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RECONFIGURABLE PHOTONIC METAMATERIALS

by Jun-Yu Ou

This thesis reports on the development of a new class of switchable nanostructured photonic
metamaterials, Reconfigurable Photonic Metamaterials (RPMs). Over the last decade, fascinating
material properties including negative refraction, optical magnetism, invisibility, asymmetric trans-
mission, perfect lenses and many more were demonstrated in metamaterials. Inspired by pioneering
work on micro-electro-mechanical metamaterials for the terahertz and microwave spectral regions with
feature sizes from millimeters to tens and hundreds microns, I develop reconfigurable photonic meta-
materials for the optical spectral range that have sub-micron meta-molecules and nanoscale design
features.

In particular, for the first time I developed:

e Novel fabrication processes for manufacturing reconfigurable photonic metamaterials based on
the platform of elastic silicon nitride membranes using focused ion beam lithography, film depo-
sition, precise alignment, etching and annealing techniques. These fabrication techniques have
allowed the manufacturing of a wide range of reconfigurable metamaterials consisting of bi-layer
(gold/silicon nitride) or tri-layer (gold/silicon nitride/gold) structured membranes suitable for
applications as plasmonic RPMs.

e Novel RPMs tunable by ambient temperature that operate in the optical and near infrared parts
of the spectrum. With such metamaterials exploiting the change in plasmonic response due to
differential thermal expansion in bimorph nanostructures I have demonstrated 50% changes in
optical transmission at the wavelength of 1735 nm when the temperature is ramped from 76 K
to 270 K.

e Novel RPMs operating in the near-infrared part of the spectrum that can be controlled by electric
signals. These types of metamaterials harness electrostatic forces on the nanoscale and offer up
to 20 MHz modulation bandwidth. At a threshold level of stimulation these metamaterials
exhibit non-volatile switching with up to 250% transmission change. As a part of this research
I developed a characterization technique that allows imaging and recording of the electrostatic
switching under a scanning electron microscope.

e Novel optically controlled RPMs exploiting near-field optical forces induced by light and optical
heating for reconfiguration. Such metamaterials show a new type of optomechanical nonlinearity
leading to intensity-dependent transmission that exceeds the cubic nonlinearity of GaAs by seven
orders of magnitude. Using CW diode lasers operating at telecommunication wavelengths of 1.3
um and 1.55 ym I have demonstrated cross-wavelength optical modulation with amplitude of
about 1 % that can be achieved at only about 1 mW of average power of the control beam. I
also developed the numerical analysis of thermo-opto-mechanical properties of the structures and
calculated eigenmodes and cooling constants of the RPMs under modulated laser irradiation.

Overall, the development of reconfigurable photonic metamaterials provides a new and flexible plat-
form for the control of metamaterial properties “on demand”. Such metamaterials can find applica-
tions in sensors, tunable spectral filters, switches, modulators, programmable transformation optics
devices and any other application where tunable optical properties are required.
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Introduction

1.1 Motivation

Metamaterials are composed of sub-wavelength unit cells, so-called meta-molecules,
which control their electromagnetic properties |1,2]. Engineering of the meta-molecule’s
geometry allows the realization of metamaterials with unique properties including neg-
ative refractive index [3}|4], artificial magnetism [5] and novel devices like invisibility
cloaks [2], the lasing spaser [6] and superlenses [1| making them promising building
blocks for future optical components. Nevertheless, few of these demonstrations have
lead to practical applications, largely because the unique properties of metamaterials
are usually fixed and limited to a single wavelength [7].

Switchable 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 and imaging systems and transformation optics devices [8].
Several avenues are being explored. Metamaterials where metal nanostructures are hy-
bridized 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 large change in the resonant transmission and reflec-
tion characteristics of the hybrid structure. Also, 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 [9,/10]. A layer of single-wall semiconductor
carbon nanotubes deposited on a metamaterial shows an order of magnitude higher non-
linearity than the already extremely strong response of the nanotubes themselves, due

to resonant plasmon-exciton interactions [11]. Nanoscale metamaterial electro-optical
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switches using phase change chalcogenide glass |12] and vanadium dioxide [13] have
already been demonstrated. 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 electromagnetic response that is driven by applied
voltage [14,/15].

When high speed switching is not the prime objective, metamaterials can be reli-
ably and reversibly controlled by microelectromechanical (MEMS) actuators reposition-
ing parts of the meta-molecules. MEMS-based metamaterials can provide continuous
tuning, rather than step-like 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 metamaterials con-
sisting of specially-designed deformable meta-molecules [16-19]. 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.

It is well-known that the overall properties of a material are not only determined
by the nature of the constituent atoms and molecules but also depend dramatically on
the lattice structure. The same rule applies to metamaterials. Compared with nat-
ural materials, achievable properties through adjusting the crystal lattice are limited
by chemical bonding and the nature of the atoms themselves, the range of tunability
for metamaterials is much broader as the lattice effects can be made much stronger by
an appropriate design. Therefore, structural tunability is a new and promising route
to real-time control of the electromagnetic (EM) properties of metamaterials such as
polarization characteristics, transmission and reflection amplitudes and phases, asym-
metric transmission and optical activity. For the infrared and visible spectral regions
which correspond to micron and sub-micron wavelengths, the geometric dimensions of
the required sub-wavelength resonators are on the order of hundreds of nanometers or
even smaller. At this size scale, the emerging nanoelectromechanical systems (NEMS)
technologies provide an opportunity to control metamaterial structures and their optical

properties.

My PhD project focuses on systematically developing novel reconfigurable NEMS
photonic metamaterials. By combining NEMS technology with metamaterials, active
and dynamic control of metamaterials are achieved in response to external stimuli such as

temperature, electrical voltage and light. These efforts provide us with a novel platform
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for tunable metamaterials for the optical part of the spectrum.

1.2 Background

At the beginning of this chapter, the different methods of realizing metameterials with
tunable characteristics will be briefly introduced. Thereafter, reconfigurable metamate-

rials and NEMS will be discussed in greater detail.

1.2.1 Metamaterials

The research field of metamaterials has grown rapidly over the last 15 years since the
discovery of artificial structures with negative magnetic responses [20] and negative re-
fractive index [1,13}[21]. It now includes a broad range of materials that attain unusual
electromagnetic properties from structuring on at a scale smaller than the wavelength
of incident radiation. Examples include novel physical phenomena such as asymmet-
ric transmission [22], transformation optics [23] and invisibility cloaking [24], as well as
dramatic enhancements of e.g. optical activity [25,26] and optical nonlinearities [27,[28].
The field of metamaterials partially overlaps with the area of photonic crystals [29-31].
The development of the latter was initially driven by the goal to create structures with
photonic band gaps analogous to the electronic band gaps of semiconductors. Photonic
band gaps are frequency ranges where photons cannot propagate and as a result light
is confined near defects of the structure, which can be designed to have frequency and
polarization characteristics [32]. While metamaterial structures are ideally much smaller
than the wavelength to ensure an effective medium response, photonic crystals tend to

be close to the diffraction regime.

1.2.2 Tunable Metamaterials

Current efforts in metamaterials research focus on dynamic functionalities such as tun-
ability, switching and modulation of electromagnetic waves [33]. To this end, various ap-
proaches have appeared, including embedded varactors [34], phase-change media [12}[13],
use of liquid crystals [35,136], electrical modulation with graphene [37,:38] and super-
conductors |39], and carrier injection or depletion in semiconductor substrates [10}40].
However, tuning, switching and modulating metamaterial properties in the visible and
near-infrared range remain major technological challenges: the existing microelectrome-

chanical solutions and designs for the sub-THz [41] and THz [17-19] regions are extremely
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challenging to shrink by 2-3 orders of magnitude in dimension (size of unit cell from few
tens of microns to hundreds of nanometers) in order to enter the optical spectral range.

In general, tunable metamaterials can be divided into two major categories. One is
based on changing the effective electromagnetic properties via various nonlinear effects
in the resonators or materials hybridized with metamaterials [11}[12/[37]. The
other is based on structural reconfiguration [44], such as changing the lattice [44-46],
or reorienting or reshaping the structural elements . The geometry changes
of the metamaterial micro/nano-structures are often induced by mechanical shifting or

deformation of the metamaterials.
1.2.2.1 Tunable Hybrid Metamaterials

@ (b)

0
=104 -
2 TeT, NM
-301 Rohacell /
-40- s
-50- ._,.:.
60 T

Figure 1.1: Examples of tunable metamaterials. (a) Split ring resonator with vari-
ous capacitors loaded in the outer split region, scale bar is 1mm . (b) Superconduct-
ing metamaterial [43]. (c) Phase change metamaterial [12]. (d) Nonlinear metamaterial,
scale bar is 100nm [11].

Many early designs of tunable/switchable metamaterials focused on changing directly
the distributed capacitance or distributed inductance of the resonators by adding a
tunable capacitor or inductance . This method, though simple and effective for
millimeter-scale microwave resonators, cannot be applied to the micron/sub-micron scale

structures required for optical metamaterials.
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Tunable/switchable metamaterials have also been realized based on superconductors
by exploiting the breakdown of superconductivity at the critical temperature, in strong
magnetic fields, and for large electrical currents [43,47,48]. However, superconducting
metamaterials cooled to cryogenic temperatures can control electromagnetic waves only
up to terahertz frequencies. As higher frequency photons have enough energy to break
the superconducting Cooper pairs, they are unsuitable for controlling metamaterials in
the infrared and visible spectral ranges.

Another interesting approach is to include materials with tunable properties in the
metamaterial. The dielectric function of metals is generally robust, difficult to tune
by an external stimulus. Fortunately, the electromagnetic properties of metamaterials
are very sensitive to the surrounding environment, which provides another dimension
for tunable/switchable metamaterials. The use of materials with tunable electrical or
optical properties allows control over the resonant response of metamaterials. The hybrid
metamaterial approach has been proven effective in various tunable metamaterials that
respond to the application of external electric current [12], light [49], heat [50] and so
on.

In particular, nanoscale metamaterial electro-optical switches using phase change
chalcogenide glass [12] and vanadium dioxide [13] have been demonstrated. Phase change
metamaterials work in the visible and near infrared, however, they are typically limited
to switching rather than continuous tuning. Nonlinear material also can be used to
achieve tunable photonic metamaterials, where high intensities are acceptable. 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 [11]. In addition,
a 600 fs device response by utilizing a regime of subpicosecond carrier dynamics in a-
Si and 20% modulation in a path length of only 116 nm by exploiting the enhanced

nonlinearities in metamaterials has been demonstrated [49].

1.2.2.2 Reconfigurable Metamaterials

Structural reconfiguration is a straightforward approach for efficient control of optical
characteristics of metamaterial. For sufficiently dense metamaterials, the meta-molecules
are strongly coupled and therefore their optical properties can be changed dramatically
by lattice tuning [51] [52].

The most simple lattice tuning approach is to vary a lattice constant, e.g. lattice
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Lsku

Combdrive:

Figure 1.2: Examples of GHz and THz reconfigurable metamaterials. (a) Illus-
tration of the staggered lattice shift with a lateral displacement of every second meta-
material layer [44]. (b) Scanning electron microscopy (SEM) images of arrays of meta-
molecules of a terahertz metamaterial are switched from one configuration to the other
by thermal activation [16]. (c,d) 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 components .

parameter b in the anisotropic split ring metamaterial shown in Fig. (a). It was shown
that the resonance frequency can be impressively shifted in this way . Consequently,
the metamaterial characteristics can be tuned. A disadvantage of this method is that
varying b significantly would imply a corresponding change in the overall dimension of
the metamaterial along z, which might be undesirable for certain applications. Another
direction of structural tuning is by changing a periodic lateral displacement of layers in
the x —y plane . In this way, the resonators become displaced along z (or y, or both)
by a fraction of the lattice constant a with respect to the original position. As a result, a
resonance of the medium can be “moved” across a signal frequency, leading to a drastic
change in transmission characteristics. It is clear that for practical applications it is not
even necessary to exploit the whole range of lateral shifts — in the above example it is
sufficient to operate between 0.1a and 0.3a where most of the transition occurs.

Based on the idea described above, reconfigurable metamaterial structures have been
pioneered in the GHz and THz spectral ranges. In the early work illustrated by
Fig. (b) rapid thermal annealing has been used to lock split ring resonators in fixed

tilted positions . In order to achieve dynamic control of reconfigurable metamate-
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Figure 1.3: Mid-infrared Metamaterials on a Flexible Subtract. A compliant
metamaterial with tunability of AX~400 nm at mid-infrared wavelength, using high-
strain mechanical deformation of an elastomeric substrate to control the distance between
the resonant elements .

rials, a quite complex electromechanically controlled reconfigurable THz metamaterials
have been demonstrated driven by typical MEMS comb drive actuators , shown in
Fig.[1.2|c) and (d) [1719]. The mechanical tuning of the metamaterials requires a con-
trollable actuation of the sub-wavelength structures and often results in a slow response
time. For example, a typical micromachined structure has a size of 1-100 mm and the
actuation time is more than 100 us, which means that the modulation frequency of
micromachined tunable metamaterials for the THz region is less than 10 kHz [55].

However, moving to optical frequencies requires about 100 times smaller structures
and nanoscale movements. This requires simpler structures and new ideas. One approach
is using strain induced deformation of metamaterials on a flexible substrate, shown in
Fig. [53//56]. The mechanical deformation of elastomeric substrates has been used to
induce spectral shifts in the resonance of nanophotonic structures such as nanoparticle
dimer extinction and metamaterials . Nevertheless, physical deformation of a
mm size flexible substrate takes hundreds of microseconds which is not suitable for fast
dynamic turning of photonic metamaterials.

In order to realize dynamic and active control with nanoscale displacement within a
meta-molecule, nanoelectromechanical systems (NEMS) and basic actuation mechanisms

for nanoscale structures will be discussed in the following section.
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1.2.3 Nanoelectromechanical Systems

The last decade has been an exciting period for people working in the fields of NEMS
and nanofabrication technologies. Starting from the earliest devices in electromechanical
transducers, such as accelerometers 7 sensors , actuators , and optical
switches which are among the most commercially successful NEMS devices and
systems , the technology has experienced a rapid expansion into many different

fields of engineering, physical sciences, and bio medicine.

10 um

Figure 1.4: Examples of NEMS devices. (a) SEM micrograph of a nanoelectrome-
chanical system composed of a microscopic mechanical resonator capacitively coupled to
a superconducting single-electron transistor which was used to study the quantum limit
of nanomechanical resonator. A 19.7 MHz nanomechanical resonator (200 nm wide, 8
pum long, coated with 20 nm of Au on top of 100 nm Si3Ny4), defined by the regions
in black where the SigNy has been etched through. A superconducting single electron
transistor island (5 um long and 50 nm wide) is positioned 600 nm away from the res-
onator. Tunnel junctions, marked “J” are located at corners [66]. (b) SEM micrograph
of doubly clamped NEMS beams . These NEMS beams were used to demonstrate
optical interferometric displacement detection techniques.

Nanoengineering studies nanoscale structures, devices and systems that exhibit novel
physical (electromagnetic, electromechanical, optical, etc.), chemical, electrochemical
and biological properties, phenomena, and effects. NEMS and their components (nanos-
tructures) are structured on a scale from 10~'%m (molecule size) to 10~ "m; that is, from
0.1 to 100 nanometers. To manufacture nanostructures, nanotechnology is applied. In
contrast, the dimension of MEMS and their components (devices and microstructures)

is from 100 nanometers to the millimeter range. Conventional microelectronics technolo-
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gies are usually used to fabricate MEMS. Studying nanoscale systems, one concentrates
on the atomic and molecular levels in manufacturing, fabrication, design, analysis, op-
timization, integration, synthesis, etc. Reducing the dimension of systems leads to the
application of novel materials (carbon nanotubes, molecular wires, etc.) and new fabrica-
tion technologies, such as electron beam lithography and focused ion beam lithography.
The problems to be solved range from high-yield mass production, assembling, and self-
organization to devising novel high-performance MEMS and NEMS [68], see Fig.
For example, micro and nanoscale switches, logic gates, actuators, and sensors are being
devised, studied, optimized, and fabricated.

Today, nanomechanical systems are widely used in applications from thermal sensing
and infrared imaging to chemical and biological sensing. This huge success is due to the
fact that sensors based on micro/nano cantilevers can detect extremely small stimuli such
as temperature and mass changes as well as small external forces. Available devices can
be placed in two categories based on their readout scheme. NEMS use a wide array of
electronic coupling schemes to transduce mechanical energy into electronic signals, while

micro-optomechanical systems are usually read out using an optical interferometer.

1.3 Conclusion and Thesis Overview

In summary, the research on reconfigurable metamaterials so far focus on the millimeter
to mid-infrared wavelength range and the operation speed of reconfigurable metama-
terials has been limited to 10s of kHz. The main objective of my PhD research is to
develop reconfigurable photonic metamaterials for the optical spectral range that have
deep sub-micron meta-molecules and MHz operational speed.

Reconfigurable photonic metamaterials are a flexible and convenient platform for re-
alizing tunable and switchable metamaterials in the optical part of the spectrum. This
thesis reports on the first demonstrations of reconfigurable metamaterials operating in
the optical spectral range. Reconfigurable photonic metamaterials controlled by ambient
temperature, electrical voltage and light are demonstrated, creating novel opportunities
for sensing, electro-optical devices and optical data processing. Also, during the pe-
riod of this project, sophisticated nanofabrication techniques based on focused ion beam
milling and electron beam lithography for optical metamaterials/metadevices have been

developed.
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Chapter [2| provides a review of nanofabrication techniques for photonic metamate-
rials leading to the main fabrication technique used in this thesis which is focused ion
beam (FIB) lithography. The interactions between ions and matter are discussed in or-
der to explain the working principles of FIB. A detailed description of focused ion beam

milling, and fabrication examples from my PhD period are presented.

