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Abstract

Reconfigurable phase-change optical metasurfaces:

novel design concepts to practicable devices

by Carlota RUIZ DE GALARRETA

Optical metasurfaces have been proven to be capable of controlling amplitude, phase
and polarization of optical beams without the need of bulky geometries, making
them really attractive for the development of compact photonic devices. Recently,
their combination with chalcogenide phase-change materials (traditionally employed
in non-volatile optical and electrical memories), whose refractive index can be re-
versibly and repeatedly controlled, has been proposed to yield low power consump-
tion tunable metasurfaces having several functionalities in a single device. However,
despite phase-change memories are commercially available since various decades
now, the unification of phase-change materials with metasurfaces towards real life
applications is becoming a formidable task, mainly due to the several engineering
branches involved in this technology, which sometimes compromise each other in
a non-trivial way. This includes thermo/optical, thermo/electric, and chemical in-
compatibilities which are typically not taken into account by researchers working
in the field, resulting in devices having exciting reconfigurable properties, but at
the same time, lack of practicability. This thesis is therefore dedicated to the de-
velopment of novel phase-change metasurface architectures which could partially
or totally address such engineering problems. Particular emphasis has been put in
the realization of reconfigurable metasurfaces for active wavefront control, as such
a functionality remains relatively unexplored.

The first part of this thesis focuses in the first experimental demonstration of active,

reconfigurable non-mechanical beam steering devices working the near-infrared.
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This was achieved via integration of ultra-thin films of chalcogenide phase-change
materials (in this case, the widely employed alloy Ge;Sb,Tes) within the body of
a dielectric spacer in a plasmonic metal/insulator/metal metasurface architecture.
Active, and optically reversible beam steering between two different angles with ef-
ficiencies up to 40% were demonstrated.

The second part of this work shows the work carried out in metal-free metasur-
faces as a way to manipulate optical beams with high efficiency in both transmis-
sion and/or reflection. This was achieved via combination of all-dielectric silicon
nanocylinders with deeply-subwavelenght sized Ge,Sb,Tes inclusions. By strategic
placement of the phase-change inclusions in the regions of high electric field den-
sity, independent and active control of the metasuface resonances is demonstrated,
with modulations depths as high as 70% and 65% in reflection and transmission re-
spectively. Multilevel, and fully reversible optically-induced switching of the phase-
change layer is also reported, with up to 11 levels of tunability over 8 switching
cycles.

Finally, the last section of this thesis introduces the concept of hybrid dielectric-
plasmonic phase-change metasurfaces having key functional benefits when com-
pared to both purely dielectric and plasmonic approaches. The proposed architec-
tures showed great versatility in terms of both active amplitude and phase control,
offering the possibility of designing devices for different purposes (i.e. such as ac-
tive absorbers/modulators or beam steerers with enhanced efficiency) employing
the same unit-cell configuration with minor geometry re-optimizations. Initial de-
vice experimental demonstrations of such an approach are discussed, as well as their
potential in terms of delivering in-situ electrical switching capabilities using a metal-

lic ground plane as a resistive heater.
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Chapter 1

Introduction and Motivation

1.1 Optical beam control:

From passive bulky optics to active metasurfaces

Since the beginning of mankind, the human race has always shown strong interest
in the origin of optical phenomena, and how to control them for its own benefit. Ev-
idences of early objects for light control currently date from the beginning of bronze
age [1], with the discovery of ancient mirrors and lenses based on polished metals
and rock crystal (quartz) respectively (Figure 1.1). Despite there being uncertainty
about whether the physics behind such items were known by then, it is believed that
their function was to serve as imaging and magnification tools [2]. Today, conven-
tional bulky optics are still being used for focusing, imaging and guiding light, and
serve as the key elements in most of our current optical devices. Their working prin-
ciple is now well known: their ability to mould and control light in a particular way
relies on propagation effects such as phase accumulation and interference effects of
electromagnetic (EM) waves in refractive and reflective materials. This has paved
the way for the development of more sophisticated optical components such as in-
terference filters/coatings or lenses with freeform and aspheric geometries, whose
functionalities can be deliberately controlled by design via proper material and ge-
ometry combination [3].

In 1801, Thomas Young demonstrated that a beam diffracted by two slits can gen-
erate a fringe pattern as result of constructive and destructive interferences based on
Huygens’ principle. The double slit experiment provided for the first time an ex-

perimental evidence for the acceptance of wave theory of light [3], and triggered
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the development of non-bulky devices for light control based on both interference
and diffraction effects. This includes diffraction gratings made of periodic struc-
tures with periods d in the order of the wavelength, which are typically used to split
a beam into different directions (diffraction orders). Because the direction of such
beams depend on the period and the wavelength of the incident beam, diffraction
gratings are commonly used as dispersive elements, i.e. to split white light into

different monochromatic components [3, 4].

FIGURE 1.1: Examples of ancient objects for light control. Mirror made of silver and copper
alloys, dating from ~ 1478-1390 B.C. (ancient Egypt, left). The Nimrud lens, made of rock
crystal and dating from ~ 750-710 B.C. (ancient Assyria, right). Images taken from the
Brooklyn and British museum websites (https://www.brooklynmuseum.org/ and
https:/ /www.britishmuseum.org respectively).

Despite bulky optics and diffractive elements still being heavily employed nowa-
days, their effect on optical beams are locked at the design stage, thus limiting their
functionalities to a single configuration. For example, a lens will have a fixed numer-
ical aperture based on its geometry and constituent materials, which will determine
its spatial resolution and thus the minimum distance at which two points can be
resolved. The potential of conventional optical components can be eventually in-
creased by combining various elements to form more sophisticated optical systems
such as spectrometers, where both lenses and mirrors are combined with diffraction
gratings to analyse the spectral content of light after interacting with a specimen.
Even so, such systems suffer from other unavoidable design and fundamental limi-
tations, such as size and weight, or spatial/spectral resolution.

A new and more flexible approach to light manipulation emerged around two
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decades ago with the introduction of metamaterials and metasurfaces. Such de-
vices are engineered structures made of sub-wavelength (typically resonant) build-
ing blocks which can be either periodically or randomly arranged. By properly en-
gineering the spacing, dimensions and electromagnetic properties of such build-
ing blocks (sometimes named meta-atoms), metamaterials and metasurfaces can
achieve effective EM properties (i.e. permittivities and permeabilities) beyond those
found in nature [5], and/or mimic the functionalities of conventional optics with-
out the need of bulky geometries respectively [6]. Since the concept of metasur-
faces emerged, considerable research efforts have been put into the development
of novel "meta-device" prototypes with unusual properties, and spanning the ultra-
violet to the microwave spectrum. Examples of this research trend in the optical
regime include devices for amplitude control (such as super absorbers [7, 8]), and
phase control, e.g., holograms [9], flat lenses [10] or beam steerers [11]. However, de-
spite optical metasurfaces having emerged as a versatile design platform which can
offer clear advantages over classical optical components (such as lightweight pho-
tonic devices or exotic EM phenomena), they share the same issue in terms of static-
functionalities. That is, their utility is fixed by design so that a particular metasurface
design will have a repeatable and stationary effect on optical beams. Hence, many
potential applications of metasurfaces have been frustrated, among others, by the
lack of tuning capabilities. Motivated by this, over the last years several approaches
to reconfigurable/dynamically tunable metasurfaces have been proposed by the sci-
entific community [12, 13]. As summarised in Figurel.2, five principal methods to
provide dynamic light control using metasurfaces can be identified, from which four
of them are based on tuning the optical properties of the constituent or surrounding

materials [12]:

a. Optically tunable metasurfaces
Optical tuning consists of locally varying the permittivity of the metasurface con-
stituent materials via generation of non-linear optical effects, which are driven by
ultrafast, high-power laser irradiation [12, 14]. Depending on the laser intensity,

pulse duration, as well as on the physical characteristics of the irradiated material,
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different nonlinear mechanisms can be generated to achieve optically tunable meta-

surfaces [14, 15, 16, 17]. For example:

e Changes in the permittivity driven by laser pumping can be induced via opti-
cal Kerr and two photon effects in all-dielectric metasurfaces made of materials
such as germanium (Ge) [18] or silicon (Si) [19], whose Kerr and two photon
absorption coefficients are high [14]. These phenomena are proportional to the
irradiance of the external laser pump, thus multilevel tuning becomes possible

via control of the applied power [14, 20].

o In the case of metals where light attenuation is dominated by linear absorp-
tion, changes in the permittivity due to non-linear effects become accessible
through the use of metamaterials whose building blocks are of the order of
the metal penetration depth [21, 22]. However, the most common approach
is to use metallic nanoparticles to enhance the Kerr and two-photon effects of

surrounding dielectrics via excitation of localised plasmon resonances [17].

Tunable/Reconfigurable Metasurfaces

(Methods)
Optically -v Thermally Chemically  Mechanically

1. Non linear optics: 1. Carrier injection 1. Volatile 1. Hydrogenation 1. MEMS
- Thermal nonlinearity - Conductive oxides ) ng o - Palladium - Nitrides
- Kerr / two photon absorption - Semiconductors - Silicon, L'q”:d Crystals. . Magnesium - Carbides
- Photo carrier-injection - 2D materials 2. Non ‘mla_tlle 2. streching

2. Electric fields - Chalcogenide PCMs . POMS

- Liquid crystals - 2.0. GeShTe alloys

Tuning of the optical properties

of constituent materials

FIGURE 1.2: Schematics of different methods employed to yield tunable/reconfigurable
metasurfaces

b. Electrically tunable metasurfaces
This approach can be considered as the electrical counterpart to optical tuning, as it
is based on changing the optical properties of the metasurface constituent materials

via electrical stimuli. Reconfigurable metasurfaces of this form typically consist of
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meta-atoms made of electrically sensitive materials with incorporated varactors or

PIN diodes [12], and can be classified in two main groups:

e One is based on electrically driven carrier density modifications in materials
such as indium tin oxide (ITO), semiconductors (Si, GaAs...) or 2D materials
(graphene, MoS;...) [23, 24, 25]. In analogy to optical photo carrier-injection,
a change in the free carrier density produces changes in the plasma frequency
of the material (hence in its permittivity), which results in alteration of the

metasurface electromagnetic response.

e The second approach is based on the use of liquid crystals (LC), whose molec-
ular orientation and thus birrefringence can be modified on demand via ap-
plying a voltage between two electrodes. The permittivity of such materials

can be therefore gradually controlled with variations of the voltage [26, 27].

c. Thermally tunable metasurfaces
The combination of metasurfaces with materials whose dielectric properties are ther-
mally sensitive is another option towards achieving reconfigurability [12]. Ther-
mally driven metasurface tuning can be divided in two main categories depending

on the underlying mechanism:

e One is based on volatile thermal switching, which takes advantage of mate-
rials with sizeable temperature-dependant dielectric permittivities. Materials
such as VO, are currently the most exploited options [28, 29, 30, 31]. This
compound undergo an insulator to metal phase transition at relatively low
temperatures (66 °C) [32] which is accompanied by abrupt changes in its op-
toelectronic properties. Hence, VO, has been substantianly employed to cre-
ate reconfigurable metasurfaces from the visible to the THz spectral regimes
[28,29, 30, 31, 32]. Alternative materials have been also successfully combined
with metasurfaces to yield thermally-tunable photonic devices, including ther-

motropic liquid crystals, semiconductors, or superconductors [12].

e The above approach requires for a constant heat simulus to hold changes of

the dielectric function of the active material over time, which depending on
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the application might result in high power consumption. Non-volatile ther-
mal switching does not suffer from this issue, and is essentially occupied by
chalcogenide phase change materials (PCMs) typically made of germanium
(Ge), antimony (Sb) and tellurium (Te) alloys [33, 34]. As in the case of Vana-
dium Oxides, a structural phase transition (in PCMs from amorphous to crys-
talline states) with subsequent sharp changes in the optical properties can be
thermally driven in such PCM compounds [33]. The main difference here
relies on the fact that despite the crystalline phase of chalcogenide PCMs is
more energetically favourable [33, 35], chalcogenide PCMs can remain amor-
phous at room temperature for decades [33], making them eminently suit-
able for low power consumption memories or reconfigurable photonic devices.
Indeed, various dynamically reconfigurable metasurfaces have been demon-
strated over the last couple of years [34]. In addition to chalcogenide PCMs,
non-volatile reconfigurable metasurfaces based on amorphous to crystalline

switching of silicon nano-particles have been also recently demonstrated [36]

Both volatile and non-volatile thermal switching can be successfully carried out
in reconfigurable metasurfaces employing different types of heating mechanisms,
such as resistive Joule heating via electrical contacts [37], optical heating employing
laser scans [38], or simply via hot plate annealing [39].

d. Chemically tunable Metasurfaces

Another method to achieve tunability of metasurfaces is based on the use of
chemically sensitive materials as building blocks, where the optical properties can
be altered via chemical reactions. For example, in ref. [40], Tittl et al. experimentally
demonstrated the concept of tunable absorbing metasurfaces via hydrogen adsorp-
tion by palladium, where the amplitude (reflectance) of visible light can be switched
as a function of hydrogen concentration. Other approaches such active structural
colour generation via hydrogenation and de-hydrogenation of magnesium based
metasurfaces have been reported [41].

f. Mechanically tunable Metasurfaces

The tunability methods described previously are essentially based on modify-

ing the optical properties of constituent materials. Mechanical tuning proposes an
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alternative pathway which consists of actively changing the geometrical design pa-
rameters (such as thicknesses and/or spacing between elements), which results in
changes of the metasurface electromagnetic response. Two main approaches have

been reported so far:

e One is based on the so-called micro-electro-mechanical-systems (MEMS), con-
sisting of electrically activated switches made of piezoelectric and/or pyro-
electric materials, such as nitrides (e.g. SizN4, GaN), carbides (e.g. SiC) and

other ceramics [42, 43].

e The second approach takes advantage of substrates made of elastic materials
such as polydimethylsiloxane (PDMS). Mechanical tuning is here achieved via
stretching the substrate to change the inter-distance between resonant nanopar-

ticles [44, 45].

The integration of methods such as those described in a) to f) into real-life op-
tical devices is far from easy, as local tuning of optical metasurfaces and/or indi-
vidual meta-atoms becomes a formidable task at the nanoscale. Nevertheless, the
ability to dynamically control the detailed spatio-temporal nature of optical beams
using lightweight reconfigurable metasurfaces would open up a new route to a wide
range of exciting applications going from imaging to telecommunications. This in-
cludes e.g., active flat optical components such as reconfigurable holograms, lenses,
optical switches, active colour displays or non-mechanical beam steering [6, 34].
The present work is therefore dedicated to the study and experimental realisation
of novel reconfigurable metasurface device architectures, particularly focused on
the practicable combination of phase-change materials with metasurfaces towards
the realisation of real-life devices. In the following subsections, the motivation and
challenges of such a pursuit will be briefly discussed, and the specific objectives of

the work carried out will be explained.

1.2 Motivation and objectives

Research interest in the area of dynamically reconfigurable metasurfaces is grow-

ing fast. As described in the previous section, the majority of the approaches to
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active metasurfaces reported up to now rely on tuning of the refractive index of the
constituent elements. Perhaps one of the best candidates to make this happen are
chalcogenide phase-change materials, due to their excellent tunability properties.
That is, high refractive index contrast between amorphous and crystalline states,
non-volatility, fast switching times and large number of switching cycles [33], which
would potentially result in photonic devices with high optical contrast, low power
consumption, high operational speed, and large endurance respectively. Particu-
larly over the few last years, the combination of chalcogenide phase-change mate-
rials (traditionally employed in memory technologies) with metasurfaces has been

arguably one of the most explored option, as reflected by the number of publications

per year (in Figure 1.3).
60
[ | Phase-Change materials
50 T B Liquid Crystals
40 4+ W Mechanical tuning
[ Non-linear optics
30 H
20 -
10
0 A

2012 2013 2014 2015 2016 2017 2018 2019

Year of publication

FIGURE 1.3: Number of published papers per year about reconfigurable/tunable optical
metasurfaces, sorted by various methods. Tuning based on phase-change materials and
non-linear optics are so far the most employed methods. Data extracted from Web of
Science in June 2019.

In spite of the amount of research effort put in the development of phase-change
metasurfaces, such research is still at a relatively low stage of maturity, and a long
way away from becoming a commercial technology. To date most of the published
work relies on numerical simulations showing new potential applications of active
phase-change meta-devices [46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60,

61, 62]; with only a sub-set of concepts having successfully fabricated and tested,
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from which a huge majority is based on active amplitude control and modulation of
light across different parts of the IR specturm [7, 63, 64, 65, 66, 67, 68, 69, 39, 70, 71].
Furthermore, only a few experimental demonstrations of reversible optical switch-
ing (i.e. crystallisation and re-amorphisation) over multiple cycles can be currently
found in the literature [7, 38, 70, 72], and no phase-change active metasurfaces with
reversible electrical switching capabilities have been reported so far, to the best of
our knowledge. Instead, the most common practice relies on optical characterisation
of the amorphous, as-fabricated, PCM metasurface with subsequent characterisation
in the crystalline state after hot plate crystallisation (annealing) as a proof of concept
[34, 63, 66, 69, 71]. The lack of agile progress in this field is mainly due to three main

key issues:

1. The first issue consists of the presence of various non-trivial, engineering
crossroads arising from the marriage of chalcogenide phase-change mate-
rials and metasurfaces. In this context, perhaps one of the most challenging
point comes from the balance of optical and thermal responses when design-
ing phase-change metasurfaces. Because PCMs require for a melt-quench pro-
cess to re-amorphised [33], re-amorphisation might become challenging (or
even impossible) over large volumes due to thermal insulation [73]. In turn,
employing small PCM volumes in metasurfaces can result in low optical con-
trast, which limits the device tunability and thus compromises the optical per-
formance. On the other hand, chemical reactions and incompatibilities of
chalcogenide phase-change materials are often not taken into account by re-
searchers working in the field. This includes oxidation of PCMs when ex-
posed to air (e.g. see [46, 68, 39]), or thermally induced metal diffusion into
chalcogenide PCMs [74]. That said, it becomes clear that the design of phase-
change meta-devices having optimum optical responses and ex-situ (i.e. laser-
induced) switching capabilities simultaneously turns into a challenging task.
Electrically-driven, pixel-by-pixel, in-situ switching is indeed even more chal-
lenging; as it would involve the use of resistive heaters and electrical contacts

made of metals not suffering from thermally-induced diffusion into PCMs. At
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the same time, such metallic parts must be made of materials suitable for plas-
monics in the optical regime to avoid degradation of the optical response (such
as gold, silver or aluminium)[75], and must have melting points higher than

PCMs to prevent long-time deformation of the heating elements.

. In terms of optical performance, the majority of phase-change active metasur-

faces reported up to now suffer from low efficiency: first because they are
mainly based on metallic building blocks introducing plasmonic losses [46, 70,
64, 66, 76]; and second, because commonly employed PCM compositions do
suffer from unavoidable dielectric losses in the infrared, which are in general
very low in the amorphous phase, but become higher after crystallisation [34,
77]. Both sources of losses combined together typically result in phase-change
metasurfaces having operation efficiencies and/or modulation depths below
or in the order of 20% [64, 66, 70]. Exploring new metasurface architectures
outside from the purely plasmonic approach is therefore needed in order to

increase these numbers.

. Following the previous point, there is also a clear lack of suitable chalco-

genide phase-change compositions specifically synthesised for their inte-
gration in metasurfaces. Since phase-change materials have been tradition-
ally employed in non-volatile electronic and optical memories, research efforts
have been so far put on the synthesis of new alloys whose physical prop-
erties are suitable for this purpose. Nevertheless, the material requirements
for the progress of non-volatile memories do not necessarily match what is
expected from tunable metasurfaces. For example currently employed PCM
compositions have the capability to switch between phases in timescales of
units of nanoseconds or even less [33, 78], which is quite useful for their in-
tegration in memory and/or computing devices but would find no utility in
some other applications related to phase change metasurfaces. For instance,
eye-related technologies like active colour displays or smart glasses would not
find real benefits from such high operational speeds, as the eye-brain tempo-
ral resolution is far below the switching speeds of current PCM alloys. On

the other hand, despite the need of high electro-optical contrast between the
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structural phases of PCMs is common to both metasurfaces and memory tech-
nologies, chalcogenide phase change alloys do suffer from strong optical losses
in the visible spectrum [77], which is not relevant to memory devices but might
limit the potential of developing active metasurfaces operating in such spec-
tral regime. The majority of available alloys have their corresponding (amor-
phous and crystalline) bandgaps located in the infrared spectrum [77], which
is highly desirable for low power consumption electronic memories, but in
turn; results in severe degradation of the optical performance when designing

metasurfaces in the visible spectrum.

Solutions to 3 would involve the development of new PCM compositions with
properties specifically focused on the progress of reconfigurable metasurfaces, which
falls outside of the topic of this thesis. Nevertheless, this work is motivated by the
need of overcoming the key engineering conflicts briefly described in 1 and 2, which
can be potentially sorted out at the design stage. Therefore, the main objective of
this thesis is to design, analyse and experimentally validate novel and practicable
metasurface architectures which could partially or totally address such engineer-
ing crossroads. The design philosophy followed in this work has been inspired
when possible by current well-established commercial PCM optical and electrical
non-volatile memories (reviewed in-depth in Chapter 2 ) towards future integration
of reconfigurable phase-change metasurfaces in real-life applications. Following this
philosophy, the design, fabrication, characterisation and analysis of future potential
of various device prototypes employing different metasurface configurations have
been carried out. Finally, since almost all of the work developed up to now is based
on amplitude modulation, particular emphasis has been put in the development of
reconfigurable devices for optical phase control in the near infrared, with potential

applications in beam steering, active lensing or holography.

1.3 Thesis outline

The first chapter of this thesis has served as a brief introduction to the state of the
art of currently available devices for optical beam control, from conventional optics

to the various types of reconfigurable/tunable metasurfaces. The main (but not the
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only) engineering challenges for a successful development of phase-change mate-
rial based dynamic metasurface technology have been then identified, followed by

a statement of the main objectives of the present work.

The rest of the manuscript will continue according to the following scheme:

Chapter 2 starts with a review of basic electromagnetism, towards a better un-

derstanding of the frequency-dependent fundamental limitations of naturally oc-
curring materials in terms of light/matter interaction. The concepts of metamate-
rials and metasurfaces are then introduced in more detail, and some of the most
relevant examples on how metamaterials can yield the fundamental limits of nat-
ural substances will be explained to the reader. The evolution of such technology
will be then briefly reviewed from the first metamaterial prototypes to their recently
emerged two-dimensional analogues (i.e. metasurfaces).
The main physical properties and characteristics of chalcogenide phase-change ma-
terials, as well as their traditional applications in non-volatile optical and electrical
memories will be then reviewed. Some of the most relevant modern applications
of phase-change materials outside the memory technology will be then briefly re-
visited, with particular emphasis on the current state of the art work of recently-
developed reconfigurable metasurfaces employing PCM alloys and their technolog-
ical challenges.

Chapter 3 provides in-depth details of the tools and methodologies employed for
the realisation of this work. As this thesis involves the design, analysis, fabrication
and characterisation of nano-photonic devices, a wide range of computational, nano-
fabrication and characterisation methods have been therefore required for its correct
development. This chapter aims to provide both background and procedures of the
various methods employed.

Chapters 4 to 6 describe the bulk of the computational and experimental work
carried out during the project. The combination of ultra thin PCM layers with dif-
ferent meta-atom structures (i.e. plasmonic metal/insulator/metal, high index all-
dielectric, and hybrid dielectric-metal configurations) is proposed and experimen-

tally validated in Chapters 4 , 5 and 6 respectively. More specifically:
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e Chapter 4 Shows the development of non-volatile, reversible, active beam
steering in the near-infrared employing phase-change metal/insulator/metal

metasurfaces (reported in [38]).

e Chapter 5 sets out the work carried out in developing all-dielectric, hybrid sili-
con/PCM metasurfaces. The observation of new exciting features arising from
this combination (such as individual control of Mie-like electric resonances)
has been exploited for the design and experimental realisation of exotic recon-
figurable optical switches, as well as for the first experimental realisation of
laser-induced multilevel and reversible switching in phase-change metasur-

faces (reported in [79]).

e Chapter 6 introduces the concept of hybrid dielectric-plasmonic metasurfaces
having key functional benefits when compared to both purely dielectric and
plasmonic metasurfaces (see [80]). Initial device experimental demonstrations
of such an approach in the near infrared (NIR) are discussed, as well as their
potential in terms of delivering in-situ electrical switching capabilities with

superior scattering efficiency.

Each of the results chapters starts with a brief introduction and motivation of the
work specifically carried out, and ends up with an discussion of the pros and cons
of the particular phase-change meta-atom configuration investigated, as well as a
list of possible future work.

Finally Chapter 7 contextualises and reiterates the results of this work, with an

overview of the key findings discussed on each chapter.

In terms of original contribution to knowledge, the work carried out in this the-
sis makes a key improvement towards the development of practicable active phase-
change metasurfaces for real-world applications, as it demonstrates both numeri-
cally and experimentally that the relevant engineering conflicts arising from the mar-
riage of phase-change materials with metasurfaces can be sorted out at the design
stage. This was achieved via establishing a design philosophy specifically focused

in minimising the amount of PCMs down to what is typically used in non-volatile



14 Chapter 1. Introduction and Motivation

memories, while at the same time not interfering with other relevant engineering
aspects, such as optical performance (i.e. efficiency and tunability), or chemical in-
teractions (e.g. oxidation or metal diffusion into PCMs). Such an approach resulted
in excellent optical device performances, as well as successful reversible switching

of all the developed devices without signs of performance degradation.
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Chapter 2

Background

2.1 Light-matter interaction:

Fundamental limits of natural materials

For a better understanding of the technological importance of metamaterials and
metasurfaces and their potential towards the development of novel photonic tech-
nologies, it is first convenient to understand the inherent limitations of natural ma-
terials in terms of light-matter interaction. Naturally occurring materials display a
wide range of complex arrangements of atoms with both free or bound electrons,
which are directly responsible for their macroscopic electromagnetic (EM) response.
Light propagation in a medium is dictated by Maxwell’s equations, which relate the
spatio-temporal variation of the displacement electric fields D and magnetic induc-

tion B, with the magnetic H and electric E fields of an EM wave respectively [5]:

V-D=p 2.1)
V-B=0 (2.2)

. 0B
VXE——ﬁf (2.3)
VXﬁz—aa?Jrf (2.4)

where p and j are the free electric charge and electric current respectively. Maxwell’s
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equations still apply to light matter interaction even at the atomic scale, where bound,
free charges and currents are present. For simplicity, and since for the materials con-
sidered in this thesis, the magnetic response is weak at high (optical) frequencies
[81], we will neglect the magnetic properties for the moment. Thus, the macroscopic
material properties of most interest are electrical, and can be expressed by the fol-

lowing linear relations between fields:

D = eoE 4+ P = ¢oE + eo)X.E = e0(1+ X.)E = €0, E (2.5)

where P is the polarisation which quantifies the electric dipole moment per unit
of volume, X, is the electric susceptibility and &, is the complex relative permittivity

of the material.

} Ew)

p=-q.r

FIGURE 2.1: Nucleus/electron forced and damped harmonic oscilla-
tor model.

