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Abstract

The content of this thesis encompasses the fundamentals, modelling, chip design, nan-
ofabrication process, measurement setup, and experimental results of devices exploiting
the optical properties of phase-change chalcogenide materials. Special attention is paid
to integrated Si3N, nanophotonic circuits for optical switching and memory applications,
as well as to multilayer stacks for colour modulation.

Herein, the implementation of the first robust, non-volatile, phase-change photonic
memory is presented. By utilising optical near-field effects for Read, Write and Erase
operations, bit storage of up to eight transmission levels is demonstrated in a single
device employing GeyShyTes as the active material. These on-chip memory cells feature
single-shot read-out of the transmission state and switching energies as low as 13.4 pJ
at speeds approaching 1 GHz. The capability to readily switch between intermediate
states is also demonstrated, a feature that requires complex iteration-based algorithms
in electronic phase-change memories. This photonic memory is not only the first truly
non-volatile memory—a long-term elusive goal in integrated photonics—but could also
potentially represent the first multi-level memory, including electronic counterparts, that
requires no computational post-processing or drift correction. These findings provide a
pathway towards solving the throughput limitations of current computer architectures
by eliminating the so-called von-Neumann bottleneck and portend a new paradigm in
all-photonic memory, non-conventional computing, and tunable photonic devices.

Finally, novel capabilities in electro-optic colour modulation using phase-change ma-
terials are demonstrated. In particular, this thesis offers the first implementation of
AgsInyShrgTe7-based optical cavities for colour modulation on low-dimensional mul-
tilayer stacks. Moreover, “gray-scale” image writing is demonstrated by establishing
intermediate levels of crystallisation via voltage modulation. This finding, in turn,
corresponds to the first demonstration of nonvolatile colour-depth modulation in the
emerging phase-change materials nanodisplay technology, featuring resolutions down
to 50 nm. Furthermore, a comprehensive comparison is carried out for two types of
materials: growth- (AgzIngsSbzsTe;7) and nucleation-dominated (GeyShyTes) alloys in
terms of colour, energy efficiency, and resolution. These results provide new tools for
the new generation of bistable and ultra-high-resolution displays and smart glasses while
allowing for other potential applications in photonics and optoelectronics.
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Chapter 1

Introduction

1.1 Motivation

The discovery of chalcogenide materials capable of switching between two stable crystallo-
graphic phases by Ovshinsky in 1968 [1], along with the development of such materials in
subsequent decades [2, 3, 4, 5, 6, 7, 8], gave birth to revolutionary non-volatile optical data
storage devices including rewritable compact disks (CD’s) and Blue-ray disks [9, 10]. Such
phase-change materials (PCMs) offer a striking combination of properties including: nano-
and pico-second switching, high optical and electrical contrast between the crystalline
and the amorphous phases, and high stability, i.e. non-volatility, thus retaining the phase
state for a period of time spanning into decades. All these qualities together in a compact
disk allowed for tremendous improvement compared to any other external memory device
existing at that time in terms of speed, cyclability, and storage density [11, 12]. However,
recent years have seen a technological shift: the amount of data has increased rapidly

while devices miniaturised to improve storage density. Following this tendency, the
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conventional CD architecture has reached its limit and become rendered obsolete, as
its form factor cannot be further reduced due to the external diffraction-limited laser
required to switch the material. Instead, the development of new electronic solid-state

alternatives has relegated optical PCM-based devices to a second plane [13].

The possibility of controlling phase-change materials such as GesSbyTes in a full electronic
fashion in sub-100nm configurations [10, 12] and nanowires [14]—displaying permanent
data storage and high speeds [8]—has caught the attention of researchers. Such a
development could return phase-change memories to the commercialisation landscape, this
time eliminating the optical component. PCM electronic devices could add functionalities,
such as multilevel storage and memrisistive performance, that in turn allow for cognitive
computing architectures [15, 16, 17, 18]. Thus, the phase-change materials community
has been researching the development of new alloys that can represent an improvement
in any of the above-mentioned properties and focused on realising better electronic
memories [19, 20, 21]. Yet, apart from such memresistive applications on neuromorphic
computing [15, 22, 23, 24, 25|, no other novel application was reported until 2012.
During that year, W. Pernice and H. Bhaskaran [26] proposed a new approach using
integrated photonic circuits based on PCMs for on-chip light modulation and all-optical
data storage. Soon, researchers realised that, behind the outstanding refractive-index
switching, lay a huge potential for applications in nanophotonics, plasmonics, and
optoelectronics [27, 28, 29, 30, 31, 32]. Furthermore, in 2014, P. Hosseini, C.D. Wright,
and H. Bhaskaran [33] demonstrated a completely new application based on phase-change
materials, this time in bistable colour modulation samples with a promising future
for nanodisplays, smart glasses, and security tags. These new ideas opened the doors
to several fresh, interesting, and novel applications and, in turn, brought a renovated
phase-change materials field back within the radar of science. Hence, with the increasing