Chapter [ focuses on the first experimental demonstration of reconfigurable photonic
metamaterial working in the optical spectral range. This reconfigurable photonic meta-
material is reconfigured by changes of the ambient temperature. It is experimentally
shown how coupled resonators that reconfigure in response to temperature changes ex-

hibit large changes of their optical properties at optical wavelengths.

Chapter [ reports the demonstration of the first reconfigurable photonic metama-
terial that is driven by electrostatic forces. This novel class of reconfigurable nanos-
tructures introduced here transfers electrically reconfigurable metamaterials from the
terahertz to the optical part of the spectrum, while simultaneously increasing their mod-

ulation speed up to MHz frequencies.

Chapter 5] demonstrates for the first time experimentally that photonic metamaterials
can be reconfigured and modulated by light. Evidence of two mechanisms of optome-
chanical deformation, (i) optical heating leading to deformation of bimaterial structures

and (ii) optical forces between plasmonic resonators, is observed.

Finally, the work covered in this thesis is summarized in Chapter [6] together with an
outlook of the potential routes of further investigation for each of the three experimental

breakthroughs reported here.



Nanofabrication Technology for Photonic Metamaterials

2.1 Introduction

The main mission of metamaterials research is not only design or theoretical prediction of
fascinating properties, but also realization of such structures. The recent revolutionary
progress in optical metamaterial research became only possible because of improvements
in nanofabrication technology developed over the last two decades. Manufacturing op-
tical metamaterials is extremely challenging because the definition of metamaterials
involves that the size of meta-molecules must be substantially smaller than their oper-
ating wavelength, which is few hundreds of nanometers for visible light, see an example
in Fig. As a consequence, the fabrication of optical metamaterials requires the
creation of features at deep subwavelength scale. Due to the fact that the required
feature sizes for optical metamaterials fabrication are smaller than the resolution of
state-of-the-art photolithography, 2D metamaterial layers are normally fabricated using
complicated technologies such as electron beam lithography (EBL), focused ion beam
(FIB) lithography/milling, nanoimprint lithography, interference optical lithography, di-
rect laser writing, and many more [69,70].

In the semiconductor industry, optical lithography is the main patterning method
that allows for cost efficient, high-volume fabrication of micro- and nanoelectronic de-
vices. Nevertheless, alternative lithography methods coexist and stand out in all cases
where the requirement for a photomask is a disadvantage. Especially for low-volume fab-
rication of nanodevices like optical metamaterials and for prototype device development,
the need for a photomask is inefficient and restrictive. The fabrication of high-resolution
masks with a price well above £10k is too cost intensive for the fabrication of single test

devices. Nanofabrication of silicon-based devices commonly relies on a combination of

11
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Figure 2.1: SEM micrograph of an optical asymmetric split ring aperture
metamaterial. It consists of 50nm thick gold on fused quartz fabricated by focused
ion beam (FIB) lithography.

optical lithography followed by plasma etching of the silicon or of dielectric films (SiOo,
SigNy). The flexibility of silicon processing is augmented by the availability of chemical
vapor deposition (CVD) of polycrystalline silicon, which provides excellent conformality
and step coverage. Unfortunately, most CVD-deposited metal films, especially those use-
ful for plasmonics, have degraded optical properties due to inherent contaminants from
the precursor materials. Unlike silicon, most metals are not suitable for dry etching. In
particular, gold and silver cannot be easily plasma etched because their etch by-product
is nonvolatile. Physical patterning such as ion milling is thus often required but may
worsen surface roughness and contaminate the metallic surface with implanted ions .

For these reasons, ‘direct-write’ approaches have emerged that are popular for several
applications such as mask fabrication, 3D patterning and rapid prototyping . Optical
direct-write lithography and electron beam lithography are among the most spectacular
techniques of direct-write lithography. Less known, but extremely versatile and powerful,
is the ion beam lithography method.

Optical direct laser write lithography uses laser beam writers with a programmable
spatial light modulator (SLM). With 500 mm?/minute write speed and advanced 3D
lithography capabilities, optical direct-write lithography is also suitable for commer-
cial microchip fabrication [72]. With a resolution of 0.6-ym minimum feature size of
the photoresist pattern, regular optical direct-write lithography cannot be considered a
nanopatterning method for optical metamaterials. However, in two-photon direct laser

writing, femtosecond laser pulses are tightly focused into the volume of a photoresist.



2.1. Introduction 13

(a) Source at -25KV
Blanking Pattern
generator
Fast position control
interferonlleter Control Computer
Amp.
A
]
” stage Mech. drive

>

Figure 2.2: Block diagram and commercial electron beam lithography system.
(a) Block diagram showing the major components of a typical electron beam lithography
system [77]. (b) A commercial electron beam lithography system (ELIONIX Ltd. model:
ELS-7500EX [78]).

Two-photon absorption ensures that only a tiny volume of the photoresist is sufficiently
exposed by the light. Computer-controlled scanning of the focus and resist using piezo-
electric actuators allows almost arbitrary polymer structures to be fabricated
with lateral features as small as 100 nm. This value is an order of magnitude larger
than state-of-the-art electron-beam lithography. However, recent work using stimulated
emission depletion direct laser writing has approached lateral resolutions of 50 nm,
with potential for future improvements. The progress of two-photon direct laser writing

in the last decade makes fabrication of 3D photonic metamaterials possible .

Electron beam lithography, on the other hand, uses a focused electron beam to expose
an electron beam resist. A resolution of 10 nm minimum feature size of the e-beam
resist pattern has been successfully demonstrated with this method, see a commercial
EBL system and block diagram in Fig. However, special resists are required
for e-beam lithography, that are compatible with the high energy of forward scattered,
back-scattered and secondary electrons. A common resist for sub-50nm resolution is
polymethylmetacrylate (PMMA) requiring an exposure dose above 200 pC/cm?. For
highest resolution (below 20 nm) inorganic resists such as hydrogen silsesquioxane (HSQ)
are also used. The exposure of a sensitive resist with an electron beam is the core of the
EBL process. The resist is often a polymer dissolved in a liquid solvent, which is coated
onto a surface and baked to form a thin layer. During electron beam exposure, the
solubility of the resist is altered, causing a dissolution variation compared to areas that
are not exposed. Following this, the pattern is developed using a liquid developer. After

patterning a resist layer with e-beam lithography, the pattern must then be transferred
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Figure 2.3: Standard electron beam lithography in combination with dry etch-
ing process. (a) Metal deposition. (b) Negative tone e-beam resist spin coating,. (c)
E-beam exposure. (d) Resist development, removing unexposed resist. (e) Dry etching
by ion milling (Ar™ ion) or reactive ion etching. (f) Metal pattern covered by exposed
resist. (g) Exposed resist stripping by stripper solvent(wet process) or oxygen plasma
(dry process). (h) Desired metal structure.

to the substrate via wet etching, dry etching, ion milling, lift-off, or electrodeposition.
Fig. [2.3] shows the series of nanostructuring steps during the EBL procedure. Due
to being relatively slow and expensive, this high-resolution method is only used for
writing photomasks for optical projection lithography and for a limited number of high-
end applications. A solution to this dilemma may be the use of multi-beam electron

tools and electron projection lithography [80], which are under development.

car ©)

Substrate Metal

Figure 2.4: Standard focused ion beam lithography process. (a) Metal deposition.
(b) Unwanted material removed by focused ion beam. (c¢) Desired metal structure.
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Focused ion beam lithography is similar to EBL, but it uses Ga™ ions or other types
of ions instead of electrons. The capabilities of FIB are superior to EBL especially in
low-volume nanofabrication. There is a simple comparison between the processes of
EBL, shown in Fig. 2.3 and FIB lithography, shown in Fig. 2.4 When FIB is used
to remove surface material by local physical sputtering of ions in order to create the
desired metal pattern on a substrate, the process flow can be simplified as only two
steps: (a) metal deposition and (b) FIB milling. No solvent-based chemical process is
involved in FIB lithography, therefore surface adhesion of metals and surface tension
issues resulting from solvent processes are not an issue. Not only can FIB lithography
(i) locally mill away atoms by physical sputtering with sub-10nm resolution (subtractive
lithography), but it is also capable of (ii) creating a pattern in a resist layer just like
EBL, (iii) locally depositing material with sub-10nm resolution (additive lithography),
(iv) local ion implantation for fabrication of an etching mask for subsequent pattern
transfer and (v) direct material modification by ion-induced effects. FIB lithography

will be discussed more in next the section.

2.2 Focus Ion Beam Lithography

Historically, FIB technology was mainly used for sample preparation for transmission
electron microscopy (TEM), failure analysis for semiconductors and MEMS, photo-
lithography mask repairing, and circuit edit procedures [81]. Recently, FIB lithography
has been emerging as a resistless direct patterning technique. Continuously developed
over the last 10 years, FIB lithography has a fast growing user community and a sig-
nificant and growing number of publications cite FIB as the primary nanofabrication

technique [694(71}82].

2.2.1 Working Principles of Focused Ion Beam

The physical picture of the solid-ion interaction explains the processes and conditions
relevant to the use of FIB systems in materials science. When an ion hits on a solid,
it loses kinetic energy through interactions with the sample atoms. This transfer of
energy from the ion to the solid results in a number of different processes (see Fig.
2.5): ion reflection and back-scattering, electron emission, electromagnetic radiation,
atomic sputtering and ion emission, sample damage, and sample heating [81]. The

ion typically comes to rest in the solid, leading to implantation of the ion. With the
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Figure 2.5: Ton-solid interaction [83].

exception of electromagnetic radiation generation, all of these processes are important

to FIB applications and are described in this section.

Ton kinetic energy and momentum are transferred to the solid through both inelastic
and elastic interactions. In inelastic interactions, ion energy is lost to the electrons in the
sample and results in ionization and the emission of electrons and electromagnetic radi-
ation from the sample. In elastic interactions, ion energy is transferred as translational
energy to target atoms and can result in damage and sputtering from the sample sur-
face. The most widely accepted concept for ion—solid interactions is the collision cascade
model [83-85](see Fig. . For the case of 5-30 keV Ga™ ions bombarding most solids,
the collision cascade involves a series of independent multiple collisions. If the trans-
lational energy transferred to a target atom during a collision exceeds a critical value
called the displacement energy, the atom will be knocked out of its original site, for ex-
ample, creating an interstitial-vacancy pair in a crystalline sample. This primary recoil
atom may have sufficient energy to displace further sample atoms (secondary recoils),
thus generating a volume where large numbers of atoms have excess kinetic energy. If a
displacement collision occurs near the surface, the recoil atom may be emitted from the
solid and lead to sputtering. The displacement energy (typically on the order of 20 eV)
is much larger than the binding energy for the atoms (of the order of 1 eV), reflecting
the fact that the collisions are nonadiabatic, because of the very short time scale. After

approximately 10 ps, the 5-30 keV Ga™ ion comes to rest in the solid, and the energies of
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all particles participating in the cascade have decreased below the displacement energy.
At this point, the collision cascade has ended. What remains are the emitted particles
and radiation, and ion beam damage such as lattice defects, integrated Ga, and heat, all

of which may continue to interact and evolve [81].

Based on the ion-solid interaction of FIB, there are three main working principles of
FIB, namely (a) imaging, (b) milling, and (c) ion beam induced deposition [86], shown
in Fig.

Imaging: In a scanning electron microscope (SEM), the imaging signals can be
generated from a number of electron induced processes including low energy secondary
electrons, back-scattered high energy electrons, cathode luminescence, x-rays, and Auger
electrons, all of which carry information about target topography or chemical composi-
tion. In the case of ion beams, the signals detected are low energy secondary electrons
and/or secondary ions. Luminescence from the target has been seen as well. The sec-
ondary electron yield per incident ion is an important physical parameter in the FIB
applications. Generally, the secondary electron emission by ion bombardment is much
more sensitive to details of the surface structure of the target than in the SEM because
the projection range of ions in the keV energy range is quite short. Many electrons are
produced in collision processes between ions and target atoms, and because of momen-
tum conservation, the electrons excited by the ions have rather low energies. The region
of interaction is quite shallow and so the number of secondary electrons escaping from
the surface of the target will grow with increasing angle between the target normal and

the incident ion trajectory.

Since the low energy electrons produced deep below the surface cannot escape, FIB is
especially sensitive to the surface topography. Low energy electrons will also be sensitive
to the work function of the surface |[87]. The FIB secondary electron signal will thus
depend on the chemical nature of the surface as well as its morphology. This chemical
effect will vary with target material, in particular there is invariably a secondary electron
yield difference between oxides and clean elemental surfaces. The secondary electron
yields for oxides are always higher than for metals [88,[89], as more low energy electrons
will be able to surmount the surface barrier. Another feature differentiating FIB from
SEM is the greater sensitivity of an incoming beam to the crystalline structure of the
sample. In a crystalline sample it is possible for the primary ions to channel if the
orientation of the crystal is aligned with the beam. In this case, the ions travel between

the columns of atoms and their range can be quite large. Since a longer range implies
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Figure 2.6: Principle of FIB. (a) Imaging, (b) milling and (c) ion beam induced
deposition [86].
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Figure 2.7: The influence of crystal orientation, atomic mass, and surface ge-
ometry on 30 keV Ga™ collision cascades and secondary electron generation.
The crystal orientation of a sample can affect the FIB sputtering rates, shown in (a) and
(b). (c) The sputtering rate is also affected by the mass of the atoms (orange atoms are
more massive) and (d) by the local geometry of the sample [83).

fewer interactions (per unit length) between ion and sample, the number of secondary
electrons produced will be lower if the sample is oriented in certain directions relative
to the beam. This effect induces image contrast variations depending on small changes
of the angular orientation of the sample, which is called 'channeling contrast’, shown
in Fig. The channeling contrast is being used for the observation of the grain
structure . However, it is important to remember that ion beam imaging always

results in some ion implantation and sputtering of the sample surface.

Milling: Ion milling is a method of material removal by means of physical sputter-
ing phenomena. The sputtering process involves the transfer of momentum to surface
and near-surface atoms from the incident ions through a series of collisions within the
solid target. If the ion beam impinges on the target vertically there must be enough
momentum reflected from the solid to eject one or more surface atoms. Therefore, the
sputtering rate, which is defined as the ratio of the number of ejected atoms to the
number of impinged ions, is a function of the angle of incidence of the ion beam as well
as the mass and energy of the ions, the mass of the target atoms and the nature of
the target atomic structure. FIB milling is carried out with repetitive scanning over a
designated area. Arbitrary surface topologies can be created by controlling the scanning
pattern, scanning location, and ion dosage. Typically, with a focused 30 keV Ga™ ion

beam of less than 5 nm diameter, structures with less than 30 nm features have been
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Figure 2.8: SEM images of FIB milling results on a human hair. An enlarged
image of the structured area is shown on the right.

realized. Fig. shows the logos of the Optoelectronics Research Centre and University
of Southampton milled on a human hair, where the minimal milling line width is about

50 nm. The hair was coated with 10nm of gold in order to eliminate charging effects.

The FIB milling process can be further enhanced by introducing specific gas into
the work chamber. It will increase the etching rate and the selectivity towards different
materials by chemically facilitating the removal of reaction products. This technique is

called gas-assisted etching. For example, XeFy can enhance the FIB etching rate of SiOq

by a factor of 6 to 10 [86},90].

Ion beam induced deposition: In contrast to ion milling, ion induced deposition
is an additive process which is carried out by decomposing typically metal-bearing gas
molecules adsorbed on the surface of the substrate with ion bombardment. The reactant
gas, typically a metal organic compound, is delivered through a capillary nozzle which
is pointed at the surface where the ion beam is incident. The molecules decomposed by
ion bombardment are desorbed from the surface leaving metal atoms and forming a thin
metal film on the surface. The decomposition of the precursor gas occurs only where the
ion beams irradiates. Therefore, the film shape and thickness is determined by the FIB
scanning pattern and dosage. An example of FIB induced deposition is shown in Fig.

2.9
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Figure 2.9: SEM image of electrodes deposited by ion beam induced deposi-
tion. The dark area is milled by FIB on 100nm of Gei5Sbgs , and then two platinum
(Pt) electrodes are deposited by ion beam induced deposition. The SEM image shows
the structure as observed at 52° from the normal [91].

2.2.2 Focused Ion Beam System Architecture

The basic functions of the FIB, namely, imaging and sputtering with an ion beam,
require a highly focused beam. The smaller the effective source size, the more tightly
can the ion current be focused to a point. Unlike the broad ion beams generated from
plasma sources, high-resolution ion beams are defined by the use of a field ionization
source with a small effective source size on the order of 5 nm, therefore enabling the
beam to be tightly focused. The most important components of the system are: the
ion column, the work chamber, the vacuum system, the gas injection system and the

computer controlled user interface .

The development of liquid metal ion sources (LMIS) has brought practical application
of FIB technology to the semiconductor industry . Of the existing ion source
types, the LMIS provides the brightest and most highly focused beam. There are a
number of different types of LMIS sources, the most widely used being a Ga-based blunt
needle source. Ga has clear advantages over other LMIS metals such as In, Bi, Sn, and
Au because of its combination of low melting temperature (30°C), low volatility, and
low vapor pressure. The low melting temperature makes the source easy to design and
operate, and because Ga does not react with the material defining the needle (typically

W) and evaporation is negligible, Ga-based LMISs are typically used for commercial FIB

systems [81}/83].
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Figure 2.10: Diagram of a FIB column .
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Figure 2.11: Commercial Dual Beam™ FIB-SEM system from FEI Ltd. .