In the case of dielectric materials where electrons are bound to the atomic nu-
cleus, a Lorentz model within the electromagnetic formalism can be applied to de-
rive the frequency-dependant relative permittivity. That is, as depicted in Figure
2.1, considering individual atoms as forced and damped harmonic oscillators, where
electrons exhibit periodic motion under the presence of harmonic electric fields from
an EM wave. In one dimension, for an isotropic, homogeneous and linear material,

the electron equation of motion is defined by

d*7 S

dr
meﬁ + mgfya + mew% = —q.E (2.6)

where m, and g, are the electron mass and charge respectively, v the damping

factor, and wy the natural oscillation frequency. Given that the electric field of an EM
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wave is harmonic with an angular frequency w, by Fourier transforming eq. 2.7 and

solving for 7 we get:

=

. E
Alw) = _ngwg — w? —iyw

(2.7)

As shown in Figure 2.1, the displacement of charges induces a local electric
dipole moment p(w) = —q.7(w). However, since materials are made of billions
of atoms, the response of a single atom to an harmonic electric field is not enough to

determine their macroscopic response. Instead, an average dipole moment per unit

of volume (i.e. the polarisation P) needs to be used:

P(w) = N(p(w)) (2.8)

where N is the number of atoms per unit of volume. That said, eq. 2.8 can be

re-written as a function of P:

Blw) = Y 1 E (2.9)

me wi—w?—iyw

Recalling the definition of polarisation from eq. 2.5 where P = SOXEE ; We can
finally get a frequency dependant expression for the electric susceptibility x,:
_ Neg 1

w) = 2.10

and thus for the relative permittivity,

&(w) =¢(w)+id(w) =1+ e :};_ e (2.11)
e (w) =1+w; o _‘sz;z‘f T (2.12)
&) (w) = w), = wZ;Z v (2.13)
where w), is the plasma frequency:
w0, = | Nz (2.14)

ne€
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Lorentz models can nicely predict the EM response of substances having elec-
trons bound to the nucleus. However, materials like metals have free, unbonded
clouds of electrons; meaning that there is no restoring force, thus no resonant fre-
quency. By imposing wy = 0 in eq. 2.6, one can end up with the Drude model that
describes the EM response of metals [5],

w?t? witw!
&(w) = & (w) +ie) (w) = <1 — p) + i(p> (2.15)

1+ w?t? 1+ w?t?

Note that both the natural frequency and the damping coefficient of eq. 2.6 are not
present in the permittivity function of metals, although there is still a damping term
T that accounts for the collisions within the electron cloud.

From egs. 2.15and 2.11, it is clear that the electromagnetic properties of naturally
occurring materials hold frequency-dependant restrictions, as well as particular val-
ues of the plasma frequency w, and damping 7. A medium exhibiting such behavior
is named dispersive, and the way in which a wave propagates and interacts with it

is described by the dispersion relation:

k(w) =

Lii(w) = xo(@)7i(w) = Ko(c)y/ i ()& () (2.16)
where k and k¢ are medium and free-space wavenumbers respectively, c is the vac-
uum speed of light, i is the refractive index of the medium, and i, is the relative
permeability. As stated earlier in this section, the magnetic response of natural ma-
terials at optical frequencies is weak, thus can be neglected via imposing i, = 1.
This occurs because contrary to the excitation of electric dipoles, which is formed
via electron displacements driven by harmonic electric fields (represented in Figure
2.2), magnetic dipole induction relies on Larmor precessions having gyromagnetic
ratios which are much slower compared to electric dipole oscillations [82]. There-
fore, excitation of magnetic dipoles occur at lower frequencies located below the
GHz regime, which limits even further the response of naturally occurring materials
in optics.

Figure 2.2 shows an example of the frequency-dependant permittivity for amor-

phous silicon (left) and platinum (right), calculated with Lorentz and Drude models
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FIGURE 2.2: Permittivity function of amorphous silicon a-5i (left) and platinum Pt (right)
obtained employing Lorentz and Drude models respectively. Model parameters for a-Si
were obtained from public domain (www.horiba.com), and from Ref. [83] for Pt.

respectively. From Figure 2.2 (left), it can be seen that the in the case of dielectrics or
semiconductors at high frequencies, the real and imaginary parts of the permittivity
reach a maximum around the natural frequency of the material wy. This peak cor-
responds to a strong absorption of the wave inside the material, due to energy cou-
pling to the atomic structure. Out of the resonant frequency, three principal regimes

can be identified:

e when w < wy, The real part of & has a positive sign, thus wavenumber k de-
fined in eq. 2.16 is a real number. Such a frequency regime corresponds there-

fore to a transparency window, where EM waves are allowed to propagate.

e when wy < w < wy, Re{g,} becomes negative, thus the wavenumber is imagi-
nary. As a result, waves become evanescent and cannot propagate inside the

material, thus light is reflected instead.

e when w > w; , Re{g;} becomes positive again, resulting in a second transmis-

sion window.

In the case of metals with no resonant frequency (Figure 2.2 (right)), the above

can be simplified to two main regimes:

* w<wy corresponds to a non-propagative regime due to negative values of

Re{¢,}, resulting in light being reflected by the medium.
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e when w » w, , metals exhibit a transmission region just like insulators, thus

waves are allowed to propagate since Re{,}>0.

Close to the plasma frequency, radiation can penetrate inside the metal, but at the
same time experiences fast exponential decay due to strong losses [5]. Such attenu-
ation along the propagation direction defines the skin depth (J) of the metal [81]:

6= — (2.17)

which is the distance from the metal boundary to the point where the amplitude of
the propagating waves are dissipated to 1/e (i.e. when 63% of the wave has been
absorbed).
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FIGURE 2.3: Materials classification at optical frequencies according to the sign of €, and
r. Materials of quadrants I and II can be found in nature. No naturally occurring
materials have been reported in quadrants IIl and IV in the optical regime

Figure 2.3 shows a quadrant diagram classifying light-matter interaction accord-
ing to the sign of €, and y, at optical frequencies. Since i, = 1 in the optical regime,
naturally occurring materials at high frequencies are located in the upper half of
the diagram, where y, is always positive, and €, can be either positive or negative.
Quadrant I contains the major part of isotropic dielectrics and semiconductors, as
well as metals above the plasma frequency, where both permittivity and perme-
ability have positive values. As stated previously, propagation of light is therefore
allowed, resulting in materials belonging to this quadrant being transparent to radi-

ation. Quadrant II is dominated by metals below the plasma frequency (¢, < 0 and
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ur > 1), resulting in light being reflected. At optical frequencies, quadrants III and
IV are unoccupied: no natural materials with simultaneous negative €, and y, values
(or negative i, only) have been reported so far in the optical regime [5]. Quadrant
IV is however filled by diamagnetic materials where y, < 0, but only at low (below
the GHz regime) frequencies [82].

The electrodynamics of hypothetical materials with simultaneous negative e,
and y, values were theoretically investigated for the first time in 1967 by Victor G.
Veselago [84]. In his work, Veselago predicted various exotic electromagnetic effects
emerging from this condition. For example, he pointed out that if €, and y, are both
negative, then an EM wave can propagate through media with a negative group ve-
locity. That is, E, B and the wave vector k forming a set of orthogonal vectors that
follow the left-hand rule, which results in the energy flux (defined by the Poynting
vector P;) having opposite direction with respect to k. For this reason, Veselago re-
ferred to this hypothetical materials as “left-handed”, and his terminology is still
being used by the scientific community nowadays [85]. Within the various conse-
quences of this effect, perhaps the most well known phenomenon is negative refrac-
tion [5, 86], where light would theoretically bend towards the opposite direction (cf.
natural materials) when encountering an air/material interface.

At the time of Veselago’s work, the concept of left-handed materials was some-
thing purely abstract, since no natural materials having this property exists. Vese-
lago’s findings therefore passed unnoticed. In the next sub-sections, we will see
how his research recovered the attention from the scientific community in 2000, due
to the development of artificial materials (nowadays known as metamaterials). We
will see as well how metamaterials and metasurfaces can effectively be designed to
fill quadrants III and IV from Figure 2.3, and overcome the fundamental limits of
naturally occurring materials, thus paving the way for a new class of electromag-

netic phenomena and devices.

2.2 Metamaterials: A brief historical review

In the last two decades, engineered materials have gained a lot of attention from the

scientific community due to their extraordinary properties (some of them not found
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in nature) [6, 86, 87, 88, 89]. These artificial structures — now commonly known
as metamaterials— have the potential to circumvent the fundamental limitations of
natural materials, where the electromagnetic (EM) response is dictated by a particu-
lar atomic arrangement. As briefly mentioned in Chapter 1, metamaterials are struc-
tured materials made of subwavelength inclusions, which can be either periodically
or randomly distributed [5]. Such building blocks (often known as meta-atom) can
be specifically designed to engineer the macroscopic EM response on demand.

Metamaterial technology began with ]. B. Pendry and his research for novel neg-
ative permittivity artificial materials at the end of the 90’s [90]. In his work, Pendry
showed (both numerically and experimentally) that an extended 3D array of deeply
subwavelength sized thin wires can be designed to have an effective plasma fre-
quency located in the GHz regime (microwaves). That is, several orders of magni-
tude lower with respect to naturally occurring metals, which typically have a w,
located in the UV or visible spectrum [5, 81]. Figure 2.4a shows a diagram of the
proposed artificial medium. By engineering the dimensions and/or spacing of the
air-surrounded wires, Pendry and his group showed on-demand artificial control
over the effective electron density, resulting in effective plasma frequencies and neg-
ative permittivities ¢, at microwave frequencies [90]. Despite the term "metamate-
rial" was not employed at that time, the concept of creating artificial electromagnetic
structured materials with properties beyond nature was demonstrated for the first
time.

After successfully demonstrating the use of engineered materials to generate un-
usual effective electric responses, and motivated by the poor variety of magnetic
response of natural materials at GHz and higher frequencies, Pendry started to in-
vestigate analogue magnetic artificial materials. In 1999, he theoretically showed
that structured media can also be exploited to engineer effective permeabilities at
will [91]. By making the constituent building blocks resonant, the effective magnetic
permeability p,¢f can be severely enhanced via excitation of magnetic induction,
and even take negative values when the excitation frequency is close to the natu-
ral frequency [91, 92]. Here, the proposed structural material is made of a pair of
subwavelength concentric copper rings with splits at their opposite ends, named

split ring resonators (SRR). The SRR are arranged in a cubic 3D lattice as depicted



2.2. Metamaterials: A brief historical review 23
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FIGURE 2.4: Diagrams of the first artificial EM materials. (a) An array of deeply
sub-wavelength sized metal wires utilised for engineering the effective relative
permittivity, and thus reduce the plasma frequency to the GHz regime (re-adapted from
[90]). (b) A 3D cubic lattice of split ring resonators, employed to generate on-demand
effective relative permeabilities (re-adapted from [91]).

in Figure 2.4b. When excited with an EM wave, harmonic magnetic fields induce
resonant current loops in the rings, which generate their own magnetic flux which
can enhance or oppose the incident flux. Here again, by appropiately engineering
the geometrical parameters of the rings, Pendry et al. theoretically showed that SRRs
can exhibit artificial magnetisation, thus effective magnetic permeabilities [91] which
can be pre-designed to values not (or rarely) found in natural materials, including
negative effective permeability.

The term metamaterial started to become popular after the first experimental
demonstration of artificial electromagnetic structures with simultaneous negative
erefr and pyerr values. The credit goes to David Smith and his research group, in-
spired by Pendry’s research on artificial materials described above. In his work,
Smith suggested and experimentally validated that the combination of negative-
permeability split ring resonator media with negative permittivity thin metallic wires,
previously demonstrated by Pendry’s group, results in a left-handed material with
negative group velocity [90, 91, 92, 93]. Smith’s findings are summarised in Figure
2.5. As depicted in Figure 2.5a, the structure consists of a three-dimensional array
of copper split ring resonators with a thin copper wire parallel to the z axis. The
left-handed nature of such a structure was demonstrated via investigation of two

different metamaterials separately: one consisting of arrays of copper SRRs only,
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and a second one with a combination of copper SRRs combined with thin copper
wires. Figure 2.5b shows the dispersion curves obtained for with both approaches.
In the case of SRR-only metamaterial (i.e. without metal wires), a forbidden band
(highlighted in yellow) in which EM waves are not allowed to propagate was ob-
served around 10.5 GHz. This was attributed to an imaginary wave number as a
consequence of an effective negative permeability. The addition of copper wires
(specifically designed to have negative permittivity) to the SRRs structure "opens"
the frequency band gap originated by the SRR-only medium, which indicates prop-
agation of EM waves in the previously-forbidden band, and thus suggesting double-

negative condition where ¢,,rr < 0 and prr < 0.
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FIGURE 2.5: First left-handed metamaterial cell reported by Smith’s group (re-adapted
from [93]). (a) Schematics of the unit consisting of a combination of copper split ring
resonators and a copper wire along the Z axis. (b) Dispersion curve for a split ring
resonator (red) showing a forbidden band around 10.5 GHz, which "opens" when
combined with a metal wire (blue).

Since Smith et al. reported the first left-handed artificial material theoretically
investigated by Veselago [84], metamaterials have gained a lot of attention from sci-
entists around the world. It was soon pointed out that metamaterials can be engi-
neered not only to produce negative refraction, but also a wide range of unusual
and exciting properties not or rarely found in nature in different parts of the EM
spectrum [89, 94, 8]. This metamaterial "scientific avalanche" took place alongside
an improvement of micro and nano-fabrication techniques. Such a parallel techno-
logical development rapidly paved the way to the first artificial materials working

in the infrared spectrum [6], and finally in the optical regime, where the sizes of the

building blocks or meta-atoms fall in the nanometer scale [95].
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2.3 Optical metasurfaces: State of the art

Shrinking of 3D metamaterials from the microwave to the optical regime has become
a reality thanks to the evolution of nano-fabrication fabrication techniques, such
as electron-beam lithography, focused-ion beam milling, and nanoimprint lithog-
raphy [96]. However, such structural re-scaling is still nowadays challenging: first
due to complicated 3D fabrication procedures at the nanoscale, and second; due to
strong plasmonic losses from metallic nanostructures occurring at optical frequen-
cies which limits the range of applications. Two-dimensional metamaterials or meta-

surfaces have emerged as an alternative to overcome this issues, since:

e Removing the third dimension allows the reduction of plasmonic losses in the

direction of light propagation [75], thus improving efficiency when needed.

e Fabrication complexity is reduced, since a single lithography step combined
with thin film deposition techniques is typically sufficient for a successful de-

vice realisation [6, 96, 97].

Such flat metasurface arrays consist of subwavelength resonant elements which
can be designed to achieve local manipulation of the amplitude, phase and polar-
isation of light [6], via engineering of their geometry and/or material properties.
These capabilities can be therefore exploited to provide full control of the reflected
and transmitted waves, paving the way, as summarised in Figure 2.6, to the de-
velopment of a new class of compact photonic devices with novel and exotic func-
tionalities; such as super absorbers, frequency selective surfaces, beam steerers, flat
lenses, polarisers, vortex beam generators, or holograms [8]. In fact, most of such
functionalities were already reported in the RF and MW regimes even before the
demonstration of first metamaterials in 2001. For example frequency selective sur-
faces and absorbers operating at RF and MW frequencies emerged in the 70’s [98,
99], and beam steering and flat lensing (named reflectarrays and transmitarrays in
RF and MW terminology) were already employed by the end of the same decade
[100]. Metasurfaces can be therefore seen in some way as a shrinking of RF array
technology to the optical regime. Since metals do not behave as perfect electric con-

ductors below microwave wavelengths, perhaps the main difference between both
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relies on the generation of surface plasmons when using metallic meta-atoms at op-
tical frequencies [75]. This is due to collective coherent oscillations of free electron
clouds arising from electric field penetration at the surface of the metal [75]. As a re-
sult, linear scaling of the element sizes from the MW to the optical regime fails, since
the scaling becomes proportional to the wavelength of the surface plasmon (As) in-
stead of the free-space wavelength (Ag) [97, 101]. As mentioned before, this effect is
also accompanied by an increase of ohmic (plasmonic) losses at optical frequencies,
which might be actually of benefit for some devices such as super absorbers for e.g.
photovoltaics, but can be detrimental for other applications where light re-radiated
to the free-space needs to be kept to a maximum (e.g. like optical switches or beam

steering devices).
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FIGURE 2.6: Examples of functionalities offered by metasurfaces (reproduced from [8]).
(a-b) bandpass frequency selective surfaces in transmission and reflection. (c) Highly
reflective surface. (d) Perfect absorber. (e-g) Polarisers and polarisation sensitive
frequency selective surfaces. (h) 2D leaky-wave antenna. (i-j) Flat lenses in reflection and
transmission. (k) Flat Luneburg lens. (1) hologram.

Despite the wide range of functionalities offered by metasurfaces (Figure 2.6), the
majority of them can be in general built employing three main types of basic resonant
structures (i.e. unit cells or meta atoms) which can be either one or two-dimensional,
isotropic or anisotropic; and whose intrinsic physical mechanisms vary from struc-

ture to structure. That is, as schematised in Figure 2.7 and discussed further below:
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a) Metallic or plasmonic meta-atoms:
Metallic meta-atoms are subwavelength particles typically made of noble metals,
whose optical properties are due to the plasmon resonances supported by their
specific geometry and material properties. Some examples of typically employed
geometries are shown in Figure 2.7a, including V-shaped antennas, split ring res-
onators, metal/insulator/metal (MIM) gap plasmon resonators and Babinet-inverted
metal/insulator antennas. When such structures are excited with time-varying har-
monic electric fields (i.e. EM waves), free electrons are displaced causing an in-plane
effective dipole moment, with a subsequent depolarising field analogous to a restor-
ing force [5, 102]. Such a collective motion can be described as a Lorentz oscillator,
just like in natural atoms whose electrons are bound to the nucleus (as described in
the first section of this chapter). In addition to in-plane electric dipole excitation,
some specific geometries such as V-shaped, SRR and MIM antennas can also sup-
port out-of plane magnetic dipole inductions, even at optical frequencies. This phe-
nomenon is known as artificial optical magnetism [103, 104], and can be generated
via anti-parallel conduction currents associated to the time-varying electron motion
within the plasmonic particle [102]. These resonant behaviours provide the basic op-
erating principles of many metasurfaces with different functionalities reported up to

now [5, 6, 102], some of which will be reviewed in more detail in section 2.3.1.
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FIGURE 2.7: Examples of different type of unit cells or meta-atom configurations. (a)
Plasmonic, (b) All-dielectric, and (c) Hybrid dielectric/plasmonic.

b) All-dielectric meta-atoms:

All dielectric meta-atoms are nanoparticles made of high refractive index dielectrics
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such as, typically, silicon, hydrogenated silicon, gallium phosphide or titanium diox-
ide; surrounded by a low index medium like air or silica [88]. As depicted in Fig-
ure 2.7b, such structures typically consist of subwavelength building blocks hav-
ing different geometries, as well as truncated nano waveguides (e.g. nanorods or
nanopillars) where only the dimension in the propagation direction is larger than the
wavelength [105]. Excluding the latter case, the resonant behaviour supported by
all-dielectric metasurfaces is somehow analogous to plasmonic metasurfaces, since
they can also support electric and magnetic dipole (as well as higher order) mo-
ments [88]. Nevertheless, the main difference between both approaches relies on
the origin of such dipoles, which is driven by displacement currents, rather than,
as in the case of more conventional metal plasmonic metasurfaces, by conduction
currents [88, 104]. As a result, dielectric meta-atoms can exhibit very high scatter-
ing efficiencies due to the absence of ohmic (plasmonic) losses inside the particle.
Furthermore, by engineering the relative phase and amplitude of the electric and
magnetic resonances (which can be done by optimising their geometry), a 27t opti-
cal phase control becomes accessible in transmission, with nearly 0% of light being
back scattered (reflected) [106, 107]. Such key features makes from this configuration
a very attractive platform for applications based on wavefront engineering such as
flat lensing or beam steering [108].
c) Hybrid meta-atoms

Hybrid meta-atoms consist of subwavelength elements whose resonant behaviour
arises from the combination of plasmonic and dielectric meta-atoms described above,
thus electric and magnetic dipole moments are generated via both conduction and
displacement currents. The most commonly employed structures are depicted in
Figure 2.7a, and consist of core-shell nanoparticles in the form of low-index dielec-
tric spheres coated with metals such as gold or silver [109], or high index dielectric
resonators on top of a plasmonic metal plane (e.g. TiO; cylinders on silver) [45, 110,

111].

As we will see in the upcoming sections, the choice of a specific configuration
depends on the desired functionality, application and design specifications. An in-

depth analysis of the physical mechanisms of the above-described architectures, as
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well as a review of all their functionalities would be very extensive, and outside
of the scope of the results discussed in Chapters 4, 5 and 6. Hence, the following
sub-sections will focus on reviewing the state of the art and physical mechanisms
of nano-particles employed only for wavefront engineering, as well as for absorbing

metasurfaces (for being more relevant to the content of this thesis).

2.3.1 Absorbing metasurfaces

The generation of losses at particular optical wavelengths or spectral bands is cur-
rently a target functionality for a wide range of applications going from photo-
voltaics to optical telecommunications or displays. Over the last decade, plasmonic
metasurfaces, particularly in their metal/insulator/metal form; have been widely
employed for this purpose [7, 47, 112]. Such configurations are commonly known as
gap-surface-plasmon (GSP) metasurfaces, and as briefly described previously, their
optical properties rely on the surface plasmon resonances supported by their specific
geometry, as well as their constituent and surrounding materials [102, 75]. Figure 2.8
shows a diagram of the typical gap plasmon metasurface, whose unit cell consists
of a dielectric layer sandwiched between a continuous metal plane and a patterned
metal antenna. When excited with harmonic electric fields, the charge motion in-
duced in the top antenna is imaged at the bottom plane, thus generating anti-parallel

currents with a subsequent magnetic dipole induction [113, 114].
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FIGURE 2.8: Schematics and working principle of a typical gap-plasmon metasurface

Because of the finite width of the top antenna, first and higher order standing

wave GSP modes can be generated via changing its width. The resonant positions
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can be therefore approximated by a simple Fabry-Pérot (FP) model [113, 115, 116,
117]:
wkoncsp = mrit — A(P (218)

where w is the strip width, ngsp is the real part of the effective mode index of the GSP
(which depends on the geometry and optical properties of the involved materials),
m is an integer defining the order of the GSP mode, and A¢ is the optical phase shift
acquired upon reflection [56, 117].

In analogy to FP cavities where a fraction of light is reflected by the first inter-
face without coupling to the structure, when GSP metasurfaces are excited with EM
waves only a fraction of the wave is coupled to the structure and thus part of the
wave energy is reflected without interacting with the cavity. The resulting optical
response arises from the superposition of both contributions, and depends on the
so-called coupling coefficient (C.), which is the ratio between the energy not cou-
pled to the structure (external losses) and the energy dissipated inside the resonator
(internal losses) [118, 67, 7]. When the external and internal losses are equal in am-
plitude, the metasurface reaches the critical damping (or critical coupling) condi-
tion (where C, = 1), which provides the fastest approach to zero amplitude due to
the superposition principle [118]. This unique solution gives way to two additional

regimes:

e When the internal losses are higher than the internal losses (hence C; < 1),
the system is underdamped or overcoupled. This regime is characterised by a
continuous near 27t optical phase control with high efficiency, which becomes
accessible when the system is detuned from its resonant frequency (e.g. via

varying the width of the top antenna). [117, 118].

e On the other hand, when internal losses are smaller than the external losses
(thus C. > 1), the resonance falls in the so-called overdamped or undercoupled

regime, where only a 7t phase coverage is accessible.

The above described resonant regimes are indeed the same as those exhibited by
classical Fabry Perot cavities and Gires-Tournoi etalons [67, 119], and can be used for

different design purposes such as amplitude or phase control (see Appendix A for a
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detailed analytical study of FP resonant regimes). For perfect absorption, however,
the target design objective is the critical coupling condition where all the incoming
light is absorbed by the system. One of the first (if not the first) experimental demon-
strations of super-absorption employing GSP structures at optical wavelengths dates
from 2009. The credit goes to H. Giessen and his group [120], who developed a per-
fect plasmonic absorber working at Ag = 1600 nm. The MIM configuration employed
together with a false colour SEM picture are depicted in Figure 2.9a. It consists of a
magnesium fluoride (MgF,) film sandwiched between a continuous gold plane and
a top patterned metasurface in the form of gold nano-disks. As shown in Figure
2.9b, an excellent agreement in the reflectance and absorbance spectra between sim-
ulations and experiments was achieved, with nearly perfect absorption (99%) at ~
188 THz ( A ~ 1600 nm). Furthermore, the authors suggested biological sensing as a
potential device application, due to a change in the resonance position when chang-

ing the refractive index of the surrounding medium (from air to water in Figure

2.9b).
(a) (b)  — per
1.0 1.0
Experiment
08 ‘\ / 0.8 4
f
06 0.6 f
0.4 04
\
8 02 § 0.2
© o .
- o Experiment
- 8 10 510 a
AT = N Simulations| 2 1
v : [ ., “1 <<
4 084 0.8 4

=
o
L

064

1
o
e oA '*,‘.“ rﬂ'.}i
“ b gk
e s v P
044
A Pl PR 0.2
v T /
3 o
~ 200 nm 8
Ly

00 004

140 160 180 200 220 140 160 180 200 220
Frequency (THz) Frequency (THz)

0.4 4

0.2

Simulations

FIGURE 2.9: (a) Schematics of the perfect absorber reported by Giessen’s group [120]
(top), and SEM image of the fabricated device. (b) Experimentally obtained Reflectance
(left) and absorbance (right) spectra for different surrounding media compared to
simulations.Reproduced and re-adapted from [120].

Since then, a substantial amount of related work on super absorber structures
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working at different optical frequencies has been carried out employing MIM ar-
rangements [121]. More recently, such structures have been combined with tunable
materials such as liquid crystals [122] or phase-change materials [76, 7], to provide
reconfigurable amplitude control with different application purposes, going from

optical signal modulation [7] to reconfigurable colour displays [76].

2.3.2 Metasurfaces for wavefront engineering

Optical metasurfaces for phase control share the essence of the well established re-
flectarray antenna technology used in the radio frequency and microwave regimes,
where the phase of an input beam is locally controlled by means of resonant ele-
ments (antennas) to generate a particular output wavefront. In the case where arrays
of meta-atoms are smaller than the wavelength, but are sufficiently well-separated
to avoid strong near-field coupling between them, the phase of optical beams can be
locally tailored by detuning individual elements from their resonant frequency (e.g.
via variation of the geometrical parameters) [6, 102]. Such systems can be therefore
employed to mimic the wavefront engineering capabilities of conventional optics
without the need of bulky geometries, as their optical phase control capabilities rely
in discretised abrupt phase jumps coming from subwavelength resonant elements
(instead of propagation effects as in bulky optics).