interest in these topics, a new Phase-change photonics and optoelectronics field has begun
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to develop and has gained strength based, in part, on the results presented in this thesis.

1.1.1 All-photonic data storage and PCMs

The advent of photonic technologies, particularly in the area of optical signalling, coupled
with advances made in nanofabrication capabilities, has created a growing need for
practical all-photonic memories [34, 35, 36, 37, 38]. Such memories are essential to boost
the computational performance in serial computers by speeding up the von-Neumann
bottleneck—i.e. the information traffic jam between the processor and the memory, the
main units of the von-Neumann arquictecture used in conventional computers. This
bottleneck limits the speed of almost all processors today, a limitation that has been par-
tially circunvented by using multicore processor architectures and fibre optics to bridge
the units. However, shuttling information optically from the processor to electronic
memories is presently not efficient, as electrical signals must be converted to optical
signals and vice-versa. Instead, information transfer and storage exclusively by optical
means is highly desirable because of the inherently large bandwidth [34, 39], low residual
cross-talk, and high speed of optical information transfer. On a chip, this objective has
been challenging to achieve because practical photonic memories would need to retain
information for long periods of time, and would require full integration with the ancillary
electronic circuitry, thus requiring compatibility with semiconductor processing [40]. Such
compatibility is challenging even in the context of emerging electronic memories—one
reason why (CMOS compatible) phase-change memories have been the subject of intense
research and development over the last decade [12, 41, 42, 43]. Furthermore, the same
operational principle used in optical memories (i.e. transmission/reflection measurements)
could potentially be applied to create on-chip light switches and modulators to have

better control and larger flexibility of device architectures and applications [44].

Phase-change materials combine a variety of advantageous properties which make them
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ideal candidates for all-optical memories and modulators. A striking and functional
feature of these materials is the high contrast between the crystalline and amorphous phase
of both their electrical and optical properties [12, 25]. In particular, chalcogenide-based
PCMs have the ability to switch between these two states in response to appropriate heat
stimuli (crystallisation) or melt-quenching processes (amorphisation) [1]. These materials,
mainly tellurides and antimonides, can be switched on a sub-nanosecond timescale [12, 45]
with high reproducibility, which enables ultra-fast operation over switching cycles up to
10" times [46, 47] using current-generation materials (with new and improved materials,
such as phase-change super-lattice materials [19], it is expected to deliver even better
performance in the future). In addition, at normal operating temperatures the states are
highly stable for years [12, 14], a key requirement for a truly nonvolatile memory. These
beneficial properties have already led to prominent commercial applications in optical
data storage such as rewritable optical discs (in DVD and Blu-ray formats) [9] and, more
recently, in phase-change random access and multi-level memories [10, 21, 48] as well as

stochastic phase-change neurons [15].

In this thesis, by using nanoscale PCMs embedded in nanophotonic circuits, fast and
repeatable all-optical, multi-level, multi-bit, nonvolatile memory operations are demon-
strated at telecommunications wavelengths compatible with on-chip optical interconnects.
In this wavelength range, several phase-change materials show significant contrast in
the refractive index of their amorphous and crystalline states [26, 49]. Moreover, a wide
range of high-efficiency and ultra-fast optical components operate in this wavelength
range thanks to the transparency window of silicon, especially in the C- and L-bands—
wavelengths within 1530-1625nm [40]. In contrast to free-space optical implementations,
where PCM cells are switched with a focused laser, these new on-chip devices are operated
in the optical near-field in analogy to plasmonic devices. Waveguide-integrated memory
cells are thus not restricted in size by the diffraction limit of the input light and can hence

be miniaturised to nanoscale dimensions. The well-studied alloy GesSboTes is employed
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because of its data-retention capabilities [1, 12] and high state discrimination [27] down
to nanoscale cell sizes, which enable dense packaging and low-power memory switching.
In the approach presented in this work, data are stored in a nanoscale GST device placed
directly on top of a nanophotonic waveguide. Both writing into the memory cell and
read-out of the stored information is carried out using nanosecond optical pulses within
the waveguide with the phase-change material. This approach provides a promising route

towards fast all-optical data storage in photonic circuits.

