by equal intensity and opposite phase, is shown
by Figure 8a. The XOR operation between input signals A and
B results from absorption of identical bits due to constructive
interference on the metasurface absorber and transmission of
opposite bits due to destructive interference on the metasur-
face, yielding an intensity-modulated output signal A XOR B
that has been demonstrated at modulation frequencies of up to
1.2 GHz. Other signal processing functions such as signal
inversion have been demonstrated at effective bitrates of up to
40 Gbit/s.

In contrast to electronics, where every signal requires a
separate wire, massively parallel information processing is easily
realized in optics, where imaging systems transmit essentially
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separate information channels spaced by the diffraction limit.
Therefore, “zero-dimensional” coherent control of one beam of
light with another, as considered above, may be extended to
“two-dimensional” coherent control of light with light by
projecting different images onto opposite sides of a metasurface
absorber using coherent light, see Fi igure 8b. This has been
demonstrated by Papaioannou et al.”’ for the simple case of
imaging two misaligned apertures onto a metasurface absorber.
In the regions of image overlap, the phase difference between
the illuminating light beams controls absorption of light by the
metasurface. Destructive interference in areas of image overlap
highlights the similarities of images A and B due to coherent
perfect transparency and therefore yields an output image A
AND B. On the other hand, constructive interference deletes
the similarities by coherent absorption, leaving only the image
differences and therefore yields an output image A XOR B. The
phase-dependent power variation of the output image is
therefore proportional to the area of image overlap, while the
minimum power contained in the output image is a measure of
the image differences, enabling pattern recognition and image
analysis applications.”” Further importance is derived from the
exponential growth of telecommunications bandwidth that will
require information transfer in multiple spatial information
channels, for example, in multicore optical fibers. Here, two-
dimensional control of light with light can provide solutions for
both ultrafast parallel data processing as well as selection and
deletion of selected information channels.”®

However, despite demonstrations of various single-channel
and multichannel signal processing operations, there are still
significant challenges that need to be overcome before complex
coherent information processing systems can become a
reality,*” for example relating to phase stability and cascading
of multiple signal processing steps. The phase stability that will
be required across the entire system may be achieved by
miniaturization and a monolithic platform that could be based
on silicon photonics. Cascading of coherent signal processing
steps will require the output of one coherent interaction to be a
suitable input for the next, implying that signal regeneration
may be needed in between signal processing steps to avoid
accumulation of noise.

Coherent Absorption of Light in the Quantum
Regime. Conventional modulation of light-with-light based
on optical nonlinearities is strongly intensity-dependent and
requires a minimum level of intensity to activate the nonlinear
response. In contrast, coherent control of light-with-light as
discussed above is linear in the sense that equal scaling of all
coherent signals incident on a 2D material will result in scaling
of all output signals by the same factor. Recently, it has been
demonstrated that this remains true at arbitrarily low intensities
and even in the single photon regime,” unlocking interesting
and counterintuitive opportunities for deterministic control of
single as well as entangled quanta of light.

Historically, losses and dissipation have typically been
considered highly undesirable in the field of quantum optics®’
as losses occur at the expense of additional fluctuations and
noise in the system.*>** It was therefore generally thought that
dissipation should at all costs be minimized or avoided.
However, recent advances in the field of quantum plasmonics®*
have paved the way to the study of quantum effects in the
context of coherent perfect absorption. While absorption of
photons from a traveling wave is probabilistic, coherent perfect
absorption can be observed deterministically even with a single
photon, which may be coupled into a localized plasmon with
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nearly 100% probability."® Also, two-photon NOON states can
be commanded to excluswely exhibit either single- or two-
photon absorption.*> A counterintuitive and currently debated
possibility is that dissipation can actually lengthen the
coherence time of a certain subsystem thus possibly even
providing a route for the observation of quantum effects in
“warm” environments such as photosynthesis or other
biological systems.**~*

More specifically to the control of photon states, the
presence of loss, if properly harnessed, can be used as a
resource that can shape the specific output modes from a
beamsplitter in ways that are not achievable without loss. The
first theoretical studies in this sense were carried out by Barnett
and co-workers who analyzed the behavior of a lossy
beamsplitter inserted in a Hong-Ou-Mandel interferometer.*”

Hong-Ou-Mandel interference is a quantum effect whereby
two photons simultaneously entering two ports of a beam
splitter will be forced to bunch together, that is, they can exit
from either output port, but both photons must exit from the
same port.” It is not possible to know which output port the
two photons will bunch into. Therefore, two photons
interfering at the beamsplitter will create what is known as a
NOON state at the beamsplitter output. A NOON state is an
entangled state and is so-called after the bra-ket notation used
to describe the situation in which 2 photons (or N photons) are
in a superposition state of being either N in one arm or N in
the other arm of an interferometer. Such path-entangled states
can be used as a resource for quantum metrology as they can
provide an N-fold enhancement in interferometer-based phase
measurements. NOON states from photon bunching at a
beamsplitter are generally obtained with a lossless beamsplitter.
The more general case in which loss occurs at the beamsplitter
leads to more complicated output states. Without going into
the details of the most general case studied by Barnett et al,*’
we will consider the specific situation in which absorption is
equal to exactly 50% in a very thin film (compared to the
wavelength of the photon). For the simplest case of a single
photon input state (N = 1) with appropriate phases, the single
photon is either deterministically absorbed or completely
transmitted, thus, providing a “lossless lossy beamsplitter”.”!
This of course is just a quantum restatement of coherent
perfect absorption for a single photon.”” Coherent perfect
absorption of a single photon was verified experimentally by
Roger et al., thereby extending coherent perfect absorption into
the single photon regime.** For appropriate two-photon input
states (N = 2), the lossy beam splitter can yield deterministic
absorption of a single photon as well as situations where the
two photons must be either both transmitted or both absorbed.
The latter is reminiscent of nonlinear absorption processes
although it is important to recall that the “linear” two-photon
absorption described here requires linear absorption at the
input wavelength of the two input photons (in contrast to
nonlinear two-photon absorption that can occur in a medium
that is transparent at the input wavelength). Thus, quantum
states in the regime of coherent perfect absorption can lead to
rather unexpected output states and situations such as linear
two-photon absorption that do not have a direct analogue in
classical optics. The first experimental verification of coherent
perfect absorption with two-photon NOON states was
performed by Roger et al and was carried out using a
multilayer graphene beamsplitter.*> By tailoring the number of
layers (2.3% absorption per layer), it is possible to achieve close
to ideal 50% absorption in a graphene film of several nm
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Figure 9. Coherent absorption in the quantum regime. (a) Experimental layout used to measure coherent perfect absorption with entangled NOON
states. Photon pairs generated in a BBO crystal are filtered and split at a knife edge prism (KP). They are then coupled into the Hong-Ou-Mandel
interferometer with single mode fibers and directed to a 50/50 beamsplitter (BS). A delay stage ensures the photons arrive at the same time on the
beamsplitter and hence bunch, forming a NOON state. The N = 2 NOON state is directed into a Sagnac or, in this case, a Mach—Zehnder (MZ)
interferometer. The NOON state interferes with itself on the lossy beam splitter and the output states are characterized by a series of four photon
detectors (PD) and beamsplitters. (b) By scanning the NOON state phase with a delay stage, oscillations are seen in the total output coincidence
counts. These correspond to the output state oscillating between a mixed state and a pure entangled NOON state with one photon less (N = 1). The
black line shows the same measurement performed with a lossless beamsplitter: no oscillations in the coincidence counts are observed, reflecting the

fact that the photon number is conserved.

thickness deposited on a glass substrate that is then used as the
lossy beamsplitter. The input states are generated in a Hong-
Ou-Mandel interferometer that is, in turn, illuminated with
photon pairs obtained by parametric down-conversion in a
BBO crystal. The output of the Hong-Ou-Mandel interfer-
ometer is fed into a Sagnac-interferometer, similar to that used
for classical coherent perfect absorption measurements. The
output states are then measured by extracting 50% of the
photons with beamsplitters placed on either side of the lossy
film. In this way it was indeed possible to verify that by
changing the phase of the input states, the total photon counts
oscillate, thus providing indirect evidence of the oscillation
between single and two-photon absorption.

The extra degree of freedom offered by loss can also be used
to achieve other forms of coherent control of quantum states.
For example, Vest et al, showed that loss can lead to
antibunching of bosons in a Hong-Ou-Mandel interferome-
ter,” that is, the Hong-Ou-Mandel interferometer “dip” is
replaced by a “peak”. This Fermionic anticoalescence of
photons at a beamsplitter, here obtained as a result of
dissipation at the beamsplitter, had only been observed before
by purposely shaping the input photons so that their wave
functions where antisymmetric. Here, the common notion of
boson bunching on a dielectric beamsplitter is overturned by
resorting to the unique degree of freedom offered by lossy
beamsplitters in tailoring the exact phase relation between
reflection and transmission.

As a last example of progress in the field, we highlight recent
work that extends previous quantum eraser experiments to
include coherent perfect absorption.”* If we consider the simple
case of single photon interference, this may be inhibited by
providing which-path information in the interferometer (e.g.,
by polarization rotation with a wave plate in one arm). During
the postmeasurement process, it is however possible to “erase”
the information by postselecting data based on measurements
performed on a nonlocal detector.”>”® The erasure scheme is
enabled by entanglement of the photon inside the interfer-
ometer and the “control” photon, detected outside (nonlocally
to) the interferometer. In the experiment by Altuzarra et al, a
single photon is sent into a coherent perfect absorption
interferometer such as that shown in Figure 9. The photon is
one of a pair of polarization entangled photons; for example,
the polarization of an individual photon is either vertical or
horizontal but is not predetermined in a single measurement.
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However, measurement of the polarization of one photon fixes
the polarization of the other to be opposite. Which-path
information is introduced by a half-wave plate oriented at 45°
inside only one arm of the interferometer: H-polarized photons
traveling in that arm will be rotated to V and vice versa.
Therefore, measurements performed on the single photon in
the interferometer do not reveal any coherent perfect
absorption effects due to the fact that the counterpropagating
photon mode functions are oppositely polarized and can no
longer form an energy standing wave. However, polarization
sensitive measurements on the second (nonlocal) photon allow
to immediately establish the polarization of the other photon:
by postselecting all measurements corresponding to a fixed
polarization of +45° at the nonlocal detector, one fixes the
polarization to F45° in the interferometer (that is not modified
by the half-wave plate): which-path information is erased and
coherent perfect absorption interference fringes are now
observed. The quantum nature of this process is also directly
verified by reducing the degree of entanglement of the two
input photons and thus observing a corresfonding decrease in
the coherent perfect absorption visibility.”

This brief overview of recent results shows how absorption is
gaining recognition as a resource in quantum optics and as
such, coherent control of absorption presents new oppor-
tunities for both fundamental studies and applications alike,
enriching the quantum toolbox.

B SUMMARY

Control of light-with-light used to be the domain of nonlinear
optics, however, the coherent interaction of light-with-light on
linear dispersive planar materials and metamaterials enables
control over a huge range of optical phenomena. Instead of
relying on optically nonlinear materials, dynamic control of
light-with-light is derived from the fact that the interference of
two coherent beams of light controls the local field that
interacts with the film. This allows the manifestation of the
film’s optical functionalities to be controlled from complete
suppression by destructive interference to enhancement by
constructive interference. In contrast to optical nonlinearities,
such coherent control of light-with-light offers high contrast
and high bandwidth and works at arbitrary intensities down to
the single photon regime. Therefore, this approach offers a
broad range of novel and interesting opportunities for classical
all-optical signal and image processing as well as quantum

DOI: 10.1021/acsphotonics.7b00921
ACS Photonics 2017, 4, 3000—3011


http://dx.doi.org/10.1021/acsphotonics.7b00921

ACS Photonics

technologies. In addition, interference of coherent light fields
allows selective probing of thin films with either electric or
magnetic fields, opening up novel opportunities for spectros-
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ABSTRACT: Monolayer two-dimensional transitional metal
dichalcogenides, such as MoS,, WS,, and WSe,, are direct band
gap semiconductors with large exciton binding energy. They
attract growing attentions for optoelectronic applications
including solar cells, photodetectors, light-emitting diodes
and phototransistors, capacitive energy storage, photodynamic
cancer therapy, and sensing on flexible platforms. While light-
induced luminescence has been widely studied, luminescence
induced by injection of free electrons could promise another
important applications of these new materials. However,
cathodoluminescence is inefficient due to the low cross-section

Cathodoluminescence

b - Photoluminescence 1

Normalized intensity (a.u.)

14 16 18 2.0
Energy (eV)

of the electron—hole creating process in the monolayers. Here for the first time we show that cathodoluminescence of monolayer
chalcogenide semiconductors can be evidently observed in a van der Waals heterostructure when the monolayer semiconductor
is sandwiched between layers of hexagonal boron nitride (hBN) with higher energy gap. The emission intensity shows a strong
dependence on the thicknesses of surrounding layers and the enhancement factor is more than 500-fold. Strain-induced exciton
peak shift in the suspended heterostructure is also investigated by the cathodoluminescence spectroscopy. Our results
demonstrate that MoS,, WS,, and WSe, could be promising cathodoluminescent materials for applications in single-photon
emitters, high-energy particle detectors, transmission electron microscope displays, surface-conduction electron-emitter, and field

emission display technologies.

KEYWORDS: 2D materials, van der Waals heterostructures, cathodoluminescence, carrier confinement, photoluminescence

wo-dimensional (2D) layered semiconductors, due to

their weak interlayer van der Waals bonds, can be easily
thinned down to atomic thickness by mechanical' and
chemical® exfoliation methods, for example, graphene’ and
hexagonal boron nitride (hBN).* Monolayer transitional metal
dichalcogenides (TMDCs) with the formula of MX, (M = Mo,
W; X =S, Se, Te) are a type of unique semiconductors with
narrow direct band gaps, large exciton binding energies, high
optoconductivity, and high photoelectrochemical activity.
Moreover, due to the inversion symmetry breaking, monolayer
MX, are widely employed for the study of valley polarization
and spin-valley coupling.”® Recently, van der Waals hetero-
structures, composed of different 2D materials with unique
band alignment and interlayer coupling, attract growing
attentions not only for fundamental new physics but also for
many potential applications such as tunneling transistors’
and light-emitting diodes."’

-4 ACS Publications  © 2017 American Chemical Society

Considering the low dimensionality and unavoidable defects,
grain boundaries, and local strain of 2D TMDCs, it is essential
to characterize their electronic, structural, and optical properties
with the spatial resolution down to the relevant length scales
which are mostly at the nanoscale. With the well-established
scanning tunneling microscopes11 or transmission electron
microscopes, - characterizing the electronic and structural
properties of monolayer TMDCs has been straightforward
down to the atomic-scale. However, the optical characterization
of excitonic excitations in monolayer TMDCs by photo-
luminescence (PL) is diffraction-limited due to the spot size of
a laser, which should be resolved by creating optical excitations
with subwavelength probes such as scanning probes'’ or
focused electron beams.
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Cathodoluminescence (CL), photon emission excited by a
high-energy electron beam, is widely applied in the analysis of
mineral compositions,14 light-emitting diodes,">'® surface
plasmon mapping.'” Compared to PL excited by light, CL
offers a much higher excitation energy allowing the study of
wide band gap materials including diamond'® and hexagonal
boron nitride.'””” Due to a small excitation hotspot CL has
been extensively used to study nanostructures including hyper-
spectral imaging of plasmonic gratings,”’ nanoparticles,””
nanoantenna,” quantum well,**?**° three-dimensional nanoscale
visualization of metal-dielectric nanoresonators,”® and nano-
scale light sources.””*® Therefore, CL is an ideal candidate to
investigate optical properties of 2D TMDCs in nanoscale.

In monolayers of TMDCs, it is challenging to detect the
interband CL signal as the electron—hole creation cross section
is extremely small. Moreover, the spatial distribution of
electron—hole pairs at the interface, which is near the point
of free-electron injection, is close to a three-dimensional
spherical shape of a few microns in diameter. Only a negligible
fraction of recombination takes place in the top 2D material
and most of them happen in the supporting slab. So far only a
few reports are available on CL study of 2D materials, including
six atomic layer thick flakes of boron nitride.” ™! However,
observation of CL from monolayer TMDCs has not been
achieved.