These kind of structures are known as phase-gradient metasurfaces, and the de-
sign rules to generate a particular wavefront are governed by the generalised Snells

law [6], which in one dimension (and in reflection and transmission respectively) is

given by:
. . 1 d¢
sinb, — sinf; = ko dx (2.19)
. . 1d
nysinby — n;sind; = kodf (2.20)

where n; and n; are the refractive indices of the incident and transmission media
respectively, 0; and 6, the incident and transmitted angles with respect to the surface
normal; dx is the width of the meta-atom cell, and d¢ is the phase delay introduced
by the meta-atom. Such expressions can be derived via Fermat’s principle, imposing

a stationary phase condition between two infinitesimally close optical paths along
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an interface with local phase discontinuities [6]. What this simple set of equations
tell is that the local direction of a beam (and thus the local wavefront orientation,
which is perpendicular to the beam direction) depends on the phase delay imposed
over a discretised subwavelength distance (dx). This is of course obviating the other
parameters involved in the classic form of Snells’ law (i.e. angle of incidence 6;
and refractive indices of the media n; and n;) [4]. Due to their capability to pro-
vide abrupt phase jumps over subwavelength regions using flat geometries, phase-
gradient metasurfaces can be therefore exploited to create a variety of novel and
compact photonic devices, such as holograms, [123] or flat focusing lenses/mirrors
(Fig. 1b)[6]. Despite a 27t optical phase control being not necessary for the success-
ful realisation of certain devices, having a designer interface which offers a full 27
phase span is highly desirable, as it increases the flexibility of realisable designs [6].
Perhaps one of the most explored optical effects using phase-gradient metasurfaces
is based on the so-called anomalous reflection (or refraction),[6, 124, 125, 126] which
is employed to deflect a beam at a direction different from ordinary reflection (i.e.
8; # 0,). As depicted in Figure 2.10a, this can be achieved via imposing a constant

linear phase shift A¢ across the surface, which in reflection and in 1D is given by:

. AoA¢ .
sind, = od + sin6; (2.21)

Another utility of phase-gradient metasurfaces relies on their capability to yield
flat lenses [6, 110]. Here, a parabolic spatially varying phase is imposed across the
surface via appropriate distribution of the the scatterers. Such a phase profile is in-
deed the same aimed when designing Fresnel lenses, where local phase shifts are in-
duced by optical path differences emerging from its characteristic concentric prisms.
The required spatial phase profile can be easily calculated depending on the desired

focal length f via:

P(x, ) = 2A70T( foJd+ f2) 222)

Accordingly, the numerical aperture can be finally defined with the effective lens

area (i.e. the diameter of the lens D) via:
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FIGURE 2.10: (a) Wavefront reconstruction employing Huygens’ principle (top) and
spatial variation of the discretised phase (bottom) for: (a) Beam steering metasurfaces,
where the phase profile is tilted as a result of a constant phase gradient across the x-axis,
(b) focusing mirror, where the phase profile is parabolic.

NA = sin (tun_l <Df/2)> (2.23)

In addition to beam steering devices and flat lenses, other type of functionalities
can be achieved employing phase-gradient metasurfaces, including flat holograms
or vortex beam generators having different topological charges [6, 125]. The first ex-
perimental demonstration of this technology was carried out by Capasso’s group in
2011 [125]. As shown in Figure 2.11a, the use of gold V-shaped antennas supporting
both symmetric and antisymmetric modes (according to their current distributions)
was proposed as a way to span a full 27t phase coverage of the cross-polarised scat-
tered fields. This was achieved via changing the length and relative orientation of
the antenna arms with respect to the electric field component of the incident light,
thus allowing for the excitation of both resonant modes under a fixed polarisation
direction [6, 125, 127] (Figure 2.11b). Such an elementary unit cell was then used as
a building block to create a series of devices in order to prove its wavefront engi-
neering capabilities, including vortex beam generators, beam steering metasurfaces

and flat lenses operating in the long-wave infrared (LWIR) spectral regime. Figure
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2.11c shows an SEM image of one of the realised devices, consisting of a beam steer-
ing working in transmission. Here, V-shaped antennas were arranged in a super cell
made of 8 elements to impose a constant cross-polarised 1D linear phase-gradient of
45 © along the surface. As it can be seen from the measured angular transmittance
under normal incidence (in Figure 2.11d), the fabricated devices exhibited broad-
band (from A =5.2 ym to A =9.9 ym) beam-steering capabilities. This was attributed
to the low cross-polarisation conversion efficiency and thus low quality factors (and
large bandwidth) of the V-antenna resonant modes, which in turn resulted in a re-
duced overall beam steering efficiency. Efficiencies relative to ordinary refracted
light (i.e. at 6; = 0° for an angle of incidence of 6; = 0°) were found to be around

30%, with absolute steering efficiencies below 10% [127].
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FIGURE 2.11: (a) Resonant modes supported by the V-shaped gold antennas developed
by Capasso’s group, where symmetric and antisymmetric states can be excited
depending on the relative orientation between the incoming electric field and the
antenna. (b) Phase of the cross-polarised scattered electric field as a function of the angle
between the antenna arms A and the arm length /. The cobmination of symmetric and
antisymmetric states gives raise to an entire 27t phase coverage. (c) SEM image of the
fabricated metasurface (the super-cell made of 8 elements is highlighted in yellow. (d)
measured angular transmission spectrum at different wavelengths under normal
incidence, going from A = 5.2 ym to A = 9.9 ym. Images reproduced and re-adapted from
[127].
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In spite of the low efficiency of V-shaped antennas reported by Capasso’s group
[6, 127], this work provided an excellent proof of concept towards the creation of
flat optical components, and therefore inspired new research trends based on the
same working principle [111, 128, 129]. Improved designs were quick to follow with
the introduction of meta-atoms highly inspired by reflectarray RF and MW technol-
ogy. That is, metal-insulator-metal (or GSP) meta-atoms described in the previous
section. In addition to perfect absorption capabilities [7, 120], such structures can
be designed to operate as highly efficient phase-shifters if their resonant behaviour
falls in the underdamped (overcoupled) regime [118]. Contrary to V-shaped anten-
nas, transmission is here completely suppressed, due to the presence of a metallic
bottom plane. As a result, the conversion efficiency (i.e. the amount of light phase-
shifted and re-radiated to the free space) can be significantly improved, with exper-
imental efficiencies up to 80% in the near infrared when metals are the only source
of optical losses [129]. Furthermore, if the resonant elements are isotropic, reflected
waves preserve the same polarisation with respect to the incident wave, which can
be regarded as an advantage for certain applications requiring polarisation insensi-
tivity [129]. GSP metasurfaces are therefore an excellent platform to achieve versa-
tile wavefront control with high efficiency, but perhaps have the small drawback of
being limited to operate in reflection, as well as exhibiting degradation of the opti-
cal performance when approaching to visible frequencies (due to an increase of the
plasmonic losses).

Theoretically, similar (and even better) beam control efficiencies could be achieved
using all-dielectric meta-atom configurations operating in transmission [88]. As
briefly introduced in the previous section, such structures can also support elec-
tric and magnetic dipole (and higher order) modes. However, contrary to the plas-
monic approach where dipoles are originated via conduction currents, all-dielectric
resonant behaviours are fully originated by strong displacement current loops con-
fined inside the body of high refractive index subwavelength particles embedded
in a low-index matrix [106, 130]. As a result, field interactions are free from ohmic
losses, which gives raise to much better scattering efficiencies. Figure 2.12a shows

the typical electromagnetic field distribution of magnetic (left) and electric (right)
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dipole modes supported by arrays of silicon nano-disks. Via engineering the rela-
tive phase and amplitude of such resonances (which can be done via optimisation of
the meta-atom geometrical parameters), it is possible to e.g. suppress back scatter-
ing radiation at one specific frequency, resulting in 100% of light being transmitted.
Such phenomenon is known as the first Kerker condition [106], and it is charac-
terised by a continuous 27t optical phase coverage with efficiencies potentially up
to 90% in transmission [107], driven by small modifications of the disk radii (Figure
2.12b). Therefore, in analogy to Capasso’s V-shaped antennas, one can arrange all-
dielectric meta-atoms of different sizes to engineer optical wavefronts at will, but
with the advantage of having access to superior efficiency: first due to the abscence
of plasmonic losses, and second due the co-polarising scattering properties of such
structures under normal incidence [131]. For example, in [132], Yu et al. showed
both numerically and experimentally that arrays of properly arranged silicon nan-
odisks operating under the Kerker regime (Figure 2.12¢c) can be used to steer optical
beams in transmission with absolute theoretical and experimental efficiencies of 85%
and 50% respectively (Figure 2.12d).

Other approaches to wavefront engineering have been proposed during the evo-
lution of phase-gradient metasurfaces. This includes meta-atoms with non-resonant
phase-control capabilities (known as Pancharatnam-Berry meta-atoms)[133] where
full phase control can be achieved by changing the orientation angle of antennas
with identical geometry under circularly polarised excitation. Due to their non-
resonant nature, Pancharatnam-Berry metasurfaces offer broadband operation ca-
pabilities, but on the other hand are limited to work under circular polarisation [133,
134]. More recently, arrays of TiO, truncated waveguides in the form of nanoposts
or nanopillars having different diameters have been proposed to for the realisation
of flat lenses in the visible spectrum, with focusing efficiencies above 70% [135].

In summary, phase-gradient metasurfaces are becoming a growing research field,
due to their ability to yield optical components with non-bulky geometries. For this
purpose, a wide variety of structures (meta-atoms) can be used to achieve discre-
tised phase control over large areas, and thus produce different optical effects such
as anomalous reflection, or flat lensing. Each meta-atom configuration has its own

outstanding properties and limitations (e.g gap surface plasmon meta-atoms offers
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FIGURE 2.12: (a) Electromagnetic field distribution confined in a silicon nano-disk for
the magnetic (left) and electric (right) dipole resonances [107]. (b) Transmittance
spectrum (left) and phase in transmission (right) as a function of the cylinder radius.
Dips in transmission correspond to the electric and magnetic dipole induction, and the
region where both modes overlap (i.e. Kerker condition) is characterised by high
transmittance with a 27t phase coverage [107]. (c) SEM image of silicon nano-cylinder
arrays properly arranged to steer light at an angle of 8 ~ 10 ° [132] (d) Experimental
resutls of the devices shown in (c), where maximum steering efficiency is achieved at a
wavelength of 715 nm [132].

high efficiency, but can only work in reflection). The designer interface needs to be

therefore carefully selected depending on the design specifications [129].

2.4 Phase-change materials and their applications

24.1 Introduction to phase-change materials and their properties

There are many phase-change materials in nature which can switch reversibly be-
tween amorphous and crystalline phases as a function of the surrounding tempera-
ture. Perhaps the most simple example is water, which exhibits a liquid (amorphous)

state at room temperature, but becomes solid (amorphous or crystalline) below 0 °C.



2.4. Phase-change materials and their applications 39

However, a smaller number of materials can exhibit both phases at a particular tem-
perature value (e.g. silicon or TiO;), from which only a few are accompanied by a
sharp contrast in their physical properties: that is chalcogenide phase change ma-
terials (PCM). Such compounds are alloys containing elements from group VI-A of
periodic table (typically sulphur, tellurium or selenium), and have been now used
for a couple of decades in devices for non-volatile data storage such as re-writable
optical disks [33] or electrical memories [136, 137]. Such a non-volatile storage con-
cept is mainly based on their ability to switch between amorphous and crystalline
states via appropriate heat stimuli; as well as to retain the required phase at room
temperature. The amorphous to crystalline transition comes with abrupt changes
in the electro-optical properties which can be of up to three times in the refractive
index, and 5 orders of magnitude in electrical resistivity [33, 78]. Such outstanding
properties and their potential to store data both electrically and optically were first
reported by Ovshinsky in 1968 [138] and in 1972 [139] respectively.

Chalcogenide PCMs in their amorphous phase are typically characterised by
having high electrical resistivity, as well as low optical losses (and lower refractive
indices) below their energy bandgaps. On the other hand, high optical losses and
low resistivity are typical characteristics of the crystalline phase. In addition, PCMs
possess the ability to be switched between states (and indeed between intermedi-
ate states too) very quickly (nanoseconds or less) and reversibly, potentially up to
10™ cycles [78]. As summarised in Figure 2.13, the switching between structural
phases is typically induced employing appropriate heat stimuli in the form of either
optical or electrical pulses having different amplitudes and durations. Starting from
the characteristic as-deposited amorphous state, the amorphous-to-crystalline phase
transition is driven by large-duration, low-amplitude pulses [33]. Despite crystalli-
sation being physically easy to achieve even over large material volumes, as high-
lighted in Figure 2.13, reamorphisation will only occur under specific physical con-
strains which might not be trivial to achieve. That is, the high temperatures needed
for melting the material (melting temperatures T,, are generally around 600 °C for
commonly used PCMs), together with the need for fast cooling rates (in the order of
tens of °C/ns [33]) down to the glass temperature (T, ~ 200 °C) to avoid material re-

crystallisation. Furthermore, due to the relatively low thermal conductivity of PCM
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alloys (=~ 0.5 W/mK at room temperature) [137, 140], reamorphisation over large
volumes might simply become impossible due to thermal insulation (thus low cool-
ing rates), or alternatively would require for a high power consumption [141]. As we
will see in the next section where applications of PCMs are discussed in more detail,
current memory devices are therefore based on the use of low PCM volumes inte-
grated in thermally optimised environments to favour the cooling processes, while

reducing the power consumption and increasing the storage capabilities [78, 142,

143].
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FIGURE 2.13: Crystallisation and reamorphisation conditions for a successful phase-change
transition. Long duration, low amplitude optical or electrical pulses are typically used to
heat the material above its crystallisation temperature. A short pulse of high amplitude is

then used melt the material. For a successful reamorphisation process, the liquid phase
needs to be cooled down at rates of at least 10 ° C/ns.

The research for novel PCM compositions with improved properties is currently
commonplace towards the development of more-efficient memory devices. That is,
synthesising new PCMs alloys with enhanced phase transition speeds, larger op-
tical and electrical contrast between states, and higher number of reversible tran-
sitions [33]. Within the current available PCMs, chalcogenide phase-change mate-
rials, particularly those based on GeSbTe or GeTe combinations are arguably the
most widely employed. Figure 2.14 shows the real and imaginary parts of the rel-

ative permittivity function (here named €; and €; respectively) of some commonly
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FIGURE 2.14: Real (left) and imaginary (right) parts of the permittivity function for various
PCM compositions for (a) amorphous, and (b) crystalline states. Plots reproduced from
[77].
employed compositions [77]. As it can be intuited from this plots, such PCM al-
loys are semiconductors having different bandgaps for amorphous and crystalline
phases. Their typical energy bangaps E, are located around 0.7 eV in the amorphous
state and below at around 0.5 eV in the crystalline state [77], due to differences in
their atomic structure. Localised electronic states characteristic from the randomly-
structured amorphous phase results in a low overlap integral of the neighboring
wave functions, with subsequent poor carrier transport which gives rise to the low
conductivity state (and lower optical losses at high frequencies). On the other hand,
the re-ordering and presence of resonant bondings after crystallisation improves the
overlap of such wavefunctions, which turns into an increase of the carrier mobility
[77, 137]. For reference, Table 2.1 shows some of the most relevant compositions
that have been successfully employed in optical and electrical non-volatile mem-

ories, together with their phase-transition temperatures and corresponding energy
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Composition  T¢,,,C T,,,C EgeV Eg eV
Ge,Sb, Tes 160 610 0.77 0.48
Ge;Sb,Tey 160 600 0.76 0.39

Ag3In4Sb76Te17 200 530 0.68 0.18
GeTe 180 720 0.78 0.55

TABLE 2.1: Some of the most successfully employed chalcogenide
PCMs, with their corresponding transition temperatures and energy
bandgaps for amorphous and crystalline states [77]

bandgaps [144, 145].

The above described physical properties have made chalcogenide PCMs a suit-
able platform for the development of non-volatile memory devices. More recently,
their potential has been expanded to other fascinating technological fields, such as
reconfigurable photonics and metasurfaces or biologically-inspired computing [34,

146]. In the next sections, the most relevant traditional and new applications of

PCMs will be briefly discussed.

2.4.2 Applications of phase-change materials:

From non-volatile memories to reconfigurable metasurfaces

Today, the use of phase-change materials in non-volatile optical memories such as
rewritable CDs and DVDs is well established [33, 143, 147]. In such devices, the high
optical contrast between the two PCM metastable phases and the large cycle num-
ber of reversible transitions are the key elements to store data optically. Re-writable
optical disks consist of a set of thin layers which includes one or more thin PCM
films sputtered on pre-grooved substrates. The films surrounding the active PCM
layer(s), typically made of thermally insulating oxides (e.g. SiO;) and thermally con-
ductive metals and oxides (e.g. aluminum, ZnO), have a dual function: first, they
provide protection of the PCM against oxidation due to air exposure, and second,
they contribute to the realisation of thermally optimised heat sinks for a success-
ful melt/quench (re-amorphisation) process. Optical pulses of visible-wavelength
lasers (typically A = 650 nm and A = 405 nm) are used to switch the PCM between
amorphous and crystalline phases, [33]. As a result of changing the complex refrac-

tive index, an abrupt change in the reflectivity of the device takes place between both
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phases, allowing for a binary encoding of bits along a surface. Data can be therefore
written, read, stored, and erased multiple times thus providing an all-optical, non-
volatile memory platform. Figure 2.15a shows the cross-sectional diagram of a typ-
ical phase-change DVD. Here, two ultrathin Ge;Sb,Tes () layers (10 nm and 7 nm)
allow for an enhanced recording capability of 8.5 GB at A = 660 nm, and a theoretical
recording capability of 20.0 GB for A = 405 nm due to its lower diffraction limit (i.e.
lower achievable laser spot size), which results in an enhancement of the recording
capabilities over the same DVD disk area [143].

(a) (b)
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Ground
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FIGURE 2.15: Non-volatile phase-change memories. (a) Cross-section of a dual-layer
phase-change re-writable DVD. Re-adapted and reproduced from [143]. (b) Picture of a
PCRAM structure with the pulse signal delivered to heat and crystallise the PC material.
Re-adapted and reproduced from [78].

More recently, PCMs have been exploited towards the creation of electronic non-
volatile memories [33, 78, 148]. The key feature here is the high contrast of the elec-
tric resistivity between amorphous and crystalline phases. Data can be written and
erased via electrically driven heat stimuli of PCM bits in a memory cell. In anal-
ogy to optical memories, where the readout is based on a change in reflectance, a
change in the resistivity between structural phases allows for modifications in the
readout current flow. A typical phase-change random-access memory cell (PCRAM)
is shown in Figure 2.15b [78]. It consists of a SiO; layer with an embedded ultra-thin
30 nm GST bit sandwiched between two TiW electrodes. Electrical pulses can be ap-
plied between the two electrodes to induce crystallisation and reamorphisation of
the phase-change layer.

Despite phase-change materials having been mainly used in non-volatile optical
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and electrical memories, their presence in other technological fields has been grow-
ing significantly over the last years. Within the emerging applications, one can now
find devices for phase-change neuromorphic computing [149, 150], all-optical phase-
change photonic circuits [151], as well as novel photonic devices such as reconfig-
urable colour generators based on PCM thin films [145, 152], or active phase-change
metasurfaces having different functionalities [38, 7, 153, 154].

For example, thin PCM films combined with transparent conductors have been
used by P. Hosseini et al. [145] to create reconfigurable colour displays. In this work,
platinum mirrors were coated with Fabry-Perot cavity layer stacks consisting of a 7
nm thick GST film sandwiched between two transparent ITO electrodes of different
thicknesses. As shown in Figure 2.16a, the PCM layer can be switched between
amorphous and crystalline phases via Joule heating applying a voltage between the
two electrodes. Colour tunability was achieved via changing the GST layer between
its structural phases, resulting in a change in the device reflectance and thus colour
appearance. Figure 2.16b shows the variety of colours obtained, for amorphous and
crystalline GST, employing different ITO thicknesses (for a fixed GST thickness of 7
nm). The approach was also successfully demonstrated in transmission mode, and

using both rigid and flexible substrates [145].
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FIGURE 2.16: Phase-change colour displays (reproduced from [145]). (a) Cross section of
the multilayer stack where a thin GST layer is sandwiched between 2 transparent
electrodes (ITO) to produce active colour generation in reflection. (b) A photograph
showing the variety of colours achievable using different film thicknesses.
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Over the last years, the combination of phase-change materials with metasur-
faces has been proposed towards novel forms of tunable metasurfaces [153, 154].
The ability of metasurfaces to provide selective control of amplitude, polarisation
and phase of light at subwavelength scales, together with the characteristic opti-
cal contrast of PCMs has given rise to a wide range of novel compact reconfig-
urable devices. Some examples include tunable phase-change perfect absorbers in
the near/mid infrared and visible spectra [7, 155, 156, 157], tunable negative index
metasurfaces [58], phase-change reconfigurable meta-holograms and vortex beam
generators [158], or phase-change active beam steering devices in the NIR [38, 159].

One of the first experimental demonstrations of a such concept was reported in
2013 by B. Gholipour et al. [70]. Here, a gold /insulator frequency selective metasur-
face consisting of Babinet inverted split ring resonators was combined with a multi-
layer stack including GST as a tunable environment. Figure 2.17a shows a detailed
diagram of the proposed device. The GST thin film is sandwiched between two
ZnS/Si0O; layers, and located on top of the gold metasurface. When the GST layer is
amorphous, the array supports trapped-mode plasmon excitations when the result-
ing in a peak in reflection at A = 1550 nm with a subsequent dip in transmission [70].
After crystallisation, the resonant peak is shifted towards larger wavelengths due
to an increase of the refractive index of the phase-change layer. Absolute contrasts
of 15% in transmission and 35% in reflection were experimentally confirmed at A ~
1310 nm and A ~ 1550 nm respectively (Figure 2.17b). Reversible (ex-situ) optical
switching between amorphous and crystalline phases was also demonstrated for the
first time in phase-change metamaterial based devices.

Work as such as that above, together with similar work based on amplitude con-
trol and dating from the same period [64, 160] provided the basic framework of
phase-change metasurface technology, which soon stimulated researchers to explore
the development of a wide range of phase-change reconfigurable metasurfaces, now
commonly known as "phase-change metadevices". Since then, a substantial number
of device proposals based on both experimental and numerical demonstrations have
been published. Much of them consist of absorbing gap plasmon MIM configura-
tions, where the characteristic dielectric spacer located between two metallic planes

consist of a PCM layer (typically GST) providing a tunable dielectric environment
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FIGURE 2.17: Plasmonic phase-change meta-switch. Reproduced and re-adapted from [70]
(a) Schematics of the proposed device (top) and SEM picture of the fabricated structure
(bottom) (b) From top to bottom: transmission and reflection spectrum for amorphous and
crystalline GST, and contrast ratio between phases in reflection and transmission.

[7, 112, 76, 156, 157, 161, 69, 162]. Active control over the phase and polarisation
of optical beams employing PCMs is still therefore relatively unexplored, with only
a few experimental demonstrations of devices based on phase-control, consisting
of dynamic beam steerers (shown in Chapter 4) [38], bifocal lenses [66], and vortex
beam generators [158] employing plasmonic metasurfaces combined with GST al-
loys. Moreover, only a few proofs of reversible optical switching (i.e. crystallisation
and re-amorphisation) over various cycles are currently available in the literature
[7, 38, 70, 72], and no phase-change active metasurfaces with reversible electrical
switching capabilities have been reported so far. Instead, the typical procedure re-
lies on optical characterisation of the as-fabricated devices (in the amorphous phase),
with subsequent hot plate crystallisation followed by optical characterisation of the
crystalline state [33, 63, 66, 69, 71, 163, 164]. This indeed provides a good proof-
of-concept, but also results in one-directional, single-use devices with lack of tech-
nological practicability. Such a practice has been repeated for several years since

phase-change metasurface technology emerged in 2013 with the work of Gholipour
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et al. described above [70]. Research trends in the field seem therefore to be focus-
ing more and more in the conceptual demonstration of new meta-device concepts
mostly based on amplitude control, rather than in increasing their practicability and
optical functionalities towards their future integration in real applications. That said,
the ability of being reversibly switched between amorphous and crystalline states
over various cycles while keeping a good optical performance is arguably one of
the most important points to start with, and perhaps research efforts should be now
re-directed in that way.

The reason why reversible switching of phase-change metasurfaces have been
so poorly reported is typically not clarified, but can be attributed to several techno-
logical challenges and engineering trade-offs; which have been briefly introduced in

Chapter 1 and are discussed in detail below:

e The first challenge becomes clear by comparing current PCM metasurface de-
vice architectures with the well-stablished PCM non-volatile memories, where
a minimum of 1x10° switching cycles is guaranteed [33]. In the latter case,
small PCM volumes typically not larger than 1.25x10~* um?® are embedded
in thermally optimised cells or layer stacks to provide effective heat sinks [75,
143]. As a result, the necessary cooling rates (after melting) required for the
re-amorphisation to occur (~ tens of °C/ns) become accessible. On the other
hand, current phase-change optical metasurfaces are based on the use of ac-
tive PCM volumes sometimes many orders of magnitude larger in compari-
son with memories [46]. It is therefore straightforward to conclude that the
PCM will take longer to cool down to the glass temperature, thus full or par-
tial re-crystallisation of the material after melting might occur, making the
re-amorphisation process unaccessible. Reducing the amount of PCM alloy
within the metasurface would be therefore beneficial from both thermal and
power consumption points of view. However, this might have a direct neg-
ative impact over the degree of tunability and/or optical contrast, due to a
reduction of the amount of tunable environment. Since meta-atom dimensions
scale with the wavelength of operation [6], such thermo/optical trade-off be-

comes even more challenging when the wavelength increases. In turn, it is
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exactly at larger optical wavelengths (NIR and MWIR) where GST based al-
loys exhibit better optical performance (i.e. major contrast with small dielec-

tric losses), thus where better device efficiencies and tunability ranges can be

achieved [34].

Another (very often ignored) key point for a successful progress of phase-
change metasurface technology is the fact of accounting for unwanted chemi-
cal reactions and/or incompatibilities. A good example is the phenomenon of
thermally induced diffusion of noble metals into PCM alloys, which results in
the generation of "parasite" layers at the PCM /metal interfaces ([74, 46, 61, 67,
68]. For example, gold reacts with GeSbTe phase-change alloys to form a AuTe
thin layers of up to ~ 5nm between the two interfaces [74]. This is particu-
larly critical, as plasmon excitations occurring in metallic-based optical meta-
surfaces are extremely sensitive to the permittivities of the dielectric/metal
interface [74, 75]. Furthermore, it turns out that metals exhibiting low plas-
monic losses in the NIR and MWIR spectra (such as Ag or Au) easily diffuse
into chalcogenides [74]. Alternative metals such as TiN, or aluminum Al could
be used instead to avoid diffusion; but the former material has severe plas-
monic losses at optical frequencies (thus degrades the optical performance)
[112], whereas the later melts at temperatures which are only slightly above

the melting point of commonly used GST alloys.

Finally, the last critical point relies on the compromise between the required
switching method (i.e. electrically, thermally or optically induced) and the
desired final optical performance. For instance, despite the fact that ex-situ
optical switching can be suitable for certain applications, ideally pixel by pixel
electrically addressed switching is highly desirable to achieve a near real-time
active control [145, 165]. On the other hand, certain device functionalities such
as active beam steering or lensing would benefit from the use of all-dielectric
metasurfaces with no plasmonic losses [88], where electrical switching of in-
dividual pixels becomes an extremely challenging task due to the abscence of

surrounding good electrically conductive materials.
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Overcoming the above-described technological challenges would certainly push
phase-change metasurface technology a step closer to become real devices. There-
fore, before further development of "in-lab" demonstrations of new exciting (but im-
practical) devices. Efforts should be focused on practicable phase-change metasur-
face design and development, taking into account not only the final optical response,
but also the important (critical) aspects of thermal, environmental and chemical per-

formance to guarantee both device switchability and endurance.
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Methods

3.1 Finite Element Methods

Finite element analysis (FEA) based on finite element methods (FEM) is a computer-
assisted numerical tool which allows for complex physics/engineering problem solv-
ing. The areas of application include mechanical, thermal, acoustic or electromag-
netic analysis, and indeed any problem based on physical phenomena described by
partial differential equations which cannot be analytically solved. The way in which
FEM deals with this is via discretisation (subdivision) of a large geometry into sim-
ple small parts, named finite elements [166]. Individual equations that arise from
each element are re-assembled into a system of linear equations, which is numeri-
cally solved to obtain an approximation to the real solution [166].