A typical diagram of a FIB column is shown in Fig. [2.10] The structure of the
column is similar to that of a scanning electron microscope (SEM), the major difference
being the use of a gallium ion (Gat) beam instead of an electron beam. A vacuum of
typically about 1x10~7 mbar is maintained inside the column by the vacuum system.
After a first aperture, the ion beam is condensed by the first electrostatic lens. The
upper octopole then adjusts the beam stigmatism. The ion beam energy is typically
between 2 and 30 keV, with beam currents varying between 1 pA and 22 nA. Using the
variable aperture mechanism, the beam current can be varied, allowing both a fine beam
for high-resolution imaging on sensitive samples and a strong beam for fast and rough
milling. Blanking of the beam is realized by the blanking deflector and aperture, while
the lower octopole is used for raster scanning the beam over the sample in a user-defined
pattern. In the second electrostatic lens, the beam is focused to a fine spot, enabling
a best resolution in the sub 5 nm range. The Everhart-Thornley detector (ETD) [92]
and Continuous Dynode Electron Multiplier (CDEM) are used to collect secondary

electrons and ions for imaging.

Imaging and milling with Ga™ ions always result in Ga™ ions interaction near the
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sample surface. As the sample surface is sputtered away at a rate proportional to the
sputtering yield and the ion flux, Ga™ ions are implanted further into the sample. In
order to minimize the ion implantation effects during sample searching and preparation,
most modern FIB instruments supplement the FIB column with an additional SEM
column so that the instrument becomes a versatile “dual-beam” platform, shown in
Fig. 2.11] The ion beam and electron beam are placed in fixed positions and share
their focal points at the “coincidence point,” an optimized position for the majority of
operations, including FIB sample direct writing [83]. The SEM part can be used not only
to search and image the sample area for FIB processing but also to monitor the process
of FIB milling in real time. Since SEM and FIB share the same working chamber and gas
injection system in the FIB-SEM configuration, electron beam induced gas chemistry can
be realized [90]. Furthermore, with further modification, even electron beam lithography
(EBL) can be accomplished in the same instrument, in the other words, electron beam

and ion beam lithography can both work in one instrument.

2.3 Focused Ion Beam Lithography Application Examples

Based on the knowledge of focused ion beam lithography from section FIB lithog-
raphy can be applied on many materials. In this section, several examples of photonic
metamaterials and nanodevices fabricated by FIB lithography will be presented. I have
been involved in at least the fabrication of each device which will be presented in this

section.

2.3.1 Fabrication of Regular Photonic Metamaterials

Photonic metamaterials normally consist of two main bulk materials: metal (typically,
gold or another plasmonic metal) and dielectric. Plasmonic metal is normally deposited
on a dielectric substrate or thin film by physical vapor deposition (PVD). The general
fabrication procedure is shown in Fig. [2.12

FIB milling is very sensitive to the surface structure and crystal orientation, see
section therefore the deposition process plays an important role in photonic meta-
material fabrication. Fig. shows metamaterial examples of FIB milling on poor and
optimized gold surfaces. The FIB conditions are the same in both cases with 15ms dwell

time and two writing passes. One can clearly see the grain boundary of gold in Fig.
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Figure 2.12: Fabrication procedure of photonic metamaterials by FIB milling.
(a) Plasmonic metal deposited by PVD process. (b) Unwanted material removed by
focused ion beam. (c) Desired photonic metamaterials structure.
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Figure 2.13: Photonic metamaterials fabricated by FIB milling on (a) poor and
(b) optimized gold surfaces. Both of the metal films are 30nm thick and were deposited
on silicon nidride by thermal evaporation.

(a) but not in Fig. (b). The main difference between these two depositions is the
deposition rate of gold which is about 0.2 nm/sec for the optimal case and 1 nm/sec
for the poor quality case. Apparently, poor quality gold films cannot be used for high
performance optical metamaterials. Examples presented in the following use optimized

gold films in order to archive high quality photonic metamaterials.

Photonic metamaterial for quantum dot luminescence enhancement :
My contributions in this paper are the fabrication of various photonic metamaterials and
the development of the quantum dot coating technique.

Control of Joule losses is a key challenge for plasmonic and metamaterial technologies.
Although using superconducting metamaterials can largely eliminate losses in THz and

microwave metamaterials [43,48], Joule losses at optical frequencies are unavoidable.
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Figure 2.14: Photonic metamaterials hybridized with quantum dots. (a)
Schematic of a plasmonic metamaterial functionalized with QDs. (b) SEM image of
metamaterial aperture array with unit cell size of 545nm.

Recent works report compensation of losses with gain in plasmonic systems ,
metamaterials aggregated with semiconductor quantum dots (QDs) [99], organic dyes
embedded into metal nanostructures , and metamaterials manufactured on quantum
wells . In this work, we experimentally demonstrate that the photoluminescence

properties of QDs can be greatly enhanced by the plasmonic metamaterial.

The photonic metamaterial aperture arrays with a total size of 40um by 40um were
each fabricated by focused ion beam milling on a 50 nm-thick gold film thermally evap-
orated on a glass substrate, see Fig. (b). Regarding FIB milling, the profile of a
single point which is FIB milled into any substrate will partly be determined by the
profile of the FIB itself. On the other hand, since the FIB immediately sputters away
substrate material, a void forms while the FIB continues milling at the same position.
Consequently, ions hit the sloped sidewalls of the forming void, especially at longer pixel
dwell times. As sputter yields depend on the angle of the incident ions, milling rates
depend on pixel dwell time. Another aspect that needs to be taken into consideration is
the re-deposition of sputtered material that will occur inside the milled structures .
The FIB milling strategy here is using the ’parallel multi-passes milling’ mode to elim-
inate redeposition of gold on the sidewall of metamaterial apertures. By using this

strategy, I have pushed the minimum slit width of FIB milled photonic metamaterials

to 25nm [103].

In order to systematically investigate the correlation between the QD photolumines-
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cence spectrum and the spectral position of the Fano plasmonic metamaterial resonance,
we manufactured five metamaterial arrays with different unit cell sizes ranging from 545
nm to 645 nm, with a slit width of 656 nm. We used lead sulfide (PbS) semiconductor
quantum dots from Evident Technologies with a luminescence peak around 1300 nm and
mean core diameter of 4.6 nm. These QDs were dispersed in polymethylmethacrylate
(PMMA), and the QD/PMMA solution was then spin coated onto the metamaterial ar-
rays, forming a 180 nm thick layer. We estimate the QD area density on the array to be
1.6x10% um™2, and thus approximately 4000 quantum dots are trapped in the grooves of
each meta-molecule. Spectra (transmission, reflection, and absorption) and photolumi-
nescence of the metamaterials with QDs were measured using a microspectrophotometer
and it was found that the photoluminescence intensity was dramatically enhanced when
the metamaterial was resonant at the QD emission wavelength. In this case, the Purcell
enhancement factor for QDs within the metamaterial slits was estimated to be about

100.

Photonic metamaterial for enhanced terahertz bandwidth all-optical switch-
ing [28]: My contributions in this paper is development of fabrication procedure for
large area (100 umx100 pm) photonic metamaterials with various small unit cell sizes

(smallest 330nm).

In this paper, we demonstrate a new strategy for achieving an extremely fast en-
gineered optical nonlinearity through nanoscale periodic sub-wavelength patterning of
thin metal films. This leads to a resonant, orders of magnitude enhancement of the cubic

nonlinear response of the metal.

The nanostructure consists of a periodic array of asymmetric split ring slits cut
through a 50 nm thick gold film thermally evaporated on a fused quartz substrate. The
100 um x 100 ym metamaterial pattern was manufactured by focused ion beam milling,
and is shown in Fig. It is very challenging to manufacture such a big array with
small unit cell size and without any stitching, as the writing field must be larger than
the overall size of the metamaterial. Also, the resolution and stability must be kept in
an acceptable range (less than few %) over a long writing time. The solutions are (1)
A 16 bit DAC is used to generate such accurate patterns and to overcome part of the
issues. For example, at 128 um horizontal field of view, 128 um can be divided into
about 2 nm per pixel which means the precision of ion beam scanning is about 2 nm.
(2) The stability of the ion beam is monitored and regulated within few % during the

writing period of few hours.
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Figure 2.15: SEM image of the photonic metamaterial aperture array for non-
linearity measurement. The left image shows the total size of the metamaterial array
of 100um x100uym. The right one shows the enlarged metamaterial area, where the 450
nm unit cells are clearly visible.

Low-loss photonic metamaterial based on epitaxial gold monocrystal film
: In this paper, I contributed to epitaxially growing single crystal gold on lithium
fluoride (LiF) crystal surfaces and manufacturing of photonic metamaterials.

The resonant nature of metamaterials is very sensitive to the presence of dissipative
losses in the constituting metals. The losses are particularly strong in the optical regime
hampering the use of metamaterials for photonic applications. The list of mainstream
solutions considered at present includes, in particular, the search for better plasmonic
media among metallic alloys, semiconductors and conductive oxides , as well
as direct compensation of losses by combining metamaterials with various optical gain
media ﬂ@, Those solutions, however, aim to eliminate or minimize Joule
losses, while in practice dissipation rates are often much higher than expected from the
Ohm’s law alone. The additional significant contribution comes from surface roughness,
grain boundary scattering and nanofabrication imperfections due to the polycrystalline
nature of evaporated/sputtered metal films [71,[108,[109]. Nevertheless, the fabrication
imperfections due to the nature of polycrystalline gold and the channeling effect
of FIB milling appears in most fabrication results, see section and Fig. .
Therefore switching to monocrystals of noble metals alone should provide a substantial
mileage in reducing losses.

Our crystal growth technique is based on epitaxial deposition, where metal vapor

condenses on a crystalline substrate to a film with crystalline orientations closely related
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Figure 2.16: SEM images of single- and multi-crystalline gold nanostructures.
(a) Prototype optical nanocircuits fabricated using FIB on a vapour-deposited multi-
crystalline (left) and a single-crystalline gold flake deposited on a dip-coated ITosubstrate
(right). The image was taken with a 52° tilt angle. (b) optical nanocircuits with a 90°
corner fabricated with FIB on a multi-crystalline gold film, with a gap of about 28 nm
between the two wires (inset) and a single-crystalline gold flake on top of a sputtered
ITO substrate. Scale bars indicate 500 nm. [109]

to that of the substrate. Although large gold monocrystals can also be grown using the
Czochralski process, they are usually difficult to obtain in the form of a thin film and
therefore can be seldom considered for metamaterial and plasmonic device fabrication.
Chemical synthesis process can grow gold flakes with areas of about 100 ym? , how-
ever, a more controlled deposition process is needed for general application. In the past,
epitaxial growth of gold and other f.c.c. metals was demonstrated and thoroughly in-
vestigated for alkali-halide cubic crystals NaCl and KCl ,. In most of the cases,
however, the growing procedure was complicated by the requirement of contaminating
gases or electron irradiation of the substrate , and often produced gold and
silver films with (111) fibre texture [112/[114]. We have revisited the epitaxial growth
techniques and found a combination of a substrate and deposition conditions that sub-
stantially simplified the procedure of growing gold monocrystals. As a substrate we
used LiF. This ionic crystal has a face centered cubic lattice with the constant of 4.03
A, which implies virtually no mismatch with the lattices of gold (less than 1.5%) and
therefore results in a low interfacial energy for the parallel orientation of the gold film.
Furthermore, LiF is a highly transparent dielectric with an exceptionally broad trans-
mission window spanning from UV to mid-IR (0.15 to 6 um) which makes it the ideal

substrate for hosting metamaterial-based optical devices. A suitable (100) slab of LiF
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Figure 2.17: High-finesse infrared plasmonic metamaterial. (a) SEM image of
complex asymmetrical split rings milled in epitaxial gold film. (b) shows the 52° tilted
view of the milled structure. (c) and (d) show a cross section milled by FIB perpendicular
to the arcs of asymmetrical split rings. Platinum (Pt) is deposited on top of the gold
layer in order to get better image contrast.

was obtained by cleaving the crystal with a razor blade immediately before placing it in
the high-vacuum sputtering chamber (Kurt J. Lesker sputter deposition system), where
the slab was kept at 460°C during the deposition. Gold was deposited at the rate of
0.22 nm/min and base pressure of 5x10~¢ mbar using a DC sputtering source. The
sputtering produced an 80 nm thick continuous and atomically smooth film of a gold

monocrystal with (100) domain orientation.

Here we have fully reproduced the shape of a well-known split ring microwave meta-
material pattern [115] on the nano-scale with the scaling ratio of about 47000:1, see Fig.
(a). The pattern was milled in the gold film using FIB, which produced metamate-
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Figure 2.18: Silicon nitride membrane. (a) Top and (b) bottom view SEM images.
(c) Optical image. The size of the outside frame is 3mmx3mm (From Norcada Ltd.
[116]).

rial with the split rings defined by 30 nm wide circular slits (apertures). The rings had
the diameter of 240 nm and were spaced 320 nm apart. The asymmetry of the pattern
was optimized to yield a strong resonant response in the telecom range 1.3-1.5 ym: the
two arcs of the split rings were 180° and 130° long and separated by equal splits of
25°. The metamaterial sample contained over 5000 sub-wavelength split ring resonators
covering the area of about 23 ym x 23 ym. No defect due to redeposition or channel-
ing is observed under SEM since the whole nanostructured area is a single crystal, see
Fig. However, re-conformation of the rim of structures resulted from FIB milling

reducing the thickness of gold by about 20 nm between two neighboring split rings, see

Fig. (c) and (d).

2.3.2 Fabrication of Reconfigurable Photonic Metamaterials

Tuning of reconfigurable photonic metamaterial is realized in response to three different
kinds of control signals: ambient temperature (Chapter [3)), an applied voltage (Chapter
and a laser (Chapter [5). The realization of three types of reconfigurable photonic
metamaterials and related fabrication techniques will be described and discussed in this
section. The fabrication starts from a commercially available silicon nitride membrane
supported by a silicon window in all cases, see Fig. [2.18]

Temperature-controlled reconfigurable photonic metamaterials: The con-
cept of ambient temperature-controlled actuation of a NEMS cantilever /bridge is that a
bilayer of two materials with different thermal expansion coefficients will bend upon tem-
perature change , see section [3.2.1] For the cantilever type reconfigurable metamaterial,
50nm thick gold was thermally evaporated on a 100nm thick silicon nitride membrane.

A “C”-slit plasmonic resonator pattern was milled from the silicon nitride side into the
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Figure 2.19: SEM images of cantilever type thermally reconfigurable photonic
metamaterial. (a) Top view and (b) 52° tilted view of the milled structure. Images
are taken from the silicon nitride side.

gold layer covering the back of the membrane. Next the metamaterial membrane was
cut into 8 pm long and 525 nm wide bridges separated by 100 nm gaps. In order to
create reconfigurable and non-reconfigurable support structures, one end of every second
bridge was freed by FIB milling. The SEM images are taken from the silicon nitride side
and the cantilevers bend out of the plane due to differential thermal expansion, between
gold and silicon nitride, see Fig.

The second type of temperature-controlled reconfigurable photonic metamaterial
consists of reconfigurable and non-reconfigurable bridges that are fixed at both ends.
Thermally reconfigurable support structures can be fabricated from a bi-layer consisting
of two materials with different thermal expansion coefficients, for example a plasmonic
metal and a dielectric. Bending of the bi-material structure will be caused by differential
thermal expansion of the constituent materials. On the other hand, non-reconfigurable
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. This concept
will be discussed in detail in chapter 3] The fabrication process flow is shown in Fig.
[2:20] The metamaterial consists of nanoscale “C”-shaped aperture plasmonic resonators
(split rings) supported by alternating thermally reconfigurable and non-reconfigurable
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, shown in Fig. [2.20| (a). Next the “C”-slit plasmonic resonator

pattern was milled into the gold layer covering the front of the membrane, Fig.
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Figure 2.20: Fabrication procedure of thermally controlled reconfigurable pho-
tonic metamaterials. (a) 50 nm of gold is deposited on both sides of a 100 nm thick
silicon nitride membrane. (b) “C”-slit plasmonic resonators are milled into the gold
layer covering the front of the membrane. (¢) The gold underlayer is removed from ev-
ery second bridge. (d) The metamaterial membrane is cut into 50 pm long and 390 nm
wide bridges separated by 110 nm gaps. (f) SEM image of the fabricated structure. (f)
SEM image of a non-reconfigurable bridge showing the gold/silicon nitride/gold tri-layer
structure. (gold layers are brighter) (g) SEM image of a reconfigurable bridge showing
the gold/silicon nitride bi-layer structure.
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(b). In order to create reconfigurable and non-reconfigurable support structures, the
gold underlayer was removed from every second bridge, shown in Fig. [2.20| (¢). And
finally the metamaterial membrane was cut into 50 ym long and 390 nm wide bridges
separated by 110 nm gaps, shown in Fig. (d) and (e). SEM images are taken to
confirm that the non-reconfigurable bridges consist of a gold/silicon/gold tri-layer, while
the reconfigurable bridges consist of a gold/silicon nitride bi-layer, shown in Fig.
(f) and (g).

Electrostatically controlled reconfigurable metamaterial: As discussed in
section nano-electro-mechanical actuation can be realized based on electrostatic
forces acting on the nanoscale. While the synchronous reconfiguration of sub-micron
metamaterial blocks across large metamaterial arrays presents a formidable technological
challenge, working on the nanoscale also gives some incredible opportunities by exploiting
a changing balance of forces: as inertia of metamaterial elements and elastic forces scale
differently with size, mechanical frequencies of the system are inversely proportional to
its size reaching megahertz for mechanical structures 10s of microns in size. It appears
that the electrostatic force, which is inversely proportional to the distance, becomes
the dominant force at the nanoscale at potential difference of only a few volts and can
drive such actuators. Another advantage of electrostatic forces is that the Joule losses

associated with their engagement are small.