In this report, we show that CL emissions from monolayer
MX, (MoS,, WS, and WSe,) can be enhanced and efficiently
detected in a van der Waals heterostructure, in which the
luminescent MX, layer is sandwiched between layers of
hexagonal boron nitride (hBN) with higher energy gap (see
schematics in Figure la). Here the hBN/MX,/hBN hetero-
structure can effectively increase the recombination probability
of electron—hole pairs in the monolayer MX, in such a way that
a good fraction of the electrons and holes generated in the hBN
layers diffuse to and then radiatively recombine in the MX,
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Figure 1. Electron beam-induced light emission in a TMDC
heterostructure. (a) Illustration of cathodoluminescence in an hBN/
MX,/hBN van der Waals heterostructure. (b) Process of the
generation, diffusion, and recombination of electron—hole (e-h)
pairs. The minor number of e-h pairs generated in the MX, layer is
ignored.
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layer, leading to significant enhancement of the emission,
comparatively to an isolated layer (Figure 1b).

Cathodoluminescence of hBN/Monolayer WSe,/hBN
Heterostructure. Heterostructures of hBN/TMDC/hBN
were prepared by stacking individual flakes with a dry transfer
technique, "> where mechanically exfoliated flakes are picked
up in sequence by van der Waals forces (see Methods and
Supporting Information Figure S1). Molybdenum disulfide
(MoS,), tungsten disulfide (WS,) and tungsten diselenide
(WSe,) were tested as TMDC monolayers. Figure 2a is an
optical image of a heterostructure hBN/WSe,/hBN at an
intermediate stage, where hBN (4.2 nm thick) and WSe, layers
are clearly identified with an overlapped region. The
heterostructure is completed by stamping this stack on another
hBN layer (~100 nm thick) on a SiO,/Si substrate as in Figure
2b. The TMDC monolayer and hBN layers constituting the
heterostructures were further identified with micro-Raman
(Supporting Information Figure S2).

Secondary electron imaging and CL measurements of
prepared samples were performed in a scanning electron
microscope equipped with a dedicated CL detection system.
The emitted light induced by electron beam irradiation onto
samples was collected by an achromatic reflective objective with
a high numerical aperture (NA 0.72) and sent to a UV—vis
spectrometer equipped with a thermoelectrically cooled silicon
CCD array. To produce hyperspectral images,”’ the focused
electron beam (electron energy S keV; beam current ~36 nA;
dwell time 10—S50 ms) scanned the samples according to a
predefined resolution of the image while recording the light
emission spectrum synchronously.

Figure 2c shows the CL intensity map of the heterostructure
hBN/WSe,/hBN near 1.572 eV which corresponds to the
exciton energy of monolayer WSe,. Here, WSe, monolayer
glows only if sandwiched by the two hBN layers, which
confirms the model for enhancing CL in monolayer TMDCs
described in Figure 1. The extra e-h pairs created in the
adjacent hBN layers diffuse, trap, and recombine in the
monolayer TMDCs. The CL spectra from WSe, monolayer on
(position 1) and off (position 2) the heterostructure are shown
in Figure 2d. The small redshift of CL spectrum, 16.8 meV,
from the PL spectrum in Figure 2d is attributed to the
temperature-induced band gap shrinkage® of the semi-
conductor caused by the local heating by the electron
beam.”* Similar redshifts were also observed from other
TMDCs, such as MoS, and WS,, studied in this work. The
patchy emission pattern within the sandwiched region in Figure
2c¢ is due to poor interface contacts developed during the dry
transfer. The CL intensity was proportional to the beam current
and remained linear within the available beam current
(Supporting Information Figure S2e).

Effect of hBN Thickness on CL Enhancement. In
electroluminescence or PL configuration, hBN layers in such
heterostructures would only work as tunneling barriers for
electrically or optically injected charge carriers. In CL
configuration, they should also work as a source for extra e-h
pairs due to the broadband pumping capability of swift
electrons. Part of them can diffuse into and trapped in the
sandwiched monolayer TMDCs before they recombine in hBN
layers. To verify this aspect of hBN layers, we prepared two
types of heterostructures where either the top or bottom hBN
layer is manipulated to have a selection of thickness and studied
the effect of barrier thickness on the CL intensity.

DOI: 10.1021/acs.nanolett.7b03585
Nano Lett. 2017, 17, 6475—-6480


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03585/suppl_file/nl7b03585_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03585/suppl_file/nl7b03585_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03585/suppl_file/nl7b03585_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b03585

Nano Letters

Optical image

bottomhBN ~ 2HM_

Cathodoluminescence

7 4 Photoluminescence 1

Normalized intensity (a.u.)

1.4 1.6 18 20
Energy (eV)

Figure 2. Optical characterization of a heterostructure hBN/WSe,/hBN. Optical microscope images of a heterostructure hBN/WSe,/hBN (a)
before and (b) after the final dry transfer onto a bottom hBN layer. While Top hBN flake (blue) and monolayer WSe, (yellow) can be identified as
small flakes, the edge of larger bottom hBN flake is not seen in the images. (c) Monochromatic CL map of the heterostructure at WSe, emission
energy, 1.66 eV (color coded in red). (d) CL spectra generated by electron beam impact on WSe, at position 1 and 2 in (c) are shown together with
a PL spectrum acquired at position 1 in (c).
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Figure 3. Effects of hBN layers on CL intensity. CL spectra acquired from regions with different (a) top and (c) bottom hBN thickness. The CL
integrated intensity is shown as a function of (b) top and (d) bottom hBN thickness. (e) Comparison of CL intensity of sandwiched WSe, (with
19.8 nm top and 123.9 nm bottom hBN layers, red line) and WSe, with only bottom hBN layer (blue line). Green line is the Lorenz fitting of the
blue line. The enhancement factor is estimated to be more than 500.

To see the effect of top hBN layer, a heterostructure hBN/ uniform thickness of 165.3 nm and a top hBN layer with three
WSe,/hBN was fabricated from a bottom hBN layer with a regions of different thickness from 3.5, 11.8, and 23.0 nm. The
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CL mapping for WSe, emission shows a clear contrast in
intensity between the three regions (see Supporting Informa-
tion Figure S3a—c). Figure 3a shows CL spectra from the three
regions where each spectrum is an average of multiple spectra
acquired from 20 positions within each region to remove the
intensity inhomogeneity. The peak CL intensity increases with
the top hBN thickness in a nearly linear fashion (Figure 3b).

To see the effect of bottom hBN layer, another
heterostructure hBN/WSe,/hBN which was prepared from a
top hBN layer with a uniform thickness of 20.0 nm and a
bottom hBN layer with four regions of thickness from 12.1,
21.6, 36.7, 48.3 nm. The CL mapping shows a similar
dependence of increasing CL intensity with bottom hBN
thickness (Figure 3c,d and Supporting Information Figure
S3d—f). The slight variations in CL peak positions between
regions in both samples might be arising from local strain and/
or heterostructure inhomogeneity. The dependence of CL
intensity on the top and bottom hBN thickness was also
confirmed in another set of samples. This dependence confirms
our model in Figure 1 that majority of e-h pairs which
recombine in TMDC monolayers originate from the adjacent
hBN layers. The diffusion lengths of electrons and holes in
hBN are known to be in the micrometer range,” so large
amounts of e-h pairs created in both top and bottom hBN
layers in the heterostructure can diffuse into the TMDC
monolayer layer before recombination. As hBN layers with
larger thickness would support larger interaction volume for e-h
pair creation, the amount of e-h pairs that are eventually
trapped in TMDC monolayer should be proportional to the
hBN layer thickness. It is noteworthy that the bottom hBN
layer cannot be replaced by the amorphous SiO, substrate, as
the latter does not provide an atomically flat surface as well as
perfect contact. In order to roughly estimate the enhancement
factor in our experiments, we compare the intensity ratio of the
sandwiched hBN/WSe,/hBN to that of the WSe,/hBN (i.e.,
with only bottom hBN), which is more than 500 times (see
Figure 3e).

Nanoscale Imaging of Strain-Induced Band Gap
Variation. To demonstrate the full potential of CL spectros-
copy as a nanoscale optical characterization tool for monolayer
TMDCs, we created a heterostructure hBN/WSe,/hBN
possessing nanoscale variation of strain by placing the
heterostructure on a prepatterned Si substrate with holes of
1-2 pm diameter (see inset of Figure 4a and Supporting
Information Figure S4). Part of the heterostructure sitting
above the holes are suspended and develops spatially varying
strain which induces band gap shrinkage of the monolayer
WSe, accordingly. This strain-induced band gap engineerin7g is
well established both theoretically*® and experimentally.*’~*’
Interestingly, the CL intensity from the suspended part of the
heterostructure is much higher than the rest of the
heterostructure (Figure 4a). This is attributed to the funnel
effect”® where the e-h pairs in the monolayer drift toward the
strained part due to the lowered band gap and recombine. To
enhance the spectral resolution for resolving the strain-induced
peak shifts, the sample was cooled down to 10 K where the
exciton and trion peaks well separated. Position-dependent
spectra at 10 K (Figure 4b,c) clearly shows that the excitonic
peak redshift with a maximum shift of 11.2 meV from the edge
to the center of the hole due to strain.

In addition to the strain induced by suspension, local strain
can be introduced in the heterostructures during the transfer
process. Such inhomogeneous local strain in the hetero-
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Figure 4. Imaging of the strain-induced band gap variation. (a) CL
image of an hBN/WSe,/hBN heterostructure on a patterned Si
substrate at room temperature. The pseudocolors correspond to the
luminescence in 307—331 nm (green) and 733—788 nm (red). Inset:
Scanning electron microscopy image of the patterned silicon substrate
without the heterostructure. (b) CL mapping acquired for the hole
highlighted in (a) with higher magnification at 10 K. The pseudocolors
correspond to the luminescence in 707—716 nm (blue) and 716—726
nm (red). (c) Position-dependent spectra taken from a selection of
data points in (b).

structures is also detectable by CL spectroscopy. Indeed two
energy domains were observed from the hBN/WSe,/hBN
(indicated by purple and green colors in Supporting
Information Figure SSa) sample in terms of the exciton peak
position at 77 K. From the CL spectra from selected points
(Supporting Information Figure SSb), two emission peaks can
be resolved at both point A and B. The two peaks correspond
to the emissions of neutral excitons and trions (charged
excitons).”' However, the peak positions of excitons and trions
at point A are 1.640 and 1.614 eV, respectively, while 1.657 and
1.623 eV are at point B. The peak position difference between
point A and B in the heterostructure may be caused by strain,
which is possibly generated during the transfer process (e.g,
bubbles).

Temperature-dependent CL spectra of the point B were
plotted (Supporting Information Figure SSc). The peak
positions of both excitons and trions are fitted (Supporting
Information Figure SSd) according to the semiempirical
semiconductor band gap equation®"* of E,(T) = E,0) —

Sha)[coth(z:;

S is a dimensionless coupling constant, and /@ is an average
phonon energy. From the fitting curves, we extract Eg(O) of the
exciton and trion of the monolayer WSe, to be 1.665 and 1.634
eV, respectively. So, the binding energy of the trion is calculated
to be ~30.8 meV which is consistent with the previous report
(30 meV).*

CL Enhancement in Heterostructures with MoS, and
WS,. In addition to WSe,, we also performed CL experiments
to monolayer WS, and MoS, in a van der Waals heterostructure
(sandwiched by two hBN layers). The emission peak position
from the WS, heterostructure is located at 1.933 eV (Figure Sa)

)—1], where E,(0) is the excitonic energy at 0 K,
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Figure S. Cathodoluminescence of monolayer WS, and MoS,. (a) CL and PL spectra of the monolayer WS, in the top-hBN (7.5 nm)/WS,/bottom-
hBN (299.4 nm). (b) CL and PL spectra of the monolayer MoS, in the top-hBN (13.5 nm)/MoS,/bottom-hBN (168.6 nm). Insets are the

corresponding CL intensity mappings.

and that from the MoS, in the heterostructure is at 1.831 eV
(Figure Sb). The emission peak positions of both two
heterostructures redshift with respect to their PL peak
positions, similar to the case of hBN/WSe,/hBN. The CL
mapping is inhomogeneous at the MoS, sample, which is most
likely due to a poor interface contact. Therefore, we have
attested that sandwiching a monolayer TMDC into two hBN
layers is a universal approach to study its CL emission.

In summary, for the first time we have obtained evident CL
emissions from monolayer TMDCs, including WSe,, MoS, and
WS,, via a van der Waals heterostructure configuration. In the
hBN/TMDC/hBN heterostructure, electron beam induced e-h
pairs can transfer to and be trapped in the middle TMDC layer,
leading to increased recombination probability within the
TMDC layer. Moreover, we demonstrate that CL spectroscopy
can be applied to study the strain-induced excitonic peak shift
in monolayer TMDCs. Because of its high spatial resolution
and high beam energy, our demonstration makes CL
spectroscopy a powerful technique to the study of 2D materials
in various forms such as alloy, heterostructures or defects. The
2D monolayer-based heterostructure may promise potential
applications in single-photon emitters, surface-conduction
electron-emitter, and field emission display technologies.

Methods. Heterostructure Preparation. Heterostructures
of hBN/TMDC/hBN were prepared using a dry transfer
technique.””> hBN and monolayer TMDC flakes were
mechanically exfoliated from bulk hBN and TMDC single
crystals synthesized by chemical vapor transport method with
Scotch tape and deposited on 300 nm thick SiO, on Si (SiO,/
Si)substrates. Mono- and few-layer flakes were identified by
optical contrast (Nikon optical microscope), Raman spectros-
copy, and atomic force microscopy (AFM) (see Supporting
Information Figure S2). As adhesion layer, poly(vinyl alcohol)
(PVA) was used as it is water-soluble with a moderate
adhesion. A PVA solution (9% weight in water) was spin coated
on a polydimethylsiloxane (PDMS) film (~0.5 mm thick).
After baking at 90 °C on a hot plate, the PDMS/PVA film was
attached on a glass slide and the whole stack was mounted on a
micromanipulator. Under an optical microscope, the PDMS/
PVA stack was aligned to an hBN flake on a SiO,/Si substrate
and brought into contact with the flake underneath. The flake
can be easily picked up due to its stronger adhesion to PVA
than SiO,. The procedure was repeated to pick up a monolayer
TMDC flake. Then, the hBN/TMDC on the stack was aligned
and brought into contact to another hBN flake on a Si/SiO,
substrate. The PDMS/PVA film was released from the
heterostructure on SiO,/Si by slowly peeling the PDMS film

6479

from the PVA film at 70 °C leaving the PVA film on the Si/
SiO,. The PVA film was washed oft by dipping in water for half
an hour. Fewer bubbles and better contacts were created with
the latter approach since the heterostructure was not stretched
during the removal of the PDMS film. For the patterning of the
Si substrate in Figure 4, a focused ion beam (FEI Helios
NanoLab) was used to mill holes with 1—2 gm diameter and 1
pum depth.

AFM and Optical Characterization. The thickness of hBN
flakes was measured using a Cypher ES scanning probe
microscopy in AC tapping mode. A Witec alpha300 R confocal
Raman spectrum was used to collect Raman and photo-
lulminescence spectra where a pump laser at 532 nm at power
of 0.2 mW was used to illuminate the samples through a 100X
objective.

CL Measurements. CL measurements were performed in a
scanning electron microscope equipped with a CL detection
system, Attolight Allalin 4027 Chronos. A focused electron
beam (electron energy S keV; beam current ~36 nA; dewell
time 10—50 ms) scanned the samples while recording the light
emission spectrum synchronously to produce hyperspectral
images. The emitted light was collected by an achromatic
reflective objective with a high numerical aperture (NA 0.72)
and sent to a UV—vis spectrometer (Horiba iHR320) equipped
with a thermoelectrically cooled silicon CCD array (Andor
Newton). For low-temperature measurements, samples were
cooled down with an open-cycle cryostat by continuously
flowing either liquid nitrogen or liquid helium.
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Giant Electro-Optical Effect through Electrostriction

in a Nanomechanical Metamaterial

Artemios Karvounis,* Behrad Gholipour, Kevin F. MacDonald, and Nikolay I. Zheludev

Electrostriction is a property of all naturally occurring dielectrics whereby
they are mechanically deformed under the application of an electric field.