Due to the need for splitting the geometry under study, FEMs require a very pre-
cise and adaptive meshing, which is the process in which the geometry is subdivided
and thus distribution and sizes of the constituent elements are defined. To guaran-
tee convergence and accuracy of the obtained solutions, the size and shape of such
sub-elements need to be adjusted depending on how much the solution is expected
to vary as a function of the space. For example, due to shrinking of the wavelength
as a function of the medium refractive index, the electric field distribution of a wave
across the propagation direction over a given distance will experience more spatial
variations as the refractive index of the medium increases, thus a finer meshing will
be required [166]. This might result in memory-intensive, time-consuming simula-
tions, specially in 3D geometries. Nevertheless, FEM offers clear advantages over

other numerical methods such as FDTD (finite differences in the time domain), due
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to its ability to solve coupled physical phenomena in a single model. That is, solv-
ing various partial differential equations simultaneously, and/or employing results
from a specific study as an input for for a second one [81]. For example, the power
loss density resulting from optical absorption inside a material and calculated via
frequency domain electromagnetic simulations can be used to compute the time de-
pendant temperature distribution employing a heat transfer model.

In this thesis, the FEM commercial package COMSOL multiphysics has been em-
ployed for realisation of design and analysis tasks. Particularly, electromagnetic FEA
models have been used to design the phase-change material based metasurfaces and
a heat transfer analysis coupled to the electromagnetic model has been employed to
calculate the optically induced heat diffusion of the devices and evaluate the occur-

rence of a phase transition of chalcogenide PCM alloys.

3.1.1 Electromagnetic model

Computational electromagnetism has a clear goal, which is solving Maxwell’s and
wave equations in a given region of interest under specific boundary conditions (BC)
[81]. FEM allows for electromagnetic problem solving over a wide variety of cases
involving different materials (such as metals or dielectrics) and/or excitation condi-
tions (e.g. frequency, polarisation and angle of incidence).

In this work, electromagnetic design and analysis tasks have been carried out
employing the RF module from the FEM commercial software package COMSOL
Multiphysics. Both 3D and 2D models have been employed to solve the Helmholtz
equation, where the time component is not present [166]:

o

V x (VXE)—kg(s,—w—eo)E:o (3.1)

where symbols have their usual meanings, i.e. E denotes the electric field, k is
the free space wave vector, ¢, is the relative permittivity of the medium, ¢ is the elec-
trical conductivity of the medium, w is the angular frequency of the excitation beam
and ¢ is the vacuum permittivity. Results are displayed as a scattering matrix, which
contains the frequency dependent amplitude and phase of the reflected, transmitted,

and diffracted waves (i.e. modulus and argument of the S parameters). Particularly,
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electromagnetic FEA models have been used to design and analyse the optical re-
sponse of the phase-change material based metasurfaces developed in Chapters 4, 5
and 6.

Two-dimensional analyses were employed for geometries with translational sym-
metry, such as thin films or one-dimensional metasurface arrays like the ones dis-
cussed in Chapter 4. In such models, an adaptive meshing with triangular elements
was employed. The maximum element sizes were defined as a function of the do-
main material. For metals, the maximum allowed size was determined by the skin
depth ¢ at the frequency of interest [81], that is:

_ %
6=1/7 (3.2)

where p is the resistivity In the case of dielectrics, the largest element was set as
Ao/ 50n, where Ay is the free-space excitation wavelength, and # is the real part of the
material refractive index. Figure 3.1a shows a 2D meshing example, here specifically
of a one-dimensional plasmonic antenna in a metal-insulator-metal configuration
such as the devices shown in Chapter 4.

The boundary conditions employed in the 2D electromagnetic models are sum-

marised in Figure 3.1b, and listed below:
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FIGURE 3.1: (a) Mesh of a 2D electromagnetic model based on triangular elements. (b)
Schematics summarising the boundary conditions employed in 2D electromagnetic models.
Spatial coordinates are given in nm.

e Floquet periodic boundary conditions (FPBC) were applied on the lateral lim-

its of the cell in order to mimic an infinite array of elements.
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e A periodic port is located at the top boundary, in order to excite the structure
under the required conditions in terms of frequency, polarisation, power, and

angle of incidence.

e Perfectly matched layers (i.e. artificial absorbing layers) were placed at the
top and bottom to avoid reflections from the boundaries and thus truncate the

computational region [166].
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FIGURE 3.2: (a) Mesh of a 2D electromagnetic model based on triangular elements. (b)
Schematics summarising the boundary conditions employed in 2D electromagnetic models.

Geometries with no translational symmetry were analised employing 3D mod-
elling, and thus slightly different meshing and BCs definitions. Meshing of three-
dimensional models were made with triangular elements in the x and y axes, under
the same conditions described above in terms of maximum allowable element sizes.
Mesh resolution in the z direction was set by projecting elements from the x and
y along the different material layers. Figure 3.2a shows the 3D meshing employed
for hybrid all-dielectric PCM/silicon nano-cylinders discussed in-depth in Chapter
5. Here, the boundary conditions are essentially the same as for 2D structures de-
scribed previously, with the only difference of FPBC placed in both x and y axes to

simulate two-dimensional arrays.
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| Property  Amorphous GST Crystalline GST ||

Cp, [J/kg K] 220 260
k; [W/m.K] 0.19 0.58
o [kg/m7] 5870 6270

TABLE 3.1: Thermal properties of amorphous and crystalline GST at
room temperature, taken from [167, 168, 169]

3.1.2 Thermal model

The switching mechanism of a phase change material requires for electrical or optical
heat stimuli in the form of pulses having different durations. During a pulse, the
way in which heat flows through the neighbouring media is governed by the heat
equation (eq. 3.3, which can be solved in COMSOL employing the heat transfer in

solids module:
oT

oCpp — V2T = Q (3.3)

where ¢, C, and k; are the temperature dependant density, heat capacity and thermal
conductivity of the medium respectively. Q is the volumetric heat source; and T and
t have their usual meanings (i.e. temperature and time). When the heat stimulus
ceases, a cooldown process as a function of time takes place. As it can bee seen from
eq. 3.3, both heating and cooling mechanisms are strongly dependant on the ther-
mal properties of the surrounding materials. The temperature dependant thermal
properties and density of Ge,Sb,Tes employed in our simulations have been taken
from refs. [167, 168, 169]. Values at room temperature are shown in Table 3.1 for a
quick reference.

As described in the previous chapter, the rate at which commonly employed
chalcogenide PCMs (such as GST) reach their glass temperature (T, < 200°C) after
melting (= 600°C) is a critical parameter for a successful re-amorphisation process,
and thus a key design parameter which might be challenging due to thermal insu-
lation as a result of the low thermal conductivities shown in Table3.1. On the other
hand, since crystallisation temperatures are relatively low (T, ~ 130°C), special at-
tention should be given to the amount of optical power that the device can hold at
the design wavelength without heating above this point. In this context, thermal

modeling has been therefore carried out in this project for the following purposes:
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e To estimate the power handling capabilities of the fabricated PCM metasur-
faces. That is, how much power per unit of area can be irradiated on the device

without optically crystallizing it.

e To verify that the cooling rates of the phase change layer are fast enough for a
successful re-amorphisation (tens of celcius per nanoseconds in [33] and esti-

mations of at least ~ 20°C/ns in [170]).

o To estimate the experimental laser fluences required for the switching experi-

ments.

¢ To ensure no melting of the surrounding materials.

i. Optically induced heat transfer

Light absorption in lossy materials becomes a source of heat which can be controlled
via external laser pumping with different amplitudes and durations. Simulations of
optically induced heating of the phase-change metasurfaces developed herein were
therefore carried out employing the electromagnetic models described in the previ-
ous section, coupled to the heat transfer in solids module.

Figure 3.3 shows a simple case scenario of such simulations, where the influence
of different substrates on the heating and cooling rates of a 50 nm thick GST film
was evaluated. First, the the structure is excited (here with a wavelength A = 1550
nm) employing the electromagnetic model in order to solve the power density loss
(W/m?) within the film. The resulting power loss map (Figure 3.3a) is then used as a
volumetric heat source Q to calculate the time-dependant temperature distribution
during a given pulse, as shown in Figure 3.3b. The cooling rates can be finally
calculated when the pulse terminates, as shown in Figures 3.3c-d.

For a SiO, substrate, a laser fluence of ~ 250 pJ/um? was calculated to melt the
GST layer (i.e. to increase its temperature above T,, = 600°C) as shown in Fig-
ure 3.3c. However, it can bee seen from the same plot that the glass temperature
(Tg < 200°C) cannot be reached in 15 ns (to guarantee cooling rates above 20°C/ns
as estimated in [170]. This can be explained by the low thermal conductivity of

SiO; (1.4 W/mK at room temperature according to the manufacturer specifications),
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FIGURE 3.3: (a) Power density loss map calculated for a 50 nm thick crystalline GST film on
top of a SiO, substrate. The excitation wavelength was 1050 nm (pulse 1 ns), and the
fluence 200 pJ/pm?. It can be seen how losses are concentrated in the GST layer, since SiO,
exhibits no optical absorption at A = 1050 nm (b) Evolution of the map temperature during
the pulse. (c-d) Heating and cooling rates calcualted for different laser fluences, employing
2 different substrates: (c) SiO,, (d) Sapphire.

which acts as a heat barrier that slows down the cooling rates, thus preventing a
successful re-amorphisation under this excitation conditions.

Same calculations employing a sapphire substrate are displayed in Figure 3.3d.
Here, the layer cools down to the glass temperature in 15 ns, thus re-amorphisation
becomes possible due to the thermal conductivity of sapphire being nearly 20 times
higher than SiO; (=~ 28.0 W/mK at room temperature, again based on manufacturer
specifications). The sapphire substrate acts therefore as a very efficient heat sink to
speed up the cooling rates, but in contrast, higher fluences of ~ 400 pJ/um? are re-

quired to achieve the melting temperature since the heat is not easily retained inside

the GST layer.

ii. Resistive heat transfer

As an alternative to optically-induced heating, resistive Joule heating can be also
utilised to induce the phase transition in PCM-based devices [37]. In this approach,
the passage of an electric current through a micro-heater is employed as a volu-

metric source of heat generated by Ohmic losses. Figure 3.4 shows a case scenario
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of such simulations, where a pixelated microheater was used to study the electrical
switchability of the devices shown in Chapter 6, which consist of hybrid silicon/GST
antennas in the form of nanocubes (Figure 3.4a). As shown in Figure 3.4b, here
an Au/SiO; strip placed underneath the antennas was employed to study both the
temperature distribution and heating/cooling rates at different currents (detailed

analysis of such calculations will be presented in the relevant chapter).

GST/Si nanocubes

FIGURE 3.4: (a) Pixelated micro-heater for the electrical switching of devices shown in
Chapter 6 (b) Example of the evolution of the temperature map as a function of time during
an electrical pulse

iii. Boundary conditions

Thermal insulation boundary conditions were applied to all the air/material inter-
faces, since fluid convection heat flow can be neglected at the nanosecond timescales.
At the bottom interface, The model was truncated via fixing the temperature to 20

°C in the lower boundary of the substrate.

3.2 Nano-fabrication methods

Fabrication of optical metasurfaces requires accurate deposition of continuous thin
films of different materials, with subsequent high resolution patterning via lithog-
raphy combined or not with reactive ion etching. This section is meant to describe

the working principle and fabrication procedures of the various methods employed
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during the development of this thesis. Specific details about individual device fab-

rication will be discussed in the relevant experimental chapters.

3.2.1 Thin film deposition via magnetron sputtering

In magnetron sputtering, the surface of a target material is bombarded with noble
gas ions (usually argon), which results in a momentum transfer that ejects atoms
from the target [171]. The process starts by injecting argon (Ar) into a vacuum cham-
ber at a low base pressure (usually in between 1 %1078 and 1x10~% mbar) where a
plasma is then generated after applying a DC or RF potential between two paral-
lel electrodes. As shown in Figure 3.5, the atoms detached from the target material
"travel" towards the substrate forming a thin film due to the voltage applied between
the cathode (target) and the anode (substrate). This technique can be used to fabri-
cate thin films of a wide variety of materials (from insulators to metals), thus has
been chosen for the elaboration of thin films and devices developed during this the-
sis. The main advantages of sputtering techniques over other methods are mainly
due to high kinetic energy of ejected atoms, which results in better substrate adhe-
sion and high uniformity films (in terms of thickness, roughness and density) over
large surface areas [172].

Due to the relatively large variety of materials employed in this work, as well as
the need for certain layer stacks to be sputtered in a single sputtering session (e.g.
thin films of phase-change materials need to be capped when in vacuum to avoid
oxidation), three different magnetron sputtering systems have been used (Moorfield
Nano-PVD, Nordiko 2000 and a custom-built magnetron sputtering machine). The
film quality, sputtering yield and deposition rate of each material strictly depend of

a series of factors listed below:

e Sputtering conditions: Power, base pressure, argon flow, and argon pressure.

e Machine characteristics: target geometry, target-to-substrate distance and tar-

get orientation relative to the substrate.

e Material properties: binding energy and atomic mass of the target material.
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FIGURE 3.5: Diagram of a typical magnetron sputtering system. argon ions are accelerated
towards the cathodic target, resulting in ejection of atoms and their subsequent deposition
onto a substrate (anode).

Therefore, optimisation of the above parameters are required to obtain homo-
geneous good quality films [173] (details about the sputtering parameters for each
material will be given in the relevant experimental chapters). In addition, in order
to maintain accuracy, consistency and repeatability of the deposition processes; the
sputtering conditions were always kept the same, and the deposition rates of each
material was recalculated periodically to ensure accuracy of the film thicknesses. An
example of a deposition rate calibration is shown in Figure 3.6. Here, three different
layers of amorphous silicon were sputtered over different times (10, 20 and 30 min)
under the same conditions. The thicknesses of each layer were measured employing
contact atomic force microscopy (described in section 3.4.3), and a linear regression

was then carried out to obtain the deposition rate in nm/min.

Silicon deposition rate (Nano-PVD)

100
E 80 |}
£
w 60 |
(7]
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2 y = 3.1484x - 0.5658
= 20t R = 0.9998
0 | |
0 10 20 30
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FIGURE 3.6: Calibration of the silicon deposition rates employing the Moorfield Nano-PVD
sputtering system
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3.2.2 Nano-patterning via electron beam lithography

Fabrication of optical metasurfaces requires for accurate lithography processes, as
the sizes of their constituent meta-atoms are subwavelength in nature. When the de-
sign wavelength shrinks, the required spatial resolution falls beyond the capabilities
of conventional optical lithography, which is fundamentally limited by light diffrac-
tion. Electron beam lithography (EBL) is currently the most employed technique for
the fabrication of meta-devices below the mid-wave infrared (MWIR), where the re-
quired sizes and/or gaps between elements are in the order of tens to hundreds of
nanometers [174]. In this thesis, therefore, EBL has been used to transfer the desired
patterns onto the substrates for the realisation of the devices discussed in Chapters
4,5 and 6.

In a typical EBL process, an electron beam is highly focused onto a electron-
sensitive resist following a pre-designed pattern. Electron exposure produces a change
in the resist molecular structure and solubility, and thus a sacrificial mask can be then
generated via subsequent development of the resist employing a suitable solvent or
developer. Therefore, the key determinants for a good quality pattern are the choice
of resist, developer, process conditions (i.e. electron beam current and dose) and

development time and temperature [175] as discussed below:

o Resist selection and spin coating.

The first step in a EBL process consists of depositing a layer of resist onto a
substrate via spin coating, followed by annealing of the sample to harden the
resist. As a rule of thumb, the resist thickness has to be typically around 3 times
thicker than the thickness of the desired pattern, however this can/might need

to be modified depending on the process complexity [176].

Two main types of resist can be selected at this step: positive and negative re-
sists. As shown in Figure 3.7a, exposure to electrons causes rupture of bonds
in positive resists, making them more soluble. A solvent or developer is then
used to wash away the weakened resist, which results in a positive mask.
Positive masks are typically used for the fabrication of low aspect ratio nano-
patterns, where sputtering inside the clear regions followed up by a lift off

process in a solvent results in the desired structure [175].
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On the other hand, negative resists experience cross-linking after electron ex-
posure and become less soluble. As shown in Figure 3.7b, after development
only the cross linked regions which have been exposed to electrons remain in-
tact, resulting in a negative mask. A reactive ion etching process is then carried
out to remove the unprotected regions and obtain the desired nano-pattern.
Negative resist masks are typically used for the realisation of high aspect ratio
structures, where magnetron sputtering inside a mask fails [175].

Sputtering

( a) Exposed region
Development lift-off
i

F
.o Resist

Substrate N 4 N 4
Etching

Exposed region

(b)

Development
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Substrate . 4 NG 4

removal

l Resist

Thin film {1 R85t

FIGURE 3.7: Electron beam lithography steps employing: (a) a positive resist followed by a

magnetron sputtering process to fill the gaps. (b) A negative photoresist followed by

reactive ion etching.

e Electron exposure

After spin coating with an appropriate resist, the sample is introduced in-
side the EBL system (in this thesis, a NanoBeam NB4). The chamber is then
pumped down to pressures below 2x10~7 mbar before starting the writing
process. As shown in Figure 3.8, the electron exposure system consists of an
electron gun, a condenser/focusing set of magnetic lenses, a beam blanker to
switch the beam on and off, and a deflection system which allows the beam to
be moved [176]. The beam is focused onto the resist and scanned across the

sample to transfer a pre-designed pattern.

The quality and sizes of the resulting mask will strictly depend on the resist
employed, electron acceleration voltages, current and exposure dose utilised
during the process. Due to charging effects, low beam currents are typically
used to achieve small sizes and high resolution patterns [177]. The exposure

dose D; can be also optimised to modify the size of the final nano-pattern:
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FIGURE 3.8: Schematic of a typical EBL writing system

D, = (3.4)

It
A

where [ is the current, ¢ is the exposure time and A is the exposed area. Par-
ticularly in this thesis, low currents (below 2 nA) were employed to ensure
high pattern resolution, and dose tests followed by morphological characteri-
sation were carried out to determine the optimum lithography parameters of

the metasurfaces discussed in Chapters 4, 5 and 6.

o Resist development

As described previously in this section, after being exposed to electrons the
resist undergoes either cross linking or rupture of bonds, which modifies its
solubility depending on its nature (negative or positive). A solvent is then

employed to remove the unwanted resist areas.

3.2.3 Reactive ion etching

Etching processes can be carried out either in a wet or dry atmosphere. In wet etch-
ing techniques, the use of liquid etchants induces chemical reactions which allow
the removal of material that is not protected by the resist mask. On the other hand,
in a dry etching process (also known as reactive ion etching, or RIE) the material
removal is driven by a combination highly and/or low reactive gases in a plasma
environment, which involves both chemical and physical processes [178]. Selec-
tive reactive ion etching (Moorfield nano-etch) was employed in this thesis after
a negative-resist EBL process in order to remove spare material and achieve the re-

quired nano-pattern.
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FIGURE 3.9: Schematics describing the working principle of a reactive ion etching process

The working principle of RIE is somwhat analogous to magnetron sputtering,
since the process involves the use of ionised gases in a low pressure plasma envi-
ronment. Gas ions are accelerated towards the sample (previously protected with a
resist mask) in order to remove material from the unwanted areas via both mechan-
ical (particle momentum exchange) and chemical (reactive) processes [178].

As depicted in Figure 3.7, RF power is applied to the chamber cathode, which
results in an electric field towards the (grounded) anode that ionises the gas and cre-
ates a plasma. Generation of accelerated reactive ions allows for a selective material
removal. As in a sputtering process, each material to etch requires specific condi-
tions that need to be optimised for a successful process. This can be achieved via

adjustment of etching conditions listed below:

e Gas composition and flow. For example, highly reactive Halogen-based com-
binations of gases with different flow rates (SFs/O;, CF4/0O5...) are typically
used for the etching of dielectrics and semiconductors like SiO,, Si, or SiN

[179].
o Etching parameters such as RF power, base pressure and gas pressure.

e Plasma induction characteristics, such as density, directionality and ionisation
efficiency, which can be adjusted via capacitive or inductive plasma genera-

tion.

A successful process should ideally give highly selective and anisotropic profiles,

as well as low roughness profiles [179], which can be checked via morphological
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characterisation techniques such as atomic force microscopy (described in section

3.4.3) or scanning electron microscopy (section 3.4.4).

3.3 Characterisation methods

The optical, morphological and compositional characteristics of the samples and de-
vices developed during this thesis were measured employing a variety of experi-
mental techniques. Therefore, this section aims to give a brief description of the
working principles of the experimental setups utilised, as well as to describe the
measurement steps and any post-processing and/or consideration required for a

correct interpretation of the raw data.

3.3.1 Optical micro-spectroscopy

Optical spectroscopy is a globally employed characterisation technique which al-
lows the quantification of emission, reflection, transmission and absorption spectra
of light by matter [180]. Its working principle consists of measuring the wavelength
dependant amplitude carried by a beam which has previously interacted with a
specimen. Particularly, the term micro-spectroscopy refers to measurements carried
out over microscopically sized areas employing a focused beam of polychromatic
light.

In this thesis, visible and near-infrared microscpectroscopy measurements were
employed to obtain reflectance measurements of thin films and metasurfaces devel-
oped during this thesis, as well as to provide a complementary method to X-ray
diffraction for checking the structural phase transition of PCM films after annealing
processes (i.e. via changes in the reflectance spectra). In addition, microspectroscopy
has been used in this thesis as an intermediate quality control between fabrication
steps, for example, to check the reflectance spectrum of a specific device layer stack
before proceeding with an e-beam lithography process.

Figure 3.10 shows a schematic of the instrument utilised for the above (JASCO

MSV-5300, spectral range A = 200 nm to A = 1600 nm). It consists of a microscope
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with a deuterium-halogen based illumination system linked to a spectrometer (max-
imum spectral resolution AA = 0.2nm). A collimated beam is focused onto the sam-
ple under test. The beam is then reflected by the specimen, re-collected by the objec-
tive and re-imaged onto the slit of a spectrometer, which acts as a field stop. The sam-
ple image is then re-collimated using an off axis parabolic mirror, and re-directed to
a blazed grating which splits the polychromatic beam into different monochromatic
channels. Spectrally separated beams are finally focused onto a cooled InGaAs de-
tector which measures the signal associated to each wavelength.

Three different focusing objectives with different numerical apertures (NA) can
be used for the measurements (x10 - NA 0.20, x20 - NA 0.25 and x32 - NA 0.50).
The employed numerical aperture determines the amount of signal that reaches the
detector, as well as both the range of incident and collection angles via the following

relation:

NA = sin(p) (3.5)

where B is the maximum semi-angle of the light cone that can be collected by the ob-
jective. Thus, lower NA objectives are better suited for the measurement of samples
which exhibit strong angular dependence of the reflectance spectrum (at the cost of
a lower signal to noise ratio and resolution).

Absolute reflectance measurements Rs(A) can be obtained via normalizing the
signal reflected by the specimen to the signal from a reference surface of known
reflectance R;,; (here specifically, a protected aluminum mirror previously calibrated

by Optical Reference Laboratory LLC, as shown in Figure 3.11a )[180]:

Rs(A) = Rm(A) (3.6)

where I; and I, are the raw signals (in counts) collected from the specimen and
the reference mirror respectively. For example, Figure 3.11b-d shows the above
described normalisation process of a typical aluminum/GST/ITO Fabry-Pérot (FP)
cavity depicted in Figure 3.11b. First, the wavelength-dependent raw signals from

the calibrated mirror, amorphous and crystalline samples are measured (Figure 3.11c).
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UV-VIS-NIR
Source

Spectrometer

FIGURE 3.10: Diagram of JASCO MSV-5300 microspectrometer and its main components:
(1) beam splitter, (2) x32 cassegrain objective, (3) sample holder, (4) focusing lens, (5) field
stop aperture, (6) collimating mirror, (7) blazed grating, (8) focusing mirror, (9) InGaAs
detector.

The absolute reflectance spectra for amorphous and crystalline GST can be then cal-

culated via eq. 3.2, as shown in Figure 3.11d.

3.3.2 Fourier imaging near-infrared micro-spectroscopy

In a conventional micro-spectrometer operating in reflection, an objective lens is
used both to focus and to collect light emerging from a specimen. The beam is
then re-directed and focused onto a (real) image plane where spectral information is
measured employing a spectrometer as described in the previous section. In other
words, the measurement plane coincides with the image plane of the sample, thus
the analysed signal is a weighted sum of different plane wave components emerg-
ing from the specimen at different angles [181]. In the case of Fourier imaging spec-
troscopy, measurements are performed in the back focal plane of a microscope objec-
tive, where such plane wave angular components are separated. Additional infor-
mation about both spectral and angular characteristics of the sample can be therefore

obtained employing this method.
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FIGURE 3.11: (a) Reflectance spectrum of the calibrated aluminum reference surface
(shown in the inset). (b) GST-based Fabry-Pérot cavity. (c) Measured raw signal from the
aluminum reference surface, amorphous, and crystalline GST-based FP cavity. (d)
Calculated absolute reflectance spectra for amorphous and crystalline GST.

To summarise this concept, let’s consider a sample located in the rear focal plane
(RFP) h(x,y) of a convergent lens as shown in Figure 3.12. When light emerging
from the sample at different angles passes through the lens, each of the plane waves
components is focused onto a a different point at the back focal plane H(x,y). In-
formation about the outgoing angles (0, 6,;) is therefore encoded as spatial coor-
dinates, which conceptually and mathematically corresponds to a Fourier transfor-
mation [182]. Therefore, performing spectroscopic measurements in the back focal
plane of a lens allows the mapping of both angular and spectral characteristics of
a specimen at the microscopic scale, something that cannot be achieved with tra-
ditional micro-spectroscopy. This technique has therefore emerged as an important
characterisation tool in research fields like nanophotonics, and has been successfully
employed in measuring radiation patterns of e.g., optical reflectarray antennas [11,
38] single quantum emitters [183, 184] or non-linear scattering [185].

Particularly in this thesis, Fourier imaging spectroscopy (operating in reflection)

has been employed to characterise the radiation patterns of the fabricated plasmonic
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FIGURE 3.12: Schematics showing the concept of a Fourier transform employing a
convergent lens.
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FIGURE 3.13: Fourier imaging micro-spectroscopy setup, located at the University of
Bristol.

phase-change beam steering devices (Chapter 4), as well as the band diagram of
the all-dielectric hybrid phase-change metasurfaces shown in Chapter 5. A detailed
diagram of the setup employed within the development of this work is depicted
in Figure 3.13. It consists of a microscope operating under a Kohler illumination
system which collimates light from the source into the sample via a set of lenses
(La, Lp and Lopj), ensuring uniform illumination and normal incidence (6; = 0). A
polariser P is located within the illumination system to control the polarisation of
light. The setup is fed by a supercontinuum laser source (NKT Photonics superK

COMPACT, spectral range A = 400 nm to A = 2200 nm) with a total output power of
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110 mW. The radiation pattern of the sample under test is imaged into the back focal
plane of the microscope objective lens Log; as described previously in this section.
The BFP is then re-collimated by L;, and re-imaged by L. Then, an optical fiber
connected to a NIR spectrometer scans the BFP plane in discrete steps of 20 ym ,
allowing measurements of the reflectance spectrum of the sample as a function of
the fibre position, which encodes the angular coordinates of the radiation pattern as
described in Figure 3.12. The relation between the axial position of the fiber A, and

outgoing angle of reflection 6, is calculated through the Abbe sine condition,

sin(6,) = fAzl}{:/ (3.7)
obj

where f] and f} are the focal lengths of L1 and L, respectively (f] = f; = 300 mm),

and f4p; = 2.6 mm is the focal length of the microscope objective. Accuracy of calcu-
lations employing Abbe sine condition were validated by measuring a commercial

grating of known period (and thus known angular position of the diffraction orders).