1.1.2 Colour modulation and PCMs

Colour modulation has been a topic of longstanding interest in science and engineering
given its multiple applications in display technology, smart glass, security marks, and
active optical components [50, 51]. Passive elements such as optical coatings, multilayer
stacks, or structured films, have been extensively used in reflective and transmissive
optical systems to attain a specific colour [50, 51, 52, 53, 54, 55]. Moreover, active ma-
terials with tunable physical or chemical properties, such as electrochromism [56, 57, 58|,
piezochromism[59], plasmonic effects [60], photoluminescence [61, 62], and volatile phase-
change materials [63], have been exploited for colour modulation purposes. The dynamic
modulation of optical properties by such materials has given rise to new remarkable
improvements in terms of resolution, low dimensionality, and low energy operation of a
display [64]. However, a combination of both active control and colour retention—for
instance, a device with high resolution featuring offline colour retention that still allows
full-gamut modulation—has proved challenging; some proposals either lack resolution
[65] or required external chemical agents [66]. These issues, however, changed recently
when an optoelectronic framework using nonvolatile nucleation-dominated phase-change
materials was proposed to fill this gap. Employing Ges;SbyTe; as an active yet bistable
component, researchers were able to switch between two stable colours using multilayer

optical cavities [33].
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Phase-change materials promise great potential, given that state-of-the-art alloys are cap-
able of switching between two optically and electrically differentiable states. In response
to appropriate heat stimuli for crystallisation or melt-quenching for amorphisation, PCMs
are capable of undergoing such switching in picosecond timescales [46, 67, 68]. More inter-
estingly, they present room-temperature non-volatile behaviour by stably retaining either
state for years [1, 14, 69]. All these properties together enable two highly differentiable
optical states, allowed by the modulation in both the real and the imaginary refractive
index upon phase switching. This active yet stable optical properties modulation can be
achieved on a thin film, which in turn can be harnessed to switch colours [16, 33, 70]. The
approach presented by Hosseini et al. [33] relies on strong Fabry-Perot type interferences
undergone within a stack of layers featuring a highly absorptive medium [54], GST in
this case. By using such a material, colours were obtained with just a few layers, thus
presenting low-dimensionality (70 to 300 nm for the whole stack), that allows for flexible
substrates to be employed. Furthermore, GST can be locally and reversibly switched at
nanometric scales, enabling resolution beyond any other display previously reported. Here,
it is demonstrated that AgslngSbreTe;; (AIST), a growth-dominated phase-change alloy
[71], can be employed for similar colour modulation, but with better depth-modulation
capability (i.e. grey-scale). The resolution and switching energy limits of this technique
are also studied, together with a comparison between the performance of AIST and

GST in terms of colour modulation, resolution, and energy efficiency in multilayer samples.




1.2 Outline and Objectives

1.2 Outline and Objectives

1.2.1 Objective

This thesis reports research that aims to exploit the merging of phase-change materials
with nanophotonic and optoelectronic structures for the development of novel devices
towards innovative applications. In taking advantage of the unique optical properties
and tunable refractive index of such materials, experiments were carried out using two

different kinds of devices:

o Integrated photonic circuits evanescently coupled to phase-change materials for

on-chip all-photonic multi-level non-volatile memories.

o Low-dimensional multilayer optical cavities with phase-change material thin films

for colour switching and nanodisplay applications.

This manuscript advances the science of phase-change materials and portends new
paradigms in which all the optical properties of PCMs are harnessed in, and beyond,

data storage.

1.2.2 Layout

The content of this thesis is structured in the following way:

o Chapter 2 reviews the state-of-the-art developments that have led to a better
understanding and applications of chalcogenide phase-change materials in the
memory industry and scientific research. Furthermore, this chapter encompasses
and criticises the multiple applications of merging PCMs with photonics and

optoelectronics.
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o Chapter 3 contains the theory, design, and nanofabrication of integrated photonic
circuits based on phase-change materials. Specifically, this chapter contains the the-
ory used to calculate the parameters of the waveguides and the finite-element method
(FEM) modelling of electromagnetic modes within photonic circuits. Moreover,
this chapter describes the process to create a chip CAD layout using a script-based

software whose library was developed on Cadence Virtuoso®

. Lastly, chapter3
includes the methods employed during the nanofabrication of the photonic chips
used in the measurements realised in Ch. 5, including e-beam lithography, etching,

sputtering, evaporation, and characterisation.