It is demonstrated here that an artificial metamaterial nanostructure
comprising arrays of dielectric nanowires, made of silicon and indium tin
oxide, is reversibly structurally deformed under the application of an electric
field, and that this reconfiguration is accompanied by substantial changes
in optical transmission and reflection, thus providing a strong electro-

optic effect. Such metamaterials can be used as the functional elements of
electro-optic modulators in the visible to near-infrared part of the spectrum.
A modulator operating at 1550 nm with effective electrostriction and
electro-optic coefficients of order 1071 m2 V-2 and 107 m V', respectively,
is demonstrated. Transmission changes of up to 3.5% are obtained with

a 500 mV control signal at a modulation frequency of =6.5 MHz. With a
resonant optical response that can be spectrally tuned by design, modulators

silicon photonic devices!!; liquid crystals
reliant upon electric-field-induced mole-
cular reorientation, acousto-optic modula-
tors, and microelectromechanical systems
(MEMS) are the foundation of numerous
display, spatial light modulation, and
adaptive optics technologies.[>!

In recent years, photonic metamate-
rials—manmade media with nanostructur-
ally engineered optical properties!”8l—have
emerged as an enabling technology plat-
form within which all kinds of light-matter
interaction can be resonantly enhanced and
dynamically controlled. Large electro-optic
(EO) switching and tuning effects have
been demonstrated through the hybridi-
zation of plasmonic metamaterials with

based on the artificial electrostrictive effect may be used for laser Q-switching
and mode-locking among other applications that require modulation at

megahertz frequencies.

In regard to the pervasive technological challenge of electrically
controlling (i.e., modulating/routing) guided and free-space
optical signals (at macro-, micro-, and lately nanoscopic scales),
mechanisms for electrically switching and tuning the optical
properties of bulk or thin film media and surfaces have been
the subject of research interest over many decades. The Kerr
and Pockels electro-optic effects are widely used in amplitude,
phase, and polarization modulators; carrier-induced changes
in doped semiconductors are harnessed in optoelectronic and
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active media, including oxides/semicon-
ductors,”1% graphene 131 phase-change
materials,*] and liquid crystals,'®1]
and in nanomechanically reconfigurable
metamaterials.l'® Indeed, the latter can
also provide unique (e.g., electro-magneto-
optical) response functions that have no counterpart in bulk
optical media. In these nanoelectromechanical structures,
Coulomb and Lorentz forces are harnessed to manipulate the
conformation of constituent plasmonic metal unit cell elements
fabricated on flexible dielectric nanomembranes, the elastic
deformation of which provides the necessary restoring force.
“All-dielectric” metamaterials are typically manufactured
from high-index-low-loss media such as silicon, and rely
upon the excitation of displacement current as opposed to
plasmonic resonances.'®24 They have attracted consider-
able attention of late, not least for their potential to mitigate
the drawbacks associated with plasmonic metal architectures
in various applications at optical frequencies. However, while
their optical properties are readily amenable to active control
via hybridization,?>! macroscopic substrate deformation,2¢!
phase-change,””8] and photoexcitation>3% (including nano-
structural reconfiguration induced by optical forcesPl), in
being usually composed of discrete dielectric or semiconductor
“particles,” they are not immediately suited to delivering nano-
electromechanical optical switching/tuning functions. Here
we report on the realization of a free-standing, all-dielectric,
metamaterial EO modulator in which indium tin oxide (ITO)
is employed as a transparent, low-index conductor in tandem
with nanostructured silicon, to enable low-power modulation of
near-infrared transmission at MHz frequencies via electrostric-
tive nanomechanical reconfiguration. Silicon, as the archetypal
high-index, low-loss platform for optical-frequency all-dielectric

(1 of 6) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201804801&domain=pdf&date_stamp=2018-11-06

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

metamaterialsi?*?2l provides the resonant

optical response necessary to enhance low-
voltage modulation contrast, while ITO, as
perhaps the best-known member of the con-
ductive oxide family (which also includes
Al- and Ga-doped zinc oxides) provides con-
ductivity for electrostatic actuation without
introducing the optical losses that would
come with use of a metal.

Electrostriction is a property of all bulk
dielectrics, arising from a quadratic cou-
pling between strain and electric field, which
manifests itself as a small field-induced
mechanical deformation dependent upon
the magnitude but not the polarity of the
field. The largest electrostrictive coefficients
reaching =107 m? V-2 are found in certain
ceramicsP>*! and polymers,3438  which
have been investigated for potential applica-
tions ranging from sonar and high-precision
positional actuation®*#% to MEMS textile
fibers.*! Recent analytical and computational
studies have considered the enhancement
of electrostriction in artificial composite
(meta)materials comprising metal, dielectric,
or semiconductor nanoparticles embedded in
a dielectric matrix.*>* In the present case,
the electric-field-induced deformation of the
metamaterial unit cell structure is driven by
Maxwell stressi*45l—specifically the electro-
static force between neighboring, oppositely
charged nanowires, providing a resonantly
enhanced effective electrostriction coefficient
of order 10713 m? V2, and an associated EO
coefficient of =107 m V-1

The metamaterial EO modulator in Figure 1 comprises an
array of nanowires with length L = 18 pm manufactured on a
free-standing bilayer membrane of silicon and ITO (see Experi-
mental Section), with each period containing an asymmetric
pair of closely spaced Si/ITO strips—one being wider than
the other. The optical response of the nanowire array is pre-
dominantly determined by the structural geometry of the high-
refractive index silicon component. Dimensions are selected
here, for a bilayer of h; = 100 nm Si and h, = 70 nm ITO, to
achieve transmission/reflection resonances in the near-infrared
telecommunications band around 1550 nm (Figure 2): a sub-
wavelength period P = 800 nm, nanowire widths w;, = 200,
300 nm, and gap size d;, = 100, 200 nm. The ITO layer mean-
while provides electrical connectivity to facilitate electrostatic
tuning of the gap sizes. For this purpose, the ITO layer is pat-
terned at each end of the nanowires such that neighboring
pairs are electrically isolated from each other and connected to
opposing terminals of the device, such that alternate pairs are
alternately biased as annotated in Figure 1b.

Normal incidence reflection and transmission spectra for the
metamaterial device are measured using a microspectropho-
tometer (see Experimental Section). For incident light polarized
parallel to the nanowires (the transverse electric or TE-mode of
illumination), the metamaterial presents a Fano-type resonant

array (P =800, hy
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Figure 1. All-dielectric, nanomechanical metamaterial electro-optic modulator. a) Scanning
electron microscopy image of a nanowire array metamaterial manufactured on a silicon/
ITO bilayer membrane. b) Detail of the structure at the ends of the nanowires. c) Schematic
cross-section of the asymmetric Si/ITO nanowire pair within each period of the metamaterial
=100, h, = 70, w; = 200, w;, = 300, d; = 100 nm, d, = 200 nm).

response as shown in Figure 2a, with a quality factor Q of =35.
This is based upon the excitation of antiparallel displacement
currents in the dimensionally asymmetric nanowire pairs, ¢4l
predominantly within the silicon, as illustrated by the numeri-
cally simulated cross-sectional field maps in Figure 2b. In
contrast, spectra for the orthogonal transverse magnetic (TM)
polarization are essentially flat, with transmission >80% and
reflection =10% across the entire near-IR spectral range.

The resonant optical properties of the Si/ITO metamate-
rial are strongly dependent on the nanowire pair separations
dy 5, which can be continuously and to a point reversibly con-
trolled by applying an electrical bias. In the + + — — configura-
tion indicated in Figure 1b, the nanowires in each asymmetric
pair are subject to electrostatic forces of mutual repulsion and
(more weakly by virtue of greater separation) of attraction to
the nearest neighboring wires of the adjacent pairs. In conse-
quence, the two nanowires in each pair move away from one
another, increasing the gap size d; and decreasing d,. This
nanomechanical reconfiguration redshifts the TE resonance,
leading to changes in transmission and reflection that are most
pronounced where the dispersion is steepest.

We first evaluate induced changes in transmission as a
function of applied static bias. Figure 3a presents the spec-
tral dispersion of relative transmission change AT/T,, where

(2 of 6) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Optical characteristics of the Si/ITO nanowire metamaterial.
a) Measured transmission (solid blue line) and reflection (solid red
line) spectra of the Si/ITO nanowire metamaterial shown in Figure 1
for TE-polarized light and corresponding (polarization independent)
spectra for the unstructured Si/ITO bilayer (dashed lines). b) Numerically
simulated distribution of the y-component of electric field in the xz plane,
overlaid with arrows denoting the direction and magnitude of magnetic
field, for one pair of asymmetric width nanowires as described in
Figure 1b, at the 1520 nm transmission resonance wavelength.

AT = T, - T, T, being the absolute transmission at an applied
bias of o Volts. At 2 V bias, the induced change reaches max-
imum values of +7% and —4% at wavelengths of 1497 and
1544 nm, either side of the 1520 nm zero-bias transmission
resonance wavelength. Two volts represent a conservative upper
limit on the operational range of applied bias within which elec-
trostatic control of nanowire separation provides continuous
and reversible tuning of transmission. Beyond this, there comes
a point at which the elastic restoring force on a nanowire (which
increases linearly with displacement from its equilibrium posi-
tion, i.e., with increasing gap size d,) is surpassed by the electro-
static force of attraction to its oppositely biased neighbor (which
grows as d;’; see Figure 3b,c). At this point, the gap will abruptly
close and, by virtue of van der Waals forces, remain closed
even when the applied bias is removed. An order-of-magnitude
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Figure 3. EO tuning of Si/ITO metamaterial transmission. a) Spectral
dispersion of the relative change in transmission of the Si/ITO nanowire
metamaterial for a selection of applied static electrical bias levels (as
labeled). The inset shows the spectral dispersion of absolute transmission
around the resonance wavelength for zero and 2 V bias settings. b)
Numerically simulated cross-sectional map in the xz plane of the static
electric field amplitude over a single period of the metamaterial array
for a gap size d; = 100 nm and an applied bias of 1V between the ITO
sections of the two nanowires. c) Maximum electric field amplitude (at
the midpoint of the gap between the nanowires) as a function of gap size,
for a fixed 1V bias.

estimate for this irreversible switching threshold can be
obtained analytically*®! (assuming a symmetric pair of beams
in a material with Young’s modulus E) as a" = \32Emw’d* /(ne,L'),
and is found experimentally for the present sample geometry
to be =3V. The change in transmission associated with this irre-
versible deformation of the metamaterial structure (i.e., reduc-
tion of gap size d, to zero) is unsurprisingly much larger than
those observed within the reversible tuning range, as illustrated
by the vertically scaled dashed line in Figure 3a.

For the purposes of studying the high-frequency alternating
bias (AC) EO modulation characteristics of the Si/ITO metade-
vice, the metamaterial is mounted in a low-vacuum microscope
stage to reduce air damping of induced nanowire oscillations
(see Experimental Section). The relative change in metadevice
transmission is monitored at a fixed wavelength of 1550 nm
while varying the frequency f of an applied sinusoidal electrical
bias with an amplitude o of up to 500 mV (Figure 4). At low
frequencies, the induced displacement of the nanowires, and
therefore the magnitude of the induced change in transmission,
is small. Both however are enhanced when the nanowires are
driven at their natural mechanical resonance frequency. In the

(3 of 6) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Dynamic electro-optic modulation of Si/ITO metamaterial
transmission. Relative change in transmission at 1550 nm of the Si/
ITO nanowire metamaterial shown in Figure 1 as a function of the drive
voltage modulation frequency, for a fixed peak bias cc=500 mV. The inset
shows the peak magnitude of induced transmission change at 6 MHz as
a function of peak bias voltage o.

present case, AT/T, reaches 3.5% at a frequency of 6 MHz for a
drive amplitude of 500 mV, as compared to only =0.5% off reso-
nance. Transmission modulation amplitude increases super-lin-
early with drive voltage as shown in the inset to Figure 4. One
might anticipate the presence of a double peak in the frequency
spectrum, by virtue of the fact that there are nanowires with
two different widths (and therefore Eigenfrequencies) within
each unit cell of the metamaterial. From numerical simula-
tions, employing Young’s moduli E and densities p for Si and
ITO from refs. [49,50], these frequencies are estimated to be
4.07 and 6.10 MHz for the 200 and 300 nm wide nanowires,
respectively. The observation of a single peak, extending at full-
width half-maximum, from 5.7 to 6.8 MHz, is attributed to the
coupled nature of the oscillations (which may include compo-
nents of out-of-plane and twisting motion), stress within the
bilayer derived from the Si membrane fabrication and/or ITO
annealing processes, and spectral broadening associated with
manufacturing imperfections (up to 10% variation in w; , over
the metamaterial array).

The nanomechanical functionality of the metamaterial can
be understood as a form of artificial electrostriction at the
unit cell level, in that it comprises a structural deformation
dependent upon the magnitude of an applied electric field E.
Specifically, strain s should exhibit a quadratic dependence on
the applied field: s = ME?, where M is the electrostrictive coef
ficient. (In bulk materials, M is a fourth ranked tensor; here
we evaluate what, in these terms, would be the longitudinal
electrostriction coefficient M;; under an assumption that the
applied field, resulting stress and deformation are all unidirec-
tional and parallel).

We quantify strain as the change Ad in the size of the gaps
between Si/ITO nanowires (the magnitude of the increase in
d, or decrease in d,), relative to the mean equilibrium gap size
d = (d; +d;)/2, where d;, are the zero-bias gap sizes of 100 and
200 nm respectively, in the present case. Numerical simula-
tions demonstrate that for small values of Ad, metamaterial
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Figure 5. Si/ITO metamaterial electrostriction. a) Numerically simulated
spectral dispersion of Si/ITO nanowire metamaterial transmission as a
function of strain, defined as the relative change in the size of the gaps
between nanowires, for wavelengths of 1490 nm (blue) and 1550 nm (red)
at which maximally positive and negative proportionalities are observed.
b) Strain induced within the metamaterial structure [from experimental
measurements of optical transmission at 1490 nm for static bias and
1550 nm for alternating bias, via proportionalities derived from panel (a)]
as a function of applied static and peak alternating (f= 6 MHz) electric
field squared.

optical transmission is, to a very good approximation, a linear
(of course spectrally dispersive) function of strain in these
terms, as illustrated in Figure 5a. Experimentally measured
dependences of transmission upon applied bias o can thus
be translated into dependences of strain upon applied elec-
tric field E = a/d as shown in Figure 5b, from which effective
electrostriction coefficients for both static and high-frequency
dynamic modes of excitation can be derived.

The metamaterial's static effective electrostriction coefficient is
found to be M. = 4 X 1078 m? V-2—a value somewhat smaller
than the largest coefficients found in bulk dielectric media.}7>1
However, this value is enhanced by five orders of magnitude
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when the structure is driven to oscillate at its mechanical reso-
nance frequency, reaching M, = 3 x 107> m? V=2, a value three
orders of magnitude larger than that can be found in bulk die-
lectrics. It should further be noted that these values represent
conservative estimates of the electrostriction coefficients: strain
is underestimated because higher resonance quality factors in
simulation (as compared to experiment) exaggerate the depend-
ence of transmission upon strain; and at the same time electric
fields are overestimated because the bias applied to the device
terminals is assumed across the gaps between nanowires with
no account taken of Ohmic losses in the ITO.

The change in optical properties brought about by the elec-
trostrictive deformation of the metamaterial can be described
by an effective electro-optic coefficient r = AnL/o, where An is
the effective refractive index change induced over an interaction
length L (the thickness of the metamaterial, hy + h, = 170 nm)
under an applied bias of o V. Numerical simulations indicate a
phase shift in transmission at 1550 nm of up to /9 at a nanowire
displacement Ad = 3 nm (strain of 2%, achieved at a static bias
of 2 V). This corresponds to an effective index change An = 0.5,
giving r = 107° m V-'—a value approximately five orders of mag-
nitude larger than in typical electro-optic media such as lithium
niobate, which has an EO coefficient of 3 x 107! m V152

In summary, we have demonstrated a free-standing, all-
dielectric metamaterial electro-optic modulator of substantially
subwavelength thickness (<A/8), manufactured from CMOS-
compatible materials—a high-index-low-loss semiconductor and
a transparent conductive oxide. The device provides continuous
and reversible electrically actuated nanomechanical tuning of
near-infrared transmission, at wavelengths selected by design,
presenting effective electrostriction and electro-optic coefficient
orders of magnitude larger than those of bulk dielectric media:
electrostatic forces are harnessed to control the separation
between elements of a nondiffractive Si/ITO nanowire array and
so to deliver, in the present case, relative transmission changes
of up to 7% at 1550 nm under an applied static bias of 2 V. In
this low frequency limit, power consumption is dominated by
leakage resistance of 500 kQ2 and amounts to only 8 uUW at a bias
of 2 V. Optical modulation amplitude is enhanced when struc-
tures are driven by an alternating bias to oscillate at their few-
MHz mechanical resonance frequencies. Depending on applica-
tion requirements, an appropriate balance among modulation
amplitude, power consumption, and speed of response may be
engineered. For example, longer nanowires would have a lower
mechanical resonance frequency but they would be displaced
further at a given bias voltage than shorter wires, producing a
larger change in transmission. Greater modulation contrast may
be achieved via optimization of the metamaterial nanofabrication
procedure, whereby reduction of dimensional inhomogeneity will
enhance both optical and mechanical resonance quality factors.