3.3.3 Surface characterisation: Atomic force microscopy

Atomic force microscopy (AFM) is an optomechanical characterisation technique ca-
pable of detecting forces in the order of nanonewtons, as well as characterising ge-
ometrical details down to the Angstrom scale [186]. Within its various applications,
AFM is mainly employed for morphological (e.g. topography) characterisation of
samples at the nano and micro scale. Particularly in this thesis, an atomic force mi-
croscope (model Bruker Innova AFM) operating in contact mode was used to char-
acterise the dimensions and morphology of the realised devices, and thus to validate
the fabrication processes. This technique has been also used to calibrate the sputter-
ing deposition rates as described in section 3.1, via measuring the thicknesses of the
as-deposited thin films.

The working principle of a typical atomic force microscope operating in contact
mode is summarised in Figure 3.14a. It consists of a tip integrated at the end of a
spring cantilever. When the instrument operates in contact mode, the tip touches

the surface and moves across the x and y directions, resulting in height variations
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(z direction) induced by the sample relief. A laser source is projected onto the can-
tilever, and reflected towards a quadrant detector which allows a topography map
to be obtained via calculation of the sample height for each (x, y) coordinate. Figure
3.14b shows a typical micro scale topograpic map obtained via AFM measurements

in contact mode (here specifically, an array of hybrid silicon GST nano-cylinders).
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FIGURE 3.14: Atomic force microscopy. (a) Shcmematics of the operating principle, where a
laser source. (b) Topography of an array of nano cylinders the measured via AFM in
contact-mode. (c¢) Diagram showing tip convolution effects in periodic structures, where
spatial information might be lost due to the tip size. (d) 2D cross section of the same array
as in (b), showing loss of spatial resolution within gaps, and a well resolved step at the
edge.

AFM offers precise, non-destructive, and accurate topographic characterisation
at micro and nanoscales. However, the occurrence of measurement artifacts is also
common, depending on the nature of the sample under test, as well as the dimen-
sions and orientation of the tip utilised. It is therefore essential to recognise artifacts
in AFM images in order to avoid misinterpretation of the acquired data. As de-
picted in Figure 3.14c, a common unwanted feature when measuring arrays at the
nanoscale is a loss of resolution due to a tip/sample convolution effect caused by
the tip finite sharpness interacting with a periodically patterned surface [187]. This
occurs when the tip is in contact with more than one edge of the sample simultane-
ously. A clear example of such effect is shown in Figure 3.14d, where loss of spatial

information in the x and z axes can be appreciated within the gaps of an array of
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hybrid silicon/GST nanocylinders (discussed in Chapter 5). At the edge of the ar-
ray, however, dimensions along the z axis are well resolved due to the absence of
periodicity, showing a total array thickness of 220 nm. Convolution effects can be
sorted out via employing expensive ultra-sharp tips to increase both in plane and
out of plane resolution [187]. Alternatively, in-plane spatial information can be com-
plemented using other morphological characterisation techniques, such as scanning

electron microscopy described in the next section.

3.3.4 Scanning electron microscopy

In scanning electron microscopy (SEM), a high energy focused beam of electrons is
used to scan a specimen. Interaction between accelerated electrons and the sample
produces a wide range of EM signals such as secondary electrons, back scattered
electrons, characteristic x-rays and visible light [188]. These signals are detected
by an appropriate sensor and can be used to obtain morphological and chemical
information about the specimen under test. For example, the detection of secondary
and back scattered electrons can be used to image a sample with magnifications from
x10 to x500 000, allowing for a spatial resolution down to tens of nanometers. On
the other hand, some SEM systems are equipped with x-ray detectors, which can be
used to analyse characteristic x-rays and thus to map the chemical properties of the
specimen via energy-dispersive spectroscopy (EDS).

In this thesis, morphological sample characterisation has been carried out using
an SEM (TESCAN VEGA3 SEM) in combination with AFM described in the previous
section. Figure 3.15a-c shows three examples of SEM images from various devices
fabricated. Note that, contrary to AFM scans shown in Figure 3.14d, well resolved
gaps between nano cylinders in Figure 3.15¢ can be now observed and measured.

In addition, the TESCAN VEGA3 SEM is combined with an EDS X-ray detector
(X-MAXN EDS, Oxford instruments) which was employed to ensure a correct atomic
composition of the as-deposited thin films. For example, Figure 3.15d shows an EDS
measurement of Ge,Sb,Tes thin films employed in this thesis, confirming that the
bulk material composition has been successfully transferred to the film during the

sputtering process (Ge 21.0%, Sb 24.6%, Te 54.5%).
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FIGURE 3.15: (a-c) SEM images of 3 different phase-change meta-devices developed in this
thesis (scale-bar is 5 ): (a) Plasmonic phase-change beam steerer (Chapter 4), (b) EBL dose
test for the realisation of GST nano-cubes on gold (Chapter 6) (c) Array of all-dielectric
hybrid silicon/GST nano cylinders (Chapter 5). (d) EDS measurement of a 200 nm thick
amorphous GST film, confirming an adecuate film composition (Te 54.5 %, Sb 24.6 %, Ge
21.0 %).

3.3.5 X-ray diffraction

X-ray diffraction (XRD) is a material characterisation technique which is primary
used to obtain information about the structural phase and dimensions of crystals.
Since the wavelength of x-rays (A = 0.01 nm to A = 10 nm) is comparable to the
inter-atomic spacing of crystalline materials, the main principle of such technique is
based on the Bragg effect [5], which can be used to analytically extract dimensional
and morphological information of a crystalline structure, In this thesis, XRD was
employed to confirm the amorphous to crystalline phase transition of PCMs after
an annealing process, as well as to identify the nature of the resulting structural
phase (e.g. cubic, hexagonal...). A picture of the instrument employed for such
measurements (Bruker D8 advanced) is shown in Figure 3.16a. Briefly, it consists
of an X-ray gun, a sample holder and and an X-ray detector. The X-ray source is

stationary, whereas the the sample moves by an angle 6 (and the detector by 26
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accordingly) in order to scan the sample at different angles of incidence.
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FIGURE 3.16: X-ray diffraction (a) Photograph of the instrument employed for XRD
measurements, model Bruker D8 advanced. Picture reproduced from the public domain
(www.Bruker.com) (b) Schematics summarising the Bragg condition in a crystalline atomic
structure under the x-ray EM regime.
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FIGURE 3.17: Typical X-ray diffraction measurement of an as-deposited 100 nm GST thin
film before (blue) and after (red) annealing at 200°C, confirming crystallisation of the film
due to the presence of interferencial Bragg peaks.

A simple case of study is summarised in Figure 3.16b, where a wave reflected by
the second atomic row will have a path difference of dsinf with respect to the wave
reflected by the first row, with d being the crystal lattice and 6 the angle of incidence.
Following the Bragg condition,

nA

dsin(0) = > (3.8)

when dsinf happens to be equal to an integer of half of the incident wavelength,
the waves reflected at each row will be in phase and thus interfere constructively
and reinforce each other, resulting in an increase of the signal detected. The relation

between the incident/collection angles and the signal detected allows therefore to
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obtain information about the atomic structure and compare it to a database in order
to identify the nature of the crystal under test.

Figure 3.17b shows a typical XRD measurement of an as deposited (amorphous)
Ge,Sb,Tes film on a silicon substrate, compared to its crystalline phase after an an-
nealing process (10 minutes in a hot plate at 200 °C) . Due to the absence of an or-
dered lattice in the amorphous phase, only 1 peak corresponding to the silicon sub-
strate can be detected. After crystallisation however, strong Bragg signals coming
from the characteristic GST centered cubic phase (FCC) can be observed, as well as
some evidences of weak peaks corresponding to the hexagonal phase (HEX), which

usually takes place at higher annealing temperatures (> 250 °C) [189, 190].
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Chapter 4

Near-Infrared Active Phase-Change

Plasmonic Beam Steerers

4.1 Introduction and motivation

Compact beam steering with no moving parts would revolutionise technological
systems based on random access pointing, such as free-space inter/intra chip inter-
connects for optical telecommunications. In such systems, optical beams are com-
monly guided and focused through conventional bulky optics such as moving mir-
rors or prisms and lenses, which are slow in nature and occupy large amounts of
space. Optical telecommunications would therefore benefit from new technologies
offering dynamic, and high speed beam steering and shaping capabilities. Recon-
figurable, optically-thin phase-gradient metasurfaces (i.e. where the beam steering
capabilities are not locked-in at the fabrication stage) would allow not only for high-
speed and compact optical telecommunications, but would also open up a new route
to a variety of exciting applications, such as light imaging detection and ranging (LI-
DAR) scanning systems for autonomous vehicles, robotics or sensing. On the other
hand, such an approach employing phase-change materials has not been experimen-
tally realised so far.

In this chapter, therefore, the non-mechanical beam steering capabilities of phase-
change materials combined with plasmonic phase gradient metasurfaces is investi-
gated, and a working prototype device based on this technology is successfully de-
signed, fabricated and tested. As depicted in Figure 4.1a, the proposed PCM based

reconfigurable beam steering meta-devices consist of plasmonic metal/insulator /metal
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1D metasurfaces with an embedded GST thin layer serving as a tunable environ-
ment. The devices were designed to operate in the NIR C-band (A =1530 nm to A =
1570 nm, particularly at A = 1550 nm) due to its technological importance in optical

telecommunications [191].

A
(b)

Specular reflection
z Y
L. X

FIGURE 4.1: (a) Phase-change beam steering meta-device concept. The dielectric spacer of a
typical MIM metasurface configuration is filled with a tunable PCM (here GST) to change
its EM response. (b-c) Huygens’ principle showing the wavefront reconstruction when the
GST is crystalline (b) and amorphous (c).

When the GST layer is in its crystalline state, the structure behaves as a mirror-
like surface, and thus light is reflected according to conventional specular reflection
laws where the angle of reflection 6, is equal to the angle of incidence 0; (Figure
4.1b). In the amorphous state, however, the device has been specifically designed to
operate as an optical phase-gradient metasurface. That is, as shown in Figure 4.1c,
each antenna has been properly arranged to introduce a linear optical phase shift A¢
with respect to its neighbour along the x-axis. The sum of these local phase jumps re-
sults in a constructive interference at a pre-designed anomalous angle of reflection,
dictated by the generalised Snells law shown in eq. 2.21 [6]. The developed de-
vice allows therefore to selectively change the angle of reflection without the need of
mechanically-rotating mirrors or bulky optics, by simply changing the phase-change

medium between its two meta-stable states. The use of PCMs in combination with
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metasurfaces offers therefore real applications advantages, such as compactness, fast
switching times (potentially in the time scales of nanoseconds) and, due to the non-
volatile nature of chalcogenide phase-change materials, low power consumption

[33].

4.2 Metasurface design and analysis

4.2.1 Unit and super-cell design

As discussed in Chapter 2 (section 2.3), MIM based metasurfaces are well known
for their versatility in manipulating the amplitude and phase of light, and require
relatively simple building blocks with only one lithography step [96, 115, 116, 124].
In addition, phase-gradient metasurfaces based on MIM configurations are capable
of achieving near 27t optical phase coverage in reflection, as well as beam shaping ef-
ficiencies up to 80% in the NIR [115, 124]. Therefore, a MIM architecture was chosen
for the development of this device.

The scattering properties (i.e. phase and amplitude in reflection) of the MIM unit
cell were first analysed via finite element modelling (as described in section 3.1.1),
using a generic structure depicted in Figure 4.2a. It consists of a dielectric layer of
varying thickness t and refractive index np sandwiched between a continuous alu-
minum layer and a top 1D strip-like Al antenna. To account for the unavoidable di-
electric losses present in GST, the absorption coefficient of the spacer was fixed to k =
0.07, i.e. the same as that of amorphous GST at A = 1550 nm (the refractive index and
absorption coefficient for both amorphous and crystalline states are shown in Figure
4.2b). The pitch spacing d was set to 700 nm to provide a good compromise between
reducing unwanted diffraction effects while keeping a sufficiently large spacing be-
tween antennas to ease the fabrication process. The dielectric spacer thickness ¢,
antenna width w and refractive index np were set as variables. Note that the use
of strip-like 1D antennas allows for a faster computation time, since the structure
can be simulated in 2D due to its translational symmetry. This means however that
the devices are polarisation sensitive; thus they operate under transverse-magnetic

(TM) polarisation. On the other hand, additional device functionalities could arise
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from such anisotropy, as will be discussed later in this chapter. Polarisation insen-
sitivity could be anyway readily achieved using square or circular-shaped antennas

[46, 112, 115, 170]).
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FIGURE 4.2: (a) Generic unit cell structure used to numerically study the scattering
properties of MIM plasmonic resonators, where ¢ is the thickness of the dielectric spacer, w
is the antenna width, and np is the dielectric refractive index. (b) Refractive index (left) and
absorption coefficient (right) of amorphous and crystalline GST in the NIR. The values at
the design wavelength (A = 1550 nm) are highlighted.

Figure 4.3a shows the computed amplitude (left) and phase (right) results (in
reflection) at A = 1550 nm for a spacer thickness of t = 60 nm. Both amplitude and
phase were computed as a function of the dielectric spacer refractive index np (rang-
ing from np= 1 to np= 4) and the antenna width w (from w = 100 nm to w = 650 nm)
for an excitation wavelength of A = 1550 nm. From these results, the three character-

istic GSP resonant regimes can be identified [118, 192, 119]:

e whenl<np <25

This region offers a continuous near 27t optical phase control with superior
efficiency when varying the antennae width w (i.e. when going in and out
of the GSP resonance). As described in section 2.3.1, such parametric space
corresponds to the overcoupled (underdamped) resonant regime, which is the
most suitable space to design metasurfaces for wavefront engineering [118,

192].

e when2<np<25

Again, a near 27t phase coverage can be achieved via varying the antennae

with w. However, the amplitude (reflectance) of the first order (m = 1) GSP
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FIGURE 4.3: a) Amplitude (left) and phase (right) as a function of the dielectric spacer
refractive index np and antenna width w for f = 60 nm. (b) Cross section plots showing an
example of the characteristic phase (left) and amplitude (right) response of a MIM
configuration as a function of the antenna width w in the 3 resonant regimes
(undercoupled, overcoupled and critically coupled), for a spacer thickness of t = 60 nm.

mode drops to near 0%. This regime is known as critical coupling [7, 118,
192], and results in light being perfectly absorbed by the system. Such phe-
nomenon can be quite attractive for certain applications such as photovoltaics
or signal modulation, but at the same time it is something to avoid when de-
signing devices based on optical phase wavefront control, where the amount
of light phase-shifted and re-radiated to the free-space should be ideally kept

to a maximum [6].

e whennp > 2.5

Due to an increase of the refractive index, and thus an increase of the effective
GSP mode index (see eq. 2.18, a second order mode (m = 2) can be identified
when varying the aluminum antenna width. It is also noted that the amount
of phase coverage is significantly reduced to below ~ 180 °, thus the system

operates under the undercoupled (overdamped) regime [118, 192].
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For more clarity, Figure 4.3b shows a 2D plot containing the scattering phase (left)
and amplitude (right) response of the three resonant regimes described above (i.e.
undercoupled, critically coupled and overcoupled). The optimum refractive index
range is therefore the one that satisfies the overcoupled condition (from np = 1 and
np= 2.5), since it provides a good compromise between amount of phase coverage
(near 277) and efficiency.

Since the refractive index of GST is significantly higher than 2.5 in both amor-
phous (n,gst = 3.73) and crystalline (n.gst = 5.61) states, fully filling the dielectric
spacer with GST is therefore an impracticable option from a design point of view,
as revealed in Figure 4.3b (red curve), where only a maximum optical phase span
of A¢ax = 110 ° can be achieved. This is clearly insufficient for a versatile designer
interface, where ideally a 27t phase coverage is desired to increase the realisable
number of designs [6, 93, 113, 118]). To overcome this limitation, the combination of
low-index, loss-free dielectric films (S5iO,) with deeply subwavelength sized (~ %)
GST layers was proposed to hybridise the dielectric spacer. A schematic of the re-
sulting unit cell is depicted in Figure 4.4a. Here, a 33 nm thick SiO, layer (ts;0,) fills
half of the dielectric spacer volume, while a GST layer sandwiched between two 5
nm thick ITO films (to avoid oxidation of the PCM) occupies the space. The GST
thickness was fixed to tgs; = 26 nm, as it was found to provide a good compromise
between reducing the effective refractive index of the layer stack, while contributing
to a sufficient amount of active volume to tune the optical response of the device
after crystallisation. Figures 4.4b and 4.4c show the computed phase and ampli-
tude response in reflection respectively (the complex refractive indices of Al, ITO
and SiO, employed for the calculations can be found in Appendix B, section B.1).
As expected, splitting the dielectric spacer between optically thin low and high in-
dex materials (S5iO, /ITO and amorphous GST respectively) allows a reduction of the
effective refractive index of the stack, thus locating the GSP resonance in the over-
coupled regime required for a better optical phase control (here up to A¢ ~ 300°)
[118, 192]. After crystallisation of the GST layer, the phase profile as a function of
the antenna width w becomes nearly flat Figure 4.4b. As shown previously (in Fig-

ure 4.3b), this is due to an increase in both real and imaginary parts of the GST
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refractive index, which shifts and locates the GSP resonance in the overdamped (un-

dercoupled) regime after crystallisation.
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FIGURE 4.4: (a) Schematics showing thicknesses and dimensions of the unit cell, where ¢ 4;
=100 nm, ts;0, =33 nm, t;70 = 5 nm, tgst = 26 nm, and d = 700 nm. The width of the top
aluminum antenna (w) can be varied to tune the optical phase response upon reflection. (b)
Phase in reflection as a function of w for both amorphous (blue) and crystalline (red) states
of the GST layer. The yellow dots correspond to the antenna sizes selected to build the
super-cell represented by the inset (w; = 166 nm, wy = 214 nm, w3 = 239 nm, and wy = 650
nm). (c) Reflectance as a function of w for amorphous (blue) and crystalline (red) states.

Due to the near 27t optical phase coverage offered by the proposed device unit
cell in the amorphous phase, different types of active beam steering configurations
can be therefore designed via changing the unit cell period 4 and/or the local phase
increment A¢ imposed by each element of the array (see eq. 2.21 and [127]). Anoma-
lous reflection can be then selectively switched to ordinary reflection via crystalli-
sation of the GST layer, as the resulting phase profile when varying w becomes flat.
Here specifically, a super-cell based on four “amorphous antennas” with each im-
posing a phase increment of A¢ = 90° has been chosen. The required antennae
widths w to satisfy this condition are marked with yellow dots in Figure 4.4b. Ac-
cording to the generalised Snells’ law (eq. 2.21), for a period of d = 700 nm and a

wavelength A= 1550 nm, such arrangement gives an anomalous angle of reflection
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6, = 33.6 ° when the GST layer is amorphous. After crystallisation, the linear phase
gradient along the surface is cancelled, leading to ordinary reflection (i.e. 6, = 0;),

with negligible maximum phase differences between elements of ~ 17° when the

GST layer in the crystalline state.
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FIGURE 4.5: (a-b) Instantaneous electric field distribution under normal incidence
excitation, confirming: (a) anomalous reflection (6, = 33.6°) when the GST layer is
amorphous, (b) ordinary specular reflection when the GST layer is crystalline. (c-d)

Numerically resolved reflectance of the three diffraction orders (m =1, m = 0, and m = +1)
when the device is amorphous (c), and crystalline (d). (e-g) Normalised far-field radiation

pattern for an array made of 10 super-cells, and calculated via eq. 4.1 (e). Angular and

spectral response of the device for its two operational modes: anomalous reflection when

the GST layer is amorphous (f), and specular reflection in the crystalline state (g).

n
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4.2.2 Analysis of the device performance

The radiation pattern (i.e. its reflectance as function of the angle of reflection 6,)
of the proposed PCM-enabled metadevice was assessed via simulation of an infi-
nite array of the super-cells shown in the inset of Figure 4.4b. Figures 4.5a and b
show the instantaneous electric field distributions under normal incidence condi-
tions, confirming anomalous reflection when the GST layer is amorphous, and ordi-
nary mirror-like reflection when crystallised. The spectral and angular characteris-
tics of the device were then analysed via grating and antenna theory. The far-field
behavior can be interpreted in a similar way to a conventional diffraction grating
of period A =2800 nm [11, 193], but with the majority of the power being radiated
towards the first diffraction order (m = +1) when the GST layer is amorphous, and
in the zeroth order (m = 0) when it is crystalline.

Figures 4.5 and d show the numerically computed reflectance of the three diffrac-
tion orders (m = £ 1, m = 0), over a range of wavelengths from 1515 to 1580 nm for
amorphous and crystalline GST respectively. The anomalous efficiency (m = +1) is,
over this range, always above 36% while the residual ordinary reflectance (m = 0)
is less than 4%. With the GST layer in the crystalline state, ordinary reflection dom-
inates (m = 0), with an overall reflection efficiency above 32% and a small residual
anomalous reflection (m = +1) below 5%. This can be attributed to the phase profile
after crystallisation (shown in Figure 4.4b, which is not completely flat as it ideally
should be. Increasing the volumes of GST was found to flatten the phase profile in
the crystalline state (due to further resonant damping and shifting), but on the other
hand the optical performance in the amorphous phase was significantly degraded
in terms of both amount of optical phase coverage and efficiency. The best compro-
mise between amorphous and crystalline states is located, as expected, at the design
wavelength (A = 1550 nm) with 40% reflection efficiency for both anomalous and
specular reflection modes. The missing energy is inherently absorbed by the array
as plasmonic and dielectric losses in the aluminum and ITO/GST, respectively.

The normalised far-field radiation pattern of the device was then calculated in-

dependently via the array factor (AF), which under normal incidence conditions
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becomes [100]:

, Sin(ngAShl(G,)) 2
=

Here, A is the period of the super-cell (made of 4 unit-cell elements of period d =
700 nm, thus A = 2800 nm), 0, is the angular coordinate in reflection, and N is the
number of supercells taken into account (which has direct influence on the width,
thus directionality of the diffraction lobes). Figure 4.5e shows the normalised far-
field distribution calculated using 4.1 for N = 10.

The final radiation pattern containing both spectral and angular characteristics of
the device was then calculated by multiplying the numerically obtained reflectance
coefficients of the three diffraction orders shown in Figures 4.5b-c by the normalised
radiation pattern calculated via eq. 4.1. Figures 4.5 and g show the results for the
amorphous and crystalline states of the GST layer, i.e., for anomalous and ordinary

specular reflection, respectively.

4.3 Fabrication of Phase-Change Plasmonic Beam Steerers

Batches of PCM-enabled beam-steering metadevices were fabricated in areas of 70 x70
pm as follows (a schematic flowchart of the fabrication process is depicted in Figure

4.6):

1. First, 1 x1 cm SiO, /Si substrates were cleaned in acetone under sonication for

10 min, and rinsed with isopropyl alcohol (Figure 4.6a).

2. Next, the continuous layer stacks were deposited onto the previously cleaned
substrates using magnetron sputtering in an Ar atmosphere (Ar flow 10 sccm).
The base pressure was 1x10~® mbar, and the sputtering Ar pressure was 1.3x10~°
mbar. DC sputtering was used for the deposition of conductive materials (i.e.
GST, ITO and Al) , whereas RF sputtering was employed for the SiO, layer.
(Figure 4.6b).

3. As shown in Figure 4.6¢, a 250 nm thick layer of positive PMMA resist (Mi-

crochem 950K A4) was then spun (6000 rpm) onto the sample and baked at
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low temperatures (70 °C) for 15 min to harden the resist while avoiding crys-

tallisation of the GST layer (since the as-deposited GST state was amorphous).

4. An e-beam lithography process was carried out to transfer the nano-strip an-
tennae pattern onto the resist (Figure 4.6d). The writing was made employing
low currents of 1.5 nA and high voltages of 80 kV in order to increase the pat-
tern resolution [194]. A dose test was carried out with exposure doses ranging
between 4 and 11 Cm~2 in increments of 0.25 Cm 2, to increase the chances to

hit the correct sizes. Optimum doses were found to lie between 7 and 8 Cm 2.

(a) (b) (c)
S
7 ——————
RS O
(f) (e) ) (d)

_/_.//.Z_":_'\_\\\& ,
SN, ~ e~ A
e S s S
|:|Si |:|AI .SiOz .ITO .GST DPMMA

FIGURE 4.6: Schematics summarising the fabrication of phase-change plasmonic beam

steerers. (a) SiO,/Si substrate cleaning in acetone and isopropyl alcohol (b) Magnetron

sputtering of the layer stacks (c), PMMA spin coating and e-beam exposure (d) PMMA
development (e) Magnetron sputtering of aluminum (d) PMMA lift off.

5. The resist was then developed in a 15:5:1 (isopropyl alcohol:methyl isobutyl
ketone:ethyl methyl ketone) solution for 30 s at room temperature in order to
dilute and remove the exposed regions (Figure 4.6d). The sample was gently

shaked during the process.

6. Aluminum antennae were sputtered inside the mask pattern, using the same

conditions as for the bottom aluminum layer, described in step 2 (Figure 4.6e).

7. Finally, The PMMA /aluminum masks were removed by first delaminating
most of the film using warm acetone flow from a pipette and subsequent soft
sonication in acetone for 5 min (Figure 4.6f). Pictures of the as-fabricated de-

vices at different scales are shown in (Figure 4.7).
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ol

FIGURE 4.7: Pictures of the as-fabricated phase-change plasmonic beam steering devices.
From left to right: a photograph of a 1x1 cm chip containing various arrays; an optical
microscope image; and an SEM image showing fine details of the plasmonic antennae.

4.4 Optical characterisation: radiation patterns

Devices were optically characterised via NIR Fourier imaging micro-spectroscopy;,
which allows for angle-resolved reflectance measurements at the micro-scale [181],
as described previously in (section 3.4.2). Results from such measurements are de-
picted in Figure 4.8. Particularly, Figure 4.8a and 4.8b show the measured radiation
pattern, compared to simulations for both amorphous and crystalline states of the
GST respectively. It can be seen that indeed, the as-fabricated device reflects anoma-
lously with the GST layer in the amorphous phase. The anomalous reflection angle
was found to be 6, ~ 33 & 3°, matching, within experimental error, the design angle
of 33.6°. The overall efficiency across the whole spectral band (from 1515 to 1580 nm)
when operating in anomalous reflection mode was found to be above 34%, again in
line with design predictions (numerical simulations). After thermal crystallisation,
the device reflects in an ordinary specular fashion at 8, = 0°, with an efficiency across
the range of wavelengths measured above 22 % (cf. 32 % from the numerical simu-
lations). Small discrepancies in the crystalline state could be caused by the several

factors such as:

e A mismatch (between simulations and experiment) of the complex refractive

index of crystalline GST.
e Changes in the ITO refractive index after annealing [195].
e Device fabrication errors such as layer stack thicknesses.

e Surface imperfections not taken into account in simulations, such as roughness

or the presence of native aluminum oxide islands around the Al resonators.
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FIGURE 4.8: Optical characterisation of PCM enabled beam steering meta-devices. (a-b)
Measured angular reflectance under TM excitation, compared to simulations across the
C-band for both amorphous (a) and crystalline (b) states. (c-d)Transverse 2D plots showing
details of the measured angular reflectance (solid) against numerical simulations (dashed)
at two different wavelengths: (c) A = 1515 nm, and (d) A = 1550 nm. (e-f)
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For more clarity of the results, Figures 4.8¢c-d show the measured angular re-
flectance (solid curve) of the as-fabricated devices, compared with simulations (dashed
curve) for both anomalous (blue) and specular (red) reflections and at A = 1515 and
A =1550 nm, respectively. At the design wavelength (A = 1550 nm), the agreement
between experiment and simulation for the GST in the amorphous state is striking,
with only a small decrease in device performance (c¢f. simulation) for the crystalline
state. The best balance between states was found at 1515 nm with ~30 % of light
being reflected both anomalously (at ~32° at this wavelength) and specularly (i.e.,
at 0°).