Fabrication starts with a commercially available 50 nm thick low stress silicon nitride
membrane, a 50 nm thick gold layer for the plasmonic metamaterial and the contact
electrodes was thermally evaporated through a shadow mask. The gold-coated mem-
brane was structured with FIB, where the contact electrodes were connected to a source
measurement unit (Keithley 2636) through a vacuum feedthrough for in-situ electrical
characterization. Using FIB milling, first a “meander near the wire” pattern was milled
to provide a continuous conductive pattern that supports a plasmonic resonance. Then
the membrane was cut into suspended silicon nitride strings with tapered ends and fi-
nally the electrical terminals at the string ends were electrically separated by removing
the gold film in selected areas, see Fig. [2.21] This structure is characterized in detail in

chapter [

Optically controlled reconfigurable metamaterial: The fabrication of optically
controlled reconfigurable photonic metamaterial is very similar to the electrostaticlly
controlled one, but without electrical contacts. No electrical contact need to be con-

sidered in this case. The optomechanical photonic metamaterials studied here rely on
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Figure 2.21: SEM images of electrostatically controlled reconfigurable photonic
metamaterial. The right image shows the central part of the metamaterial. The
brightest areas correspond to gold and the dark gray areas are silicon nitride.

the concepts introduced in section [5.2.1] and are based on a II-shaped resonator design
known for exhibiting plasmon-induced transparency , see Fig. In order
to allow mechanical deformation of the plasmonic II meta-molecules, the horizontal and
vertical bars have been supported by different flexible dielectric bridges. The nanos-
tructures were fabricated by FIB milling from a 50 nm thick silicon nitride membrane
covered with a 50 nm thick thermally evaporated layer of gold. The unit cell is 700 nm x
700 nm in size and the supporting silicon nitride bridges are 28 pm long. This structure

is characterized in detail in chapter
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Figure 2.22: SEM images of optically controlled reconfigurable photonic meta-
material. False colour is used in zoom-in image to identify materials (gold coloured
yellow and silicon nitride coloured dark red.).

2.3.3 Other Nanostructures and Nanodevices

The FIB system which I used for fabrication is a FIB-SEM configuration. Since the
SEM and FIB share the same working chamber and gas injection system in the FIB-
SEM configuration, electron/ion beam induced gas chemistry [90] and electron beam
(e-beam) lithography can be realized in the same instrument. An example presented
in this section shows a device fabricated by integration of e-beam lithography, FIB
lithography, and e-beam induced gas deposition with alignment techniques.

Germanium antimony lateral nanowire phase change memory [119]: My
contributions to this paper consist of developing a complex fabrication process involving
FIB lithography plus e-beam lithography and partially characterizing the Ge-Sb lateral
type phase change memory device.

The phase change technology behind the current rewritable optical disks and the lat-
est generation of electronic memories has provided clear commercial and technological
advances for the field of data storage; by virtue of the many key attributes chalcogenide
materials offer [120]. In this work, germanium antimony (Ge-Sb) lateral nanowire phase
change memory devices have been fabricated from thin films deposited by chemical vapor
deposition (CVD). The fabricated devices have been characterized electrically demon-
strating reversible phase change, while a lowering in power consumption in these memory
cells is observed with scaling of the geometry of the nanowire cells. The results are inves-

tigated by electrothermal modeling to understand the temperature of the devices during
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operation. These prototype CVD-grown Ge-Sb lateral nanowire devices show promise
for applications such as phase-change memory and optical, electronic, and plasmonic
switching.

The main target here is to make a nanowire type of phase change electronic device.
For electrical measurement, one needs large area electrodes connected to the nanowire
and external instruments; however, FIB milling is only good for fast prototyping in small
areas. Therefore, we combine the FIB process for nanowire fabrication and interconnec-
tion between large electrodes and nanowire, and EBL plus metallization for large area
electrodes. The fabrication process for Ge-Sb nanowire devices consists of five steps as
shown in Fig. m Firstly, the Ge-Sb(Gej5Sbgs) thin films with thickness of 100 nm
were prepared on SiO9/Si substrates by the CVD technique as shown schematically in
step A. Secondly, the Ti-W electrical contact pads with dimensions of about 45um x 65
pum x 50nm were fabricated in combination of standard e-beam lithography and sput-
tering (using a Kurt J Lesker Nano38 RF Sputterer) in step B. Thirdly, the electrical
isolation and Ge-Sb nanowires were milled by FIB in step C. Then, the Pt electrical
contacts between Ti-W electrical contact pads and Ge-Sb nanowire were defined by elec-
tron beam induced deposition using the gas injection in the dual beam system in step
D. Finally, the structure was covered by a protection layer of SigN4 with thickness of
80 nm using standard e-beam lithography in combination with sputtering deposition in

step E.



38 2. Nanofabrication Technology for Photonic Metamaterials

Step B: Define Ti-W contact electrode pads

Step A: CVD Grown GeSb thin film E !

Si;N, Capping Layer / |i'_
v
’ Pt electrode | Pt electrode

’LL

Ge-Sb nanpwire :
100nm (W) x 150nm,(L) x 100nm (D) Step C: FIB milling

Step D: Define Pt electrodes
Step E: Define Si;N, capping layer

Figure 2.23: Ge-Sb nanowire device fabrication process utilizing a top down
approach. The phase change film is deposited by CVD, contact pads defined by e-
beam lithography and deposited via RF sputtering. Pt electrodes were deposited by
e-beam assisted deposition while the nanowire is defined by focused ion beam (FIB)
milling. The final capping layer is defined by e-beam lithography and deposited via RF

sputtering [119].



Temperature Controlled Reconfigurable Photonic

Metamaterials

3.1 Introduction

The work presented here is the result of a collaboration between the Optoelectronics
Research Centre and the School of Engineering Sciences at University of Southampton.
I have designed and fabricated the metamaterials and I have carried out the experiments.
Furthermore, I have been involved in the interpretation of experimental results. Most

of the following work has also been published as [46].

Temperature-controlled reconfigurable photonic metamaterials (RPMs) operating at
visible and near-infrared frequencies require the development of components and actu-
ators 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 achieving large-range continuous reversible tuning of metamate-
rial properties in the optical part of the spectrum. By placing metamaterial resonators
(meta-molecules) on a thermally reconfigurable bi-material scaffold we control inter-
metamolecular coupling leading to a profound reversible change of the metamaterial’s

transmission of up to 50%.

39



40 3. Temperature Controlled Reconfigurable Photonic Metamaterials

3.2 Towards Temperature Controlled Reconfigurable Pho-

tonic Metamaterials

3.2.1 Temperature Control of Bimaterial NEMS Cantilevers

A recent study on classifying MEMS/NEMS actuators into families based on their ac-
tuation principle and their performance provides a basis by which to identify areas of
overall improvement in actuator design [121]. Electrothermal actuators in general, are
particularly promising for delivering large displacements (1-100um) and/or high forces
(10-100uN). Thermal bimaterial actuators made by simple MEMS fabrication processes
provide an easy means to obtain out-of-plane actuation which is otherwise difficult to
achieve. Their actuation typically utilizes resistance heating of the actuator elements
resulting in differential thermal expansion.

Several bimaterial electrothermal actuators have been studied: a diamond-like car-
bon/Ni microcage, a polymeric microgripper made of SU8 integrated with Ti/Pt and
gold polyimide on silicon wafers have been suggested as biocompatible actuators for
handling living cells in certain biomedical and biological applications [122]. Thermally
actuated probe arrays made of gold on silicon nitride were used for nanolithography
applications [123]. In all these applications, it is clear that the choice of materials has
been largely driven by what was available to the designers rather than what should be
considered for an optimal performance.

In metallic systems, the conduction electron charge density and the corresponding
electromagnetic field can undergo plasmon oscillations. Because of the nature of the op-
tical constants for noble metals such as gold and silver, the charge oscillations can prop-
agate along the surface (rather than vanish evanescently) at optical frequencies. These
surface plasmons can be excited by incident light in a process that depends on the dielec-
tric constant of the material at the metal’s surface [124]. In particles of dimensions on
the order of the plasmon resonance wavelength, such as the meta-molecules of photonic
metamaterials, this surface plasmon dominates the electromagnetic response. Therefore,
we chose gold as a chemically inert good plasmonic metal with a relatively large thermal
expansion coefficient (14.4 x 1076/K) as one layer for our bimaterial cantilever-based
NEMS metamaterials. As the second bimaterial layer we chose silicon nitride(Si3/Ny)
which is a dielectric with low thermal expansion coefficient (2.8 x 107%/K), which is

avaliable in thin membranes.
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The maximum free end slope of a bimaterial cantilever follows the relation [125]:

3

925

(Aa)%AT (3.1)

where A« is the difference between the thermal expansion coefficients of the materials, L
is the length of the bimaterial cantilever, t is the thickness of the cantilever and AT is a
given temperature change. The maximum free end slope 6 is a achieved for the optimum
layer thickness ratio, which depends on the Young’s modulus ratio (stiffness ratio) of
the used cantilevers [125]. The optimum thickness ratio is satisfied by, for example, 37
nm gold on a 20 nm Si3/Ny membrane. For example, a free end slope of 0.1 rad (6°) can
be achieved with an aspect ratio of L/t = 65 and a temperature change (AT) of 200K
(for optimum layer thicknesses of Sig/N4 and Au). For the above thickness parameters,
this corresponds to a cantilever length of 1.9um. Reconfigurable elements fitting into
meta-molecules for the visible/near infrared would have to be extremely thin and would
be extremely difficult to achieve. Therefore we will focus on bimaterial structures sup-
porting long strips of meta-molecules. This allows reconfigurable metamaterials for the
visible/near infrared by removing the need for moving parts on the size scale of the unit
cell, thus allowing substantial movement based on bimaterial structures of realistic total

thickness on the order of 100 nm.

3.2.2 Reconfigurable Asymmetric Split Ring Resonators

Reconfigurable metamaterial structures have been pioneered in the GHz [44] and THz
[16] spectral ranges. In the early work illustrated by section Fig. (b) rapid
thermal annealing has been used to lock split ring resonators in fixed tilted positions [16].
The same idea is applied to photonic metamaterials in this section.

Here, a first NEMS metamaterial test structure is discussed, which is based on asym-
metric split rings (ASRs) and bimaterial NEMS cantilevers discussed in the previous
section. The meta-molecules are asymmetric split rings with 900nm period and a 587nm
X 437nm mechanical moving part based on a bimaterial cantilever consisting of a 37nm
gold on 20nm S'i3/Ny4 bilayer, as discussed in section see Fig. 3.1} The gold layer was
formed by e-beam evaporation on a 20nm S%3/N4 membrane and the structure was milled
by FIB. After fabrication, the mechanical moving part naturally bent about -5° towards
the SizN4 side due to thermal expansion at room temperature. After 1 minute of 350

°C rapid thermal annealing (RTA) treatment, the moving part bent to 0° parallel to the
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Figure 3.1: Concept of reconfigurable asymmetric split rings. SEM images and
illustrations showing the meta-molecules (a) before and (b) after RTA.

metamaterial plane as the stress of the bimaterial was released by the RTA treatment.
Fig. measured by a microspectrophotometer (CRAIC Technologies) shows the differ-
ence between the structure before and after RTA. In detail, RTA treatment changes the
wavelengths of the transmission maximum and reflection minimum near 1500nm by 47.7
nm and 24.4 nm respectively. Moreover, RTA changes the transmission and reflection
intensity by 77.6 % and 4.35 % at the wavelength of 1538nm and the transmission differ-
ence (AT /T) that resulted from RTA reaches more than 100 % as shown in Fig. (b).
RTA can introduce dramatic changes of the photonic metamaterial’s optical properties
by two factors: (i) RTA improves the quality factor of metamaterial resonances by gain
size rearrangement of crystalline gold, see discussion in section (ii) RTA changes
the physical angle of moving part of meta-molecules, see Fig. Nevertheless RTA can
only lock the moving part of the meta-molecules in a certain position and continuous
tuning cannot to be realized by RTA technique. In order to understand the possibili-
ties of continuous tuning in this structure, temperature-dependent measurements were

carried out.

The reconfigurable asymmetric split rings’ temperature-dependent transmission spec-

trum, which is shown in Fig. was measured using a microspectrophotometer (CRAIC
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Figure 3.2: Optical properties of reconfigurable split rings for waves polarized
perpendicular to the straight slit of ASR. (a) Transmission and reflection spectra of
reconfigurable asymmetric split rings before and after RTA. (b) Transmission spectra
before and after RTA and the relative transmission change.
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Figure 3.3: Experimental setup for measuring temperature dependent optical
spectra. Microspectrophotometer equipped with a cryostatic sample stage.

Technologies) equipped with a cryostatic sample stage, see Fig. In detail, the
maximum transmission values vary from 22.3 % to 26.4 % depending on the ambient
temperature of the sample, however, there is no clear tendency between transmission
changes and differences of ambient temperature. Also, the wavelengths of the maximum
transmission (peak positions) are fixed at 1531 nm. Based on these observations in Fig.
[3:4] we conclude that the angle change of the moving part of the meta-molecules could
be very small, with associated changes of the metamaterial’s optical properties below
the noise level of the spectrometer. The temperature dependent angle change of the
moving part of the meta-molecules can be estimated by equation In this case, a free
end slope of only 0.036 rad (2.06°) can be achieved with the aspect ratio of L/t = 10.3
(length of moving part is 58 7nm) and a temperature change (AT) of 200 K (for optimum
layer thicknesses of 20 nm SigN4 and 37 nm of Au). The control experiment (RTA for
metamaterial with no moving part) indicates that the RTA process mainly improves the

quality of plasmonic metal films in reconfigurable metamaterial with short moving parts.

In order to obtain a larger free end slope, for example 0.1 rad (6°), with a tem-

perature difference of 200 K and the above thickness parameters, a cantilever length of
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Figure 3.4: Temperature dependent optical characteristics of reconfigurable
asymmetric split rings. (a) Transmission spectra of reconfigurable asymmetric split
rings measured at various temperatures from 295 K to 83 K. (b) Temperature dependent
maximum transmission and variation of maximum transmission peak positions.
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Figure 3.5: Examples of cantilever type thermally reconfigurable photonic
metamaterial. (a) Meta-molecules supported by reconfigurable cantilevers and non-
reconfigurable bridges. (b) A meta-molecule with longer cantilever. Images are taken
from the silicon nitride side with a viewing angle of 52° from the normal.

1.9um would be required. Reconfigurable elements fitting into meta-molecules for the
visible/near infrared would have to be extremely thin and would be extremely difficult
to achieve. Therefore, one can either increase the length of the moving cantilever within
a meta-molecule or place meta-molecules on top of long support cantilevers in order to
obtain larger angle differences upon ambient temperature changes, shown in Fig. [3.5
However, useful reconfigurable elements fitting into meta-molecules for the visible/near

infrared would have to be extremely thin and would be extremely difficult to achieve.

3.2.3 Cantilever Type Reconfigurable Metamaterials

RPMs offer an opportunity to achieve precise control of metamaterial properties through
mechanical deformation of nanoscale metamaterial structures. The difficulty of achiev-
ing a large deformation within an individual meta-molecule has been circumvented by
placing nanoscale metamaterial resonators on 10s of micrometer long bimaterial can-
tilevers, which bend upon temperature changes. By alternating double-connected and
single-connected cantilevers, we create locally periodic structures in which the distance
(and thus coupling) between neighboring resonator strips is controlled by temperature.
The cantilever-bending results from the different thermal expansion coefficients of the
gold plasmonic resonators and the supporting silicon nitride membrane.

Fig. illustrates this concept for the simplest case of simple rectangular plasmonic

resonators cut by focused ion beam milling from a 50nm gold layer covering a 100nm
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Figure 3.6: Cantilever type locally periodic reconfigurable metamaterial
with dipole resonators. (a) Concept of thermally controlled cantilever type re-
configurable metamaterial. (b) SEM micrograph of the metamaterial consisting of
500nmx450nmx50nm gold dipole resonators fabricated by focused ion beam milling
on a 100nm thick silicon nitride membrane.
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Figure 3.7: Y-polarized transmission spectra as a function of temperature
acquired close to the disconnected end of the cantilevers. The inset shows the
locally periodic Sumx5um measurement area.
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thick silicon nitride membrane. The structure is periodic in the y-direction and locally
periodic in the x-direction on length scales up to about 5pm. Fig. illustrates for
a measurement area close to the disconnected ends of the 50pm long cantilevers how
dramatically the metamaterial properties depend on temperature. At a temperature of
250K two transmission resonances at 1100nm and 1220nm and a pass band in between
can be clearly identified. As the temperature is decreased to 70K the disconnected
end of the cantilevers bends towards the metamaterial membrane and the pass band
vanishes almost completely, here the relative transmission change is -50%. The pass
band recovers when the temperature is increased back to 250K, indicating reversible
tuning. However, there is no clear spectrum shift resulting from temperature turning. A
possible explanation is that the distance between resonators on supporting bridges and
cantilevers is too far to introduce coupling effects between them, and the transmission
difference results from either change of the length in a cavity between resonators or
redirection of the light into another direction through structure bending.

Cantilever type RPMs give a chance to control tunability of metamaterials by tem-
perature, however such long free end cantilevers are not very stable upon thermal cycles,
see Fig. [3.8] Therefore we design more stable and more homogeneous supporting struc-
tures with two fixed ends for the temperature controlled RPMs which will be presented
in the next section.
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Figure 3.8: Cantilever type reconfigurable metamaterial after few thermal
cycles.
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3.3 Temperature Controlled Reconfigurable Photonic Meta-

materials
3.3.1 Basic concept
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Figure 3.9: Concept of thermally controlled metamaterial. (a) Thermally tun-
able metamaterial support structure consisting of alternating reconfigurable and non-
reconfigurable bi-material bridges. (b) Bi-layered support beams consisting of materials
with large (orange, e.g. gold) and small (blue, e.g. silicon nitride) thermal expansion
coefficients will bend in response to temperature changes, while bending is inhibited for
a symmetric layer sequence.