Experimental Section

Metamaterial ~ Fabrication:  Devices were manufactured on
commercially sourced polycrystalline silicon membranes (1 x 1 mm
windows supported in 200 um thick silicon frames). These were coated
(including the frame) with 70 nm of indium tin oxide by radio-frequency
sputtering from an 1n,03/Sn0O, (90/10 wt%) alloy target. A base pressure
of 4 x 107> mbar was achieved before deposition and a high-purity argon
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gas flow of 70 ccpm was used to strike the plasma. A 20:5 argon:oxygen
deposition gas mixture was used to maintain the plasma and ensure
sufficient oxygen content in the deposited ITO film. The membrane
substrate was held on a rotating platen =150 mm from the target where
it was subjected to a temperature increase of <10 °C during deposition,
ensuring minimal stress in the film, which was subsequently annealed at
200 °C for 60 min under an oxygen atmosphere to increase conductivity
(measured sheet resistance decreased from 3.4 x 10°to 1 X 10° Q sq”';
carrier concentration increased from 3.5 x 10'® to 102! cm™).

Metamaterial arrays of asymmetric nanowire pairs were fabricated
by focused ion beam (FIB) milling from the ITO side of the bilayer
membrane, cutting through both layers of the material. The pattern of
electrodes required to alternately bias pairs of nanowires (as indicated in
Figure 1b) was then defined by FIB milling in the ITO layer only.

Numerical ~ Simulations: ~ Full-wave electromagnetic  simulations
of the metamaterial structure, based on the geometry presented in
Figure 1c, were performed using the finite element method in COMSOL
Multiphysics. Calculations employed periodic boundary conditions in the
x and y directions (i.e., effectively assuming an infinite array of infinitely
long nanowires). They utilized refractive indices for polycrystalline silicon
and for ITO from ellipsometric measurements (both materials have
weakly dispersive indices in the near-IR spectral range above =1300 nm:
3.45 + 0.005i for Si and 1.9 + 0.08i for ITO), and assumed normally
incident, narrowband, linearly polarized plane wave illumination.

The electrostatic field distribution and its dependence on gap size,
as presented in Figure 3b,c, were modeled using the AC/DC COMSOL
module, assuming a pair of parallel, free-standing 18 um long wires,
with the ITO surface of one held uniformly at a given bias voltage
against the other at OV (ground).

Nanowire mechanical Eigenfrequencies were obtained from finite
element models of single, isolated 18 pm long wires with fixed ends and
rectangular cross sections as presented in Figure 1c. These assumed
Young’s Moduli E and density p values for Si and ITOH>5%: Eg; = 150,
Eiro = 190 GPa; ps; = 2300, pyro = 7300 kg m™.

Microspectrophotometry  (Including ~ Static  EO  Modulation
Measurements): Transmission and reflection spectra (Figure 2) were
obtained using a microspectrophotometer (CRAIC QDI2010), with
a 15 x 15 um sampling aperture via a 15x objective with numerical
aperture of 0.28. All data were normalized to reference levels for air
(100% transmission), a silver mirror (high reflector), and a “Vantablack”
vertically aligned carbon nanotube array (zero reflection/transmission),
and averaged over 15 repeated measurement cycles, each with a 500 ms
integration time. A source measure unit (Keithley 2636) was employed
to apply a static bias across the metadevice terminals.

High-Frequency EO Modulation Measurements: The metamaterial sample
was mounted in a low-vacuum (=1 mbar) microscope stage equipped
with an RF electrical feedthrough via which a control bias signal from
an electrical network analyzer (Agilent Technologies E5071C) could be
applied to the metadevice terminals. Optical transmission was monitored
at a wavelength of 1550 nm using a diode laser providing a continuous-
wave intensity of 70 uW cm™2 at the sample and an InGaAs photodetector
(New Focus 1811) connected to the network analyzer. Data were averaged
over five frequency scans at each setting of peak bias voltage; error bars in
the inset to Figure 4 were calculated as the standard error.
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Reconfigurable MEMS Fano metasurfaces with
multiple-input-output states for logic operations at
terahertz frequencies
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A broad range of dynamic metasurfaces has been developed for manipulating the intensity,
phase and wavefront of electromagnetic radiation from microwaves to optical frequencies.
However, most of these metasurfaces operate in single-input-output state. Here, we
experimentally demonstrate a reconfigurable MEMS Fano resonant metasurface possessing
multiple-input-output (MIO) states that performs logic operations with two independently
controlled electrical inputs and an optical readout at terahertz frequencies. The far-field
behaviour of Fano resonance exhibits XOR and XNOR operations, while the near-field
resonant confinement enables the NAND operation. The MIO configuration resembling
hysteresis-type closed-loop behaviour is realized through inducing electromechanically
tuneable out-of-plane anisotropy in the near-field coupling of constituent resonator struc-
tures. The XOR metamaterial gate possesses potential applications in cryptographically
secured terahertz wireless communication networks. Furthermore, the MIO features could
lay the foundation for the realization of programmable and randomly accessible metama-
terials with enhanced electro-optical performance across terahertz, infrared and optical
frequencies.
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ecent trends in the metamaterial research have advanced

towards the realization of functional and reconfigurable

metasurfaces!~3 that enable real-time control over their
geometrical and optical properties, thereby creating exceptional
opportunities in the field of active and tuneable metamaterials.
Over the years, various approaches have emerged in realizing
tuneable metamaterials through reconfiguring their structure and
geometry via external stimulus such as electrical control*~7,
magnetic field®?, thermal gradient!?-12 and optical pulse!3-18. A
specific class of structurally reconfigurable metasurfaces based on
micro/nano electromechanical systems (MEMS/NEMS) have
given a unique advantage for active manipulation of the near-
fields in all the three spatial directions by exploiting sensitive
changes to their micro/nano scale movements. Near-fields!® are
the most significant components of the scattered fields that stay
closer to the object surface and fail to radiate freely to the far-
field. The omnipresent nature of the near-field and the finest
information that it entraps, makes it a vital component in the
light-matter interactions. Therefore, dynamic control over the
near-fields provides a new paradigm of manipulating the
light-matter interactions, which makes them more resilient and
merits their applications in future generation state-of-the-art
active photonic devices. At the terahertz (THz) and infrared
frequencies, the MEMS/NEMS metasurfaces have enabled
dynamic manipulation of near-field entities thereby showing an
active reconfiguration of intriguing features like magnetic
response®10, transparency?’, near-perfect absorption?!, phase
engineerin§22, resonance modulation?3, anisotropy® and THz
invisibility>*. However, apart from these useful advancements, the
ability to control and tailor the near-field interactions by estab-
lishing multiple controls at the unit-cell level has remained
elusive.

The bright prospects of functional metamaterials lie in
achieving multiple controls within the unit cell of the metama-
terial, which could provide a flexible platform for realizing
extremely versatile devices manifesting enhanced electro-optical
performance. Multiple controls within the unit cell would enable
precise tailoring of near-field interactions between the meta-
atoms by relatively manoeuvring their structural properties,
thereby obtaining the optical properties on demand?’. Recently,
the MEMS/NEMS switchable metamaterials>” have provided a
promising pathway to control near-field coupling between the
metamolecules by establishing independent/multiple controls
over the structural reconfiguration of the constituent resonators
within the unit cell of the metamaterials. However, most of these
metamaterial designs operate in single output configurations. In
the hindsight of enhancing their multifunctional capabilities in
digital?*-2% and multichannel signal processing applications, one
way is to establish a multi-valued dependency between the input
and output characteristics of the metamaterial. In the past, the
multiple output states signifying the hysteresis behaviour has
been shown in various hybrid metamaterial systems composed of
vanadium dioxide (VO,)!? and graphene-ferroelectric polymer?’
that demonstrated the memory effects and logic gate function-
alities at THz frequencies. However, these results were based on
single input control and depend on the properties of the inte-
grated natural material that dictates their output efficiencies along
with limiting their operation to specific frequencies.

Here, we experimentally realize the excitation and active tuning
of sharp Fano resonances in a MEMS reconfigurable metasurface
exhibiting multiple-input-output (MIO) characteristics in its
near-field as well as far-field optical properties. These MIO states
are created by establishing anisotropic nature in the near-field
coupling between the asymmetric resonators in the out-of-plane
(z-axis) reconfigurable metasurface that excites a sharp Fano-type
resonance feature. The reconfigurable geometry of the MEMS

Fano-metasurface provides various structural meta-stable states
by using two independently controllable electrical inputs and an
optical/near-field readout that enables the realization of digital
logic gates. Here, we demonstrate exclusive-OR (XOR), XNOR
and NOT logic gates in the far-field optical states, and the NAND
logic gate operation in the near-field characteristics of the device
at THz frequencies. Fundamentally, XOR is an important sec-
ondary Boolean (logic) operation that is a composite of the basic
logic functions and is not linearly separable. This property makes
it more resilient and practically useful in the information and
computational technologies as parity generators, one-time pad
(OTP)-based unbreakable cryptography protocols?3!, pseudor-
andom number generators and digital encoders or decoders in
signal processing. On the other hand, the NAND logic operation
is a functionally complete set logic operator which can be used to
express all the basic set logic operations by defining a network of
NAND gates. The multiple-logic operations together with the
volatile and nonvolatile3*33 regimes of MEMS actuation can
enhance the digital functionalities of the device in realizing
optical memory registers to encode, harvest, process and send
secured information in the form of encoded/decoded optical bits
at THz frequencies.

Results

Design and fabrication. To precisely elucidate the operation of
logic gate functionalities through active control of Fano reso-
nances, we fabricated a MEMS-based metasurface consisting of
two split ring resonators (we term them SRR-1 and SRR-2) that
are independently and sequentially actuated by applying the
voltages V; and V, (shown in Fig. 1a). The device is fabricated
using the photolithography technique, where periodic array of
bimorph SRRs (900 nm thick aluminium (Al) deposited on top of
50 nm aluminium oxide (Al,O;) layer) possessing mirror-
symmetry are patterned on a lightly doped silicon (Si) substrate
(refer to the Methods section and Supplementary Figs. 1-5 for the
device fabrication details and characterization). Due to the resi-
dual stress in the bimorph layers, the cantilevers are bent up,
thereby increasing their released heights (/). Scanning electron
microscope (SEM) image of the fabricated MEMS Fano-
metasurface is shown in Fig. 1a in the coloured scale that illus-
trates the maximum asymmetric state of the device with SRR-1
snapped down on the substrate using voltage V; =35V and SRR-
2 is retained in the released state of the bimorph cantilevers with
V,=0V. The out-of-plane reconfiguration of the released can-
tilevers is achieved through electrostatic actuation, by applying
voltage across the Al layer and silicon substrate. Metal lines
connecting the SRR-1 and SRR-2 cantilevers are electrically iso-
lated from each other and this allows for the independent
reconfiguration of heights h; and h, through the application of
voltages V; and V), respectively. The selective reconfiguration at
the sub-unit cell level provides the flexibility to introduce dyna-
mically tuneable structural asymmetry along the out-of-plane (z)-
axis of the sample. The out-of-plane structural asymmetry para-

meter is defined as § = @x 100%, where s is the length and
hy, h, are respectively the released heights of SRR-1 and SRR-2
cantilever arms. Figure 1b-d are the SEM images of the unit cell
showing the sequential control of SRR cantilevers by applying
voltages V; and V, across the Al-metal lines and the silicon
substrate.

Active control of Fano resonance. Persistent control of reso-
nance features in the MEMS Fano-metasurface is experimentally
characterized by using the photoconductive antenna-based THz-
time domain spectroscopy setup in the transmission mode (refer
to the Methods section for more details on experimental

2 | (2018)9:4056 | DOI: 10.1038/541467-018-06360-5 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06360-5

ARTICLE

RR-1

Released height (h)

Max

Min

Fig. 1 Fabricated sample images and the sequential operation of the device. a Coloured scanning electron microscope (SEM) image of the MEMS Fano-
metasurface. The unit cell comprises of two SRRs separated by a gap g, where SRR cantilever arms of length s are released at a height h. The unit cell
dimensions are depicted in the inset, where p,: 110 pm; p,: 75 pm; [: 60 pm; s: 25 pm; w: 6 pm; g: 4 pm; and t: 900 nm. V4 and V; are the input voltage ports
to achieve the independent actuation of SRR-1 and SRR-2, respectively. b-d SEM images of the unit cell showing the sequential actuation of SRRs with
voltage V; and V, applied across the two SRRs, where the sequence from (b) to (¢) represents the increasing asymmetry (5) and (c) to (d) represents the

decreasing asymmetry configuration

procedure). The measured transmission spectra for increasing
voltage V; with V, =0V are shown in Fig. 2a. The inset diagram
in Fig. 2b presents the experimentally measured mechanical
deformation profile of the cantilever by applying the voltage on
one of the SRRs (details on the device characterization are given
in the Methods section). Initially, for the case where no voltage is
applied across the resonators, i.e. Vi, =0 (see Fig. 1b), the can-
tilever arms of the two SRRs are symmetrically inclined at same
heights h; =h,=h (6=0) along the z-axis. Such symmetric
configuration of resonators results in the excitation of strong
dipole type of resonance at 0.77 THz for the incident THz
radiation polarized in the E, direction. When voltage (V;) is
applied across the Al lines of the released cantilevers (say, SRR-1)
and Si substrate, the suspended SRR-1 cantilevers gradually bend
towards the substrate due to the attractive electrostatic force. This
deformation in the height of the SRR-1 cantilevers creates a
structural asymmetry (§) along the z-axis of the metasurface
sample. As a result, near-field coupling between the asymmetric
structures excites a sharp and weak Fano resonance34-37 feature
(at 0.58 THz, red curve in Fig. 2a) within a broad dipolar reso-
nance. Upon continuously increasing V; across the SRR-1,
strength of Fano resonance grows and reaches its maximum
amplitude for V; =35V (at 0.56 THz, where V,=0V), with a
slight red shift in its resonance frequency. Subsequently, when the
voltage V, is applied across SRR-2 by keeping SRR-1 on the
substrate, the cantilever arms of SRR-2 are gradually pulled
towards the substrate, which decreases the asymmetry in the
system. Due to this decrease in asymmetry, the Fano resonance
starts to weaken with increasing V, and completely diminishes at
V,=35V, as shown in Fig. 2b (both SRR-1 and SRR-2 are
snapped down on the substrate with V;, =35V (see Fig. 1d)).
Thereby, the symmetry of the structures is restored in the system

that now shows only a dipolar resonance (at 0.67 THz). The
observed red-shift in the frequency of the dipole and the Fano
resonance is due to enhanced capacitance in the air gap between
the cantilever and the substrate, as the cantilever is gradually bent
down onto the substrate. We also fabricated the samples with
various metal thicknesses of cantilevers (300, 500 and 700 nm)
possessing different released heights. The THz transmission
measurements were performed on the samples and are shown in
Supplementary Fig. 4. The cantilever with thinner metal film
possesses larger release height (h) (see Supplementary Fig. 5), and
hence aids in achieving larger structural asymmetry (6) in the
system, which in turn results in stronger Fano resonance ampli-
tude. The main reason for using the 900 nm thick aluminium
resonator sample for our detailed analysis is the enhanced
structural stability offered by thicker cantilevers during the per-
sistent tuning of their released heights. This factor aids in precise
control and continuous active tuning of Fano resonance feature in
the proposed MEMS Fano-metasurface structure.