For curiosity, the device performance under transverse-electric (TE) polarisation
was also measured, and the obtained results are shown in Figure 4.8e and Figure
4.8f for amorphous and crystalline states respectively. As expected, due to the trans-
lational symmetry (thus anisotropy) of the Al antennas as well as to the abscence
of periodicity in one axis, the device reflects light specularly in both amorphous and
crystalline states across the whole spectrum. These results suggest that the proposed
configuration could also have tunable polarising beam splitting capabilities, which
could be further investigated in the future. For example, in the amorphous phase
one should expect splitting of the electric field component perpendicular to the 1D
antennas towards the predesigned anomalous reflection angle (here 33°) when the
structure is excited with circularly or eliptically polarised light, with the splitting

effect being cancelled after crystallisation.

4.5 Optically induced reversible switching

Finally, the device switching capabilities (i.e. its ability to be reversibly changed
between amorphous and crystalline states over repeated cycles) were demonstrated
via optically induced heating using a scanned laser. A diagram of the optical system
employed is depicted in Figure 4.9. The setup can be divided in 3 optical channels:
Finally, the device switching capabilities (i.e. its ability to be reversibly changed
between amorphous and crystalline states over repeated cycles) were demonstrated
via optically induced heating using a scanned laser. A diagram of the optical system

employed is depicted in Figure 4.9. The setup can be divided in 3 optical channels:
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1. A CCD camera fed by a visible light source (Thorlabs MCWHLP1) to obtain

visual information about the sample and localise the region to switch.

2. A shutter-assisted, fiber-coupled, blue-wavelength pulsed laser (A = 405 nm,

model RS 713-3908) focused onto the sample to optically switch the GST layer.

3. A fiber-coupled NIR micro-spectrometer fed by a source (Thorlabs HEP3965)

to obtain the sample reflectance spectra after each laser scan.
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FIGURE 4.9: Optical setup employed for the laser switching experiments

Laser Parameter Crystallisation ~Re-amorphisation
Pulse Duration (ns) 200 20
Pulse Rise/fall time (ns) 50 1
Pulse Peak Power (mW) 6 18
Pulse Repetition Rate (Hz) 1x10° 1x10°

TABLE 4.1: Laser parameters employed for optically driven crystalli-
sation and re-amorphisation of the plasmonic phase-change beam
steering devices.

Crystallisation and re-amorphisation cycling experiments (or "SET" and "RESET"
cycling in phase-change terminology) were carried out on both “blanket” film struc-
tures and as-fabricated devices in areas of 40 x 40 ym. A scanning-pulsed laser (A =

405 nm) was focused into an 0.5 ym diameter spot through an Olympus LMPLFLN
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50x objective (NA 0.5) across a zig-zag path with a speed of 50 ym/s and a pitch
distance between adjacent lines of 0.433 ym. Switching experiments were first per-
formed over the Al/SiO,/ITO/GST/ITO multilayer stacks (outside of the top Al
antenna array) in order to determine the optimum laser parameters required for the
switching in terms of power, pulse duration, rise/fall time and repetition rate, with-
out potentially damaging the devices. Crystallisation and re-amorphisation laser
switching experiments were made with single pulses, and specifications are shown
in table 4.1.

Figure 4.10a shows four images of an unpatterned device area after two suc-
cessive SET and RESET cycles, where a change in reflectance on changing phase is
clearly apparent (i.e. crystal regions are lighter than amorphous regions due to a
change in the reflectivity). For more quantitative data, verification of the occurrence
of phase switching as a result of such experiments was carried out by measuring the
in-situ reflectance, and comparing with results from thermally crystallised devices
(i.e. via hot plate annealing at 200 °C for 10 min) previously measured with an XRD
system to check the sample crystalinity (see section 3.4.5 ). Figure 4.10b shows the
results from these measurements, revealing a very good agreement between the NIR
spectra for as-deposited amorphous/thermally crystallised samples and those sub-
jected to the optically induced phase changes, which confirms successful reversible
switching between states in the unpatterned device region.

The experiment was then repeated for completed devices (i.e., in regions with
the top-patterned Al antenna array). The resulting microscope images are shown in
Figure 4.10c and the corresponding NIR reflectance spectra under TE illumination
in Figure 4.10d. Again, very good agreement between the NIR spectra for optically
switched devices and the fully amorphous (as-deposited) and fully crystalline (ther-
mally induced) cases confirms successful laser-induced switching of the device itself.
In the case of TM illumination (see Figure 4.10d), the devices have beam steering ca-
pabilities, thus most of the reflected power is concentrated in the first diffraction
order when the GST is amorphous (Figure 4.10f-top), and in the zeroth order after
crystallisation (Figure 4.10f-bottom). The large numerical aperture of the lens (NA
0.5) collects light from both states (were the scattering efficiency is similar), resulting

in small changes in the reflectance spectra between phases.
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FIGURE 4.10: (a) Optically induced phase-change experiments carried out in an
unpatterned region of the device. A change in colour can be appreciated after each
SET/RESET. (b) Experimental reflectance spectra of the unpatterned region after each cycle,
compared with fully amorphous (as fabricated) and fully crystalline (thermally crystallised)
spectra. (c) Optically induced phase-change experiments carried out inside the device.
(d-e) Experimental reflectance spectra of the device under TE (d) and TM (e) polarisations,
again compared with fully amorphous and fully crystalline states.(f) Schematics showing
the radiation patterns generated under TM incidence, and collected by the lens in both
amorphous (top) and crystalline (bottom) states.
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Finally, since aluminum’s melting point (660 °C) is relatively close to GST (~ 600
°C), the device morphology was re-checked via SEM imaging after the laser scans, in
order to check if any melting and/or deformation of the Al antenna pattern occured
during the GST melt/quench re-amorphisation process. Aluminum antennae of the
devices remained intact after several crystallisation and re-amorphisation cycles, as

shown in (Figure 4.11).

FIGURE 4.11: SEM images of the Al antennas before (left) and after (right) crystallisation
and re-amorphisation laser scans. Both scans are approximately 3 x3 pum.

4.6 Summary and Conclusions

The primary objective of this section was to provide a demonstration of the capa-
bilities of phase-change metasurfaces towards active wavefront control, as most
of the work carried up to now relies on amplitude manipulation. For this pur-
pose, non-mechanical and fully reversible beam steerering devices working in the
NIR were developed. This was achieved via successful combination of plasmonic
metal/insulator /metal metasurfaces with the worldwide known chalcogenide PCM
alloy Ge;SbyTes. The use of a novel hybridised dielectric spacer which combines
Si0,, GST and ITO ultrathin films was found to be a key point for a successful de-

velopment of practicable devices, since:

o Itallows the location of the GSP resonance in the overcoupled resonant regime,

where a near 27t optical phase coverage with superior efficiency is accessible.
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e It provides, at the same time, a way to reduce the amount of GST to values
closer to what is employed in conventional and well-stablished optical mem-
ories, which facilitates re-amorphisation processes and thus device cycling be-

tween structural states.

In addition, the GST was encapsulated and thus protected against oxidation,
something that is commonly ignored in reconfigurable metasurfaces involving the
use of PCMs reported in the literature [39, 48, 64, 159, 196]. The relative simplic-
ity of the presented architecture (based as it is on a MIM resonator type structure
which requires for a single lithography step) led to successful and repeatable device
realisation using common microfabrication techniques.

Experimental angle-resolved Fourier imaging microspectroscopy along with de-
tailed numerical simulations confirmed that devices reflect an incident NIR optical
beam (C-band) in a specular mirror-like fashion when the phase-change layer is in
the crystalline state, but reflect anomalously at a pre-designed angle when the phase-
change layer is switched into its amorphous state. Experimental results under TM
and TE polarisation excitation suggest that additional device features such as active
polarising beam splitting could arise from this configuration, thus opening the possi-
bility of developing active metasurfaces with different functionalities employing the
same building blocks. Furthermore, reversible switching between states was suc-
cessfully achieved using optical pulses from an ex-situ laser, something that is rarely
seen in phase-change material based reconfigurable metasurfaces reported in the lit-
erature, but at the same time is crucial towards their future integration in real-world
devices.

In terms of future perspectives, it is expected that the performance and practica-
bility of PCM metasurfaces based on MIM configurations could be further improved

via:

e Replacing the GST layer by recently-reported PCM compositions such as
Ge,Sb,Se Te; (GSST) which have shown lower dielectric losses in both amor-
phous and crystalline states with even superior optical contrast in the NIR and

MWIR [197].
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e Employing other metals with less plasmonic losses in the NIR, such as Au or
Ag [75]. This should also decrease the risk of geometry deformation during the
GST switching processes, since both gold and silver melting points are higher
than aluminum (i.e. 1064 °C and 962 °C for Au and Ag respectively). In such
a case, special attention should be put to diffusion, as those specific metals

exhibit high thermally induced diffusion in GeSbTe-based alloys [74].

Finally, as we will see in the next chapters, following the same design philosophy
of keeping the PCM volumes to a minimum, as well as employing other architec-
tures (such as all-dielectric or hybrid metasurface configurations) could potentially
result in improved efficiencies, as well as multilevel beam control or additional de-

vice functionalities such active optical filters/switches or band structure engineer-

ing.
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Chapter 5

Reconfigurable dielectric
metasurfaces enabled by

phase-change materials

5.1 Introduction and motivation

Metal/insulator/metal (or gap surface plasmon) meta-atoms can exhibit beam steer-
ing efficiencies up to 80% in the NIR [129], but results from the previous chapter have
shown that such values can be reduced to 40% when combined with phase-change
materials, mainly due to additional unavoidable dielectric losses present in GeSbTe
alloys. While an efficiency of 40% is in fact rather good and could compete with
mainstream beam steering devices such as acousto-optic deflectors [198], the use
of all-dielectric configurations could potentially improve this value by fully elimi-
nating plasmonic losses coming from metals [88]. Furthermore, additional features
such as active optical filtering or switching could emerge from this approach, since
dielectric metasurfaces can operate readily in reflection and transmission, and can
do this even simultaneously. In fact, very recent work carried out earlier this year by
Tian et al.[39] demonstrated the use of GST dielectric metasurfaces for active beam
filtering in the MWIR. In that work, directly structured GST dielectric meta-atoms
in the form of microcylinders were employed to spectrally shift the characteristic
electric and magnetic dipole resonances (via crystallisation of the cylinders) in order
to induce broadband changes in the transmittance and reflectance spectra. How-

ever, the achieved absolute switching contrasts (~ 40%) were of the same order of
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as achieved by Gholipour et al. in 2013 [70] using plasmonic phase-change meta-
atoms in the form of Babinet-inverted SRR (MWIR). This is attributed, in the Tian et
al work, to the presence of strong dielectric losses arising from the use of large PCM
volumes (up to ~ 1um? per cylinder) and hence damping (broadening) of the ED
and MD resonant modes. As a result, cylinders entirely made of GST clearly hinder
the most relevant benefit offered by dielectric metasurfaces, which is the ability to
manipulate light efficiently. Furthermore, reversible switching (i.e. crystallisation
and re-amorphisation of the devices) was as usual not reported nor justified, and
crystalline results were obtained via hot plate annealing of the fabricated devices
[39]. That said, the need for novel and smart active metasurface architectures with
PCM volumes closer to optical and electrical PCM memory technology (i.e. tens of
nm) [78, 143] becomes once again evident.

In this chapter, we propose and experimentally demonstrate a new class of dy-
namically reconfigurable, fully reversible, and multilevel all-dielectric metasurfaces
based on the combination of lossless silicon nanoresonators functionalised with ex-
tremely thin (down to A¢/100) inclusions of GST. This novel concept was realised
via designing, fabricating and experimentally characterizing hybrid Si nanocylinder
/GeySbyTes devices that work at telecoms wavelengths as reconfigurable dual-band
(O and C band) to mono-band (C band only) multilevel filters/switches. More
specifically, such functionality was achieved by strategic positioning the PCM in-
clusions at the electric field anti-nodes of a particular mode of the nanoresonator,
which allows for selective and continuous switching via gradual re-amorphisation
of the PCM layer driven by femtosecond laser pulses. In that way, superior opti-
cal performance as well as switching capabilities over multiple cycles was achieved;

due to both minimisation of optical losses and GST volumes.

5.2 Design concept and FEM analysis

An illustration of our proposed hybrid dielectric/PCM metasurface working at tele-
com bands is shown in Figure 5.1a. It consists of an array of Si/Ge,Sb,Tes nanodisks

arranged in a square lattice on top of a SiO, substrate. The choice of Ge,Sb,Tes as
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the active material is justified by the fact that, as shown in Figure 5.1d, its com-
plex refractive index (when amorphous) matches very well the refractive index of
(amorphous) silicon in the target A = 1300 nm to A = 1600 nm window. After crys-
tallisation, however, an increase of the refractive index n and absorption coefficient
k takes place, with an overall increment of An ~ 1.6 and Ak ~ 1.1 in the spectral
region here of interest [38]. Therefore, the proposed hybrid Si/GST nano-cylinders
effectively behave as silicon-only building blocks when the GST is amorphous, but
the resonant modes supported by the array (thus its optical response) can be modi-
fied on demand by switching the GST layer between its amorphous and crystalline

states (Figure 5.1c).
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FIGURE 5.1: (a)Hybrid dielectric/PCM metasurface concept, here consisting of arrays of
Si/GST nano-cylinders on a SiO; substrate. (b) Refractive index (left) and absorption
coefficient (right) of amorphous GST (a-GST), crystalline GST (c-GST) and (amorphous)
silicon. The spectral region of interest is highlighted in yellow: in this spectral band, n and
k of a-GST and silicon are closely matched. (c) Generic scheme of the device working
principle: the hybrid Si/GST cylinders effectively behave as Si-only when the GST is
amorphous, and the optical response can be disturbed via switching the GST layer between
its amorphous and crystalline states.

The expected optical properties of the hybrid nanodisks (shown in Figure 5.1)
were first studied using the commercial software package COMSOL Multiphysics,

described in section 2.1. As depicted in Figure 5.2a, a generic unit cell consisting of
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a tri-layered Si/GST/Si nanodisk on top of a SiO, substrate was first employed to
analyse the electromagnetic response of the proposed architecture. The GST thick-
ness, tost, was fixed to have a value of 15 nm, here again to avoid the use of large
PCM volumes thus guarantee re-amorphisation while mantaining a decent optical
contrast. Since electric dipole (ED) and magnetic dipole (MD) resonances are mor-
phologically dependent [106, 107, 199, 200], the cylinder radii r were varied from r =
140 nm to r = 400 nm in steps of Ar = 5 nm in order to gradually change the aspect
ratio (AR =t.,/2r with t.,; here fixed at 245 nm), and thus investigate its influence on
the spectral position of the resonant modes. Following the same approach reported
by Staude et al. [106], the lattice constant A was varied along with r according to
A =2r + 220 nm. This maintains the array in the sub-wavelength regime (therefore
restricting the generation of diffraction orders) while at the same time avoids very
small, and hard to fabricate, spacing between the nanocylinders.

The simulated reflectance (R) and transmittance (T) of the device, under normal
incidence excitation, are shown in Figure 5.2b, for the spectral range 1000 to 1700
nm, as a function of cylinder radius r and with the GST in the amorphous phase.
The results reveal the presence of resonant modes associated with both ED and MD
resonances, which can initially be identified as an abrupt increase of the reflectance
as a function of the cylinder radius, with a corresponding dip in transmittance. An
overlap of both electric and magnetic modes takes place at 7 = 275 nm (A = 1395 nm),
which results in suppression of back scattering (i.e. R = 0), with subsequent high op-
tical transmittance. As briefly discussed in Chapter 2, this phenomenon is known as
the first Kerker condition [88] and occurs here when the effective electric and mag-
netic polarisabilities of the nanodisks are in phase and of comparable in strength.
It can be also noticed from Figure 5.2b that since silicon and amorphous GST (a-
GST) are optically similar (i.e. have close matching of their refractive indices in the
considered spectral range), the scattering properties of hybrid Si/a-GST nanodisks
are, as would be expected, in good agreement with recently published work based
on silicon-only nanodisks [106, 107], with the exception of small residual absorption
(i.e. T+ R # 1) due to dielectric losses induced by the GST layer. The presence of ab-
sorption coming from GST is therefore another major reason for keeping its volume

to a minimum.
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FIGURE 5.2: (a) Dimensions and materials of the unit cell employed in our initial FEM
analyses, where teyr =245 nm, teggr = 15nm, r = variable, and A = 2r + 220 nm. (b)
Reflectance R (left) and transmittance T as a function of the cylinder radius 7, showing the
presence of ED and MD modes when the GST layer is amorphous. Both resonances
spectrally overlap at A = 1395 nm, for a cylinder radius of r = 265 nm, resulting in near-zero
backscattering (first Kerker condition). (c) Reflectance R (left) and transmittance T (right)
after crystallisation of the GST layer. The electric dipole is cancelled in most of the spectral
region, with subsequent disruption of the Kerker condition. (d-e) Electromagnetic field
distribution of the electric (d) and magnetic (e) resonances for amorphous and crystalline
phases of the GST. Note that the ‘black’ regions in reflection/transmission spectra of (b)
and (c) correspond to the diffractive regime (i.e., where light splits into different diffraction
orders).

The above discussed results show that the proposed hybrid Si/PCM configura-
tion offers a flexible designer interface for the realisation of compact and reconfig-
urable photonics. The location and thickness of the PCM layer within the silicon
cylinder body provides additional design degrees of freedom not achievable other-
wise (e.g. with cylinders fully made of GST [39]), since separate control of the am-
plitude and/or spectral position of the ED and MD resonant modes can be realised
by placing the PCM layer in the regions where the electric field of each particular

mode are strongly confined (in the antinodes of E).
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In the next section, we will see both numerically and experimentally that the pro-
posed approach based on the combination of silicon nanocylinders with PCM inclu-
sions can provide for highly flexible, highly efficient and dynamic multilevel control
over amplitude and phase of optical wavefronts in reflection and transmission re-
spectively, leading, potentially, to the realisation of a new generation of practicable

active photonic meta-devices.

5.3 A dual-to-mono band multilevel meta-switch

To highlight the exciting capability of providing independent control over ED and
MD resonances, the design, fabrication and characterisation of devices based on this
phenomenon has been carried out. More specifically, devices capable of simultane-
ous active filtering, switching, and modulation suitable for the O and C telecommu-
nications bands (1320 nm and 1550 nm respectively) were developed. They consist
of square arrays of low aspect-ratio hybrid Si/GST nanodisks, which allows for a
spectral splitting of the electric and magnetic dipole resonances (as shown in Figure
5.1b). This creates a dual-band filter when the GST layer is in the amorphous state,
but leads to a mono-band filter when the GST layer is crystallised (due to selective
suppression of the ED mode located at the C-band). A schematic of the unit cell
is depicted in Figure5.3a, where A = 850 nm, f.,; = 195 nm, and r = 666 nm. The
GST layer is placed in the middle of the nanodisk and has a thickness of tost =15
nm. The simulated transmittance, reflectance and absorbance spectra at normal in-
cidence and for the GST layer in its amorphous and crystalline states, are depicted
in Figure 5.3¢ to d respectively. Results reveal that with the GST in its amorphous
phase (green lines), the device shows ED and MD resonant peaks located at the re-
quired O and C bands, with very high device reflectances (and 0% transmittance) of
93% and 80% at A = 1320 nm and A = 1550 nm respectively. However, as desired,
crystallisation of the GST layer shifts and damps the ED resonance (due to the in-
creased value of n and k for crystalline GST), thus light is transmitted instead with
an amplitude of 65%. On the other hand, the MD spectral position remains nearly
unaffected. This, essentially, leads to switching from a dual-band to mono-band fil-

tering by the device. The absolute modulation depth, MDR, in reflection (MDR =
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FIGURE 5.3: Summary of the dual-to-monoband Si/GST based meta-switch. (a) Schematics
and dimensions of the proposed hybrid Si/GST meta-device unit cell. (b-d) Numerically
obtained transmittance (b), reflectance (c) and absorbance (d) spectra at normal incidence

for a-GST and c-GST.

Ram - Rer) is 72% at A = 1550 nm, with a modulation depth intransmission at the
same wavelength of MDT = T, - T.r = 65%. The small amount of energy missing is
absorbed as dielectric losses by the thin GST layer as plotted in Figure 5.3d

Recently, all-dielectric metasurfaces have been proven to be highly dispersive
and thus sensitive to oblique incidence [201] compared to plasmonic metasurfaces
[202]. Therefore, the device robustness at oblique incidence was also investigated.
For this purpose, the reflectance spectra were calculated for a range of angles of inci-
dence 0; going from -15° to 15° in steps of Af; = 0.5° for both TE and TM polarisation
states.

Figures 5.4a and 5.4b show the angular dependence of the reflectance spectra
under TM excitation for a-GST and c-GST respectively. It can be seen from Figures
5.4a that the mode associated with the ED resonance of the disk is dispersionless
(i.e. remains in the same spectral position when varying 6;), whereas the MD as-

sociated mode for non-zero angles of incidence splits into two separate leaky Bloch
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modes with high dispersion and opposite sign of group velocity due to coupling be-
tween the disks, as shown in Figures 5.4e-g. Here, the y-component of the magnetic
field (H,) is plotted in the colorbar, and black arrows represent the Poynting vector
which confirms the presence of energy transport in the x-axis at oblique incidence
( Figures 5.4e and 5.4g). On the other hand, non-propagative standing waves were
identified at normal incidence (Figure 5.4f). Crystallisation of the GST layer results,
as expected, in the cancellation of ED mode for every angle of incidence, while the
splitting of MD mode is conserved.

For TE-polarised excitation (see Figures 5.4c and 5.4d for a-GST and c-GST cases,
respectively), both ED and MD associated modes remain unaffected by the oblique
incidence while maintaining the characteristic cancellation of the ED mode after GST
crystallisation. These results suggest that the proposed PCM/silicon metasurface
configuration offers additional potential such as reconfigurable band-structure engi-

neering.
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FIGURE 5.4: Angular reflectance under TM polarisation for (a) amorphous and (b)
crystalline states, showing splitting of the MD with angle of incidence, and cancellation of
the ED in the crystalline phase. (c-d) Angular reflectance under TE polarisation for (c)
amorphous and (d) crystalline states, showing a dispersionless behavior of the MD, and
cancellation of the ED in the crystalline phase. (e-g)Distribution of the Magnetic field
y-component (colorbar) under different excitation conditions. The presence of leaky Bloch
modes is confirmed by the Poynting vector (black arrows), which shows energy transport
in opposite directions at oblique incidence (here 6 deg, Ag= 1261 nm and Ay = 1365 nm), and
a standing wave at normal incidence (A¢ = 1320 nm).
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5.3.1 Fabrication of all-dielectric GST/Silicon nanocylinders

Devices discussed in the previous sections were fabricated over areas of 100 y#m x100
um on 1 cmx1 cm SiO; substrates previously cleaned with acetone and rinsed in
isopropyl alcohol. Magnetron thin film sputter deposition, e-beam lithography and
etching techniques were employed for the process, as described in section 3.2. Fab-

rication steps are illustrated in Figure 5.5 and detailed below:

e First, a silicon/GST/silicon tri-layer stack was deposited using a magnetron
sputtering system (Nordiko). RF sputtering in an argon atmosphere (50 sccm)
with a plasma power of 200 W was used to deposit the top and bottom silicon
layers. DC sputtering was employed for the GST deposition, under the same
atmosphere with a plasma power of 20 W. The chamber pressure and base
vacuum for both processes were 8.5x1072 Pa and 1.0x10~° Pa respectively

(Figure 5.5a-b).

(@) (b)

[]sio2 [@si [EGST [HPhotoresist

FIGURE 5.5: Flowchart describing the fabrication process of active dual-to-mono band
phase-change metasurfaces. (a) Substrate cleaning. (b) Deposition of silicon, GST and
silicon layers. (c) Spin coating of the adhesion layer, negative photoresist and conductive
layer with subsequent e-beam exposure. (d) Development of the pattern. (e) Reactive ion
etching. (f) Photoresist removal.



Chapter 5. Reconfigurable dielectric metasurfaces enabled by phase-change
106
materials

o Next, the samples were covered with an adhesion layer (Ti-Prime) using a spin-
ner at 4000 rpm for 20 s, with subsequent post-baking at 90 C for 5 min. A
negative resist (ma-N 2403) was then spin-coated at 2500 rpm for 60 s and
post-baked at 90 °C for 10 min. Finally, a thin layer of conductive resist (Eleck-
tra) was spun to ease the charge dissipation during e-beam lithography (2500

rpm for 50 s, post-baking at 90 °C for 2 min).

e The required array pattern was then transferred to the resist via e-beam lithog-
raphy, and subsequent development in MF-319 solution for 45 s was carried
out in order to remove the unexposed areas. After lithography, the sample
was post-baked at 90 °C for 5 min to increase the hardness of the remaining

exposed areas (Figure 5.5¢-d).

o Finally, the samples were etched in a CHF3/SF4/O, plasma mixture using an
inductively coupled plasma reactive ion etching (ICP-RIE) system. ICP (300
W) was used to create high-density plasma which was then accelerated to-
wards the sample by the RIE (200 W) component to achieve directional etching

(Figure 5.5e).

e The remaining photoresist (after the RIE process) was removed via soft soni-

cation in warm acetone (Figure 5.5f).

SEM pictures of some of the fabricated devices are shown in Figure 5.6, with
measured nanodisk diameters of 668 nm, extremely close (in fact within measure-

ment error) of the target design diameter of 666 nm.

1um
]

FIGURE 5.6: SEM images of the as-fabricated GST/silicon nanocylinders showing
measured radii values of ~ 668 nm.
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5.3.2 Optical characterisation

The devices were optically characterised in collaboration with Ivan Sinev from ITMO
university, employing a NIR Fourier imaging spectroscopy to obtain the experi-
mental reflectance spectra. Results, for normal incidence, Figure 5.7a shows ex-
cellent agreement with numerical simulations. That is, for a-GST (green curves),
a reflectance peak of 79% corresponding to the electric dipole resonance is clearly
observed at A = 1540 nm (cf. 80% at A = 1550 nm from COMSOL simulations). The
second reflectance peak corresponding to the magnetic dipole mode is located exper-
imentally at a shorter wavelength of A = 1380 nm, with a strength of R = 83% (slightly
red-shifted ¢f. numerically-obtained results, where A = 1320 nm and R = 93%; but
again in very good agreement). The reflectance spectrum taken after crystallisation
(made here via hot plate annealing for a first proof of concept, but reversible switch-
ing via laser scans is shown in the next section) confirms the predicted shift of ED
peak at A = 1540 nm, with the MD nearly unaffected by the phase transition. An
absolute experimental contrast (modulation depth) between phases of 70% was ob-
tained at A = 1540 nm, very close to that predicted by our numerical models (i.e.,
72% at A = 1550 nm). Presence of noise in the measurements is due to a low signal-
to-noise ratio originated by the laser operating at very low powers to ensure that the
GST layer didn’t crystallise during the measurements. The optical performance of
our hybrid metasurfaces at oblique incidence was also experimentally investigated,
under both TE and TM incidence, and compared to numerically obtained results.
Thus, Figures 5.7b to 5.7e show the experimentally measured reflectance spectra as
a function of the angle of incidence under both TM and TE polarisation (top) plotted

against simulations for reference. It can be noted that:

e Under TM polarisation, as expected, ED and MD resonances are excited when
the GST layer is amorphous (Figure 5.7b), with the numerically-predicted split-
ting with angle of incidence of the MD mode and subsequent cancellation of

the ED mode upon GST crystallisation. (Figure 5.7b)

e Under TE illumination, the as-fabricated metasurfaces (Figures 5.7d and 5.7e)
show robustness at oblique incidence (i.e. ED and MD reflection peaks remain

in the same spectral position at every angle), and the ED resonance at 1550 nm
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FIGURE 5.7: (a) Experimentally obtained reflectance spectra at normal incidence for
amorphous (green) and crystalline (red) states. (b-e) Experimental angular reflectance
spectra (top) compared to simulations (bottom): (b-¢) Under TM excitation when the GST is
(b) amorphous and (c) crystalline. (d-e) Under TE excitation for (d) amorphous and (e)
crystalline GST.

is again completely suppressed for the c-GST phase over the entire range of

incident angles measured.