The basic approach is illustrated by Fig. [3.9(a). 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 non-reconfigurable support structures.
This approach has two key advantages: (i) As it 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 Fig. [3.9(b), thermally reconfigurable support structures can be
fabricated from a bi-layer consisting of two materials with different thermal expansion
coeflicients, for example a plasmonic metal and a dielectric. Bending of the bi-material

structure will be caused by differential thermal expansion of the constituent materials.
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On the other hand, non-reconfigurable 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.

3.3.2 Structure Description and Fabrication

Here we illustrate this concept for the reconfigurable photonic metamaterial shown in
Fig. It consists of nanoscale “C”-shaped aperture plasmonic resonators (split
rings) supported by alternating thermally reconfigurable and non-reconfigurable bridges.
Due to the patterned and unpatterned gold layers on their front and back, the “non-
reconfigurable” support structures will bend slightly in the opposite direction to the
“reconfigurable” support structures in response to changes of the ambient temperature.
The entire structure was fabricated by focussed 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 non-reconfigurable support structures,
the gold underlayer was removed from every second 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 um long and 390 nm wide bridges
separated by 110 nm gaps. A more detailed description of the fabrication process is
presented in section and illustrated by Fig.

Due to the large thermal expansion coefficient of gold (14.4 x 1076 /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 upwards (downwards) upon heating (cooling) [125], see the
lowered bridges in Fig. [3.10] 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 towards
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.

3.3.3 Experimental results

The metamaterial’s temperature-dependent transmission spectrum, which is shown in
3.11|(a), was measured using a microspectrophotometer (CRAIC Technologies) equipped
with a cryostatic sample stage, see Fig. It reveals that the structure has resonant
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Figure 3.10: Thermally controlled reconfigurable photonic metamaterial. (a)
Schematic with dimensions. (b) Scanning electron micrograph taken at room tempera-
ture.

transmission minima in the near infrared at about 1140, 1400 and 1670 nm. The reso-
nant 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 of the nanostructure

drives a dramatic change of its optical properties.
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Figure 3.11: Temperature dependence of the reconfigurable metamaterial’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 76K.

Fig. (b) shows the change of the reconfigurable metamaterial’s transmission char-
acteristics relative to a reference temperature of 76K. As the metamaterial is heated to
270K, we observe dramatic 37%, 38% and 51% relative increases of its transmission
near its resonant transmission minima at 1180, 1435 and 1735 nm, respectively. 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
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ambient temperature increase. Importantly, as the structure is cooled back to its initial
temperature of 76K these changes of its transmission spectrum are reversed, indicating
that the reconfigurable metamaterial returned to its initial state.

For practical applications, it may be important to achieve large-range tuning of meta-
material properties with much smaller temperature 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 reconfigurable bi-material
beams is proportional to AT AaL/t, where AT and A« are the temperature and thermal
expansion coefficient differences and L/t is the length/thickness aspect ratio of the sup-
port structures, see also section [3.2.1] 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 ther-
mal expansion coefficient of only 0.4 x 107¢/K [125]. Furthermore, intermetamolecular
coupling could be enhanced 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.

3.4 Electro-Thermal Control

Indeed, reconfigurable photonic metamaterials provide a flexible platform for the realiza-
tion 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. Although the control of metamaterial
properties by ambient temperature may be suitable for some application such as sensors,
it is impractical in most applications.

In this section we will focus on electrothermal control, where the resonator spacing is
controlled via thermal expansion of the supporting structure resulting from Joule heating
by an applied electrical current. The concept is illustrated by Fig. Here, we use
“meander”-shaped and “wire” plasmonic resonators as an example, however, it is possible
to replace “meander” and “wire” plasmonic resonators with any other kind of plasmonic
resonators for which tunability is needed. The supporting structure spacing is controlled

via thermal expansion resulting from Joule heating by an applied electrical current.
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Figure 3.12: The concept of electrothermally controlled RPMs. The supporting
structure spacing is controlled via thermal expansion resulting from Joule heating by an
applied electrical current. When electrical current is applied to alternating supporting
beams, the supporting bimaterial beams lift because of local heating induced bending.
The temperature difference between current-carrying supporting beams and isolated
supporting beams controls the distance of neighboring supporting beams.

When electrical current is applied to “wire” beams, the supporting bimaterial beams lift
because of local heating induced bending. The temperature difference between current-
carrying supporting beams (wire) and isolated supporting beams (meander) controls the

distance of neighboring supporting beams.

An example of an electrothermally controlled reconfigurable photonic metamaterial is

shown in Fig. It consists of 35 pm long silicon nitride bridges alternatingly covered

¢

with nanoscale “meander”-shaped plasmonic resonators and straight wires. The entire

Figure 3.13: Realization of an electrothermally controlled RPM. Scanning elec-
tron micrograph with insets showing the electrical connections at the ends of the support
structures.
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structure was fabricated by focussed ion beam milling from a 50 nm thick silicon nitride
membrane covered by a 50 nm thick thermally evaporated gold layer. The bridges are
separated by 125 nm gaps for electrical isolation and every second bridge is connected

to both electrical contacts for electrothermal control of the device.
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Figure 3.14: Electrical current dependence of the electrothermally reconfig-
urable metamaterial’s transmission characteristics for waves polarized perpen-
dicular to the supporting beams. (a) Transmission spectra measured at different elec-
trical currents. (b) Relative change of the metamaterial transmission normalized to a
reference current of 0 mA.

Preliminary results are presented by Fig. and discussed in this paragraph. A
current applied to the metamaterial device raises the local temperature of the electrically
connected “wire-bridges” relative to the electrically disconnected “meander” bridges.
When the electrical current is increased, the local temperature of the gold wires increases
resulting a transmission increase around the wavelength of 1600 nm as shown in Fig.
(a). Fig.[3.14{(b) shows the change of the electrothermally reconfigurable metamaterial’s
transmission characteristics relative to the reference case of 0 mA applied current. As
the applied current is increased to 9 mA, we observe a substantial 14% relative increase
of the metamaterial’s transmission near its resonant transmission minimum at 1600 nm.
This large relative increase in transmission is due to a red-shift of the metamaterial
spectrum combined with an overall transmission increase as the plasmonic resonators
are moved further apart by differential thermal expansion driven by the electrical current

induced local temperature increase. The heated gold wires move up relative to the nearby
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meander bridges due to their higher temperature and more complete gold coverage (gold
expands more than silicon nitride). Importantly, as the applied current is reduced back to
0 mA these changes of the metamaterial’s transmission spectrum are reversed, indicating

that the electrothermal reconfigurable metamaterial returned to its initial state.

3.5 Conclusion

In conclusion, using bi-material layers one can construct a planar metamaterial which is
reconfigurable via the ambient temperature or electric heating due to differential thermal
expansion. One could manufacture rows of resonators on alternating metal-on-dielectric
and dielectric-on-metal support structures, which would bend in opposite directions in
response to temperature changes, thus driving a change of the nanostructure’s physical
configuration and optical properties. Specifically we have realized a thermally controlled
reconfigurable photonic metamaterial exhibiting reversible relative changes in transmis-

sion of up to 50 %.



Electrostatically Controlled Reconfigurable Photonic

Metamaterials

4.1 Introduction

In this chapter, I have designed and manufactured the electrostatically controlled meta-
materials and carried out the experiments. Furthermore, I have been involved in the

interpretation of experimental results. Most of the work has also been published as [126].

Tuning, switching and modulating metamaterial properties in the visible and near-
infrared range remain major technological challenges: the existing microelectromechan-
ical solutions for the sub-THz [41] and THz [17H19] regimes cannot be shrunk by 2-3
orders of magnitude to enter the optical spectral range. By using the temperature-
controlled reconfigurable metamaterial reported in chapter 3, one can easily access the
optical range. However, temperature control is inherently slow as it is limited by the
device cooling time scale. Detailed calculations based on the law of heat conduction and
literature values for the thermal properties of 50 nm thick films of gold [127] and silicon
nitride [128] predict conductive cooling timescales on the order of 20-30 s, implying

that thermal modulation processes become inefficient at 10s of kHz.

Here we develop a new type of metamaterial operating in the optical part of the
spectrum which is 3-4 orders of magnitude faster than previously reported electrically
reconfigurable metamaterials [17-19]. Moreover, the operation speed is not limited by
the thermal time scale of the nanostructures reported in chapter |3l The metamaterial
is actuated by electrostatic forces arising from the application of only a few volts to
its nanoscale building blocks, the plasmonic meta-molecules, which are supported by

pairs of parallel strings cut from a nanoscale thickness flexible silicon nitride membrane.

o7
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These strings of picogram mass can be synchronously driven to megahertz frequen-
cies to electromechanically reconfigure the meta-molecules and dramatically change the
metamaterial’s transmission and reflection spectra. The metamaterial’s colossal electro-
optical response allows for both fast continuous tuning of its optical properties (up to
8% optical signal modulation at up to megahertz rates) and high-contrast irreversible
switching in a device of only 100 nm thickness without the need for external polarizers
and analyzers.

Engineering fast, dynamically reconfigurable metamaterials for the optical spectral
range with meta-molecular features on the scale of tens of nanometers is a formidable
technological challenge, however, working on the nanoscale also has some important ad-
vantages as the electrostatic force, which is inversely proportional to distance, becomes
dominant, allowing potential differences of only a few volts to overcome the elastic re-
sponse of suitable nanostructures. Moreover, inertial and elastic forces scale differently
with size, driving mechanical frequencies of microscale reconfigurable elements to mega-
hertz values. Existing electrically reconfigurable THz metamaterials, however, where
external comb-drive actuators drive the mass of the entire metamaterial [17-19], would
not allow high-frequency operation even if they could be scaled to the optical spectral
range. Similarly, approaches based on deformation of elastomeric substrates [53] lead to
low resonance frequencies as they require macroscopic displacement of a comparatively

high mass of low stiffness material.

4.2 Towards Electrostatically Controlled Reconfigurable Pho-

tonic Metamaterials

4.2.1 Electrostatic Control of NEMS Actuation

Elastic nanostructures can also be moved by electrostatic forces between electrically
charged objects. At the nanoscale, a small voltage of e.g. 1 V applied across a narrow
gap of e.g. 100 nm leads to exceptionally large electric fields on the order of 10 MV /m and
thus significant electrostatic forces acting on small charged objects. The electrostatically
actuated tuning and switching characteristics can be easily understood theoretically. For
a simple estimate in the electrostatic (low frequency) limit we may consider the equilib-
rium of elastic restoring force and electrostatic attraction between two elastic support

structures separated by a gap g. The restoring force is F,. = k(go — g)/2, where g is the
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Figure 4.1: Electrostatically actuated bridge beam. Bridge displacement D (nor-
malized by half of the initial gap size go/2) as a function of the voltage applied to a pair
of parallel bridge beams.

initial gap size and k = 32Ftw?3 /L3 [129] is the spring constant for lateral displacement
of a bridge beam that is connected on both ends, with Young’s modulus £ and bridge
thickness t, width w and length L. It can be shown from Gauss law that the electrostatic
force between two parallel wires with charge Q is F. = Q%/(2meoL(g + w)) and their
gap-dependent capacitance (which determines Q) is C = Q/U = wegL/ cosh™ (14 g/w),
where U is the applied voltage |[130]. From F, = F, follows that

U = Up/D(1+W — D)cosh™ " =L, (4.1)

| 32Etw3 g2
Uy = A 4.2
0 7T€()L4 ) ( )

where D =1— g/go and W = w/gp are the relative displacement and relative width of
the support structure. Fig. illustrates the expected tuning and switching behavior
(stable and instable solutions D(U) for W = 1). For a small applied voltage, the elastic
beams will bend towards each other until the elastic restoring force of the bridge beams
is strong enough to balance the electrostatic attraction, leading to a regime of continuous
tuning of the gap size. However, as the electrostatic force tends towards infinity as the
gap size approaches zero, there is a threshold voltage, where the elastic restoring force
cannot balance the electrostatic force anymore. At this voltage, the gap between the

bridge beams will collapse, leading to a switching transition. In general (for any W),
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’ Applied Voltage, V \ Switching Time, ns
2 No switching, oscillation at 1MHz
2.24 1300
2.47 500
5 200

Table 4.1: Switching time with for several voltages applied to two beams with
initial separation of 125nm.

switching occurs approximately at Dy, ~ 0.5 and a threshold voltage of U, ~ Up.

For example, a bilayered structure consisting of gold on silicon nitride layers of equal
thickness can be described by an average Young’s modulus of about £ = 169 GPa
(Eging = 260 GPa and F 4, = 77 GPa [125]). Having the structure discussed in section
in mind, we may consider an initial gap size go = 125 nm, bridge thickness ¢ =
100 nm, length L = 35 pm and typical width of w = 375 nm. Using this, a typical
switching voltage of about Uy ~3V according to equation should be expected.

Switching Dynamics

The numerical analysis of switching dynamics of an electrostatic NEMS actuator is pre-
sented in this section. Here, we consider two parallel beams in response to an applied
voltage, and the total force Fio4q; in the system , which is the combination of the electro-
static force F, = Q*/(2meoL(g +w)) and the restoring force F,. = k(go — g)/2 described
in last section. We use the example given in the last section: two beams consisting of
gold and silicon nitride layers of equal thickness with an initial gap size go = 125 nm,
bridge thickness ¢ = 100 nm, length L = 35 pm and typical width of w = 375 nm.

For two identical beams in response to an applied voltage, the numerical solutions
of beam potential energy W as function of gap size g can be derived by solving dW =
—Fiotardg. The gap size as function of time can be derived by solving the equation of

motion from Fjtq = ma, where m is the bridge mass and a is acceleration, see Fig. [4.2]

While we solve these equations numerically, we take few factor into account which are
the linear elastic restoring force based on beam theory, the electrostatic force between
two parallel wires, and the capacitance of two parallel wires (which affects the charge
@ and therefore also the force). For simplifications, curvature of beams is ignored in
calculation of electrostatic force/capacitance, each beam’s gold layer is assumed to be

continuous, and all beams are assumed to have the same width of 375 nm. The resulting
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Figure 4.2: Dynamics of electrostatically driven beams. (a), (c), and (e) show
the numerical solutions of beam potential energy as function of gap size in response to
applied voltages of 2V, 2.24V, and 2.47V. (b), (d), and (f) illustrate the gap size as
function of time for instantaneous application of voltages of 2V, 2.24V, and 2.47V at
time ¢ = 0.
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switching time for several voltages applied to the pair of beams with initial gap size of
125 nm is presented in Table There are three characteristic cases when voltage is
applied to two elastic beams. Firstly, when the applied voltage is less than 2.2 V', the
applied potential energy of the beams is not enough to overcome the potential barrier
resulting from the restoring force and the the beams oscillate around an equilibrium
separation, see Fig. (a) and (b). In the case of 2V applied voltage, the beams
oscillate around a separation of 107nm, and the oscillation frequency is about 1MHz, see
Table The second case is that the beam potential energy for a gap of 125nm (initial
separation) is the same as the potential barrier, therefore the beams slow down as they
overcome the potential barrier. Fig. [4.2] (¢) and (d) illustrate a situation that is close
to this case with an applied voltage of 2.24 V' and the a switching time of two beams
as slow as 1300 ns. In principle, switching could become arbitrarily slow for a precisely
adjusted applied voltage. Finally, for voltage above 2.47 V, there is no potential barrier
during the switching process. As a result, the switching time is only a few 100s of ns
depending on the applied voltage, see Table and Fig. (e) and (f).

In summary, the switching time depends on the applied voltage magnitude and it will
also depend on the speed of voltage application. Instantaneous application of the static
switching voltage (2.47V) will lead to switching in about 500 ns, and the instantaneous
switching voltage (2.24 V') is about 10% lower than the static switching voltage (2.47V).
Also we can estimate the energy required to charge a bridge pair to the switching point
as about 6 fJ. Therefore, the device of section 4.3, which consists of 12 bridge pairs,
can be switched with <100 fJ.

4.2.2 Concept, Simulations and First Attempt Device

Here we demonstrate that electrostatically controlled reconfigurable photonic metama-
terials provide a flexible platform for tuning and switching of metamaterial properties
at optical frequencies. We illustrate this concept with a high-contrast metamaterial
electro-optic switch operating in the telecommunications band from 1.3-1.7 pm.

The properties of almost any metamaterial system strongly depend on coupling be-
tween metamaterial resonators. Therefore tuning and switching of metamaterial prop-
erties will be achieved if the distance between the metamaterial resonators can be con-
trolled. This may be achieved by placing the meta-molecules on reconfigurable support
structures. Compared to existing MEMS metamaterials for the far-infrared, this ap-

proach has two key advantages: (i) Being independent of the specific meta-molecule
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Figure 4.3: The concept of electrostatically controlled RPMs. The spacing of
the supporting structure is controlled via attractive and repulsive electrostatic forces
resulting from an applied voltage. When electrical potrntials applied to neighboring
supporting beams are + and -, the neighboring supporting beams are attracted to each
other. On the other hand, when electrical potentials applied to neighboring supporting
beams are - - or ++, the neighbors repel each other.

design it is applicable to a huge range of metamaterial patterns. (ii) There is no need
for reconfigurable elements on the size scale of the meta-molecules, which would be

extremely challenging to achieve for optical frequencies.

Reconfigurable support structures may be realized in the form of support beams with
controllable spacing. Here we will focus on electrostatic control, where the beam spacing
is controlled via attractive and repulsive electrostatic forces resulting from an applied

voltage as shown by Fig.