The correspondence between the transmission spectra obtained
by the sequentially applied voltages (V; and V) and the structural
asymmetry (8) of the MEMS Fano-metasurface is established by
the numerical simulations. The transmission spectra for varying §
are shown in Fig. 2¢, d, which are calculated using finite
difference time domain (FDTD) simulations offered by the com-
mercially available Computer Software Technology (CST)
microwave studio using unit-cell boundary conditions (refer to
the Methods section for more details). The value of structural
asymmetry parameter (§) is estimated using the defined expres-
sion for & based on the experimentally measured inclined heights
(hy, hy) of the cantilevers of resonators SRR-1 and SRR-2 (as
shown in the inset of Fig. 2b). The insets in Fig. 2c, d represent
the sequential actuation of SRR-1 and SRR-2 resonators that
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Fig. 2 Active tuning of Fano resonances in MEMS metasurface. a Depicts the experimentally measured THz transmission spectra showing the evolution of
Fano resonance for continuous actuation of SRR-1 by varying voltage V;, while keeping V>, =0 V. b Represents the measured spectra resulting from the
actuation of SRR-2 by increasing V5, while keeping V; =35 V. Inset figure depicts the experimentally mapped actuation angles (with the error bars) of the
SRR cantilevers of metal thickness 900 nm under the applied voltage (V) for the designed MEMS Fano-metasurface. ¢, d Numerically simulated THz

transmission spectra for increasing and decreasing structural asymmetry configurations of the proposed MEMS Fano-metasurface. The values of the

depicted asymmetry parameter (6) in (c) and (d) show one-to-one correspondence with the voltage values of V; and V5 varied in (a) and (b), respectively.
The insets in (¢) and (d) signify the sequential actuation of SRR-1 and SRR-2, respectively, showing the increasing and decreasing structural asymmetry

configurations

correspond to the continuous increase and decrease in §, which
signifies one complete ramp cycle of asymmetry parameter (J). As
a first actuation sequence, asymmetry in the structure is increased
by decreasing the released height (h;) of SRR-1, which results in
strengthening of the Fano resonance feature that reaches
its largest resonance amplitude at the maximum asymmetry of
Omax = 2.3%. In the next actuation sequence, upon decreasing the
released height (h,) of SRR-2, amplitude of the Fano resonance
diminishes and eventually disappears as the cantilever of SRR-2
touches down on the substrate (6=0). Therefore, sequential
actuation of the resonators SRR-1 and SRR-2 alters the symmetry
of the structure from a symmetric configuration to an
intermediate asymmetric state and finally bringing it back to
the symmetric state thereby controlling the excitation of Fano
resonance in one complete ramp cycle of 6.

Multiple-input-output (MIO) characteristics. The most striking
feature of the excitation of the Fano resonance in MEMS Fano-
metasurface is the observed anisotropic nature in the near-field
coupling between the resonators at a given asymmetry parameter
(6). The anisotropic Fano coupling exhibits two distinctive
pathways (in the output states) for the far-field and the near-field
optical characteristics with respect to the sequential application of
two voltage inputs V; and V,, respectively on SRR-1 and SRR-2
or for increasing and decreasing pathways of 6. The distinctive
pathways in the far-field response of the device are analysed using
the peak to peak transmission intensity (JAT|) of Fano resonance,
which is discussed in Supplementary Fig. 6. As a input control
parameter, we define the sequential voltage operation of V; and
V, in terms of the differential voltage applied between the two

resonators SRR-1 and SRR-2, defined as AV=|V; —V,| that
directly corresponds to the asymmetry parameter (6) of the
structure. We plot the variation in |AT]| with respect to increasing
and decreasing values of AV applied across the resonators in
Fig. 3a, where the |AT| exhibits distinctive values for the
increasing and decreasing configuration of input parameter AV.
This scenario showing the distinctive pathways for |AT| clo-
sely resembles the hysteresis-type behaviour as observed in many
natural phase change materials such as VO,!2 and Ferrites®.
However, here it is indeed two stable output states observed for
two input controls (V; and V,) that forms a closed loop in
|AT| with respect to |AV] signifying the multiple-input-output
states in the electro-optical characteristics of the metasurface.
This hysteresis-type behaviour constituting MIO states is artifi-
cially created by the induced anisotropic near-field coupling
observed in the tuning of Fano excitation by varying & or AV.
Further, similar MIO states are observed for the measured Q-
factors of Fano resonance features for increasing and decreasing
values of AV, as shown in Fig. 3c. We observe that for a given
value of AV, the Q-factors during the increasing configuration of
AV follow a different variation and possess larger values com-
pared to the decreasing pathway of AV. The maximum Q-factors
of 19.73 and 19 are experimentally measured for the lower AV
(i.e. for extremely small asymmetry parameter (6) cases),
respectively during the increasing and decreasing configuration of
AV. In the numerical simulations, the differential voltage (AV) is
expressed in terms of asymmetry (8) of the structure, which is a
critical parameter in controlling the nature and excitation of Fano
resonances. In Fig. 3b, d, the peak to peak transmission intensity
(JAT|) and Q-factors of Fano resonance are plotted for the
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Fig. 3 Multiple-input-output electro-optical characteristics in the far-field features of MEMS Fano-metasurface. a Measured Fano resonance transmission
intensity (JAT]|) with respect to differential voltage (AV) calculated for the curves shown in Fig. 2a and b, respectively. The red circles represent increasing
order of Fano resonance strength by increasing the AV applied on the structures (applying V4 on SRR-1 with V, =0 V), whereas green squares represent
decreasing state of Fano resonance in the presence of V, on SRR-2 with V; =35V that decreases the AV applied on the structure. b Simulated Fano
resonance intensity (JAT|) showing two intensity states for a single asymmetry value (8) of the system. The inset figure represents the sequential actuation
of SRR-1 and SRR-2 that governs the observed multiple-input-output (MIO) states for the MEMS Fano-metasurface. ¢ Experimentally and d numerically
calculated Q-factors of the Fano resonance are shown that exhibits the MIO configuration for sequential actuation of the SRR-1 and SRR-2 resonators. Inset
table in (¢) represents the truth-table for the logic exclusive-NOR (XNOR) operation that can be visualized in the proposed MEMS Fano-metasurface
device in the form of high (‘') and low (‘0") values for Q-factors of Fano resonance in the far-field

increasing and decreasing scenario of structural asymmetry
parameter (§), where the SRR-1 and SRR-2 are actuated
sequentially (as shown in the insets of Fig. 3b). The simulation
results agree well with the MIO characteristics observed in the
experimental data. Further detailed plots on the figure of merit38
(FoM) of Fano resonance showing the MIO characteristics are
provided in Supplementary Figs. 10 and 11. These MIO states
enacted by the out-of-plane (three-dimensional) symmetry
breaking induced Fano resonances provide a unique advantage of
creating a closed-loop behaviour in the electro-optical properties
with tuneable area under the loop, which could help in precise
tailoring of energy dissipation in the system. The tuneable MIO
states for the intensity, Q-factors and FoM of Fano resonance are
depicted in Supplementary Figs. 12-14. This tuneable MIO fea-
ture could lead towards the realization of multiple (more than
two) output states favouring the possibility of digitizing the
optical response through the system with two (or more) inde-
pendent input-voltage control parameters.

MEMS Fano-metasurface enacted logic gates. The uniqueness of
digitizing the excitation of Fano resonance in terms of its far-field
optical states using two electrical controls constitutes digital XOR,
XNOR, PASS and NOT logic functions in the far-field spectrum

at THz frequencies. As discussed earlier, the structural states (‘up’
or ‘down’) of the constituent resonators SRR-1 and SRR-2 are
independently reconfigured using the voltage inputs V; and V,
respectively in determining the output state of Fano resonance
(F). The structural metastable states of the resonators determined
by the electrical inputs (V) are represented by the logic binary
digits, where ‘up-state’ of the resonator corresponds to binary ‘0’
(Vi2,=0V) and the ‘down-state’ corresponds to binary ‘I’
(V12=35V). True (ON) and false (OFF) states of the Fano
resonance amplitude in the far-field are represented by the binary
digits ‘I’ and ‘0, respectively. The measured THz far-field
transmission spectra showing the XOR logic feature for the var-
ious metastable structural states (00), (10), (0I) and (11) of the
MEMS resonators are given in Fig. 4a-d. The voltage inputs (V;
and V,) applied to the individual resonators (SRR-1 and SRR-2)
can be programmed using sequential trigger bits {0,1} that con-
trols the actuation heights (up/down) of SRR-1 and SRR-2,
respectively. However, in our experiments, the limitations posed
by the well-known problem of stiction’® in our fabricated
MEMS devices disrupt the repeatable operation of the device.
Hence, we consider two devices and prepare their cantilevers in
their respective metastable states (10) and (01) by applying the
corresponding voltage inputs and perform the transmission
measurements in the far-field. Since the Fano resonance feature

| (2018)9:4056 | DOI: 10.1038/541467-018-06360-5 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06360-5

a b V,=35V
XOR truth table
[0}
e
=1
£ v@v,
§
c 0 0 0
S
8 1 0o 1
o
S 0 1 1
081
1 1 0
0.4 -
Vi 01TV,
0.2 1 Iﬁ
0.0 ‘ T T T T T T T
0.45 0.50 0.55 0.60 0.650.45 0.50 0.55 0.60 0.65
Frequency (THz)
e Encoding the message Public channel Decoding the message
— —~  (Encrypted text) ,——— —— —
(m) =(1100)
—> it ! v F=k@m (F)
Private 1 2 m=k@F Message retrieval
message' (0.1.1 0 v, @ (m)
RN SO —
v " n :: : (1_1.0;0)
HX '/; :
e
k, Ll
Ey & : XOR operator
Source _ Destination PD: Photo detector
metamaterial r 72 metamaterial [: Electrical trigger
channel
e e
Ll Lib — Il OTP secret key (k), V,
(k) = (1010) ~=! =3 (k) = (1010) Vi B Private message (m), V,

Secret key Private channel

Secret key W Encrypted bits (F)

Fig. 4 Exclusive-OR (XOR) logic operation with MEMS Fano-metasurface and its significance in cryptographic wireless communication networks.

a-d Measured far-field THz transmission spectra of the MEMS Fano-metasurface showing the XOR logic feature in the form of presence/absence of Fano
resonance (at 0.56 THz) for various structural/voltage states of the SRRs. a, d show the symmetric configuration of the structures (00 and 17) that signifies
the absence of Fano resonance excitation (F=0), whereas b, ¢ represent the asymmetric configuration of the structures (70 and 07) that results in the
excitation of Fano resonance feature (F=1) in the sample. e Pictorial representation of realizing the OTP secured wireless communication channel by
performing the XOR logic operation to encode the private message (m) with the secret key (k) and is sent through the public channel as optical signals. The
message is retrieved securely (decrypted) at the destination end by performing the inverse XOR operation on the measured optical states (F) with the
secret key (k). The structural/voltage states of SRR-1 and SRR-2 are expressed as OTP secret key (k) and the private message (m), respectively, whereas
the secured data is transmitted through public channel in the form of optical bits (F)

results due to the asymmetry in the structural configuration of the
metasurface, for input voltages (V; =0, V,=35Vand V; =35V,
V,=0V) there exist two asymmetric structural configurations
‘up—down’ (01) and ‘down-up’ (10) that results in the true state
for the Fano resonance condition (i.e. F= 1), as shown in Fig. 4b,
¢, respectively. On the other hand, for symmetric structural
configurations of the device (V; =V,=0Vand V; =V,=35V),
‘up-up’ (00) and ‘down-down’ (11) results in the absence of Fano
resonance (F=0) state, as shown in Fig. 4a, d. Resulting truth
table is presented in the inset of Fig. 4, which resembles the digital
XOR logic operation, where the Fano output is true (F = I) if the
input voltage states differ, otherwise Fano output results in a false
state (F = 0) (i.e. when both the inputs are either true (11) or false
(00), then output state F=0). As discussed in Supplementary

Fig. 7, intensity contrast between the output states F=0 and
F=1 is measured to be equal to AT=0.61 (normalized to the
input intensity of 1) at a frequency of 0.56 THz. The proposed
XOR logic functionality based on the Fano resonance exhibits
substantial improvement in the intensity contrast ratio compared
to earlier demonstrations at THz frequencies>>*’. Furthermore,
another logic functionality that represents the XNOR truth table
is derived from the MIO characteristics observed in the Q-factors
of the Fano resonance, as shown in Fig. 3c. The XNOR logic
operation signifies the true output if both the inputs are either
true or false, which is complementary to the XOR logic operation.
In our measurements, by defining the threshold values to the
input voltages (V;, V) and the output states in the form of Q-
factors (inverse of loss-factors), we construct the XNOR
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functionality of the device. Here, with either very low (00) or high
(11) voltage inputs, the system exhibits extremely high values of
Q-factors showing the true output state (Q=1) for the low
structural asymmetry region. In the case of large structural
asymmetries, where one of the voltage input is high and other
input is low (10 or 01), results in the false output state (Q =0)
with low Q-factors for the Fano resonance feature.

The proposed design further provides a flexibility of controlling
the asymmetry of the structure to show either anisotropic or
isotropic way of tuning the coupling between the adjacent
resonators just by adequately coding the input electrical (voltage)
signalling sequence. Supplementary Fig. 15 represents the
experimentally measured variation in the intensity of the Fano
resonance with respect to the voltage V, applied on SRR-2, by
keeping SRR-1 in contact with the substrate with V; =35V
(decreasing pathway of the asymmetry). This configuration of
Fano resonance tuning signifies the single-input-output (SIO)
characteristics in the MEMS Fano-metasurface, which is due to
the isotropic nature of coupling between the resonators during
the increasing and decreasing pathways of asymmetry (6). The
ability of converting the electro-optical response of the system
from MIO configuration (anisotropic tuning of coupling) to the
SIO configuration (isotropic change in coupling) aids in realizing
the NOT and PASS logic operations. By closing the input with
high (1) and low (0) logic states, respectively and varying the
other input, the pre-selection of the states with an added control
enables a switch between NOT to PASS logic functions. These
NOT and PASS logic operations are the special cases of XOR
functionality of the MIO states. The NOT or negation operation
represents the formation/annihilation of a Fano mode in the far-
field spectrum of the device in the absence/presence of external
stimulus, signifying the switching between the coupled and
uncoupled regime of the metasurface system. On the other hand,
by closing the input having the low (‘0°) logic state, the buffer/

PASS gate can be realized, where the operation does not alter the
input state and hence the output logic state stays the same as the
input logic state. The details on the NOT and PASS logic
functionalities of the proposed design is provided in Supplemen-
tary Fig. 15.

In addition to the XOR, XNOR, NOT and PASS logic
operations using the far-field characteristics, the near-field
characteristics reveal the NAND logic operation in the form of
confined electric fields in their ON (snapped) and OFF (released)
states. Numerically calculated electric field amplitude distribu-
tions for various structural states of the MEMS Fano-metasurface
are plotted in Fig. 5a-d. The absolute E-field amplitude for
structural configurations shown in Fig. 5a—c represents enhanced
field strengths when at least one of the structural states is in
released (OFF) state compared to structural configuration (shown
in Fig. 5d), where both cantilevers are prepared in snapped (ON)
states. Variation in the amplitude of the confined electric fields is
plotted in Fig. 5e that highlights the distinctive pathways for the
increasing and decreasing configuration of the asymmetry. For
the symmetric state with both the cantilevers in the OFF state
(Fig. 5a), the electric field confinement is nearly an order of
magnitude greater than the symmetric configuration, where both
the cantilevers are in the ON states (Fig. 5d). Whereas, for the two
asymmetric configurations of the cantilevers (Fig. 5b, c), the field
confinement in the structure shows similar amplitude to the
symmetrically prepared OFF states (Fig. 5a) of the structure.
Higher amplitude value of the electric field confinement is
labelled as binary ‘I’, whereas lower electric field amplitude is
represented by binary ‘0°, as shown in Fig. 5e. Therefore, the
change in confined near-field electric amplitude measured at the
tip of the cantilevers in their various metastable structural states
constitutes a logic NAND function as described by the truth table
given in Fig. 5f. Experimental extraction of the near-field
information in the THz part of the spectrum is challenging,
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Fig. 5 NAND logic gate and multiple-input-output states in the near-field confined energy of MEMS Fano-metasurface. a-d The numerically calculated
electric field distributions at 0.55 THz, where a-c represent the true states of the electric field confinement (E = 1), whereas d shows the false state of E (i.e.
E = 0), signifying the construction of NAND logic operation that is tabulated in (f). The input logic states 0 and 7 for V; and V; represent the ‘up’ and ‘down’
actuation states of SRR cantilevers, respectively. e Distinctive variations shown for the enhanced spatially confined electric near-field strengths in the
device at Fano frequencies (0.55 THz) that possess MIO behaviour during sequential actuation of the SRR-1 (increasing §) and SRR-2 (decreasing 5). The
electric field strength is measured at the tip position of the SRR cantilevers. f NAND logic truth table generated from the electro-optical operation of

proposed MEMS Fano-metasurface
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however, recent demonstrations using tip based THz near-field
microscopy*! ™3 can be used as one of the ways to retrieve the
near-field information in terms of output field intensity states that
in turn can be used to sequentially trigger the input voltage of the
cascaded NAND device. This could enable the near-field
cascading of the logic gates in the complementary metal-oxide-
semiconductor (CMOS) configuration. Furthermore using
numerical simulations, we conceptually show the NAND and
OR logic operations in the far-field spectrum using the same
geometrical design of MEMS Fano-metasurface but combining
two unit-cells to make one composite unit-cell (super-cell)
consisting of two Fano meta-molecules (a pair of SRR-1-SRR-2
and SRR-3-SRR-4), as shown in Supplementary Figs. 16 and 17.
By independently controlling the SRRs present within the two
Fano meta-molecules using the voltage sources (V; and V,) the
NAND and OR logic operations can be realized by the THz
readout pulse in the form of presence or absence of Fano
resonance (F=1 or 0) in the far-field amplitude or intensity
spectrum. The NAND logic operation is significant owing to its
unique feature of functional completeness (universal gate), as any
Boolean function can be implemented by using the combination
of several NAND gates, where the concept is schematically
presented in Supplementary Fig. 18 to show the construction of
AND and OR logic gates by cascading the NAND metasurface
gates in the far-field.