For additional information, the reflectance spectra were also taken employing
conventional microspectroscopy (i.e. where measurements are performed in the real
image plane as described in section 3.3.2) using a JASCO-MSV spectrometer with
a focusing/collection objective lens of NA 0.25 (i.e. with excitation and collection
angles of ~ £ 15 °). Results for amorphous and crystalline states are shown in Figure
5.8. Here, the influence of the angle of incidence over the optical response becomes

even more evident, since:

e Due to the highly dispersive nature of the MD, in the amorphous phase (green
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FIGURE 5.8: Reflectance spectra of the hybrid silicon/GST nanocylinders taken with
conventional microspectroscopy.

curve) the resonance seems to be split in two peaks corresponding to the smaller
and larger wavelength branches of the MD due to an averaging of the signal
coming from excitation and collection at different angles simultaneously. On
the other hand, the dispersionless nature of ED results in an homogeneous

reflectance peak.

o After crystallisation, the absence of ED is confirmed (red curves), with the two
branches of MD being slightly damped due to an increase of the losses in crys-

talline GST.

5.3.3 Multilevel, optically induced, reversible switching

Optical switching experiments were carried out using a femtosecond laser source
(Yb3* Avesta TEMA-150, central wavelength 1050 nm, pulse duration 150 fs), in col-
laboration with ITMO university in St. Petersburg. Note that at the wavelength
used, the losses of both amorphous and crystalline GST are high while the absorp-
tion in silicon is negligible [203], which ensures very effective heating of GST in-
clusions since no energy is dissipated in the surrouding materials. To facilitate fast
switching of large areas of the metasurface, the laser was focused on the sample
with a 5 cm achromatic doublet lens that provided smooth laser intensity profile in

the focal plane (with a laser spot FWHM of approximately 15 ym). The sample was
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then scanned with respect to the laser beam to achieve switching of even larger ar-
eas of the metasurface. For these studies, the fabricated cylinders radii were slightly
decreased to ~ 311 nm (instead of 333 nm) in order to blue shift the overall optical
response, thus be able to capture the red shift of ED peak upon crystallisation with
the spectrometer detector (InGaAs CCD, up to 1650 nm). Fourier spectroscopy was
performed to obtain the reflecance spectra at normal incidence after each laser scan.

Crystallisation laser scans were performed in the multi-pulse regime (80 MHz
repetition rate) excitation with a fluence of 1.28 mJ/cm?. Multilevel switching from
crystalline GST back to amorphous GST were carried out in the quasi single-pulse
regime (20 Hz repetition rate) with fluences linearly increasing from 6.4 up to 19.2
m]J/cm?; in steps of 2.7 mJ/cm?. Figure 5.9a shows results over an entire switching
cycle, consisting of 1 crystallisation laser scan and 6 partial re-amorphisation scans
(thus 7 tunable levels in total). A strong red shift and damping of the ED after crys-
tallisation (scan 1) can be observed, followed up by its restoration and blue-shift as
the GST layer is gradually re-amorphised (scans 2 to 7). These behavior leads to the

possibility of fine control over the spectral amplitude of the metasurface resonance.

(a) Experiment (b)  Thermal simulations R
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FIGURE 5.9: (a) Reflectance measurements of the hybrid silicon/GST nanocylinders
performed after each laser scan via Fourier imaging spectroscopy. (b) Reflectance spectra
after thermal simulations (described in detail in section 5.3.4).

Figure 5.9b shows the numerically obtained results after thermal FEM simula-
tions, revealing a fairly good agreement with respect to what was obtained experi-
mentally (i.e. an abrupt red shift of ED upon crystallisation, followed up by grad-

ual blue shifts at each re-amorphisation step). Analyses from thermal simulations
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(discussed in detail in the next section) suggested that the multilevel tuning was
achieved by redistribution of the hot-spots (electric field maxima) across the GST
layer at the laser pump wavelength, which results in different regions of the GST
layer being re-amorphised after each scan.

Finally, the repeatability of the multilevel switching process was demonstrated
via replication of the above switching experiments for various cycles over the same
sample. Figure 5.10 shows results of crystallisation and multilevel re-amorphisation
over 8 cycles (one cycle per horizontal sub-panel). As expected, again the spectral
position of the ED is blue shifted and becomes stronger after each fs pulse, due to
an increase of the amount of amorphous GST inside the nanodisk, whereas the spec-
tral position of the MD remains unaffected. Note that here there is a more obvious
splitting of the MD at A = 1370 nm and A = 1240 nm respectively (compared to mea-
surements shown in Figure 5.9a, which were performed with Fourier imaging spec-
troscopy) since conventional microspectroscopy measurements were employed here
to speed up the experiment (each Fourier spectroscopy measurement takes around
1 hour). Note that in cycle 4, 11 levels (instead of 7) were demonstrated via linear

scaling of the fluence up to 22.2 mJ/cm?. Importantly, no structural damage was
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FIGURE 5.10: Variation of the reflectance spectra over a total of 8 switching cycles. Every
cycle consisted of several re-amorphisations of the metasurface and a single crystallisation.
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observed during the switching process, which suggests that the developed archi-
tecture provides a robust and potentially attractive platform for real world applica-
tions. Figure 5.11a and 5.11b show SEM images of the cylinders before and after

laser scans respectively, with no signs of geometry deformation. Structural damage

FIGURE 5.11: (a-b) SEM images of the devices before (a) and after (b) laser scans. (c-d) SEM
images after damaging the sample via directly exposing it to laser fluences above 20
mJ/cm?.
was only observed when the fully crystalline arrays were directly exposed to high
fluences above 20 mJ/cm? (i.e. without passing through previous re-amorphisation
steps employing linearly increasing power fluences). Figures 5.11c-d show 2 SEM
images of the sample after being exposed to such high powers, where some cylinders

are "cut in half" possibly due to disintegration of the central GST layer.

5.3.4 Thermal analysis of optically induced multilevel switching

For a better insight to the multilevel switching, thermal simulations of the hybrid
Si/GST cylinders subject to laser excitation were carried out employing the heat
transfer in solids COMSOL module linked to the RF module (as described in section

3.1.2, Chapter 3) .
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Figure 5.12 shows a schematic flowchart of the simulation steps followed to re-
produce the experimental results from laser scans, shown in Figure 5.9b. First,
the crystalline GST nanodisk was excited with a laser pulse (A = 1050 nm) hav-
ing the same fluence employed in the experiment, with the purpose of extracting
a power loss density map inside the GST layer. Volumetric losses were then used as
a heat source to calculate the temperature distribution and subsequent cooling rates.
Molten GST was assumed over regions of the temperature map where T > 630 °C (10
°C above the melting point of GST according to e.g. [204]). Re-amorphisation was
considered if the cooling rates T, were faster than 20 °C/ns. Cooling rates were
found to be significantly quicker than that (thus beneficial for the re-amorphisation
process); always above 50 °C/ns for all the laser scans. This can be attributed to the
metasurface design itself, as well as the judicious choice of the wavelength employed

for the laser scans, since:

e Small volumes of GST, comparable to what is used in current PCM memory

technologies were employed.

e The GST layers were embedded in the body of Si cylinders having better ther-

mal conductivity; which helps the heat to flow away quicker.

e Silicon has no optical losses at A = 1050 nm, whereas GST is highly absorbing,

thus heat was found to be well-localised in the region of interest.

The last simulation step consisted of re-amorphised bits being included as new
amorphous domains in the electromagnetic model to re-calculate both the reflectance
spectrum after laser exposure, and the next power loss density map for the next laser
scan. The iterative process was then repeated for the remaining pulses (i.e. 6 pulses
in total with linear increments of 2.7 mJ/cm?, with the first re-amorphisation pulse
having a fluence of 6.4 mJ/cm?). Reflectance spectra after each pulse were then com-
pared to experimental data as depicted in Figure 5.9 of the previous section.

For more clarity, Figures 5.13a and 5.13b show the temperature evolution, after
the fs pulse ends, with a cross section of the GST layer at 3 different times, t =0 ns, t =
0.2 ns and t =1 ns (Figure 5.13b). Regions above the melting temperature (T},.;; = 630

°C) can be clearly identified as hot spots after the pulse ceases (at t = 0 ns) coming
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FIGURE 5.12: Flowchart describing the electromagnetic/thermal model employed for
numerical replication of the experimental multilevel switching process.

from the strong field confinement inside the cylinders, with the temperature falling
below 100 °C after just 1 ns, which clearly confirms re-amorphisation of the molten
regions. Finally, Figure 5.13c shows the evolution of the crystalline and amorphous
GST bits mapped through thermal simulations during the different fs pulses, and

employed for re-calculation of the reflectance spectra a posteriori.

5.4 Metasurface additional potential and scalability

The multilevel amplitude control capabilities of all-dielectric silicon metasurfaces
functionalised with embedded PCM inclusions demonstrated in this chapter could
give rise to additional device functionalities, such as continuous optical phase con-
trol. This can be achieved via optimisation of the structure to operate under the
first Kerker condition, where a 27t phase coverage is accessible with high transmis-
sion coefficients [106, 107]. Local phase control could induced in a fixed-cylinder
geometry, potentially in the same way demonstrated in the previous sections: i.e.
via changing the fraction of crystallisation of individual cylinders (similar to liquid-
crystal-on-silicon spatial light modulators, where optical phase control is achieved

pixel by pixel via changing the refractive index of liquid crystals [205]). In addition,
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FIGURE 5.13: (a) Temperature evolution of a single cylinder after laser exposure (here for
scan number 2, fluence 9.1 mJ/cm?) (b) Cross section of the GST layer under the same
conditions described in (a), where molten and re-amorphised regions can be clearly
identified at t = 0 and t = ns respectively. (c) Spatial distribution of crystalline and
amorphous GST bits obtained after each scan, and used to compute the multilevel
reflectance spectra.

by an appropriate combination of materials, the same design concept could be re-
scaled to operate at other spectral bands where most of available liquid crystals fail
due to optical absorption (such as the MWIR) [206], as it will be shown via simula-
tions in what follows.

The unit cell employed in this study is depicted in Figure 5.14a. Here, a layer
of the recently synthesised PCM Ge,;Sb,SesTe; (GSST) [197] is embedded inside the
body of a silicon cylinder. Such composition was chosen for being more suitable for
optical phase control, due to its negligible optical losses in the MWIR compared to
GST (refractive indices and absorption coefficients of both compositions are shown
in Figure 5.14b for comparison). In addition, contrary to GST in the MWIR, the

refractive index of a-GSST is closely matched with silicon in such spectral range
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(Figure 5.14b left). The entire structure is embedded in an Al,O3 matrix, since reduc-
ing the refractive index contrast between high index cylinders and their surrounding
medium has been proven to increase the bandwidth of the Kerker condition, thus
resulting in more light being phase-shifted and transmitted through the structure
[107]. The cylinder radius r, period A and thickness t.,; were used as variables to
maximise both the amount of phase coverage and amplitude in transmission upon
gradual crystallisation of the PCM layer. Refractive indices of intermediate crys-
talline states were calculated employing an effective medium approximation, par-
ticularly the Landau-Lifshitz-Looyenga model [207]. The position of the GSST in-
clusions within the cylinder body, as well as its thickness t;sst were also varied

during the process.
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FIGURE 5.14: (a) Schematics of the unit cell employed for active optical phase control in the
mid infrared. (b) Refractive index and absorption coefficient of amorphous/crystalline GST
[197], Silicon [208], and amorphous/crystalline GSST [197], (c-d) Transmittance (c) and
phase (d) in transmission as a function of the cylinder radius.

The first Kerker condition employing the above-described structure was con-

firmed via numerical simulations in the spectral region of A =3.25 ym to A =3.75 ym,
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where both high transmission (Figure 5.14c) and a 27t optical phase control (Figure
5.14d) can be achieved via variation of the cylinder radius from r = 500 nm to r = 650
nm. The total cylinder thickness was t.,; = 547 nm , with a 30 nm thick GSST layer
located in the center. The amount of optical phase coverage and efficiency in trans-
mission as a function of the crystalline fraction of GSST were then investigated at
the central wavelength of the Kerker regime (i.e. A = 3.4 um) for various GSST thick-
nesses (tgsst = 30 nm, tgsst = 220 nm, and tgsst = 350 nm). As revealed by Figure
5.15a, using 30 nm results in a total phase coverage of ~ 100 ° when changing from
fully amorphous to fully crystalline (with efficiencies in transmission above 80%) ,
which is insufficient for most applications based on active wavefront shaping. This

was found to be due to:
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FIGURE 5.15: (a) Optical phase and transmittance variation as a function of the GSST layer
thickness tgsst. (b) Electric field distribution in the zx and zy planes when the cylinder is
operating under the Kerker condition. (c) Multilayer GSST design equivalent to a single 220
nm thick GSST layer. (d) Phase and transmittance as a function of the crystallisation
fraction for the design shown in (c), with a total phase coverage of 300 © and a minimum
efficiency of 75%.

e First, the homogeneous nature of the electric field distribution (shown in Fig-

ure 5.15b), which is now not well-concentrated in the center of the structure
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and occupies the whole cylinder volume instead

e Second, a reduced refractive index contrast between amorphous and crys-

talline GSST with respect to GST, as shown in Figure 5.14b.

Therefore, by gradually increasing the amount of active material, 300° and a full
360 ° phase coverage with mininum transmission efficiencies above 75% were ob-
tained for tgsst = 220 nm and tgsst = 350 nm respectively. Such phase coverages
are much better for flexible and active wavefront control [6], but results in the use
of high PCM volumes which could potentially become difficult (or even impossible)
to re-amorphise due to thermal insulation. An alternative to this could be splitting
the large PCM volume into several thin layers to ease heat dissipation through the
intermediate silicon layers. For example, in Figures 5.15¢ and 5.15d it is shown how
by splitting the 220 nm thick GSST layer into 3 thin layers (73 nm each), the same

optical performance (i.e. 300° of optical phase span) can be achieved.

5.5 Summary and conclusions

We have introduced and experimentally validated a new practicable metasurface
architecture based on a hybrid combination of high-index dielectric building blocks
with embedded inclusions of chalcogenide phase-change materials.

Taking advantage of the strong localisation of the electric fields inside the cylin-
ders, as well as of the characteristic complementary spatial field distribution of ED
and MD resonances, attractive new phenomena (otherwise not possible) such as in-
dividual tuning of ED resonances have been demonstrated. Particularly, this was
achieved in the NIR by employing arrays of low aspect ratio silicon nanocylinders
functionalised with ultra-thin (A/100) GST thin films within the silicon body, where
the PCM is located only where it is really needed (i.e. the electric field antinodes
of the ED mode). As a result of such configuration, ED resonances can be tuned to
selectively switch a specific spectral band (here A = 1550 nm) to be either reflected
or transmitted by the device, via changing the PCM between amorphous and crys-

talline states respectively. On the other hand, the reflectance peak associated with
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MD (A = 1320 nm) remains nearly unaffected by the phase transition due to only mi-
nor interactions of the electric fields with the phase-change layer. Employing only 15
nm of GST, absolute modulation depths of the ED above 70% in reflection have been
experimentally confirmed; with numerically estimated modulation depths of >60%
in transmission (~ 50% better than what was achieved with cylinders fully made of
PCMs operating in the MWIR, where dielectric losses of GST are even lower than in
the NIR [39]).

More importantly, as in the case of plasmonic beam steerers reported in Chap-
ter 4, reducing the GST volumes to a level comparable to what is used in PCM
memories enabled successful reversible switching processes, as demonstrated by
the first ever (so far we know) experimental reversiible and multilevel switching
in phase-change metasurfaces. Crystallisation and re-amorphisation experiments
were carried out employing fs laser scans, where up to 11 tunability levels have
been demonstrated. No structural damage of the cylinders nor degradation of the
optical performance was observed over a total of 8 switching cycles employing a
gradual re-amorphisation approach.

Finally, and based on the experimentally-achieved multilevel control, the func-
tionality and re-scaling capabilities of the proposed architecture have been investi-
gated towards future research trends based on high efficiency optical phase control
in the MWIR. This was numerically studied via a hybrid combination of the novel
low loss phase change material Ge;Sb,SesTe; with Si nanocylinders, where local
optical phase control can be achieved in a fixed-array geometry via changing the
fraction of crystallisation of GSST embedded layers. Such devices can be optimised
to provide different ranges of optical phase coverage, depending on the application
needs, simply by changing the total volume of GSST material embedded inside the
nanocylinder. Excellent efficiencies of operation of at least 75% in transmission were
obtained, clearly outperforming phase-change plasmonic-based devices. However,
significantly larger GSST thicknesses (up to 350 nm) were found to be needed for an
entire 277 optical phase coverage, which could hinder the re-amorphisation capabili-
ties of the proposed structure. Nevertheless, it was found that splitting the total vol-
ume in various thin layers across the cylinder body would result in the same optical

response due to the homogeneous electric field distribution inside the cylinder, thus
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could potentially ease heat dissipation after melting of the PCM layer (and improve
the necessary cooling rates). Future work related to this part of the project would be
therefore to investigate the reversible switching capabilities of the proposed devices
as a function of the PCM volume embedded inside the silicon body, which would
give an insight about the maximum amount of active material that can be used in

such configurations.
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Chapter 6

Hybrid dielectric-plasmonic
metasurface architectures :
Towards high efficiency
phase-change metasurfaces with

in-situ switching

6.1 Introduction and motivation

As discussed in Chapters 2 and 5, all-dielectric antennas are showing great poten-
tial towards the realisation of optical metasurfaces with high efficiency due to the
absence of plasmonic losses [88]. Like the majority of currently available meta-atom
architectures, this approach was inspired and re-scaled from the RF and MW an-
tennae technology, where building blocks made of high refractive indices having
different shapes have been used for filtering and moulding EM radiation for sev-
eral decades now [209]. The purpose of dielectric resonant antennas (DRA) at RF
and MW frequencies was however initially different from optical frequencies, as
metal-based resonant elements can be considered perfect electric conductors, and
thus do not suffer from plasmonic losses [8]. Instead, DRA have been used in such
EM regimes as a way to miniaturise elements, since the dimensions required to ex-
cite dipole and higher order resonances scale linearly with the wavelength inside

the material (i.e. D o< A = Ag/n) [209, 210] rather than with the free-space wavelength



Chapter 6. Hybrid dielectric-plasmonic metasurface architectures :

122
Towards high efficiency phase-change metasurfaces with in-situ switching

as in their metallic counter parts (where D « Ag) [97]. As depicted in Figures 6.1a
and b, further miniaturisation can be implemented through the introduction of a
perfect symmetry plane (mirror metal plane) at the center of the dielectric block,
which reduces the required resonator height by a factor of 1/2 based on the method
of images. The same approach can be applied to scale down the antenna geometrical
cross section to 1/4 of its original size, via including a second metal plane at one of

the lateral boundaries of the antenna (Figure 6.1c) [97].
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FIGURE 6.1: (a) Representation of magnetic dipole induction in a typical DRA operating at
MW and RF frequencies, where high index materials can be used to miniaturise its
geometry due to scaling being inversely proportional to the refractive index. (b)
Introducing a perfect electric conductor in the center of the structure (e.g. a metal at low
frequencies) results in a reduction of the required antenna height /. (c) A cross section area
reduction down to 1/4 of the original size can be achieved by implementing a second metal
plane in one of the DRA lateral boundaries.

In the optical regime, however, the scaling rules become different as the oper-
ation frequencies get closer to the plasma frequency of metals. Because metals do
not behave as perfect electric conductors in such regimes (i.e. light is not perfectly
reflected by the metal surface), radiation penetration inside the the metallic parts
can no longer be neglected [75]. As a result, scaling of metallic antennas is not lin-
ear with the free-space wavelength Ay nor with the wavelength of the surrounding
dielectrics A, but rather with the so-called effective wavelength A, fFr which depends
on both the optical properties of the metal/dielectric interface, as well as the antenna
geometry [75, 97, 101]. Such effective wavelength is typically of the order of 2 to 5
times smaller than the free-space wavelength [97]. Because of that, plasmonic anten-
nae have no real competitor in terms of miniaturisation, something which is highly
desirable for certain applications requiring high electromagnetic field confinement,
such as photodetection or non-linear signal conversion. At the same time, as dis-

cussed in Chapter 2, plasmonic antennas can suffer from strong optical losses due to
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electric fields being exponentially attenuated inside the metallic parts [75]. Recently,
the use of hybrid dielectric/plasmonic antennae structures inspired from DRA in
the RF and MW regimes was proposed to enhance the efficiency of phase-gradient
metasurfaces at visible frequencies, where plasmonic MIM configurations start to
suffer from severe ohmic losses coming from the top and bottom metallic parts [101,
111]. Particularly, as shown in Figure 6.2a, high index, low loss TiO; nanocylin-
ders having different sizes and lying on a continuous silver plane were employed as
a phase-gradient metasurface, resulting in experimental steering efficiencies up to
50% at Ag = 633 nm [11]; a very high value for the spectral range considered (Figure
6.2b).
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FIGURE 6.2: (a) Hybrid dielectric-plasmonic phase-gradient metasurface consisting of TiO;
high-index, lossless nano-cylinders on top of a silver plane (left) and SEM picture of the
fabricated structure (right). (b) Experimentally obtained angular reflectance, showing
steering efficiencies up to 50% (colorbar). Figures reproduced and re-adapted from [11].

In this chapter, the potential of such an hybrid metasurface approach in combi-
nation with small inclusions of phase-change materials was numerically and exper-

imentally evaluated, motivated by two key features:

e Firstly, by the fact that hybrid configurations can enhance the scattering effi-
ciency with respect to MIM configurations, as demonstrated in ref. [11]. This
could potentially result in beam steering efficiencies being significantly im-

proved with respect to what was achieved in Chapter 4.

e Secondly, because such an approach provides as well a pathway towards in-

situ resistive switching, due to (contrary to the all-dielectric approach shown

—
Z
Py
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in Chapter 5) the presence of electrically conductive surrounding materials

(metal bottom plane).

A generic scheme of the unit cell studied during this chapter is shown in Figure
6.3a. It consists of deeply subwavelength sized GST inclusions embedded within the
body of a high-index (Si) dielectric cubic resonator, an analogue to the all-dielectric
approach shown in Chapter 5. Here, however, the whole structure lies on top of
a gold metal plane, which acts as a reflective symmetry plane (i.e. as in RF and
MW dielectric antennae described previously), while at the same time provides an
electrically-conductive medium to enable in-situ resistive switching of the PCM in-
clusions. A thin oxide layer (8 nm) is placed between the nanocube and the metal
plane, in order to avoid thermally induced diffusion of gold into silicon and/or GST
during the phase-change process [74, 211, 212]. As depicted in Figure 6.3b, via prop-
erly tailoring the cube geometry, magnetic dipole resonances (see colorbar) can be
induced at a particular wavelength (here Ay = 1550 nm) via displacement current
loops (white cones) being imaged by the metal plane. Such modes are qualitatively
similar to the HEM modes of dielectric resonators at RF and MW frequencies [213],
with the main difference of a clear penetration of electric fields inside the metal layer,
due to the finite conductivity of metals at optical frequencies [11].

(b)
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FIGURE 6.3: (a) Schematics of the hybrid dielectric/plasmonic unit cell proposed in this
chapter, consisting of silicon nanocubes having small GST inclusions on top of a gold metal
plane (b) Fundamental mode (simulated in COMSOL) supported by an infinte array of
nanocubes shown in (a), for an excitation wavelength of Ag = 1550 nm.

The main outcome of this chapter is to study and validate the potential, versatil-
ity and practicability of the above described structure via the design and fabrication

of a set of devices having different functionalities. Particularly:



6.2. Phase-change active dual-band absorbers/modulators 125

e Insection 6.2, we show how reconfigurable hybrid dielectric/plasmonic meta-
surfaces enabled by PCMs can be, for instance, designed to operate as perfect
absorbers/modulators operating in the NIR, where the absorption peaks can
be switched from the O to the C optical telecommunication bands. In addition,
the key role of the oxide layer to avoid thermally induced diffusion is demon-
strated via fabrication of devices with and without barriers placed between the
bottom gold plane and the dielectric resonator, and subsequent evaluation of

the optical response after thermal annealing.

e The same configuration, but with dimensions being re-optimised is proposed
in section 6.3 towards the development of beam steering and beam shaping

devices operating in the near infrared with enhanced efficiency.

e Finally, the in-situ switching capabilities of the proposed architectures are nu-
merically evaluated in section 6.3, by using the bottom plane as a resistive

heater.

6.2 Phase-change active dual-band absorbers/modulators

6.2.1 Super absorber design and analysis

As discussed in the previous section, hybrid dielectric-plasmonic architectures of
the form of dielectric antennas on top of metal planes have been proposed as a re-
liable way to improve efficiency cf. metal/insulator/metal configurations [11, 111],
especially at shorter wavelengths where plasmonic losses become severe [75]. In
this section, the potential of such structures towards perfect absorption and mod-
ulation in the NIR is proposed and experimentally realised. This was achieved via
incorporating GST inclusions inside a silicon resonator body to minimise its volume,
following the design philosophy from previous chapters which already gave excel-
lent results in terms of switchability of the PCM parts. More importantly, the role of
thermal diffusion barriers towards practicable in-situ electrical switching was con-
sidered. This is especially important to allow plasmonic metalic parts to be used
as resistive heaters, since thermally induced diffusion of noble metals into GST and

silicon can severely and irreversibly degrade the device optical performance [74].
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FIGURE 6.4: (a) Diagram showing dimensions and of the hybrid dielectric/plasmonic
absorber and modulator. (b) Numerically obtained reflectance spectra for amorphous (blue)
and crystalline (red) GST. Black dashed line represents the absolute modulation depth. (c)
cross section of the device showing the electromagnetic field distribution when in resonance
(a-GST, A = 1310 nm) and our of resonance (a-GST, A = 1310 nm), where attenuation of the
magnetic dipole induction can appreciated upon crystallisation of the GST layer.