Simulation results for an electrically controlled reconfigurable photonic metamaterial
are shown by Fig. It consists of silicon nitride bridges of 50 nm thickness alternat-
ingly covered with nanoscale “meander”-shaped plasmonic resonators and continuous
gold wires of 50 nm thickness. In the model, the bridges were initially separated by 125
nm (separation of gold edges). The transmission and reflection optical spectra were sim-
ulated by COMSOL with incident light polarized parallel to the bridges (z-polarization),
shown in Fig. [4.4(a) and (b). The simulation results show that when the distance be-
tween “meander”-shaped plasmonic resonators and continuous gold wires decreases from
125 nm to 35 nm, the interaction between “meander”-shaped plasmonic resonators and
continuous gold wires becomes stronger as shown in Fig. c) and a dramatic red shift
of the spectrum can be observed, see Fig. [£.4(a) and (b). The inset of Fig. [1.4a) shows
characteristic modes of excitation, where the charge distribution is labeled as “+” and
“—7". The incident light polarized in z-direction can easily excite the electric quadrupole
resonance of the “meander” resonator, which corresponds to the transmission minimum

and reflection maximum around 1300 nm. In principle, the “wire” resonators can sup-
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Figure 4.4: Simulation results for an electrostatically controlled RPM. (a)
Transmission and (b) reflection optical spectra indicate a dramatic red shift with de-
creasing distance between “meander”-shaped plasmonic resonators and continuous gold
wires. (c¢) The z-component of the electric field distribution at wavelength of 1170nm
shows that the interaction increases as the distance between “meander”-shaped plas-
monic resonators and continuous gold wires decreases. Gap sizes of 125 nm, 80 nm and
35 nm are shown.
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port charge oscillations in the y-direction, however, these cannot be excited directly by
x-polarized light and thus the excitation of this dark mode (forbidden mode) depends on
coupling to the “meander” resonators. When both resonators move towards each other
with z-polarized light illumination, the dark mode of the “wire” is excited by the electric
quadrupole mode of “meander” resonator and hybridizes into a coupled mode, which is
shown by Fig. |4.4 (c) and corresponds to the transmission peak and reflection minimum
that emerge around 1170 nm wavelength for small gap sizes. As the coupling becomes
stronger with decreasing gap size, the coupled resonance becomes more pronounced and
shifts to lower energy. A similar red shift is also seen for the quadrupole resonance (re-
flection maximum around 1300 nm) and associated spectral features. In general, as the
gap size decreases, increasing bridge coupling results in increasing displacement sensitiv-
ity of the nanostructure’s optical properties. This effect will be confirm experimentally

in section 4.3.2)

A first attempt device of electrically controlled reconfigurable photonic metamaterial
was manufactured and is shown by Fig. It consists of 35 um long silicon nitride
bridges alternatingly covered with nanoscale “meander”-shaped plasmonic resonators
and continuous gold wires. The entire structure was fabricated by focused ion beam
milling from a 50 nm thick silicon nitride membrane covered by a 50 nm thick ther-
mally evaporated gold layer. The bridges were separated by 125 nm gaps for electrical
isolation and pairs of bridges were alternatingly connected to two electrical contacts for

electrostatic control of the device.

A voltage applied to the metamaterial device leads to alternating attractive and
repulsive electrostatic forces between “meander” and “wire”-bridges. At small voltages
the electrostatic forces are in equilibrium with the restoring force of the elastic bridges,
leading to only small displacements. However, as the restoring force is proportional to
the bridge displacement, while the electrostatic forces are inversely proportional to the
bridge separation, there is the threshold voltage where the electrostatic force overcomes
the restoring force, see section [£.2.1] At the threshold voltage Uy, =5.7 V the structure
switches into a brige-pair configuration, compare Figs. (a) and (b), showing the “off”
and “on”-states respectively.

Switching of the metamaterial state leads to dramatic changes of its optical prop-
erties. Fig. 4.7| (b) shows the metamaterial’s reflection characteristics relative to the

“off”-state. Switching the metamaterial to its “on”-state by applying a voltage above
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Figure 4.5: SEM images of a first attempt device of electrically controlled
reconfigurable photonic metamaterial.

Figure 4.6: Metamaterial electro-optic switch. (a) “Off” state and dimensions. (b)
“On” state. The scale bar is 500 nm long.



4.2. Towards Electrostatically Controlled Reconfigurable Photonic Metamaterials

67

—_—~
QD
S

Reflection, %

(b)

AR/R off ,%

T T T T T T T T T T
O ff State
60| e (On State
50 F
40 |
30
1000 1200 1400 1600 1800 2000
Wavelength, nm
80 — T T T T
: = Off State
L Y e (On State
60 |
40 |
20 - ¥
\
+ /
0 ;745
W

1000 1200 1400 1600 1800 2000

Wavelength,nm

Figure 4.7: Optical characteristics of electrostatically reconfigurable metama-
terial switching between “on” and “off” states. (a) Reflection spectrum of “on”
and “off” states of the metamaterial electro-optic switch. (b) Contrast between “on”
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Uy, increases its reflectivity by 72% in the telecommunications band around 1.5 pm.
This remarkably large change in reflectivity is linked to a resonant mode of the coupled
system of meander structure and straight wires. The resonant properties of this system
strongly depend on coupling between neighboring bridges and switching the metamate-
rial to its “on”-state red-shifts the resonance by about 15% as the plasmonic structures
are moved together by electrostatic forces.

Specifically, in this section a metamaterial electro-optic switch providing large con-
trast (up to 72%) between its reflective “off” an “on”-states in the telecommunications
band around 1.5 ym has been demonstrated. However, the bridges ends are too stiff to
move freely, as a consequence, the threshold voltage is high and the modulation depth
is low in this structure. In order to address these issues, the bridge ends have been

modified to increase flexibility, see section
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4.3 Electrostatically Controlled Reconfigurable Photonic

Metamaterials

4.3.1 Concept and Device Fabrication

The new electro-optical photonic metamaterial, which is presented in Fig. is a con-
tinuous plasmonic metallic “meander near the wire” pattern manufactured on a grid
of flexible dielectric strings with picogram mass and megahertz mechanical resonances.
On application of a few volts to neighboring strings (“wire” and “meander” conducting
patterns) an attractive electrostatic force of a few nanonewtons moves the strings in
the metamaterial plane, thus closing the gap between them. This strongly affects the
“meander” pattern’s resonant optical response, which is linked to the excitation of a
plasmonic mode [131H133], allowing reversible transmission and reflection modulation

with megahertz bandwidth as well as non-volatile switching of the metamaterial.

The nanostructure was manufactured by focussed ion beam milling on a 50 nm thick
silicon nitride membrane that provides a stable and flexible base for the plasmonic pat-
tern consisting of alternating 50 nm thick gold straight and meander wires. These were
placed on 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 alternatingly con-
nected to two electrical terminals on opposite sides of the device. To increase flexibility,
string ends were narrowed to about 200 nm as shown by the SEM image (Fig. )

The entire nanostructure is 12pm x 35um in size.

Reconfigurable photonic metamaterial fabrication: Starting with a commer-
cially available 50 nm thick low stress silicon nitride membrane, a 50 nm thick gold layer
for the plasmonic metamaterial and the contact electrodes was thermally evaporated
through a shadow mask. The gold-coated membrane was structured with a focussed
ion beam system (FEI Helios 600 NanoLab), where the contact electrodes were con-
nected to a source measurement unit (Keithley 2636) through a vacuum feedthrough for
in-situ electrical characterization. Using focussed ion beam milling, first the “meander
near the wire” pattern was milled, then the membrane was cut into suspended silicon
nitride strings with tapered ends and finally the electrical terminals at the string ends
were electrically separated by removing the gold film in selected areas. A more detailed

description of the fabrication process is presented in section [2.3.2]
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Figure 4.8: Electrically reconfigurable photonic metamaterial: (a) Scanning elec-
tron microscope image of the device; (b) Schematic of a section of the metamaterial
pattern and driving circuit; (c) Detail of a single meta-molecule; (d) Plasmonic field
distribution for the device’s “off” and “on” states (excitation wavelength 1.6 pm and
polarization FE); (e) Static electric field for 1 V applied voltage.

4.3.2 Device Characterization

Experimental characterization: All imaging of the nanostructure was conducted in
the focussed ion beam system, see Figs. and For the video recording of the
switching proces&ﬂ the source measurement unit was used to induce switching.

The reconfigurable metamaterial’s transmission and reflection spectra were recorded

"http://www.nature.com/nnano/journal /v8/n4/extref/nnano.2013.25-s1.mov
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using a microspectrophotometer (CRAIC Technologies) while applying various DC volt-

ages via the source measurement unit to tune the nanostructure’s mechanical configu-
ration, see Figs. and

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), see Fig. In all optical

experiments the incident electric field was polarized parallel to the strings.

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 1 V of applied control signal), see Fig. . In response pairs of strings bend to-
wards each other. While the restoring force grows linearly with string displacement, the
electrostatic attraction grows infinite as the gap approaches zero: at a critical voltage
the electrostatic attraction irreversibly overcomes the restoring force. For driving volt-
ages below this threshold, reversible modulation of metamaterial pattern and optical

properties is possible.

Exceeding the critical voltage results in step-like non-volatile switching and an abrupt
change of the structure’s optical properties. The critical voltage can be estimated from

the balance of electrostatic attraction between two strings and their elastic restoring

| 32Etw3g?
Up= | —— ~3V
0 7T€0L4

, as discussed in section [4.2.1] Here the average Young’s modulus of silicon nitride and

force as about

gold is £ = 169 GPa and the initial gap size gg = 125 nm. The string dimensions are
thickness ¢ = 100 nm, length L = 35 pm and average width w = 375 nm. Below we will

present both regimes of operation separately.

In the device reported here the critical voltage was measured to be about 3 V and
continuous electro-optic modulation is possible at lower driving signals. Fig. shows
the spectral dependence of the induced reversible changes of the metamaterial’s trans-
mission and reflection relative to a reference case where no voltage is applied. Here the
transmittance may be modulated by about 5% around wavelengths of 1.1 ym and 1.3 ym
and reflectance can be modulated up to 8% around 1.5 pm. Below the threshold voltage,

the bridge spacing will be larger than half of the initial gap size (compare Fig. and
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Figure 4.9: Reversible electro-optical tuning and modulation: Spectral depen-
dence of (a) transmission and (b) reflection changes induced by applying a static voltage
to the reconfigurable photonic metamaterial. (c) Repeatability of transmission changes
at wavelength of 1330nm.

in case of the modulation experiments shown here the estimated gap size reduction is
few 10s of nm. The observed transmission and reflection modulation is generally similar
to that expected from simulations for such displacements (compare Fig. [4.4]). It is noted

that the magnitude of the observed relative transmission modulation is smaller than
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Figure 4.10: MHz bandwidth electro-optical modulator: Modulator schematic,
frequency response function and equivalent electric circuit diagram.

predicted by simulations largely because of the very small reference transmission around
1200 nm wavelength of < 2% in simulations compared to about 6% in experiments (see

Fig. for experimental reference curves).

To understand the potential of electrostatically reconfigurable nanostructures for
high-frequency modulation of metamaterial optical properties we have estimated the
fundamental mechanical resonance frequency of the strings with rectangular cross-section

based on classical beam theory as (see detail in section [5.2.2)

f=9s\/ 2% ~ 1 MHz

where p = 11.4 g/cm? is the average density of gold and silicone nitride. This simplified
formula does not take into account the incomplete gold coverage and narrowing of string

ends.

Mechanical systems can be easily driven to frequencies up to their fundamental reso-
nance, although in reality the frequency response is complicated by the resonant proper-
ties of the feeding electrical network. Indeed, when measuring the frequency dependence
of optical modulation at the wavelength of 1.3 um, we saw a complex spectral response
with initial roll-off at about 0.5 MHz and then two resonance peaks at 1.3 MHz and

1.6 MHz, in a reasonable agreement with our estimates of the fundamental frequency f,

see Fig. [£.10]

By increasing the applied voltage beyond the structure’s threshold voltage we enter

the regime of step-like switching. Here switching occurs at U. = 3 V and the opti-
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Figure 4.11: High-contrast, non-volatile switch: SEM images of the metamaterial
in its (a) “off” and (b) “on” states. A white 500 nm scale bar is shown. (c¢) Transmission,
(d) reflection and (e) absorption spectra of the device in the “off” and “on” states (left
axis) and the corresponding switching contrast (right axis).

cal characteristics of the device’s “on” and “off” states are presented in Fig. In
the telecommunications band, the metamaterial’s transmission, reflection and absorp-
tion spectra red-shift by about 20% when the device switches, leading to dramatic 250%
transmission changes around 1.2 ym and 110% reflectivity changes around 1.6 um. Qual-

itatively similar switching behaviour is also predicted by numerical simulations, see Fig.



4.3. Electrostatically Controlled Reconfigurable Photonic Metamaterials 75

@ °© 1600
{1200
40}
2
S {eo0 7
- =
20}
{400 5
(b)
R
o
(c)
X
<

1000 1200 1400 1600 1800 2000
Wavelength, nm
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4.12] Simulated and experimental transmission and reflection spectra show the same
qualitative behaviour. It is noted that simulations predict a much larger switching con-
trast (Ton—Torf)/Tofs in transmission than experiments, as the minimum reference level
T,zr is almost zero in simulations. Overall, inhomogeneous broadening due to fabrica-
tion imperfections leads to smaller resonance quality factors in experiments compared

to simulations.

Such switching is irreversible as on withdrawal of the driving voltage the metama-
terial remains in its “on” configuration supported by the electrostatic force resulting
from residual charges accumulated in the edge of dielectric surfaces after the driving
field is withdrawn. (This “sticking” effect could be eliminated by resorting to modi-
fied designs, materials and chemical surface treatments [134].) The origin of the drastic
switching-induced change of the metamaterial’s optical properties can be understood
from Fig. [4.8(d), which shows the optical electric field distribution before and after
switching. For light polarized parallel to the wires, the metamaterial’s resonances are
mainly caused by the excitation of plasmonic standing waves along the meander pattern.
In the “off” state, interaction with the straight wires is relatively weak and the electro-
magnetic 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 nonlinear system the switching dynamics are complex and strongly depend on
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 about 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, see section

In order to evaluate the device’s power consumption we approximated it with the
equivalent circuit presented in Fig. The leak resistance of R* = 400 k{2 dominates
the power consumption in the low frequency limit: P = U?/R* gives the power needed
to drive the modulator at U = 1 V to be only about =~ 2.5 uW. Simplifying the
nanostructure as 12 parallel wire pairs, its capacitance can be estimated analytically as
about Cy = 15 fF, increasing to about 20 fF at the static switching voltage U, due to
the decreasing gap between the wires. The energy required to switch the device from
“off” state to “on” state can be estimated as the energy required to charge the capacitive

nanostructure to the static switching point and was determined numerically as about
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100 fJ, a very small amount of energy.

It is interesting to compare the metamaterial’s electro-optic properties to conven-
tional electro-optic materials. Electro-optic modulation usually results from minute
refractive index changes achieved by application of electric field across an electro-optic
crystal, which is why applications require long crystals, high-voltage driving signals and
polarizers to exploit birefringence-induced polarization effects, while 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 oxy-
gen octahedron. This displacement changes the electronic band wave functions through
electron-phonon coupling, which affects the lattice’s refractive index [135]. Similarly, in
the reconfigurable metamaterial an electro-optic effect arises from electric field-induced
relative displacement of its constitutive parts. This displacement changes the struc-
ture’s collective plasmonic wave function, which affects the lattice’s effective refractive
index. In light of these intriguing similarities of microscopic mechanism and macroscopic
manifestation we estimate the reconfigurable metamaterial’s effective electro-optic coef-
ficient. Full three-dimensional Maxwell calculations show that “off” to “on” switching
of the 100 nm thick structure changes the transmitted wave’s phase by up to 7/5 at
around 1.6 um, corresponding to an effective refractive index change An = 1.6. This
results from applying U,=3 V across L=35 um of metamaterial. Thus the effective
electro-optic coefficient of the metamaterial is about AnL/U. ~ 107 m/V in the non-
volatile regime, and about ~ 1076 m/V in a fully reversible regime, which is about 5-4
orders of magnitude greater than for typical electro-optic media such as lithium niobate
(3-10~" m/V [136]). 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 modulation depths can be achieved with meta-
material patterns that have narrower resonances [137]. Even faster modulation would
result from smaller reconfigurable elements, where GHz 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 mod-
ulators, 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.
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Figure 4.13: High-frequency electrostatically reconfigurable metamaterial. (a)
Scanning electron micrograph (SEM) of the metamaterial. (b) Modulation depth as a
function of modulation frequency.

4.3.3 20MHz Electro-Optic Modulation

We have demonstrated an electrostatically reconfigurable metamaterial providing high
contrast switching and electro-optical modulation at modulation frequencies up to 1 MHz
as presented in the previous section. Building on this work and aiming to develop the po-
tential of reconfigurable metamaterials for fast electro-optic modulation and addressable
modulators, we shrink the characteristic size of the electrostatically driven metamate-
rial from 35 ym to 9 pm, see Fig. [4.13(a). As the mechanical resonance frequency of
the bridges is inversely proportional to the square of their length, this increases the
achievable modulation speed. The metamaterial, which consists of alternating straight
and meander bridges, was fabricated by focused ion beam milling starting from a 50
nm thick silicon nitride membrane coated with a 50 nm thick layer of gold. Pairs of
bridges are alternatingly connected to the electrical terminals on either side, so that
application of an electric potential leads to alternating attractive and repulsive forces
which reconfigure the metamaterial. The electrical modulation of the metamaterial’s
optical properties can be detected up to its mechanical resonances around 20 MHz, see

Fig. [L.13(b).
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4.4 Conclusion

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 simultaneously increasing their modulation speed by 4 orders of magni-
tude. Such structures, with some modifications, are compatible with low-cost production
using high-resolution CMOS fabrication techniques and nano-imprint. The approach
based on engaging elastic properties of a nanoscale thickness dielectric membrane and
nanoscale 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 10s of megahertz bandwidth. We
expect that, in principle, reconfigurable elements on the size scale on the meta-molecules
would allow GHz modulation rates. A compact design integrating the actuation mech-
anism into the metamaterial, low power consumption and direct control with a few
volts make electrostatically reconfigurable photonic metamaterials compatible with op-
toelectronic systems, for example as tunable spectral filters, switches, modulators and
adaptable transformation optics devices. The low energy, high-contrast, non-volatile
switching mode of these devices may also have applications in protective optical cir-

cuitry and reconfigurable optical networks.