Discussion

The excitation of sharp Fano resonance feature in metamaterials
has been pivotal in enhancing the confinement of near-field
energy in the structures to aid the strong nonlinearity and sensing
applications®. However, so far, such resonances have been rea-
lized by breaking the in-plane symmetry of the structures that was
restricted to the SIO behaviour in the optical properties of the
metamaterial. In this work, by breaking the structural symmetry
in the out-of-plane (third) dimension of metamaterial allows us to
probe the intriguing features resulting from the exponentially
decaying nature of out-of-plane fringing near-fields. This non-
linear spatial extension of near-fields in the third dimension of the
sample aids in the anisotropic tuning of Fano resonance during its
increasing and decreasing asymmetry (6) pathways, which leads to
the observed MIO states in the excitation of Fano resonance (Fig.
3). This anisotropic type of Fano tuning is a result of contrasting
coupling strengths between the resonators (SRR-1 and SRR-
2) for same 6, depending on whether the interacting resonator
cantilevers are closer to or farther away from the surface of the
substrate. For instance, in the region of low structural asymmetry
(6), during the increasing & configuration, the cantilevers
of deforming SRR-1 and fixed SRR-2 are positioned away from
the substrate, where the spatial extention of the near-field is weak
(refer to inset of Fig. 3b). Therefore, the near-field interaction
between the cantilever arms of SRR-1 and SRR-2 lays in the region
of weak spatial field distribution. Hence, it requires larger struc-
tural asymmetries (higher threshold) to excite the Fano resonance,
which also results in the observed relatively higher Q-factors for a
specific value of §, as shown in Fig. 3c, d. Whereas, while
decreasing the asymmetry by actuating SRR-2 cantilevers, the
SRR-1 that is positioned on the substrate is in the strong near-field
spatial region and is likely to possess greater influence on the near-
field coupling between the resonators and hence results in a
stronger excitation of Fano features possessing relatively lower Q-
factors (lower threshold). Hence, the resulting MIO states in
the electro-optical characteristics of the proposed MEMS Fano-
metasurface  fundamentally exploits the intrinsically pre-
sent exponentially decaying spatial distribution of near-fields
extended along the z-axis of the sample.

One of the important aspects of MEMS-based metasurface
device is that it could be operated in both volatile as well as in
non-volatile regimes depending on the partial or complete
actuation of the constituent resonator cantilevers in the unit cell.
This directly reflects on the persistent repeatability of the
demonstrated logic gate functionalities of MEMS Fano-
metasurface. As emphasized earlier, the results on XOR logic
operation of the proposed device discussed in Fig. 4a-d represent
non-volatile operation regime of the MEMS Fano-metasurface,
where due to stiction in the MEMS devices, the cantilevers remain
stuck to the substrate even after the input voltage is removed
(refer to Supplementary Movie 1). This non-volatile property of
the device affects the speed and repeatability of the device
operation, but enables the memory features in the device, which
could potentially be used as memory registers in data storage and
processing techniques33. On the other hand, the volatile feature of
MEMS Fano-metasurface enabled by the partial actuation of
SRR-1 and SRR-2 cantilevers (applied voltage of V;,<25YV, ie.
less than the pull-in voltage of the device) assures persistent
repeatability of the XOR and other logic operations (refer to
Supplementary Movie 2). Most interestingly, the volatile feature
of XOR functionality in the device possesses unique property of
pseudorandom generation and serves as a key component in OTP
encryption/decryption techniques in establishing theoretically
secured cryptographic protocols in the communication systems.
In Fig. 4e, we provide a schematic for the secured OTP crypto-
graphic channel that can be achieved by performing the XOR
logical operations using the MEMS Fano-metasurface in the
volatile operation regime of the cantilevers. The input/output
states of the XOR logic operation are listed by the truth table
shown in Fig. 4. The two inputs (secret key) k={0,1}" and
(private message) m = {0,1}" are expressed as the strings of binary
digits that represent the structural states of resonators SRR-1 (V;)
and SRR-2 (V,). The transmitted optical (THz) bits are repre-
sented by F that signifies absence (binary ‘0’) or presence (binary
‘I’) of Fano intensity states. At the source (Alice’s end), for each
bits of k = (1010) and m = (1100), a XOR operation (F = k @ m)
is carried out by performing an optical readout using THz beam
that encrypts the private message () in the form of transmitted
optical bit, F=(0110), which is sent as a ciphertext (encrypted
message) through the unsecured public channel. At the destina-
tion (Bob’s end), the optical bits (ciphertext) are detected using a
photo-detector (PD) and the resulting voltage states (F = 0110)
from the PD are directly fed through a trigger channel to the
voltage source V, that controls the actuation states {0,1} of SRR-2
of MEMS Fano-metasurface. Finally, the ciphertext (F) contain-
ing the information of private message is decrypted to retrieve
original private message () at the destination end by performing
the inverse XOR operation, m =k @ F, as shown in Fig. 4e. The
secret OTP key (k) contains the information of the structural state
of SRR-1 (V;) and is pre-shared between the source and the
destination ends via a private (secure) channel. Thus, the pro-
posed far-field XOR functionality of the MEMS Fano-metasurface
could open-up new avenues for realizing cryptographically
secured wireless THz communications*44°.

In summary, we demonstrated excitation of sharp Fano reso-
nances in a reconfigurable MEMS metasurface using two inde-
pendent voltage controls that constitutes digital XOR, XNOR,
NOT, NAND and OR logic gates at THz frequencies. Formation
of MIO states resembling the hysteresis loop is observed in the
electro-optical properties of the MEMS Fano-metasurface that
results from the anisotropic variation in the near-field coupling of
Fano resonance excitation during increasing and decreasing out-
of-plane asymmetry of the system. The XOR operation of the
device reveals that the concept can show potential prospects in
super-encryption techniques in i-banking sectors, short
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messaging services (SMS), defence, national data security systems
and high speed cryptographically secured wireless communica-
tion networks, which are now being pushed towards THz fre-
quencies. The NAND logic operation being the universal logic
function would enable the construction of all the other Boolean
logic operations, thereby providing a flexibility of enhancing the
digital functionalities of the device. The reported multi-
functionalities of the proposed MEMS Fano-metasurface are
largely suitable for real-world applications such as active sensors
possessing tuneable mode volumes, nonlinear devices and mod-
ulators. Alongside, the MIO characteristics of the MEMS Fano-
metasurface could potentially provide a flexible platform for
developing the next generation randomly accessible, digital and
programmable metamaterials for precise tailoring of electro-
optical properties and multichannel data processing at higher bit
rates.

Methods

Sample fabrication. The MEMS Fano-metasurface was fabricated using a CMOS
compatible process as described below. First, the lightly doped 8 in. silicon sub-
strate of 725 pm thickness was cleaned and a 100 nm thick sacrificial SiO, layer was
deposited using low pressure chemical vapor deposition (LPCVD) process. Fol-
lowing this, conventional photolithography process was used to pattern the anchor
region. With the designed pattern, the parts of sacrificial SiO, for anchor regions
were dry etched using reactive ion etching process. After this, a 50 nm thick Al,O;
layer was deposited using the ALD process, followed by the sputter deposition of Al
metal of thicknesses 300, 500, 700 and 900 nm. Note that the bimorph layers (Al/
AL O;) were in physical contact with Si substrate at the anchor region, and in the
remaining part of the wafer, it was on top of the sacrificial SiO, layer. Then, the
second photolithography step was carried out for defining the cantilevers and metal
lines of metasurface patterns. Following this, both Al and Al,O; layers were dry
etched to form the designed metasurface. Finally, vapor hydrofluoric acid (VHF)
was used to isotropically etch the SiO, sacrificial layer underneath the bimorph
structures, thereby suspending it over the Si substrate with an air gap between
them. At the anchor region, since the bimorphs were in physical contact with Si
substrate; the VHF release process was not time controlled, and this ensured higher
yield of the devices. Due to the residual stress in the bimorph cantilevers, the
released cantilevers were bent up, thereby increasing the initial tip displacement.

Electromechanical characterization of the MEMS device. The deflection/
actuation profiles of released cantilevers were measured using Lyncee Tec. reflec-
tion digital holographic microscope (R-DHM). The released chips are wire-bonded
to a printed circuit board (PCB). Separate voltage supplies (V; and V) are used for
the actuation of SRR-1 and SRR-2 cantilevers, respectively. Silicon (Si) substrate
was chosen as the ground potential, and the cantilevers were positively biased.
When voltage is applied across the released cantilevers and Si substrate, the
attractive electrostatic force deforms the suspended cantilevers towards the fixed Si
substrate. This mechanical deformation of cantilevers induces a restoring force that
opposes the electrostatic force causing the deflection at the first place. Hence, the
final position of the cantilever at a given voltage is determined by the equilibrium
position, where the electrostatic force and restoring force balances each other. As
the applied voltage increases, the electrostatic force exceeds the restoring force and
at a critical value known as the pull-in voltage (>25 V), thereby bringing

the cantilevers to be in physical contact with Si substrate (shown in the inset of
Fig. 2b) (refer to Supplementary Movie 1). The pull-in can be clearly observed
through the optical microscope fitted on the R-DHM. The Al,O; layer beneath
the Al layer ensured that there is no current flowing from Al layer to Si
substrate, when pull-in occurs. Current flow through the Al/Si junction is for-
bidden as that could permanently damage the device due to the increase in the
local temperature.

THz measurements. The MEMS Fano-metasurface is optically characterized using
the conventional GaAs photoconductive switch-based THz-time domain spectro-
scopy system operating in the transmission mode. The wire-bonded MEMS
metasurface sample is positioned at the focus of the THz beam. The electrical
connections to the SRR-1 and SRR-2 resonators structures are established using a
two channel DC voltage source. For four configurations of the voltages (V; =0V,
Vo=0V; V=35V, V,=0V; V; =0V, V,=35V;and V; =35V, V,=35V),
the THz wave of beam spot 4 mm impinges on the sample at normal incidence and
the transmitted THz pulse is captured using the THz detector connected to the
lock-in amplifier. THz response through the bare silicon substrate is measured as
the reference. In the post-processing steps, the detected THz pulses measured
through the sample and the bare substrate are fast Fourier transformed (FFT) to
obtain the corresponding THz spectra. Later, the transmitted THz spectrum
through the sample (Ts(w)) is normalized with respect to the transmission through

the substrate (Tr(w)), i.e. T(w) = |Ts(w)/Tr(w)|, and the normalized spectrum is
shown in Figs. 2a, b and 4a-d.

Numerical simulations. FDTD numerical simulations were conducted to calculate
the THz transmission spectra and the confined electric near-fields and surface
current distributions corresponding to the resonance modes for the normal inci-
dent of THz waves of TE polarization. Full-field electromagnetic wave simulations
were performed using the commercial simulation software CST microwave studio.
For the material property, aluminium (Al) of thickness 900 nm was modelled as a
lossy metal with a conductivity of 3.57e7 S/m. Aluminium oxide and Silicon were
modelled as lossless dielectric materials with a dielectric constant of 9.5 and 11.9,
respectively. In the simulation, a single unit cell of the metasurface structure was
simulated with periodic boundary conditions employed in axial directions ortho-
gonal to the incident waves. The perfectly matched layers are applied along the
propagation of the electromagnetic waves. Plane waves were incident onto the unit
cell from the port on the metal side, while the transmission spectrum was deter-
mined from the probe placed at the other side of metasurface. The experimentally
measured (inset in Fig. 2b) deformation (released) angles for the cantilevers
establishes the congruence between the values of applied voltages in the mea-
surements and the structural asymmetry parameter used in the simulations. For the
numerical simulations, the deformation angle of the cantilevers is calculated using
the expression, 6 = sin"!(h/s), where h is the released height of cantilevers and s is
the length of cantilever. In the meanwhile, field monitors are used to collect the
electric fields, magnetic fields and the respective surface currents at Fano resonance
frequencies for varying asymmetry values.

Code availability. The transmission responses and the electric field distribution
plots were numerically computed using CST microwave studio.

Data availability

The data that support the findings of this study could be made available upon request to
the corresponding author. The data from this paper is also available from the University
of Southampton ePrints research repository: https://doi.org/10.5258/SOTON/D0612
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Non-volatile temperature-induced structural phase transitions such as those found in chalcogenide
glasses are known to lead to strong changes in optical properties and are widely used in rewritable
optical disk technology. Herein, we demonstrate that thermally activated optical memory can be
achieved via the nanostructural reconfiguration of a metallic nanowire metamaterial array made
from a shape-memory alloy: A nickel-titanium film of nanoscale thickness structured on the subwa-
velength scale exhibits bistability of its optical properties upon temperature cycling between 30 °C
and 210 °C. The structure, comprising an array of NiTi nanowires coated with a thin film of gold to
enhance its plasmonic properties, can exist in two non-volatile states presenting an optical reflectiv-
ity differential of 12% via nanoscale mutual displacements of alternating nanowires in the struc-
ture. Such all-metal shape-memory photonic gratings and metamaterials may find applications in
bistable optical devices. Published by AIP Publishing. https://doi.org/10.1063/1.5025400

Structuring of materials on length scales comparable to or
smaller than the wavelength of electromagnetic radiation ena-
bles the design of metamaterials, photonic crystals and gra-
tings with engineered or enhanced optical properties,
including properties that are not available in natural materi-
als."? Periodically structured surfaces may be referred to as
metamaterials or metasurfaces when they interact with radia-
tion that has a wavelength longer than the said period. In
respect of shorter wavelengths of radiation, the same struc-
tures function as diffractive gratings. Several approaches for
tuning, modulating and switching the functionalities of such
structured materials have emerged, including (i) mechanical
actuation of the internal structure of metamaterials,”> (ii)
inclusion of phase-change media (e.g., chalcogenide glasses,
vanadium dioxide, gallium)l(L12 or nonlinear materials,13 and
(iii) all-optical “coherent control” of the interaction of ultra-
thin metamaterials with light.'"* Here, we introduce a reconfig-
urable photonic nanostructure which exhibits optical memory
behaviour underpinned by the shape-memory effect. Shape-
memory alloys are binary or ternary metallic alloys that
exhibit thermally induced reversible transitions between struc-
tural phases with different mechanical properties.
Temperature-activated shape-memory effects were first
observed in gold-cadmium alloys'>'® and became widely
used with the discovery of nickel-titanium alloys,'”'® leading
to a variety of applications ranging from actuators and valves
to stents.'*2°

To demonstrate thermally activated optical memory
with a shape-memory alloy, we developed a device structure,
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in which an array of nickel-titanium (NiTi) nanowires sup-
ported on silicon nitride nano-beams is covered with a gold
layer of nanoscale thickness (Fig. 1). The purpose of the
plasmonic gold layer is to enhance the resonant optical char-
acteristics of the nanostructure, while the SiN —NiTi bimorph
provides for the hysteretic temperature-activated reconfigu-
ration of the nanostructure that leads to non-volatile changes
in the composite’s optical properties. The NiTi alloy was
chosen as the active medium because it retains shape-
memory properties on the nanoscale.”'** The beams of the

Logicg) oz
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. HeahV Young

Plasmonic metal

Logicg) «.