The optimised unit cell geometry is shown in Figure 6.4a. As introduced at the
beginning of this chapter, it consists of square arrays of silicon dielectric resonators
on top of a bottom gold plane. A 36 nm GST layer is embedded within the body of
the resonator to provide a tunable environment, and a thin ITO film of 8 nm is placed
between the gold plane and the body of the resonator to avoid thermal diffusion of
gold into silicon and GST [74, 211]). The dielectric function of gold was obtained
from ref. [214], and the properties of GST, Si, and ITO were the same as used in pre-
vious devices from Chapters 4 and 5. Figure 6.4b shows the computed device optical
response (reflectance) under normal incidence for amorphous (blue) and crystalline
(red) states. In the amorphous phase the device was optimised to operate under
the critical coupling regime, thus light is perfectly absorbed at a wavelength of A
= 1310 nm (O-band). Figure 6.4c (top) shows the electromagnetic field distribution
in a cross section of the device, where a magnetic dipole induction driven by dis-
placement current loops excited inside the resonator can be clearly identified as the
origin of such behavior. After crystallisation, the absorption peak is shifted towards

the S and C bands. The device modulation depth (MD = abs(R,, — R,)) is plotted
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in black dashed lines, showing values of 57% and 72% in the O and C bands respec-
tively. Note that perfect absorption does not occur in the crystalline phase due to the
specific optical properties of amorphous and crystalline GST, which do not allow for
the critical coupling condition to be satisfied simultaneously. The use of other PCM
compositions having different optical properties (such as e.g. GSST or GeTe) could

be explored for this purpose [77, 197].
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FIGURE 6.5: Effect of the angle of incidence on the reflectance spectra of the devices
discussed in this section.

Finally, the device performance under oblique incidence was also analyzed, to
gain insight about both its robustness against the angle of incidence and which spec-
troscopy method would be best employed for its experimental characterisation. Re-
sults are displayed in Figure 6.5 for amorphous GST under TM polarisation, where,
contrary to the all-dielectric approach, the resonant peak is stable for a range of
angles going from 0 to 12 °. It can be also noticed the presence of a weaker, low

frequency mode appearing when exciting the structure at angles above ~ 7 °.

6.2.2 Fabrication of nanocube arrays

Arrays of hybrid phase-change nanocubes were fabricated in 70x70 ym on SiO, /Si
substrates previously cleaned with acetone and isopropyl alcohol (Figure 6.6a). A
schematic flowchart of the process is depicted in Figures 6.6b to f, and fine details

of the fabrication steps are listed below:

e First, an Au/ITO/Si/GST/Si layer stack was sputtered onto the clean sub-

strate. A thin film of titanium (10 nm) was included between the substrate and
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FIGURE 6.6: Flowchart describing the fabrication process of nanocubes. (a) Substrate
cleaning. (b) Deposition of Ti, Au, ITO, Si, GST and Si. (c) Spin coating of the adhesion
layer and negative photoresist (d) E-beam exposure. (e) Pattern development. (f) Reactive
ion etching and photoresist removal.

FIGURE 6.7: SEM picture of the as-fabricated hybrid nanocubes.

the gold layer, in order to improve gold adhesion, and thus avoid its delam-
ination. DC sputtering (100 W) in an argon atmosphere (10 sccm) was used
for the metallic layers (i.e. Au and Ti) employing a moorfield Nano-PVD sput-
tering system. The sputtering pressure and base vacuum were 5x 10~ mbar
and 1.0x10~7 mbar respectively. The ITO layer was then deposited using a DC
(25 W) custom-built magnetron sputtering machine, again in an Argon atmo-
sphere (10 sccm, base pressure 1.0x10~¢ mTorr, sputtering pressure 1.0x 1072
mTorr). Finally, samples were transferred again to the Nano-PVD system to
sputter the remaining layers (i.e. silicon and GST). RF (60 W) sputtering was
used for the silicon layers and DC (15 W) sputtering for the GST. The sputter-
ing pressure and base vacuum were the same as for gold and titanium (Figure

6.6b).
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e Next, the samples were covered with a polymer adhesion layer (Ti-Prime) em-
ploying a spin coating machine at 4000 rpm for 20 s, with subsequent post-
baking at 90 C for 5 min. A negative resist (ma-N 2403) was then spin-coated

at 3000 rpm for 60 s and post-baked at 90 °C for 10 min (Figure 6.6c).

e The nano-pattern was then transferred to the resist via e-beam lithography,
with subsequent development in MF-319 solution for 45 s to eliminate the un-
exposed areas. After lithography, the sample was post-baked at 90 °C for 5

min to increase the hardness of the remaining exposed areas (Figure 6.6d).

e The samples were then treated with a RIE process in a CHF3/SFs/O, plasma
mixture to remove the regions not covered by the resist. The etching parame-
ters were the same employed for the fabrication of all-dielectric nanocylinders
described in Chapter 5. Finally, the remaining photoresist (after the RIE pro-

cess) was removed via soft sonication in warm acetone (Figure 6.6f).

An SEM image of one of the fabricated devices is shown in Figure 6.7. Measured
lattices and cube widths were of the order of 740 nm and 376 nm respectively, very

close to the nominal sizes (i.e. 760 nm and 389 nm respectively).

6.2.3 Optical characterisation and validation of ITO as a diffusion barrier

Due to the relatively high robustness of the proposed metasurface configuration
against the angle of incidence compared to all-dielectric metasurfaces (as was nu-
merically demonstrated in section 6.2.1), Fourier imaging spectroscopy was not con-
sidered for the characterisation of these specific devices, and conventional microspec-
troscopy was used instead. Reflectance spectra of the fabricated structures were
measured using a x10 objective lens with a numerical aperture of NA 0.2 (i.e. col-
lection and excitation angles of &= 12 °). To check the effectiveness of the 8 nm thick
ITO layer as a thermal diffusion barrier between gold and Si/GST (and therefore its
optical response robustness against annealing processes), two sets of samples, with
and without ITO, were fabricated.

Figures 6.8a to ¢ show results from such results(with Figure 6.8a displaying
again simulation results for amorphous and crystalline states for a direct compar-

ison). Figure 6.8b plots the measured reflectance spectra of a device without ITO
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barriers. For the as deposited state (amorphous GST), a resonant absorption peak
can be clearly identified at A ~ 1310 nm, as predicted by numerical simulations.
Note the presence of a weaker resonant mode at smaller wavelengths (A ~ 1170
nm), which coincides with numerical results shown in section 6.2.1 under oblique in-
cidence, where an additional higher frequency mode can be excited at angles above
7 °. The sample was then annealed at 180 °C for 15 minutes to induce crystallisation
of the GST inclusions, and its reflectance spectrum was measured afterwards (red
lines). It can be seen that the optical response is completely degraded, and does not
correspond to what was predicted by numerical simulations (in Figure 6.8a). The ex-
periment was then repeated for samples having an 8 nm thick ITO thermal diffusion
barrier incorporated at the Si/ Au interface (results are displayed in Figure 6.8c). For
the amorphous phase (blue lines), again a very good matching cf. simulations, with
experimentally achieved absorptions of 99.4 % at = 1309 nm, as predicted by the
numerical model. Note small signs of a weaker resonant mode located at smaller
wavelengths here as well, due to oblique incidence. The expected behavior is also
observed after crystallisation of the device, as a red-shift of the resonant peak to-
wards larger wavelengths can be clearly observed (red lines); thus confirming the
effectiveness of the diffusion-barrier approach. Finally, as also shown in Figure 6.8c,
further annealing for 10 min at slightly higher temperatures (230 °C) did not de-
grade the optical response, but resulted in an overall blue shift of the resonant peak.
This was thoguht to be potentially possible due to a decrease of the refractive index
of ITO after annealing processes [195], but needs further investigation (i.e. via TEM
imaging and ellipsometry measurements of annealed ITO films on gold). In such a
case, the refractive index variations of ITO after annealing processes will need to be
taken into account at the design stage.

The use of ITO, as well as alternative diffusion barriers not suffering from ir-
reversible, thermally induced, change of the optical properties (i.e. such as SiNX,
Si0;y) are currently being further investigated in a new PhD project (carried out by
Joe Shields under the same supervision). On the other hand, numerical studies of
other non-diffusive metals as a bottom plane (such as TiN [74]) were found to sig-
nificantly degrade the optical performance due to excessive plasmonic losses, and

thus damping of the resonances as shown in Figure 6.9a. A thin TiN (8 nm) layer on
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FIGURE 6.8: (a) Simulated device performance of the active, phase-change, hybrid
dielectric/plasmonic, optimised to operate as a dual band optical absorber. (b)
Experimentally obtained reflectance spectra for amorphous and crystalline GST in devices
without an ITO diffusion barrier, where severe degradation of the optical response is clearly
observed after crystallisation. (c) Same results displayed in (b), for a device incorporating
the ITO layer. The optical response is here mantained after crystallisation, but also modified
after further annealing, probably due to changes in the refractive index of ITO.

gold could be however be re-considered as a diffusion barrier without significantly

altering the optical response (as confirmed by simulations in Figure 6.9b).
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FIGURE 6.9: Optical performance of the device using TiN as a bottom metal plane (a), and
only as a barrier layer between the nanocubes and the gold plane (b). Top diagrams show
the re-optimised dimensions for each case.
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6.3 Phase-change beam steering and beam shaping meta-devices

with enhanced efficiency

In addition to perfect absorption, hybrid dielectric/plasmonic metasurfaces can be
employed for wavefront shaping purposes with enhanced efficiency, even at visible
frequencies (as demonstrated in [11]). This section aims to investigate the potential
of such architectures towards active wavefront shaping in the NIR when function-
alised with GST. For this purpose, a beam steering device analogue to the one shown
in Chapter 4 was designed (i.e. optimised to operate at A = 1550 nm), and its optical

performance in terms of beam steering efficiency was evaluated for comparison.

6.3.1 Electromagnetic design and analysis

The hybrid dielectric/plasmonic unit cell was re-optimised to operate under the
overcoupled (under damped) regime, in order to simultaneously maximise both the
amount of optical phase coverage and scattering efficiency. The resulting geometry
and material distribution after optimisation is shown in Figure 6.10a. To avoid pos-
sible issues with changes of the ITO refractive index during annealing processes, as
well as dielectric losses coming from this layer (which are not of interest for wave-
front shaping devices), ITO was here replaced by SiO,. Figure 6.10b shows the op-
tical phase variation as a function of the cube width w, where a near 27t phase cov-
erage of A¢ = 340 ° is accessible when the GST layer is amorphous. In analogy to
MIM devices reported in Chapter 4, the phase profile becomes flat after crystallisa-
tion, with only minor phase variations induced by varying w. However, as it can be
seen from Figure 6.10c, the efficiencies (reflectances) employing the new hybrid ap-
proach are in this case significantly higher (cf. MIM configurations shown in Figure
4.4c, Chapter 4), mainly due to the absence of optical losses coming from a top metal
plane and ITO layers. For a direct comparison of the potential of hybrid dielectric
plasmonic phase-change meta-atoms in terms of efficiency enhancement, a super-
cell of the same characteristics of the one studied in Chapter 4 was designed. That
is, an array of super-cells made of four elements to impose linear phase gradients of
A¢ =90 ° accross the surface when the GST layer is amorphous (i.e. w; = 148 nm, wy

=326 nm, w3 = 364 nm and w4 = 462 nm), resulting in an anomalous reflection angle
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of 6 = 33 © according to the generalised Snells law (eq. 2.20). The device behaviour
for amorphous and crystalline phases was initially checked via calculation of the
instantaneous electric field distribution, where anomalous and specular reflection
was confirmed for amorphous and crystalline states, as shown in Figure 6.11a and
6.11b respectively. Finally, the radiation patterns (i.e. reflectance as a function of the
reflection angle) of both anomalous and specular reflection operational modes were
calculated as described in Chapter 4, for a spectral range going from A = 1500 nm to
A =1600 nm. Figure 6.11c and 6.11d show the resulting patterns for amorphous and
crystalline phases respectively, revealing efficiencies as high as 65% for both anoma-
lous (Figure 6.11c) and specular (Figure 6.11d) reflection; about 1.5 higher than what
was achieved with MIM configurations in Chapter 4. The remaining 35% of missing
energy is split into diffraction orders m = 0 and m = -1, and attenuated as plasmonic

and dielectric losses in the metal plane and GST layers respectively.
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FIGURE 6.10: (a) Geometry and material distribution of the unit cell employed for the
realisation of beam steering devices with enhanced efficiency. Phase (b) and amplitude (c)
of the device as a function of the cube width w, for an excitation wavelength of A = 1550 nm
(blue lines correspond to amorphous GST, red lines to crystalline GST).
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FIGURE 6.11: (a-b) Instantaneous electric field distribution over an infinite array of super
cells at a wavelength of A = 1550 nm, for amorphous (a) and crystalline (b) GST. (c-d)
Calculated radiation pattern for a finite number of unit cells (15 here), for amorphous (c)
and crystalline (d) GST.

6.3.2 Electrical switching of active beam steering devices with enhanced

efficiency

Finally, the in-situ switching (re-amorphisation) capabilities of the proposed archi-
tectures were investigated via employing the bottom gold layer as a resistive heater.

The total resistance of the heater (R) can be calculated via eq. 6.1 :

Lg

= P@ (6.1)

where p is the resistivity of thin gold films (11 n().m according to ref. [215]), t, is the
gold layer thickness, and L¢ and w, are the length and width of the gold sheet respec-
tively. As it can be seen from the above equation, rectangular geometries (i.e. where
Lg # wy) allow for the resistance to be more flexibly engineered, thus such geometry
was chosen for the realisation of pixelated devices. An appropriate electronic design
can be then implemented via connecting various pixels either in parallel or in series
to match the total resistance to the probe resistance.

Figure 6.12a shows the schematics of a single pixel, here having dimensions of
0.09%2.8x11.2 um. A sheet resistance of 5 () was calculated employing eq. 6.1.
Details of the geometry and materials employed in simulations are displayed in Fig-

ure 6.12b). The temperature dependant thermal conductivity of c-GST, Au, and a-Si
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Material Thermal conductivity [W/mK] Reference
c-GST 0.5 [137]
Au 318 [216]
a-Si 14 [217]
c-Si 280 Manufacturer
Si0, 1.3 Manufacturer

TABLE 6.1: Thermal conductivity at room temperature of all the ma-
terials involved in resistive switching simulations of the developed
hybrid dielectric/plasmonic beam steering devices.

were taken from [137], [216], and [217]; and values for SiO, and c-Si were adapted
from the substrate manufacturer (thermal conductivities of all the employed materi-
als at room temperature are given in table 6.1 for a quick reference). Note that c-Si is
a very good thermal conductor with respect to c-GST, therefore, a 60 nm thick SiO,
layer was placed between the gold layer and the c-Si substrate to act as a bottom
thermally resistive barrier, thus force the heat to flow to the device upper part where

the GST layer is located.

FIGURE 6.12: (a) Evolution of the temperature inside the GST inclusions of the 4 cube sizes
present in the beam steerer unit cell. (b) Temperature distribution of the pixel after the
pulse end, confirming values above the melting point (T, = 630 °C) inside the GST layers.

The pixelated gold heater was set as a volumetric heat source of 0.24x 108 W/m3
for a pulse duration of 20 ns (as explained in the methods Chapter 3, section 3.1.2).
The cooling rates and temperature distribution of the pixel were then calculated af-
ter the pulse end to evaluate the occurence of re-amorphisation. Results from such
simulations are displayed in Figure 6.13. Figure 6.13a shows the temperature evolu-

tion inside the GST layers of the four different cube sizes used in the beam steering
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device (lighter to darker lines correspond to smaller and larger cubes). After the
pulse ceases, a temperature slightly above the melting point (T,, = 630 ° C) is reach
by the GST inclusions, confirming melting of the material. The temperature then
drops to the GST glass temperature (T = 200 °C) after just 15 ns, confirming average
cooling rates as high as 30 ° C/ns, more than sufficient to enable re-amorphisation
according to e.g. refs. [33, 170].

It can be therefore concluded that the proposed hybrid dielectric-plasmonic ar-
chitectures show, in addition to high versatility in terms of realisable designs, very
good potential towards in-situ thermal switching, which would open up the possi-
bility of their integration in real-wold applications where optically-induced switch-

ing (i.e. via laser scans) is not ideal.
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FIGURE 6.13: (a) Evolution of the temperature inside the GST inclusions of the 4 cube sizes
present in the beam steerer unit cell. (b) Temperature distribution of the pixel after the
pulse end, confirming values above the melting point (T, = 630 © C) inside the GST layers.

6.4 Summary and conclusions

In summary, this chapter shows how hybrid dielectric/plasmonic metasurface con-
figurations can be efficiently combined with phase-change materials to yield active
metasurfaces having benefits from all-dielectric metasurfaces in terms of achievable
scattering efficiencies, while providing a conductive surrounding medium for in-situ
resistive switching of the GST inclusions. Furthermore, the proposed meta-atom ar-
chitecture showed great versatility in terms of realisable designs, as both super ab-
sorbers and high efficiency beam steering devices can be obtained using the same

bulding block with slightly different geometries.
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The concept has been illustrated and demonstrated via development of two dif-

ferent type of devices for both amplitude and phase control. Particularly:

e A dual band absorber/modulator operating at C and O optical telecommuni-
cation bands has been successfully designed, fabricated and tested, revealing
very good matching between simulations and experiments, with experimental
absorption coefficients as high as 99.4%. More importantly, the use of oxide
barriers to prevent thermal diffusion of gold into silicon and/or GST was suc-
cessfully validated, which is a very important point towards the realisation of
devices with in-situ switching capabilities. Devices not incorporating such a
layer (i.e. where Si was in direct contact with gold ) showed severe degradation
of the optical response after crystallisation of the GST layer via hot plate an-
nealing. On the other hand, the optical response of crystalline devices showed
no signs of degradation when ITO barrier layers were used. However, fur-
ther thermal annealing revealed possible changes in the optical properties of
ITO, resulting in a blue shift of the resonant absorption peak in the crystalline
phase. The exact mechanism of such behavior, as well as the use of alternative

barrier layers, such as SiNx and TiN, are currently being investigated.

e The potential of the proposed phase-change meta-atom configuration towards
the development of beam steering devices with enhanced efficiency was also
evaluated, with calcualted scattering efficiencies up to 65%, 1.5 times higher

than what was achieved using MIM configurations (in Chapter 4).

e Finally, thermal simulations suggested that patterning of the device in rectan-
gular pixels would allow to use the gold plane as a resistive heating element,
where resistance could be engineered on demand via connection of several pix-
els either in parallel or in series. A volumetric heat source of 0.24x10'8 W/m?3
resulted in melting of the PCM inclusions over a pulse of 20 ns, with sub-
sequent numerically-obtained quenching rates of 30 °C/ns; thus confirming

GST re-amorphisation.

In conclusion, hybrid dielectric/plasmonic architectures combined with GST have

shown great potential and practicability towards the realisation and integration of
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different type of devices with in-situ electrical switching capabilities.

In terms of future work, the following tasks should be considered:

e Study and evaluation of the suitability of different thermal diffusion barriers,

in terms of long term thermal stability, as well as optical response.

e Fabrication of pixelated beam steering devices or absorber devices to realise in-
situ electrical switching. This includes characterisation of electrical resistivity

of as-sputtered thin gold films.

e Exploration of the device scalability to shorter wavelengths, via judicious ma-
terial combination. For example, the phase change material Sb,S3 has been re-
cently proposed as an alternative material to GST alloys in the visible spectrum
[152], as it suffers from relatively low losses in such spectral regime. This new
alloy could be potentially inserted in the body of (also lossless) TiO, dielec-
tric resonators lying on top of a metal plane, to replicate the excellent device

performances found in this work at shorter wavelengths.
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Chapter 7

Thesis summary and conclusions

Phase-change metasurfaces are becoming a promising technology towards the de-
velopment of dynamically reconfigurable compact, low power consumption pho-
tonic devices, which would find many suitable applications in the field of opti-
cal telecommunications, LIDAR scanning systems, color displays, holography and
much more. However, there is a clear lack of agile progress since the first phase-
change metasurface concepts were reported, 7 years ago now. As discussed during
the course of this thesis, this is mainly due to the several engineering branches in-
volved in the development of phase-change metasurfaces, which sometimes com-
promise each other in a non-trivial way. This includes, as schematically represented
in Figure 7.1, thermal, chemical and functional considerations that are typically
not taken into account, resulting on impracticable devices suffering from long term
degradation and/or unidirectional switching (i.e. without the capability of being
successfully re-amorphized). The most clear example is perhaps the compromise
between optical and thermal responses, as small PCM volumes are easier to re-
amorphize, but at the same time provide less tunability contrast.

This thesis has been mainly focused in totally or partially solving the key engi-
neering problems arising from the marriage of phase-change materials with optical
metasurfaces, motivated by the thought that most of such technological challenges
can be addressed at the design stage. This was achieved via investigation and exper-
imental realisation of novel device phase-change metasurface architectures, where
the followed design philosophy included optical, thermal, functional and chemical

considerations shown in Figure 7.1. Particularly:
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e In terms of thermal performance, PCM volumes were always kept to a min-
imum to avoid thermal insulation, and thus guarantee reversible switching
processes. This was achieved via combination of deeply subwavelength sized
GST layers with alternative (non-tunable) dielectric materials (such as SiO; in
Chapter 4, or Si in Chapters 5 and 6) to allow for the excitation of resonances
while minimizing the amount of PCM. Reversible optical switching of phase-
change metal/insulator/metal and all-dielectric architectures was experimen-
tally achieved employing such a design approach, and initial simulation re-
sults suggest that hybrid dielectric/plasmonic structures would have in-situ

electrical switching capabilities.

e On the other hand, as discussed previously, minimizing the PCM volumes can
compromise the optical response, resulting in lower optical contrast/tunability
between amorphous and crystalline states. This was addressed when possi-
ble via strategically locating the PCM inclusions in the regions of high electric
field concentration (i.e. antinodes of the resonant modes), as demonstrated in
Chapter 5. In addition, the combination of PCM with low-loss metasurface
architectures, such as all-dielectric and hybrid dielectric/plasmonic configura-
tions, resulted in scattering efficiencies as high as 70% and 65% respectively,

very suitable values for both optical filtering and wavefront engineering.

e Finally, possible chemical issues such as PCM oxidation or metal diffusion
were also successfully addressed at the design stage. The former via avoid-
ing direct exposure of GST to air; whereas the later by incorporating thermal
barrier layers, and exploration of metal-free metasurfaces (i.e. all-dielectric

metasurfaces shown in Chapter 5).

In addition, special emphasis has been put in the development of phase-change
"meta-devices" for active optical phase control, something that is not yet well-explored;
as most of the work carried out up to now relies in active amplitude control [7, 63,
64, 65, 66,67, 68,69, 39,70, 71]. Specific contributions to knowledge arising from this

thesis include the following:
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e Definition of new metasurface design approaches to minimise the PCM vol-
umes, while maximizing optical efficiency and contrast (Chapters 4 to 6, refer-

ences [38], [80] and [79]).

e First realisation of active, non-mechanical beam steering, employing phase-

change materials in combination with metasurfaces (Chapter 4, reference [38]).

e First experimental demonstration of all-dielectric phase-change metasurfaces

with multilevel and reversible switching capabilities (Chapter 5, reference [79]).

e Highest phase-change meta-device efficiencies reported up to now, with val-
ues up to 70% for all-dielectric configurations (Chapter 5, reference [79]), and
up to to 65% for hybrid dielectric/plasmonic architectures (Chapter 6, refer-
ence [80]).

e First experimental validation of the use of thin oxide layers as thermal dif-
fusion barriers in phase-change metasurfaces involving the use of thermally
diffusive metals (Chapter 6, currently being further developed in a new PhD

project).

e Introduction of the concept of hybrid dielectric-plasmonic metasurfaces hav-
ing key functional benefits from all-dielectric metasurfaces in terms of optical
efficiency, and from plasmonic metasurfaces in terms of compactness and in-
situ electrical switching capabilities (Chapter 6, reference [80], and currently

being further developed in a new PhD project).
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A.1 Optical properties for FEM simulations of active plas-
monic beam steerers
The refractive index n and absorption coefficient k of the materials employed for

the modelling of phase-change plasmonic beam steerers are shown in Figure A.1.

Values were taken from references [218], [219], and [220] for aluminum, SiO, and

ITO respectively.
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FIGURE A.1: Optical properties of Aluminum, SiO; and ITO employed in FEM
simulations.
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B.1 Resonant regimes in asymmetric Fabry-Pérot cavities

In a Fabry-Pérot cavity, the complex output electric fieldE,,; for an input electric
field E;, can solved by superposing the beam reflected by the first surface with a
series of secondary beams coming from internal reflections inside the cavity (Figure
B.1). Particularly, an asymmetric Fabry-Perot cavity —also known as Gires-Tournois
etalon— consists of a dielectric layer sandwiched between two reflective interfaces.
The “asymmetric” connotation comes from the fact that one of the reflective surfaces
has a reflection Fresnel coefficient of r; < 1, whereas the second one is typically close
to being a perfect reflector r, ~ 1. The output electric field E,,; for this configuration

is given by [4, 192, 221]:

Ein (1’1 + €i5)

Eout = :
out 1—|—1’1€Z‘5

(B.1)

with 7 being the total reflection coefficient, and ¢ the roundtrip optical phase accu-

mulation inside the cavity, named cavity phase, which at normal incidence is given

by:

5= — Bt (B.2)
Ao

where ¢ is the cavity thickness, 7i is the complex refractive index of the cavity, and
B and « are the real and imaginary parts of J respectively. For a lossless cavity (i.e.
made of non-lossy materials, thus Im(6) = 0), the amplitude (modulus) and phase

(argument) from eq. B.1 become:
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FIGURE B.1: Schematics of a simple asymmetric FP cavity.
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FIGURE B.2: Influence of the Fresnel coefficient r; on the output phase and
amplitude of a non-lossy asymmetric FP cavity.

The output beam amplitude is therefore constant and equal to the amplitude of

the incoming beam for any possible value of r; and . However, the output optical

phase strongly depends on both r; and . As it can be seen from Figure B.2, forr; =0,

no reflection from the first surface takes place, which results in a linear trend of ZE,;

with B. As r; increases, the output change in the optical phase becomes highly non-

linear when approaching the cavity resonance (i.e. when = m)[4]. Such a region

of non-linearity allows therefore for controlling the output beam phase by slightly

detuning the cavity phase 8, which can be achieved via changes in the refractive
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index and/or cavity thickness as it can be seen from B.2.

For a cavity with moderate losses where Im(é) # 0, egs. B.5 and B.6 become:

e2 4 2r1e~% + cosp + 112
S B.5
o m\/f’l(l +e ) + (17 + 1)e*cosp .

(1 —r12)e *sinp ]

{Equ = tan™"|
out =M T+ e+ (2 + 1)e~%cosp

(B.6)

Contrary to the non-lossy case, both amplitude and phase of the beam become
strongly dependant on r;, and a. In fact, as shown in Figure B.3, three resonant

regimes with different features can be identified based on this two values:
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FIGURE B.3: Phase (left) and amplitude (right) of the three FP resonant regimes: (a)
Overcoupled, (b) Critically coupled, (c) Undercoupled.

1. When r; < e™* (Figure B.3a). This case corresponds to the overcoupled (un-

derdamped) regime. Here, a 27t phase accumulation can be achieved via varying the
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cavity phase, either by changing the refractive index of the medium or by varying
the cavity thickness. This regime is ideal for applications requiring phase manipula-
tion such as wavefront shaping.

2. When r; = e (Figure B.3b). The system is critically coupled and thus pro-
vides the fastest approach to zero amplitude. A 27t phase coverage is still possible to
achieve, but light is perfectly absorbed when the cavity is in resonance (8 = 7), thus
resulting in phase modulation with low efficiency. Such configuration is therefore
ideal for applications requiring for perfect absorption.

3. When r; > e™* (Figure B.3c). Undercoupled (overdamped) regime. A 27
phase coverage becomes unaccessible. Such situation would be well suited e.g. for
amplitude-only modulation where strong amplitude variations are accompanied by

very little changes in the phase.

Any of the above described regimes can be therefore engineered by appropri-
ately balancing the fraction of energy not coupled the cavity (determined by ry) with

respect to the energy lost inside the cavity (i.e. e ™).
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