Optically Reconfigurable Photonic Metamaterials

5.1 Introduction

Optical forces resulting from electromagnetic field gradients, radiation pressure and in-
teraction between resonators play a key role for optical tweezing, manipulation and
binding [138-142] and they form the basis for the emerging areas of optomechanical
cavities and crystals [143-149] and optical actuation of nanophotonic devices [150-157].
Recent works on optical forces between metamaterial resonators [45.158-160] and nearby
interfaces |161] suggest that optical forces in metamaterials provide a novel opportunity
for all-optical control of metamaterial properties. Here we demonstrate that metama-
terials assembled from essentially linear components can be reconfigured by light itself,
providing a novel route to highly nonlinear optical media. We report an optomechani-
cal nonlinearity that is 7 orders of magnitude greater than nonlinear absorption in the

nonlinear reference medium GaAs.

Metamaterials derive a huge range of novel or enhanced properties from artificial
structuring on the sub-wavelength scale [162]. Reconfigurable metamaterials achieve
tuning and modulation of these optical functionalities by rearranging the metamate-
rial building blocks, the meta-molecules. Reconfigurable photonic metamaterials, where
components of thousands of meta-molecles must be synchronously moved over distances
on the order of 10 nm, present a formidable technological challenge. However, working
on the nanoscale also opens up important opportunities: (i) Elastic restoring forces be-
come weak in structures of nanoscale thickenss, while optical forces become significant in
the optical near-field, particularly across nanoscale gaps between plasmonic resonators.

At the same time, nanoscale movements of meta-molecular components are sufficient

80
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to induce a profound change in a metamaterial’s optical properties. In this way, the
nanoscale is the key to optomechanically reconfigurable metamaterials providing large
optical nonlinearities at low intensities. (ii) Inertial and elastic forces scale differently
with size, in a way that drives mechanical frequencies to large values, providing an oppor-
tunity for fast modulation of metamaterial properties, for example MHz electro-optical

modulation has been reported recently [126].

5.2 Towards Optically Reconfigurable Photonic Metama-

terials

5.2.1 Optical Forces in Photonic Metamaterials

Photonic metamaterials provide a unique platform for manipulating electromagnetic
fields and thereby optical forces on the nanoscale. There has been quite a lot of inter-
est in demonstrating negative radiation pressure in artificial media exhibiting a negative
refractive index [21]. Besides there are also many other interesting phenomena and func-
tionalities that could be achieved by harnessing optical forces via metamaterials. Their
ability of trapping light through plasmonic resonances and generating strong variations
of electromagnetic field, for example, can be utilized for efficient enhancement of opti-
cal forces [137]. The complex electromagnetic fields and nanoscale localization of light
produced by metamaterials also show potential for optical manipulation [23,163]. More-
over, optical forces combined with suitable mechanical designs can be harnessed to drive
the reconfiguration of metamaterials, providing opportunities for all optically controlled
active metamaterials and for optomechanical metamaterials displaying novel nonlinear

effects via mutual interactions between light and mesoscopic structures [45,|/164].

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 |130]:

< F>= # < T;j > n;dS (5.1)

S
, where S is a bounding surface around the metamaterial element and < T%; > is the

time-averaged Maxwell stress tensor:
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The stress tensor integral equation [5.1] encompasses both the radiation pressure and
the near-field gradient force. It does not include Casimir forces, which are derived
from vacuum quantum fluctuation and thus exist even in the absence of illumination
[165]. 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. At normal incidence, the associated force on the surface
follows F,. = (2R+ A)P/c, where c is the speed of light in vacuum and P is the power of
the incident light, and it assumes a maximum value of 2P/c when the reflectivity of the
surface is 100%. In section forces acting on metamaterial structures are evaluated
via the Maxwell stress tensor integral equation [5.1] with electric E and magnetic H field
distributions obtained from fully 3D finite element Maxwell solver simulations (COMSOL
MultiPhysics).

5.2.2 Mechanical Resonance Frequency Analysis of NEMS Actuators

It is essential to understand the mechanical properties of NEMS actuators in order to
develop a suitable platform for reconfigurable photonic metamaterials. The restoring
force of an elastic NEMS actuating beam can be formulated as F,, = —kx, where x is the
displacement and k,, = 32Ewt3/L3 and k; = 32Etw?/L? [129] are the spring constants
for normal and lateral displacement of a bridge beam that is connected on both ends,
with Young’s modulus E and bridge thickness ¢, width w and length L. The fundamental

normal and lateral resonance frequencies are given by

1 ¢t [32F
=gy (5.3)

1 w [32F
= [ == 5.4

where p is the density of the mechanical beam. For instance, a bilayered structure
consisting of equal volumes of gold on silicon nitride can be described by an average
Young’s modulus of about £ = 169 GPa (Egingy = 260 GPa and Ea, = 77 GPa [125])
and an average density of 11200 kg/m3(pgine =3100 kg/m? and pa, =19300 kg/m?).
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Figure 5.1: Dimensions of the simulated NEMS actuators. 29 pairs of II-shaped
gold (yellow) resonators are arranged on the central part of the silicon nitride (red)
beams.

’ Material Property ‘ Silicon Nitride ‘ Gold ‘
Density (p) 3100 kg/m? 19300 kg/m?
Young’s modulus (E) 260 GPa 77 GPa
Poisson’s Ratio 0.23 0.44

Table 5.1: Material properties of simulated NEMS actuators.

Having the structure discussed in section [5.3]in mind, we may consider bridge thickness
t = 100 nm, length L = 28 pym and average width of w = 175 nm. Using this, normal
and lateral fundamental resonance frequencies of about f,, ~ 450kHz and f, ~ 1 MHz
according to equations [5.3] and should be expected.

In reality, the exact mechanical resonance frequencies depend on details of the plas-
monic resonator design and the bridge design, making an exact analytical description
impractical. Therefore, we use COMSOL Multiphysics for finite element method numer-
ical modeling of mechanical eigenfrequencies. The optically reconfigurable metamaterial
consists of two different mechanical silicon nitride beams with IlI-shaped gold resonators
known for exhibiting plasmon-induced transparency , see Fig.[5.4(a). Both
the silicon nitride layer of the beams and all gold structures have a thickness of 50 nm.
The narrow beam consists of silicon nitride with dimensions of length 28 ym and width
of 175 nm; it supports 29 gold resonators with dimensions of length 483 nm and width
of 175 nm with 700 nm periodicity, see Fig.|5.4{a). The wide beam consists of a central
part of silicon nitride with dimension of length 20.6 ym and width of 285 nm connected
to two narrow beams with dimensions of length 3.7 um and width of 175 nm; it supports
29 pairs of gold resonators with dimensions of length 140 nm and width 285 nm located
on center silicon nitride beam with 700 nm periodicity, and continuous gold coverage 50

nm on top of the narrower beam ends, see Fig. [5.1

The eigenfrequency analysis was carried out using the material properties in Table
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Modes | Frequency Mode description

Mode 1 716 kHz Narrow beam, out of plane
Mode 2 764 kHz Wide beam, out of plane
Mode 3 | 1.22 MHz Narrow beam, in plane

Mode 4 | 1.58 MHz Wide beam, in plane

Mode 5 | 1.89 MHz | Narrow beam, 2°9 order out of plane
Mode 6 | 2.00 MHz Wide beam, 2" order out of plane

Table 5.2: Eigenfrequency analysis of a pair of mechanical beams.
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Figure 5.2: Illustration of mechanical resonant modes of a pair of NEMS ac-
tuators at different eigenfrequencies. (a) 716 kHz (b) 764 kHz (c) 1.22 MHz (d)
1.58 MHz (e) 1.89 MHz (f) 2.00 MHz
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and it revealed 6 mechanical resonances at frequencies up to 2 MHz. The lowest
frequency for which these stationary waves are formed is called fundamental harmonic.
The modes of oscillation have different shapes for different frequencies, see Table
and Fig. (.2l Based on this mechanical mode analysis, there are two main categories
of the mechanical modes in simulated NEMS actuating beams which correspond to out
of plane and in-plane motions. The out of plane oscillation would be easy to excite by
force action normal to the metamaterial plane (z-axis), on the other hand, the in-plane

motion would be triggered by force action in the plane (y-axis).

5.2.3 Thermal Time Scale Analysis of NEMS Actuators

Optically reconfigurable metamaterial is driven by strong laser radiation which results
in optical heating in addition to the optical forces discussed in section Therefore,
it is essential to understand the thermal dynamics and time scale of the nanostructure
to distinguish effects driven by electromagnetic forces and optical heating. Cooling of

the nanostructure is mainly controlled by conductive heat transport.

0

—
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Figure 5.3: Dimensions of the NEMS actuator heated by a laser beam.

From Fourier’s Law [167], we can determinate the heat flux from knowing the tem-

perature (7') distribution in a medium:

energy flow -, dT (5.5)
crossection dzx

where k; is the thermal conductivity and the direction of heat flow is pointing to both
cold ends of the bridge. We consider a silicon nitride/gold bridge with dimension of
length L, thickness ¢ and width w which is covered by gold meta-molecules of unit cell
width u and absorption A. A laser beam of intensity I illuminates the entire bridge and

heat flows from the bridge centre at x = 0 towards both cold ends. From equation
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we have:
1TAuL = dT
- N il 5.6
2 wt L/2 Yda (56)
Integrating from the centre of the bridge to its end we get:
T TA T
/ Y e = / T (5.7)
0 wtkt To
and:
TAu [* 1
— dr =T(x) — T 5.8
oy TRy =T %
Taking the partial gold coverage of the silicon nitride bridges into account, the quantiy

Pay 1-Pay

Tt o e , where Py, is the fraction
u k2 x k2 x

1/(tkt) is averaged over the unit cell, < % >=
covered by gold, t is the combined thickness of the gold and silicon nitride layers and k;
is the average of the thermal conductivities weighted by the layer thicknesses . Using

the constant < % >we can easily solve the integral of equation

TAu 1 _ L?
Ty = Tbm‘dge end T w - <

- > -
tk; 8
where AT, 00 = [A# < % > %2 is the temperature difference between the center of the

bridge and its ends..

Now, we consider the thermal energy stored in the bridge which is the integration

of the temperature distribution 7'(z) multiplied by the heat capacity per unit length

VAuCAu,'uol+VSiNzCSiNz,vol
w

Clength along the bridge, where < Ciepgin, >= Vau, Vsing are
volume of gold and silicon nitride, and C 4y v01,Csine,vor are volume heat capacities of
gold and silicon nitride. The thermal energy corresponding to the temperature increase

relative to the bridge ends is:

L/2 TAu 1 Lz 2 g2
T - Tm' en en dr = en - e 2 — — —d .
/L/2[ (z) bridg end) Clengthdx =< Clength > " < Tk > /0 3 5 x (5.9)

We get the stored thermal energy by integrating equation [5.9

IAu< 1 >L22
w tk‘t 8 3
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’ Materials \ Thermal Conductivity \ Heat Capacity \ Volume Heat Capacity ‘

Units W/K m J/K kg J/K m?
Gold 146 129 2489700
SiNx 2 650 1742000

Table 5.3: Thermal properties of gold and silicon nitride [127,/128§].

_ TAu

and using ATje: = =% < % > %2, the store energy can be written as

2
Stored Energy = gLATma:c < Clength > (5.10)

The conductive cooling timescale can be estimated as Timescale=Energy stored /Rate
of energy in ([AuL):
L% < Clengtn > 1

<—> (5.11)

TimeScale =
imeScale 2w i

Having the structure discussed in section in mind, we may consider bridge thick-
ness t = 100 nm, length L = 20.6 um (length covered with meta-molecules, see Fig. ,
average total width of w = 460 nm (combining both bridges), metamaterial absorption
A = 30%, pump laser peak intensity I =250 W/cm? and thermal material parameters
in table with gold coverage of 51%. Using equation we can evaluate that the

conductive cooling timescale is about 20-30 ps.

5.3 Optically Reconfigurable Photonic Metamaterials

5.3.1 Concept and Structure Fabrication

The optomechanical photonic metamaterials studied here are based on a II-shaped res-
onator design known for exhibiting plasmon-induced transparency [117,[118,/166], see
Fig.[5.4h,b. In order to allow mechanical deformation of the plasmonic IT meta-molecules,
the horizontal and vertical bars have been supported by different flexible dielectric
bridges. The nanostructures were fabricated by FIB milling from a 50 nm thick sili-
con nitride membrane covered with a 50 nm thick thermally evaporated layer of gold.
The unit cell is 700 nm x 700 nm in size and the supporting silicon nitride bridges are
28 ym long; the fabrication steps are described in detail in chapter 2l Our experimental
samples are characterized by the spacing of the bridges, which is similar for the more

“symmetric” sample (110 nm and 130 nm) and dissimilar for the “asymmetric” sample
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(95 nm and 145 nm), respectively. Detailed dimensions of the unit cells are given in
Fig.[5.4(a) and Fig. [5.5(a). For an ideally symmetric structure, in-plane forces between
any bridge and its neighbors would have to cancel, while optical forces Fy; and Fy
should be expected to displace bridges within the metamaterial plane in the asymmetric
case. As shown numerically by for a dielectric reconfigurable metamaterial, differ-

ent optical forces F,; and F,9 along the propagation direction should be expected for

both structures and should be strongest near absorption resonances.

wn
~
—
o
—
—
n
4]
N
1o
ien
e

D
(=]
T
_|
1

R T,A %

1000 1200 1400 1600 1800 2000
Wavelength, nm

Figure 5.4: Optically reconfigurable photonic metamaterial with symmetric
plasmonic resonators. (a) Scanning electron microscope image of a metamaterial
nanostructure consisting of symmetrically spaced gold (yellow) resonators on silicon
nitride bridges (red). The inset shows detailed dimensions of the unit cell in nanometers.
(b) Transmission T', reflection R and absorption A spectra of the symmetric metamaterial
for xz-polarized light. Dashed lines indicate the optical 1310 nm probe and 1550 nm pump
wavelengths used in the modulation measurements.
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Figure 5.5: Optically reconfigurable photonic metamaterial with asymmetric
plasmonic resonators. (a) Scanning electron microscope image of a metamaterial
nanostructure consisting of asymmetrically spaced gold (yellow) resonators on silicon ni-
tride bridges (red). The inset shows detailed dimensions of the unit cells in nanometers.
(b) Transmission T', reflection R and absorption A spectra of the asymmetric metamate-
rial for x-polarized light. Dashed lines indicate the optical 1310 nm probe and 1550 nm
pump wavelengths used in the modulation measurements.

5.3.2 Device Characterization and Results

Measurement setup: The reconfigurable metamaterial’s transmission and reflection
spectra were recorded using a microspectrophotometer (CRAIC Technologies), see Fig. b)
and Fig. [5.5|b).

High frequency optomechanical modulation (Figs and was studied by mea-
suring the modulation of a 1310 nm probe laser beam (peak intensity 80 W/cm?, FWHM
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26 um) transmitted through the nanostructure, while modulating the metamaterial us-
ing a 1550 nm pump laser focused to 15 ym FWHM on the sample, see Fig. a).
The modulated signal was detected by an InGaAs photodetector (New Focus 1811) and
a lock-in amplifier (Stanford Research SR844). The pump laser was modulated with
a fiber coupled electro-optical modulator (JDSU 2.5Gb/s Bias Free Modulator) using
the reference signal from the lock-in amplifier. In all optical experiments the incident

electric field was polarized parallel to the bridges.

Measurements and full 3D Maxwell simulations reveal a pronounced absorption reso-
nance in the near infrared, located around 1470 nm and 1270 nm for the symmetric and
asymmetric metamaterials, respectively, compare Figs [5.4(b), [5.5(b) and [5.6{(a), [5.7|(a).
Maxwell stress tensor calculations [160] reveal optical forces acting on the II-resonators
around the resonance wavelength, see Fig. [5.6(b,c) and Fig. [5.7(b,c). We consider nor-
mal incidence far-field illumination of a non-diffracting, periodic metamaterial, that is
placed far away from any other objects. As the normally incident photons only carry
momentum along the z-direction, there cannot be any net in-plane optical forces on the
unit cell, Fyy; + Fy2 = 0, and the net force along the z-direction must be given by the
momentum transfer associated with absorption and reflection, F,1 + F,o = (A+2R)P/c,
where A is absorption, R is reflection, P is the incident power per unit cell and c is the
speed of light in vacuum. In close agreement with these relationships, our simulations
show substantial relative optical forces acting on different components of the unit cell.
The relative optical forces F5 — F} between the unit cell’s bridge segments reach about
0.4 P/c along y and about 3 P/c along z. The simulations predict smaller in-plane forces
for the more symmetric metamaterial design than for the more asymmetric one. These
in-plane forces can be understood from the charge distributions at the pump and probe
wavelengths, see Figs. [5.6(a) and [5.7/(a). In case of the more asymmetric structure at
the probe wavelength of 1310 nm, repulsive forces between the bridges are linked to
Coulomb forces between equal charges. Attractive in-plane forces in the other cases are

linked to attractive Coulomb forces between opposite charges.