Dielectric

‘Shape memory alloy

Hea(in:\ /ocling
oo

Martensite phase

Reflecivity change
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FIG. 1. A shape-memory photonic nanostructure. For a given temperature
T,,, the nanostructure has two different stable shapes as shown, depending
on the phase of the NiTi alloy component forming the nanostructural frame-
work. Transition between these shapes can be achieved in a temperature
cycle within which NiTi transforms between its martensite and austenite
phases in a hysteretic fashion. The change in the shape of the nanostructure
leads to a change in its plasmonic response and thereby its optical properties,
which are dominated by the gold coating on the NiTi framework. (Note that
in these artistic sketches, the structural deformation is highly exaggerated
and in fact happens at a level comparable to or smaller than the thickness of
the nanowires.)

Published by AIP Publishing.
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array are anchored to the unstructured part of the membrane
and every second beam of the array has trenches cut through
the gold into the NiTi layer at either end close to the anchor
points (see inset to Fig. 2). Temperature variations cause
stress in the beams due to differential expansion of the con-
stituent layers. The stress causes a larger deformation of
weakly anchored beams (with trench cuts) than strongly
anchored beams (without). As the optical properties of the
array are sensitive to the mutual positions of the beams, a
change in temperature leads to a change in the array’s optical
properties. The central NiTi shape-memory alloy layer of the
structure undergoes a hysteretic transition between martens-
ite and austenite solid phases upon temperature cycling. This
leads to a hysteresis in the thermal expansion that drives
beam deformation, in turn, giving rise to hysteretic changes
in the optical properties of the array.

The shape-memory nanowire array was manufactured
on a silicon nitride (SiN) membrane by sputtering of the
NiTi alloy, thermal evaporation of gold and subsequent
nanostructural patterning by focused ion beam milling.
175 nm of NiTi (42% Ni, 58% Ti) was deposited on a com-
mercially sourced SiN membrane of 50nm thickness by
radio-frequency sputtering (Kurt J. Lesker Nano 38) from
99.999% purity NiTi and Ni targets (Testbourne), providing
for accurate control over the deposited film’s composi-
tion.”** A base pressure of 4.0 x 10> mbar was achieved
before deposition. A flow rate of 10 cubic centimetres per
minute (SCCM) of high purity argon was used to strike the
plasma on both targets. The substrate was held on a rotating
platen with a target-substrate distance of approximately
150 mm, which ensures the deposition of low stress films. A
working pressure of 2 x 107> mbar was achieved during
deposition. The sputtering rate was fixed at 3.50 nm/min.
The deposited film was subsequently annealed (Jipelec rapid
thermal annealer) at 400°C for 30min in argon at atmo-
spheric pressure*?> with heating and cooling rates of 50 °C/
min and 1 °C/min, respectively (the annealing chamber hav-
ing first been purged with Ar for 2.5 h to remove air). The
final composition of the shape-memory alloy film was deter-
mined, by energy-dispersive X-ray spectroscopy, to be 42%

N
Suspended nanowire

5um

FIG. 2. A shape-memory photonic nanowire metamaterial array. Scanning
electron microscopy image of the nanostructure fabricated on a Au-NiTi-
SiN nano-membrane. The inset shows the trenches fabricated at the ends of
every other beam (scale bar = 500 nm).

Appl. Phys. Lett. 113, 021105 (2018)

Ni and 58% Ti. The 50-nm-thick gold layer was deposited
on top of the shape-memory alloy by resistance evaporation
(Edwards Auto 306) with a base chamber pressure of
2.0 x 107® mbar at a deposition rate of 0.05 nm/s. The nano-
wire pattern was manufactured by focused ion beam milling
(FEI Helios NanoLab 600), cutting through the layers to pro-
duce an array of 400-nm-wide freestanding suspended beams
separated by 100-nm-wide gaps (Fig. 2). In order to avoid
over-milling the gold layer, the nanowires were first milled
from the SiN membrane side. Then, the sample was turned
over and the trenches were milled from the gold side, to a
depth of 150 nm, at both ends of every other beam, as shown
in the inset to Fig. 2.

In order to confirm the reversible martensite-austenite
transitional behavior of NiTi,?' the temperature dependence
of resistance of a 175-nm-thick NiTi control sample depos-
ited on a SiO, substrate was measured. A 4-probe measure-
ment (Keithley 2636B Sourcemeter) was performed under
vacuum at a pressure of 4.0 x 10~° mbar to prevent sample
oxidation. The probes were fixed to the sample with conduc-
tive adhesive to prevent separation during temperature
cycling, which may otherwise occur due to differential ther-
mal expansion of the sample substrate and probes. Upon
temperature cycling between ~30°C and 220 °C, the resis-
tance shows a clear hysteresis loop, which is a characteristic
feature of the martensite-to-austenite phase transition for this
alloy (Fig. 3). This behaviour is maintained through repeated
temperature cycling (tested here up to 7 heating-cooling
cycles).

To demonstrate the hysteretic behaviour of the shape
memory plasmonic nanostructure’s optical properties, reflec-
tion spectra were recorded at various points in the heating/
cooling temperature cycle using a microspectrophotometer
(CRAIC QDI2010) with a 15 objective (numerical aperture
0.28). The nanowire structure was illuminated with light lin-
early polarized perpendicular to the nanowires. Spectra were
recorded with an aperture size of 5 um x 5 um (i.e., smaller
than the 25 um x 9.5 um size of the array).

In the absence of deformation, the structure is a metama-
terial for wavelengths longer than 500 nm. However, as the
differential displacement of every second nanowire doubles
the period to 1000 nm, the structure becomes diffracting over
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FIG. 3. Hysteretic dependence of resistance on temperature for a 175-nm-
thick NiTi film on a fused silica (SiO,) substrate.
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the experimental wavelength range (500 nm-870nm). In
reflective measurements, both illumination of the sample and
collection of reflected light occur through an objective with a
numerical aperture of 0.28—giving a maximum angle of
incidence for illumination and detection of light equal to
16°. As such, the microspectrophotometer does not detect
diffracted light from a grating of 1000 nm period at wave-
lengths greater than 560 nm.

The reflectivity spectrum of the nanostructure shows a
local maximum at ~500nm [Fig. 4(a) inset] corresponding
to the lattice mode associated with the nanowire spacing.
The increase in reflectivity towards the long wavelength end
(870 nm) of the measurable spectral range suggests the pres-
ence of another reflectivity maximum at longer wavelengths,
which may be the lattice mode associated with the 1000 nm
spacing of identical nanowires.

To measure the temperature dependence of the nano-
structure’s reflection properties, it was mounted on a thermo-
static sample stage. The stage temperature was varied from
30 to 210°C in 20°C steps, allowing 5 min for the system to
reach thermal equilibrium at each temperature. The optical
properties of the shape-memory nanowire array are found to
be strongly temperature-dependent and hysteretic, which is
to say that the nanostructure presents different reflection
spectra depending on whether it has been heated or cooled to
a given temperature.

Figure 4(a) shows the differential reflectivity spectra of
the nanowire array after heating (red) and cooling (blue) to a
temperature of 110 °C, relative to the reflectivity at a refer-
ence temperature of 210 °C. Figure 4(b) shows the hysteretic
temperature-dependence of reflection at a given wavelength
(835nm). The shape-memory nanowire structure is up to
12% more reflective after cooling to a stage temperature of
110 °C (a state that may be denoted logical “1”) as compared
to having been heated to the same temperature (logical “0”).
Starting at room temperature, the decrease in reflectivity
with increasing temperature is consistent with increasing
deformation of the nanostructure causing more light to be
diffracted. This trend is reversed as the sample is heated
above 110°C, implying a gradual phase transition in the
NiTi layer. As the nanostructure is cooled, its reflectivity at
835nm is higher (implying reduced diffraction due to
reduced nanowire deformation) than at the same temperature
during the heating process, until the reflectivity returns to its
original value close to room temperature, indicating that the
nanowires have returned to their original state.

We conclude that the observed temperature hysteresis
(memory) of optical properties is related to the martensite-
austenite cycle in NiTi, which results in the existence of two
different stable shapes for the nanostructure. Indeed, finite ele-
ment analysis (COMSOL Multiphysics) indicates that the mid-
point of a nanowire with trenches on either end is displaced out
of plane by 105nm at 110°C when NiTi is in the martensite
phase and by 70nm at the same temperature in the austenite
phase [Fig. 4(c)], while the displacement of nanowires without
trenches is negligible (<5 nm) for both NiTi phases. The simu-
lations assume flat nanowires at room temperature, with nano-
wire ends at a fixed position and a fixed orientation, and
martensite and austenite phases with thermal expansion coeffi-
cients of 7x107° and 11x 107 °K™" (Ref. 26), Young’s
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FIG. 4. Deformation-dependent optical properties of the shape-memory
nanowire array. (a) Spectral dispersion of the difference between reflectiv-
ities of the nanostructure measured at 110°C and 210°C, relative to the
reflectivity at 210°C. Blue and red curves correspond to the cooling and
heating parts of the hysteresis cycle, respectively. The inset shows the refer-
ence reflectivity spectrum at 210°C. (b) Difference between the sample
reflectivity at temperatures 7 and 210 °C relative to the reflectivity level at
210°C at a wavelength of 835nm. (c) Simulated out-of-plane deformation
profile of a nanowire with trench cuts at each end for NiTi in the martensite
(red) and austenite (blue) states at a temperature of 110°C.

moduli of 28 and 83 GPa, and Poisson’s ratio of 0.33 (Ref. 22).
As illustrated schematically in Fig. 1, the change in the shape
of the nanostructure leads to a change in its plasmonic response
and thus in its optical properties, which are dominated by the
gold coating on the NiTi framework. An additional contribution
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to the change in the nanostructure’s optical response may come
from a temperature-dependent change in the optical properties
of NiTi.

The shape-memory nanowire array reported here dem-
onstrates how non-volatile memory characteristics can be
achieved in reconfigurable metamaterial nanostructures
based on bimaterial bridge actuators.®”” More generally,
shape-memory materials provide a broad range of opportuni-
ties for active/adaptive plasmonic devices, metamaterials,
gratings and photonic crystals: For example, shape-memory
materials could be used to add hysteretic switching and
memory functionalities to thermally actuated metamateri-
als, 8272 which are typically deformed only by differential
thermal expansion of different materials rather than phase
transitions. Two-way shape-memory alloys'® could enable
pronounced thermal switching of photonic structures
between two distinct states, even without relying on differen-
tial thermal expansion. This could allow the realization of
thermally switchable, bistable magnetic metamaterials based
on three-dimensional split ring resonators.”’ > Shape-
memory polymers, offering reversible strains of up to
800%° and multi-shape memory,31 could act as elastic
shape-memory substrates for gratings, photonic crystals and
metamaterials reconfigured by stretching.” Furthermore,
shape-memory polymers, loaded with nanoparticles to
achieve a high refractive index, could even serve as nanoim-
print substrates, where imprint in regimes of elastic and plas-
tic deformation®? could be exploited to create temporary and
permanent bas-relief metamaterials and gratings,™ allowing
thermal recovery of the latter.

Our proof-of-principle demonstration highlights the
opportunity that shape-memory materials provide for recon-
figurable photonic nanostructures. The engineering of opti-
mized devices will require systematic studies to achieve an
optimal performance of alloy and nanostructures and investi-
gations of device behaviour over a large number of tempera-
ture cycles.

In summary, we demonstrate a shape-memory-alloy-
based nanomechanical reconfigurable grating. By introducing
a phase-change material into a mechanically reconfigurable
nanowire array, we realize a mechanically reconfigurable pho-
tonic nanostructure with rewritable memory functionality. We
believe that shape-memory photonic nanostructures and meta-
materials can enable a variety of advanced optical functionali-
ties: In principle, they can be programmed by permanent
deformation into complex shapes, tuned by reversible actua-
tion under the influence of thermal, electrical, magnetic or
optical control signals, and reset with heat.
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Mechanochromic Reconfigurable Metasurfaces

Artemios Karvounis,* Nikolaos Aspiotis, loannis Zeimpekis, Jun-Yu Ou,
Chung-Che Huang, Daniel Hewak, and Nikolay I. Zheludev

The change of optical properties that some usually natural compounds or
polymeric materials show upon the application of external stress is named
mechanochromism. Herein, an artificial nanomechanical metasurface
formed by a subwavelength nanowire array made of molybdenum disulfide,
molybdenum oxide, and silicon nitride changes color upon mechanical
deformation. The aforementioned deformation induces reversible changes in
the optical transmission (relative transmission change of 197% at 654 nm),
thus demonstrating a giant mechanochromic effect. Moreover, these types
of metasurfaces can exist in two nonvolatile states presenting a difference in
optical transmission of 45% at 678 nm, when they are forced to bend rapidly.
The wide optical tunability that photonic nanomechanical metasurfaces, such
as the one presented here, possess by design, can provide a valuable platform
for mechanochromic and bistable responses across the visible and near
infrared regime and form a new family of smart materials with applications in
reconfigurable, multifunctional photonic filters, switches, and stress sensors.

Up to date, control of electromagnetic properties of photonic
metamaterials and/or metasurfaces, artificial media structured
on the subwavelength scale, have been achieved via nanome-
chanical reconfiguration of its building blocks,'! structural
phase change in the material of constituting elements,*”!
carrier injection effects,®1 application of liquid crystals,[!213]
chemical modification,** and by stretching the elastic substrate
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supporting dielectric
metamolecules.!

Mechanochromism is the color change,
upon mechanically induced reorganiza-
tion of crystal structure or mechanically
induced structural phase transition.!'”!
Such effects have been studied in a
number of materials,'7-!8 where strongest
effects are seen in polymers,!? liquid
crystal elastomers,?°-22 nanofibers,?3l and
photonic crystals.? Recently, chromic
effects have been used as tuning mecha-
nisms for photonic metasurfaces and
plasmonics related devices with thermo-
chromic and electrochromic responses,
respectively.?>2¢]

In recent years, strain engineering
of optical and mechanical properties of
solids, in particular silicon and 2D solids
have attracted considerable attention.?’-33l
2D materials, such as graphene, oxides,
nitrides, and transition metal dichalcogenides are of particular
interest as constitutive elements for reconfigurable metamate-
rials and metasurfaces, as the extreme electron confinement
inherits them with unique dielectric properties that can be con-
trolled by external stimuli.?234

In particular, molybdenum disulfide, MoS, is formed from
the covalent bond between transition metal atoms (Mo) sand-
wiched by two layers of chalcogen atoms (sulfur), while every
sheet is bound via weak van der Waals interaction. Several
theoretical reports have indicated that the energy bandgap
renormalization can occur on MoS, upon stress, where micro-
scopic parameters like carrier mobility and effective mass of
carriers upon mechanical deformation can lead to substan-
tial changes on refractive index. Furthermore, excitonic peak
emission wavelengths have been observed to be sensitive to
mechanical stress in its monolayer form.*>**% MoS, has excel-
lent mechanical properties because its large Young modulus
(330 GPa) and high elastic limit which makes it an attractive
material for nanomechanical and mechanochromic devices.*!!

In this paper, we introduce a previously unexplored mecha-
nism of tuning the optical properties of photonic metasurfaces
that exploits the phenomenon of mechanochromism. We
show that elastic strain in a MoS;/MoOs_,/Si3N, nanome-
chanical photonic metasurface causes a profound change in its
optical properties, which originates from the strain-sensitive
refractive index of MoS,, enhanced by electromagnetic reso-
nances created by nanostructuring. Specifically, heat activated
nanomechanical deformation of the array of nanowires lead
to profound reversible changes of its transmission, reflection

plasmonic  or
15,16]

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Mechanochromic metasurface. a) Scanning electron microscope image of the metamaterial formed by a nanowire array manufactured on a
MoS,/MoO;_,/SisNy trilayer free-standing membrane, schematic of a single nanowire [P =500, g =100, h; =90, h, =50, h; =5, W =400 nm], scale bar
300 nm. Inset: cross section of the trilayer sample, coated with platinum to improve contrast. b) Raman spectra of metamaterial shows the composi-
tion of the sample; c) ellipsometric data of a few layer MoS, film; d) strain induced in a single nanowire upon cooling, deformation of the nanowire is
caused by the large thermal expansion mismatch between Si;N, and MoO;_,.

and absorption in the visible part of the spectrum operating
either as a photonic filter or as a mechanically bistable element.
Transmission changes up to 197% are obtained at 654 nm
upon 2% of mechanical strain, while two nonvolatile states pre-
senting a difference in optical transmission of 45% achieved at
675 nm. The response of the system is controlled via the speed
of induced mechanical stress. This type of devices can serve not
only as photonic elements but also as strain sensors with an
optical readout. Recently, more trilayer metasurfaces have been
reported.[*?]

The metasurface was fabricated on a 90 nm thick Si;Ny
membrane which was patterned as an array of nanowires
22 um long, 400 nm wide with gaps of 100 nm separating them
(see Figure 1). The prepatterned Si;N, membrane, was coated
with a 60 nm thick layer of MoO;_, and a 5 nm layer of MoS,
by atmospheric pressure chemical vapor deposition (APCVD).
Figure 1a shows a top view of the metasurface, while the insets
present a cross-section of the trilayer film. The white dots seen
on the scanning electron microscopy (SEM) are caused by the
film growth and device fabrication process; The short term
roughness of the film is in the order of 1 MoS, layer whereas
the suspected contamination adds a waviness in the order of
3 nm (rms), verified by atomic force microscopic (AFM) meas-
urements. The period of the contamination is in the order of
2—4 um so this is beyond our wavelength of interest. The height
of the individual contaminants is a maximum of 13 nm so with
the refractive indices of our materials this translates to less
than 1/10 of the wavelength of interest so it can be considered
optically flat. More details related with transmission electron
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microscopy (TEM) and X-ray power diffraction (XRD) analysis
of MoS, films grown via APCVD method can be found in our
previous publication,3] while the growth methods of the films
are included in the Experimental Section. The composition of
the sample has been evaluated using reflective Raman spec-
troscopy. Figure 1b shows the Raman spectrum of the nano-
wire indicating its crystallinity: the 381 cm™ line relates to the
in-plane vibration mode, while the 407.5 cm™ line corresponds
to the out-of-plane vibration A;, mode of MoS,.*) The 353
and 733 cm™! lines indicate the presence of MoOs_, in the
structure.*] Furthermore, we measured the complex refractive
index of MoS, layer of the composite nanomembrane by spec-
tral ellipsometry (Figure 1c). The refractive index of our films is
similar to previous literature,**) demonstrating MoS, as a high
index dielectric material. These results were used to computa-
tionally model the optical properties of the nanowire array, as
presented in Figure 2b.

Measured and computed optical properties of the metama-
terial are presented in Figure 2. At optical wavelengths longer
than the structure period of 500 nm the nanowire array does
not scatter light and acts as an optically homogeneous meta-
material layer, that can be fully characterized in terms of its
transmission, reflection and absorption. However, the periodic
structuring, results in reflection and transmission resonances
at 654 and 810 nm for linearly polarized light parallel to the
wires, with a quality factor of Q = 25. The experimental spectra
are well reproduced in computational modelling, as shown in
Figure 2b. The field maps in Figure 2c,d reveal that on reso-
nance, displacement currents running through the nanowires

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Optical properties of mechanochromic metasurface. a) Reflection, transmission, and absorption spectra of mechanochromic metamaterial
under linear polarized illumination, as indicated on inset to plate. b) Numerically simulated reflection, transmission, and absorption spectra of the
metamaterial. c,d) Numerically simulated distribution of the electromagnetic field in the metamaterial nanowire. Color maps show the magnitude of

the electric displacement field in the x—z plane.

with a higher concentration within the high index MoS, part,
interfere constructively with incident light and block transmis-
sion over this wavelength, as studied in the past.>**8 Small
discrepancies between measured and computed spectra can be
attributed to fabrication tolerances and accuracy of the refrac-
tive index values used in the modeling.

Optical properties of such metasurfaces are expected to be
strongly dependent on temperature, given the stress-induced
modifications of the band structure of MoS, component.
Indeed, heat activated nanoscale reconfiguration of the meta-
material induces nanomechanical deformation of the wires.
Since the MoS,; is much thinner than Si;N, and MoO;_,
layers, the thermal expansion mismatch between the Si;N, and
MoO;_, is the main mechanism of the bow-like deformation
of the nanowires upon cooling/heating (the thermal expan-
sion coefficients are 2 x 107 and 6 x 10~ K~1*’] respectively).
This deformation in its own turn leads to the stress-induced
modification of the optical properties of the MoS, layer. Stress-
induced change of optical properties of the wide band gap
materials Si;N, (E; = 4.5 eV)P% and MoO;_, (E; = 3.1 eV)P! is
insignificant in the part of the spectrum of interest.

Our finite element method (FEM) mechanical stress cal-
culations—based on the linear momentum balance equa-
tion and the linear stress-strain relation—are displayed in
Figure 1d, employing a single nanowire. Strain ¢ is the ratio
of the deflection of the MoS, layer from the neutral plane, y
over the radius of curvature, R, € = y/R. They show that the
decrease of the temperature on a nanowire array from 300 to
110 K results in a bow-like deformation of 50 nm that induces
a compressive stress of 2.05% to the MoS, layer. This is a
finite element method simulation, as a result stress levels
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may differ upon grown methods of the films and nanostruc-
turing techniques.

Since thermal cooling of the metasurface induces mechan-
ical strain upon the MoS, layer, the transmission spectra were
measured at different temperatures using a microspectrophoto-
meter, to test its mechanochromic response. We first studied
the induced changes in optical transmission as a function of
applied strain. Figure 3 presents the optical transmission of
the mechanochromic metasurface for various strain levels, at
the cooling rate of 5 K min!. We define the relative transmis-
sion change AT/T,, where AT = T, — Ty; T, being the absolute
transmission at an applied strain € and T, the transmission for
zero strain. For small strain levels—below 1%—the transmis-
sion change is small, however larger strain upon MoS; induces
change in Transmission spectra of the sample. At 2% strain the
induced change reaches maximum values of 197% and 80% at
657 and 810 nm, accompanied with the sample’s color change,
inset Figure 3a. Since, some semiconductors show a variation
of their bandgap with temperature, we test if the response in
color change is related with the amount of stress applied on
the metasurface, or due to temperature. Figure 3b shows the
relative transmission difference of the metasurface, for several
levels of stress reaching up to 200%, while the trilayer films,
where no elastic strain exist, provide transmission changes of
the level of 2% between room temperature and 110 K as shown
in the inset of Figure 3. Furthermore, no change of the line-
shape is recorded, since the relative change is flat. In this work,
we did not study the limits of elastic deformation and there-
fore we did not exceed the 2% applied strain level in pursuit of
higher transmission change to avoid irreversible nanomechan-
ical deformations. This performance is already exceptionally

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mechanochromic reconfigurable metasurface. Variation of the optical properties of MoS, metamaterial under stress caused by slow cooling
[5 K min~']. a) Spectral dispersion of transmission of the metamaterial for different levels of strain up to maximum strain of 2%. Insets shows the
perceived colors of metamaterial sample for zero and 2% strain. b) Relative transmission change for different strain levels. Inset: transmission change
of the reference trilayer film. c) Calculated transmission of no displacement, black, and 50 nm displacement of the central part of the sample, green,
assuming only structural reconfiguration and no stress dependent refractive index of the nanostructure. d) Reversibility of induced mechanochromic
effect—at 654 nm—for the full strain cycle, strain up-red circular markers, strain down-cyan rectangular markers.

high as the metasurface’s transmission minimum shifts from
Ao =657 nm to A; = 681 nm—providing giant mechanochromic
sensitivity, which is defined by the ratio of the wavelength shift
over the applied strain A4/e [nm% ] and is found to be as high
as 12, one order of magnitude larger than other polymeric
mechanochromic systems.?) More interestingly, our device
outperforms recent reports on polymer based mechanochromic
devices.?!l The mechanochromic metasurface demonstrates
transmission difference of 200% under 2% strain at 645 nm
wavelength. In contrast, in ref. [21] on Figure 1h it is recorded
77% transmission difference under 50% strain at the wave-
length of 600 nm, thus our work outperforms on the trans-
mission contrast achieved. At this and slower cooling rates the
change in transmission do not show any hysteretic response.
Upon a faster cooling rate, 15 K min~!, a hysteretic behavior
of metamaterial's transmission is observed. Figure 4a presents a
selection of spectra for different strain levels. For increasing strain,
the metasurface demonstrates a red-shift of its spectrum similar
to Figure 3. However, on the level of 1.9% strain the second dip
of transmission mode is recorded, as transmission jumps from
31% to 41% for the wavelength of 680 nm, see Figure 4b. In
Figure 4b we show the full strain cycle over transmission at the
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wavelength of 680 nm. Upon decreasing strain—blue line—the
optical spectra are different from those of the same strain level for
increasing strain—red line. At the level of 1% strain the hysteretic
loop closes. Furthermore, we define the differential hysteresis:
Ah = Abs[Ttp(A) — Traown(A)]/Ttyp (4) as the relative transmission
difference between the two nonvolatile states for increasing—
decreasing strain, with the largest value recorded at the wave-
length of 678 nm equal to 47%. This response is mainly driven by
the mechanical buckling of the metasurface;*>* an effect accom-
panying flexible parts when subject to large applied mechanical
load and therefore demonstrate mechanical bistability.

The experimentally observed red-shift of the optical response
of the metamaterial spectrum depending on temperature can
be satisfactorily explained in terms of mechanocromism. The
red-shift of the spectrum is related to the mechanochromic
nature of device rather than the structural reconfiguration of the
sample. We have designed the metamaterial to keep its optical
response invariant upon deflection of the nanowires. Upon
cooling, nanowires bend in the same fashion, as a result, the
metamaterial's response is expected to provide negligible trans-
mission changes for small deformations between neighboring
nanowires, since most parameters remain the same such as the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Hysterisis of mechanochromic metasurface. a) Transmission spectra for different strain levels in the regime of rapid cooling [15 K min™'].
b) Variation of the metamaterial transmission at 680 nm during the full strain cycle. A hysteresis of optical properties is observed at strain levels
exceeding 1.5%. c) Span of the hysteresis loop. Differential hysteresis: Ah =[Tr,,(4) = Traown(4)|/Trup(4) as a function of wavelength at strain level of 1.8%.

distance between the nanowires and the period of the metas-
urface. This is in contrast to previous works that present sub-
stantial changes in the optical properties due to the doubling
of metamaterial's period or by controlling the gap between the
nanowires.['>*%] Our mechanical FEM calculations (COMSOL)
indicate that the midpoint of each nanowire is displaced out-
of-plane by =50 nm when strain is at 2% and temperature at
110 K. For this deflection, the optical FEM modeling indicates
that solely the 50 nm mechanical deformation of the central
part of the array of the nanowires can induce relative transmis-
sion changes smaller than 5% (see Figure 3c). Moreover, the
simulation without MoS, film reveals a similar response with
Figure 3c, with the transmission difference at 645 nm to be
less than 3%, in contrast to experimentally observed change of
200%, at Figure 3b. Furthermore, the fact that the transmission
change is nonlinear with the applied strain, Figure 3d as well as
the observed hysteresis related to the applied stress rate over an
increasing-decreasing thermal cycle, Figure 4, further verifies
the mechanical nature of the effect over any thermal effects,
that might exist, negligible in the current study.

In summary, we have reported a new mechanism to tune the
optical properties of photonic metamaterials. We have studied the
mechanochromic response of MoS, metasurfaces and identified
the conditions under which they can operate either as photonic
filters or switches. The proposed device provides continuous
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and reversible optical tuning of visible transmission with rela-
tive transmission change of more than 190% actuated by a strain
level of 2%, which is translated into great mechanochromic
sensitivity. For example, materials with larger thermal expansion
coefficient difference or longer nanowires can improve mechan-
ochromic sensitivity. Moreover, new designs of mechanochromic
metasurfaces should be developed to improve the bandwidth
of the response. Even though we apply a heat-actuated method
to induce stress on the mechanochromic metasurfaces, equiva-
lent strain effects are also achievable via electrically means in
nanomechanical metamaterials, such as electrostriction.”®l We
also believe that other types of transition metal dichalcogenides
should be studied as strain dependent refractive index materials
for metamaterials, targeting different operational wavelengths.
Overall, the use of photonic metasurface technology for creating
mechanochromic devices based on transition metal dichalco-
genides, can be used as a general platform for force respon-
sive materials with optical readouts and form a new family of
ultrathin color displays and multifunctional devices.

Experimental Section

Metamaterial ~ Fabrication: Nanograting metamaterial patterns,
with a fixed gap width g = 100 nm and period P = 500 nm, covering

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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an area of =22 um x 25 um, were directly etched via focused ion beam
(FIB) milling, using a FEI Helios NanoLab 600 dual beam system, on
a commercially available 90 nm thick Si;N, membrane from Norcada
Inc. Then, an APCVD synthesis method was used for the deposition of
the MoS, on the prepatterned membrane, with two separate precursors:
MoOj; and sulfur loaded in two 3 cm quartz tubes in a CVD chamber.
A silicon nitride membrane was placed at the center of the furnace and
a quartz boat containing the MoOj; precursor was placed upstream at
a distance of 3 cm. The sulfur powder is placed in a separate quartz
boat outside the furnace at a distance of 30 cm with controlled ambient
temperature. Prior to the deposition, the quartz tube was flushed with
500 sccm of Ar gas for 1 h. The temperature of the furnace was first
ramped up to 500 °C with a rate of 20 °C min~" and subsequently up to
700 °C with 4 °C min~" under constant flow of Ar at 200 sccm allowing
the evaporation and deposition of MoO;. At the temperature of 700 °C
the sulfur zone was heated up to 170 °C for 15 min. During the process,
a sulfur rich time window, the as-deposited MoO; was partially converted
to MoOs_, and MoS, progressing in a layer by layer manner while MoS,
in the gas phase was codeposited. After the 15 min time window, the
gradually sulfur deficient environment resulted in the deposition of a
metal oxide rich layer.

Variable-Angle  Spectroscopic  Ellipsometry: The complex relative
permittivity/refractive index APCVD deposited MoS, was evaluated by
spectroscopic ellipsometry (J. A. Woollam 4000) over the wavelength
range from 400 to 900 nm.

Numerical ~ Simulations: ~ Full-wave electromagnetic  simulations
of the metamaterial structure, based on the geometry presented in
Figure 1a, were performed using the finite element method in COMSOL
Multiphysics. Calculations employ periodic boundary conditions in the
x and y directions (i.e., effectively assuming an infinite array of infinitely
long nanowires). They utilize refractive indices for silicon nitride and
MoO;_, assumed to be nondispersive and equal to 2, while for MoS,
ellipsometry data used are presented in Figure Tc. Furthermore,
numerical spectra were integrated over the numerical aperture of the
objective in the experiment, assuming linearly polarized plane wave
illumination; nanowire mechanical deformation was obtained from finite
element models of a single, isolated 22 pm long wire with fixed ends
and rectangular cross sections as presented in Figure 1. These assumed
Young’s moduli E and density p values for Si;N,;, MoO;_, and MoS;:
Esin = 200 GPa; Eyoo = 80 GPa; Eyes = 320 GPa; pgiy = 3170 kg m~3,
Proo = 4690 kg m~3, pyios = 5060 kg m~3.

Raman Spectroscopy: Raman measurements under 532 nm laser
excitation indicate the deposition on the prepatterned membrane of
both MoOs_, and MoS,. The bulk MoS, was confirmed by the Raman
mode at =381 cm™ and A, mode at 407.5 cm™;[*!l and the MoO;_, the
Raman peaks at 353 and 733 cm™.4%]

Microspectrophotometry (Including Low Temperature Measurements):
Transmission and reflection spectra (Figure 2) were obtained using
a microspectrophotometer (CRAIC QDI2010), with a 11 pm x 11 pm
sampling aperture via a 15x objective with NA 0.28. All data are
normalized to reference levels for air (100% transmission), a silver
mirror (high reflector), and a “Vantablack” vertically aligned carbon
nanotube array (zero reflection/transmission), and averaged over
15 repeated measurement cycles, each with a 500 ms integration time.
For the low temperature measurements, a cryogenic stage (model
No THMS600) with temperature control was used. Pressure level is
monitored throughout the experiment at 103 mbar. Measurements
performed while temperature level were stabilized with fluctuation of
less than 0.1 K.
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