In order to optomechanically modulate the metamaterials’ optical properties, we
pumped the nanostructures with a modulated laser beam at 1550 nm just above their
absorption resonances, where simulations predict significant relative forces on the bridges
along z for the symmetric structure and along y for the asymmetric structure. The
modulation of the metamaterial’s transmission was probed at 1310 nm and detected

using a lock-in amplifier, see Fig. a) for details. Generally, both pump and probe
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Figure 5.6: Simulation of optical properties and optical forces for optically
reconfigurable metamaterial with symmetric plasmonic resonators. (a) Sim-
ulated transmission, reflection and absorption spectra. Insets show the charge distri-
butions at the wavelengths of 1310nm and 1550nm in terms of F, just above the gold
surface. (b) Corresponding in-plane optical forces Fy1 2 between the bridge segments of
an individual 700 nm x 700 nm unit cell. (c¢) Optical forces F.; 2 on the bridge segments
along the propagation direction. The total optical force on the unit cell is indicated by
a green line, while the expected value based on light pressure, reflection and absorption
is represented by a dotted black line in panels (b-c). All forces are shown per unit cell
in units of P/c, where P is the incident power per unit cell and ¢ is the speed of light in
vacuum. Dashed lines indicate the 1550 nm optical pump wavelength used in the mod-
ulation measurements and the direction of optical forces at this wavelength is indicated
by arrows. All quantities are shown for x-polarized illumination from the silicon nitride
side.



92 5. Optically Reconfigurable Photonic Metamaterials

(a) 100 T v T T T T T T T
R
T L
80 e A E
1
- 1310 4
= % ” .
< - > E,
= i
o -~
1550 nm
O 1 n | 1 L 1

L 1 L n
1000 1200 1400 1600 1800 2000
Wavelength, nm

(b) 03— . . . .
F —Fy1
e [Fyy2
02 Fy1+Fy2 |
2 r 4
O o1 i
>
L
g 0.0 1o DE e cerereresisivssvoressMereiveesercrsssoressensnsane
(o]
(IR
® 01} i
= < w2 |
© 02t Ill4\Fy1-
X ]
-03 1 N 1 ) 1 N Il L 1 )
1000 1200 1400 1600 1800 2000
Wavelength, nm
(c) 25 T T T T T

_’[\ Fz27]

=

1 1 1 1 1
1000 1200 1400 1600 1800 2000
Wavelength, nm

Optical Force Fz, P/c

Figure 5.7: Simulations of optical properties and optical forces for reconfig-
urable metamaterials with asymmetric plasmonic resonators. (a) Simulated
transmission, reflection and absorption spectra. Insets show the charge distributions at
the wavelengths of 1310nm and 1550nm. (b) Corresponding in-plane optical forces Fy 2
between the bridge segments of an individual 700 nm x 700 nm unit cell. (c) Optical
forces F12 on the bridge segments along the propagation direction. The total optical
force on the unit cell is indicated by a green line, while the expected value based on light
pressure, reflection and absorption is represented by a dotted black line in panels (b-c).
All forces are shown per unit cell in units of P/c, where P is the incident power per unit
cell and c is the speed of light in vacuum. Dashed lines indicate the 1550 nm optical
pump wavelength used in the modulation measurements and the direction of optical
forces at this wavelength is indicated by arrows. All quantities are shown for z-polarized
illumination from the silicon nitride side.
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Figure 5.8: Modulating light with light (symmetric metamaterial). (a)
Schematic of the pump-probe experimental setup. Both pump and probe beams are
x-polarized and the samples are illuminated from the silicon nitride side in all cases. (b)
Modulation depth as a function of modulation frequency for selected pump powers. (c)
Modulation depth as a function of pump power for selected modulation frequencies. (d)
Colour map showing modulation depth as a function of modulation frequency and pump
power. The selected pump powers and modulation frequencies shown on the previous
graphs are marked by arrows.
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Figure 5.9: Observation of optical forces (asymmetric metamaterial). (a)

Modulation depth as a function of modulation frequency for a pump power of 0.66 mW
on a logarithmic scale, where simulations of the mechanical eigenmodes are shown as
insets. (b) Modulation depth as a function of modulation frequency for selected pump
powers. The inset shows a hyperbolic fit ~ 1/ f of the thermal modulation tail for a pump
power of 0.66 mW. (c) Modulation depth as a function of pump power for selected
modulation frequencies. (d) Colour map showing modulation depth as a function of
modulation frequency and pump power. The selected pump powers and modulation
frequencies shown on the previous graphs are marked by arrows.
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beams will lead to optical forces, deformation of the nanostructure and associated optical
effects. However, in the experiments optical modulation caused by the modulated pump
beam will be modulated at the pump modulation frequency and detected by the lock-in
amplifier, while any constant changes in optical properties associated with the continuous
probe beam will not be detected. Therefore, the detected transmission modulation at

the probe wavelength is caused by the pump beam alone.

At modulation frequencies of 10s of kHz, the optical pump leads to pronounced mod-
ulation of the metamaterial’s transmission characteristics at the probe wavelength, see
Figs (b) and b). For a pump power of 0.66 mW (peak intensity I =250 W /cm?) a
modulation amplitude on the order of 1% is detected at 25 kHz modulation for both sam-
ples. However, the modulation amplitude drops rapidly with increasing modulation fre-
quency, approaching the detection limit of about 0.0025% at a few 100s of kHz. The rapid
decay in the modulation amplitude at kHz frequencies points towards a thermal origin
of the effect. Indeed, in this frequency range, the modulation amplitude approximately
halves as the modulation frequency doubles (leaving half the time for heating/cooling),
leading to a hyperbolic frequency dependence which is consistent with driving a thermal
process above the characteristic cooling timescale, see inset to Fig.|5.9(b). This is consis-
tent with detailed calculations based on the law of heat conduction and literature values
for the thermal properties of 50 nm thick films of gold [127] and silicon nitride [12§],
which predict conductive cooling timescales on the order of 20-30 us, implying that ther-
mal modulation processes become inefficient at 10s of kHz, see section While the
thermal modulation process easily dominates at low frequencies, it becomes less impor-
tant above the characteristic cooling timescale, so that other modulation mechanisms

may dominate at sufficiently high modulation frequencies.

Importantly, optical modulation of the metamaterial transmission is also seen at
much higher frequencies. A resonant peak in the transmission modulation amplitude
reaching about 0.2% around 700 kHz is seen for both nanostructures, compare Figs|5.8
and Through mechanical eigenmode calculations (see section , the resonance
has been identified as the fundamental mechanical resonance of the bridges, which oscil-
late normal to the metamaterial plane (inset to Fig.[5.9(a)). Considering that the heating
and cooling cycles (0.7 us each) are very short compared to the bridges’ characteristic
cooling timescale at this resonance, one may expect that the high frequency modulation
is of non-thermal origin. Even more intriguing modulation peaks have been observed at

1 MHz and 1.4 MHz for the asymmetric metamaterial only (Fig.|5.9(a)). Eigenmode cal-
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culations show that these correspond to the fundamental in-plane modes of the narrow

and wide bridges, indicating that their excitation must be linked to in-plane forces.

The thermal origin of the low frequency modulation can be easily understood by
considering how the nanostructure is heated by the pump beam. The peak temperature
at the centre of the beams can be estimated by solving the heat equation for heat
transport along the metamaterial bridges (radiative cooling is negligible). For 0.66 mW
pump power (peak intensity 250 W/cm?), 30% absorption at the pump wavelength and
assuming 2 WK~'m~! [128] for the thermal conductivity of silicon nitride (which is not
accurately known for nanoscale layers) the equilibrium temperature is on the order of
300 K above room temperature, see section [5.2.3] The thermal expansion coefficient
of gold (14.4 x107%/K) exceeds that of silicon nitride (2.8 x107%/K) by a factor of 5
and therefore optical heating leading to a temperature change on the order of 100s of
Kelvin will lead to bending of the bridges. In a reconfigurable nanostructure designed
to show large changes in optical properties in response to ambient temperature changes,
this deformation mechanism has led to relative transmission changes of up to 50% [46].
In contrast to the cited work, in our case, the bilayered bridge design will lead to similar
out-of-plane deformation of all bridges for same temperatures, with narrow bridges being
raised slightly higher due to their slightly more complete gold coverage. Therefore, the
overall optothermal changes of the resonator spacing and coupling, which cause changes

of the optical properties, remain relatively small.

In order to assess whether the high frequency modulation may be caused by optical
forces acting between different parts of of the II-resonators, we estimate the optomechan-
ical deformation that can be expected from this mechanism. Based on the simulations
presented in Fig. [5.6(b) and (c), the optical force at the pump wavelength near the res-
onance reaches 2.2 P/c (0.6 P/c) for the narrow (wide) bridges, where P is the pump
power incident on a unit cell and c¢ is the speed of light in vacuum. For a bridge pair
with 29 unit cells and a pump intensity of 250 W /cm?, this corresponds to a force of
about 260 fN (70 fN) per bridge. For out-of-plane deformation of silicon nitride beams
(Young’s modulus £ = 260 GPa [125], length L = 28 pm, thickness ¢ = 50 nm) of
width w = 175 nm (285 nm) the spring constant is k = 32Ewt3/L3 =8.3 fN/pm (13.5
fN/pm) [168] and thus we may expect a change of the gap size of about 37 pm, which
explains why we do not see non-resonant high-frequency modulation. However, consid-
ering the observed resonant transmission changes on the order of 0.2% and noting that a

0.2% change of the gap size would correspond to 220 pm movement, it may be expected
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that resonant enhancement of the oscillation amplitude at mechanical resonances may
be sufficient for observation of the deformation resulting from optical forces. Thus, it
is conceivable that the 700 kHz resonance seen in the transmission modulation of both
metamaterials results from resonant enhancement of mechanical oscillations caused by

optical forces or the thermal modulation tail.

On the other hand, the higher frequency mechanical resonances seen only for the
asymmetric structure correspond to mechanical oscillations within the metamaterial
plane (Fig. , which cannot be excited by optical heating and differential thermal
expansion as the thermal mechanism can only cause movement normal to the metama-
terial plane. The observation of these resonances for only the asymmetric metamaterial
further links them to in plane optical forces, which are larger in the asymmetric structure,
reaching 0.14 P/c (17 fN) per bridge at the pump wavelength. For in-plane deforma-
tion, the mechanical properties of the bridges strongly depend on their narrowed ends.
However, the in-plane spring constants may be estimated from the out-of-plane spring
constants by considering that the fundamental resonance frequencies are proportional to
Vk for each bridge, giving k ~ 14 fN/pm (60 fN/pm) for in-plane displacement of the
narrow (wide) bridges of the asymmetric structure, which corresponds to a gap change of
1.5 pm. Considering the observed 0.09% transmission modulation, we note that a 0.09%
gap change would correspond to 85 pm movement or about 60x resonant enhancement

of the mechanical oscillation amplitude.

We note that the all-optical modulation observed here is different from the sponta-
neous Brownian motion observed by [169]. While the equipartition theorem predicts a
Brownian oscillation amplitude on the order of \/W or a few 100 pm in vacuum at
room temperature ¥ (kg Boltzmann constant), this phenomenon is strongly damped by
air in our experiments. Furthermore, it would not be seen by lock-in detection due to
not being locked to the driving signal, it would continue to be present in absence of an
optical pump and it would be proportional to v/4, rather than the linear power and thus
temperature dependence seen in our experiments (Figs. [5.8(c) and [5.9c)).

The intensity in a nonlinear medium is conventionally described by the expression
— 4 — ol +BI%+ ... (5.12)

where z is the propagation distance and « and [ are the linear and nonlinear absorption

coefficients. As the observed nonlinear transmission change is proportional to the pump
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power, we can quantify the nonlinearity of the reconfigurable photonic metamaterial by
estimating its first nonlinear absorption coefficient 8. At the pump wavelength linear
absorption of the asymmetric structure is about Ay, = 38% (see Fig. [5.5(b)) in the
nanostructure of + = 100 nm thickness and thus a ~ Ay, /t = 3.8 -107% m~!. Assuming
that the nonlinear transmission change results from nonlinear absorption A, ~ AT, the
nonlinear absorption coefficient can be estimated as 5 ~ AT/(It). In the low frequency
limit at the pump wavelength, Bosiqr, ~ 1.5 - 1072 m/W, while at the first mechanical
resonance Srookiz ~ 31073 m/W, thus, the optical nonlinearity is 7 orders of magnitude

stronger than nonlinear absorption in the classic nonlinear reference medium GaAs [170].

5.4 Conclusion

In summary, we demonstrate for the first time experimentally that photonic metamateri-
als can be reconfigured and modulated by light. We identify and observe evidence of two
mechanisms of optomechanical deformation, (i) optical heating leading to deformation
of bimaterial structures and (ii) optical forces between plasmonic resonators. The result-
ing optical nonlinear response is gigantic, exceeding nonlinear absorption in GaAs by 7
orders of magnitude. This work opens up new opportunities for dynamic optical control
of photonic metamaterials, all-optical modulation and optomechanical media with giant

nonlinear responses.



Conclusions

6.1 Summary

This work addresses the key challenge that the enhanced or novel metamaterial function-
alities seen in lab demonstrations are often narrow-band and fixed, while many potential
applications require broadband or tunable functionalities. By providing practical solu-
tions for tuning and high-contrast modulation of metamaterial optical properties, recon-
figurable photonic metamaterials make an important contribution to bridging the gap
between scientific proof-of-principle demonstrations and industrial applications of meta-
materials. The demonstrated approach of placing nanoscale plasmonic meta-molecules
on a flexible support structure that can be reconfigured with thermal, electrical or op-
tical control signals can be applied to all sorts of meta-molecule designs, thus providing
solutions for tuning and modulation of various metamaterial functionalities.

Key achievements of this work include:

e The development of sophisticated nanofabrication techniques based on focused ion
beam milling / electron beam lithography for optical metamaterials and metade-

vices.

e Demonstration of the first thermally reconfigurable metamaterial operating in the

optical part of the spectrum.

e Realization of the first electrically reconfigurable metadevice operating in the op-

tical spectral range.

e Demonstration of the first optically reconfigurable photonic metamaterial.

99
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Compared to reconfigurable THz metamaterials, the metadevices demonstrated here
have 3 to 4 orders of magnitude smaller characteristic features and are up to 4 orders
of magnitude faster. The demonstrated electro-optical effect is up to 5 orders of magni-
tude larger than in typical electro-optic media, while the demonstrated optomechanical

nonlinarity exceeds typical nonlinar optical media by about 7 orders of magnitude.

6.2 Outlook

The experiments reported in this thesis are mainly “proof of concept” demonstrations.
Each of them though shows that there is room for further studies for each of the three
types of reconfigurable photonic metamaterials investigated. Here, a very brief outlook
is given on what it is still left to do for each of the three directions. In this thesis, I
have developed solutions for rearranging metamaterial structures on the nanoscale in
response to thermal, electrical or optical control signals, offering practical solutions for
tuning, high contrast switching and modulation of optical metamaterial functionalities.
This added layer of functionality — which provides metamaterial optical properties on
demand — provides real added value for potential commercial applications. I expect that
this concept will be developed further towards addressable reconfigurable metamateri-
als, which will eventually provide optical properties on demand at any point in time and
space. This would allow breakthrough applications, such as programmable transforma-
tion optics devices, holographic 3D displays and filters for spatial mode multiplexing in
optical fibre communications. I note that reconfigurable photonic metamaterials can be
easily prototyped by focussed ion beam milling or electron beam lithography and could

be mass-produced by standard semiconductor manufacturing techniques.

Temperature Controlled Reconfigurable Photonic Metamaterials

In chapter [3] we show that thermally controlled reconfigurable photonic metamaterials
provide a flexible platform for the realization of tunable metamaterials for the optical
part of the spectrum by ambient temperature and electrothermally control. By plac-
ing nanoscale plasmonic resonators with useful functionalities at optical frequencies on
reconfigurable support structures, their interaction can be controlled, which leads to
large-range tunability 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 re-



6.2. Outlook 101

quired or desirable.

Furthermore, under application of external magnetic field, the electrical current can
deliver not only Joule heat to reconfigurable metamaterials but also introduce the mag-
netic Lorentz force which leads to a magneto-electric control mechanism for reconfig-
urable metamaterials. This magneto-electric effect promises applications in optical mag-

netic field sensing.

Electrostatically Controlled Reconfigurable Photonic Metamaterials

The development of electrostatically controlled reconfigurable metamaterials in chapter
[4 provides high contrast switching and electro-optical modulation at modulation fre-
quencies up to 1 MHz. Building on this work and aiming to demonstrate the potential
of reconfigurable metamaterials for fast electro-optic modulation and addressable mod-
ulators, we shrink the characteristic size of the electrostatically driven metamaterial
from 35 ym down to for example, 9 um. As the mechanical resonance frequency of the
bridges is inversely proportional to the square of their length, this drives up the achiev-
able modulation rates. Electrical modulation of this metamaterial’s optical properties
can be detected up to its mechanical resonances around 20 MHz. We expect that, in
principle, reconfigurable elements on the size scale of the meta-molecules (1 um or less)

would allow GHz modulation rates.

Optically Controlled Reconfigurable Photonic Metamaterials

We demonstrate experimentally that photonic metamaterials can be reconfigured and
modulated by light in chapter[5| The optomechanical deformation resulting from optical
forces between plasmonic resonators leads to a gigantic nonlinear optical response. This
work opens up new opportunities for dynamic optical control of photonic metamateri-
als, all-optical modulation and optomechanical media with giant nonlinear responses.
In particular, optically reconfigurable metamaterials allow the realization of adaptable

transformation optics devices that are controlled by the pattern of pump illumination.
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