« Chapter 4 describes the actual integrated pump/probe photonic experimental
setup built from scratch for the measurements carried out in Ch. 5. It introduces
the transmission measurements completed in order to characterise the nanophotonic
circuits, the pump/probe measurements for on-chip active control of GST phase-
state, and describes the different instruments employed: telecom laser, piezo-stage,
low-noise and fast photo-receivers, EDFA amplifier, optical fibre array, electro-

optical modulators, and electronic equipment.

o Chapter 5 presents the demonstration and dynamics of the first truly non-volatile
phase-change photonic memory using GST as an active material in a telecommunication-
wavelength pump/probe experimental setup. In addition, up to 3-bit multi-level
storage was proven in a single memory cell with accessible intra-level transitions.

Finally, this chapter considers the limits and performance of this type of memory.

All the results shown in Chapter Five were obtained in experiments carried out by
the author. The only exception is Sec.5.2.3 which contains TEM data obtained
by collaborators at the Institute of Nanotechnology at the Karlsruhe Institute of
Technology on samples fabricated as part of this work. This TEM information,

which is original, is added to this thesis with the intention of complementing and
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probing whether the results presented in this chapter are indeed due to phase-change

switching.

The results in this chapter have led to the patent in ref. [72] and the publication
found in ref. [67], which is why similarities between both texts are to be expected.
Note that, although the aforementioned publication has two first authors who
contributed equally, chapter five includes only the results obtained by the author
of this thesis: the design and fabrication of the devices, the development of the
photonic switching protocol, and the demonstration of binary and multilevel memory
operation. These findings are the basis of this photonic device, which were taken to
further wavelength-division experiments by Matthias Stegmaier at the Karlsruhe

Institute of Technology.

Chapter 6 describes the implementation of Agsln,SbzTe;; (AIST), a growth-
dominated phase-change alloy, in multilayer stack optical cavities for colour mod-
ulation in reflection mode and display capabilities with nanoscale resolution. In
particular, depth modulation capability (i.e. grey-scale) is for the first time demon-
strated for phase-change based displays. The limits of this technique in terms
of resolution and switching energy are also studied, together with a comparison

between the performance of AIST and GST as bistable nanodisplay materials.

The results of this chapter led to the patent in ref. [73] for which the author of
this thesis and two more researchers hold the intellectual property. However, other
group of scientists have independently reported similar multi-colour approaches and
confirmed experimentally in [74] the computational-only results presented herein.

The aforementioned paper came later than the original patent-filing date.
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1.2.3 Statement of originality

This manuscript is an original contribution written in its totality by the author. It
contains an original literature review and novel findings and procedures all carried out
during a period of eight academic terms, as part of the DPhil studies at the University
of Oxford. The only exception is the inclusion of the brief TEM results presented in
Sec. 5.2.3, which are original and carried out on samples fabricated by the author, yet
obtained by collaborators. This exception is, however, as mentioned explicitly, not
a central point of the results presented and aims only to support the analysis of the

experimental results.

1.2.4 Key results and new science

The main findings of this thesis—merging phase-change materials with nanophotonic
circuits and optoelectronics— are described in Chapters 5 and 6, supported with funda-
mentals and procedures presented in the other chapters. The key results and new science

presented throughout this manuscript include:

o First protocol for all-photonic reversible switching of phase-change materials in

on-chip nanophotonic circuits using near-field coupling.

 First truly non-volatile all-photonic memory (phase-change photonic memory).

o Demonstration of multi-level operation of phase-change photonic memories with

intra-level transitions.

e Analysis of speed, modulation depth, and energy consumption of phase-change

photonic memories.

» Computational analysis of the near-field phase-change switching dynamics.

10
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Demonstration of depth-colour modulation enabling grey-scale image rendition in

multilayer optical cavities containing phase-change materials.

First application of growth-dominated phase-change materials in colour modulation.

Analysis of the resolution and switching-voltage limits in scanning and pixel-by-pixel

modes in phase-change material nanodisplays.

Comparison between GST and AIST in display applications.

Moreover, this project has left new tools developed by the author which will be useful

for current and future members of the Advanced Nanoscale Engineering group at the

University of Oxford, where this thesis was conceived. Some of these new tools include:

A complete integrated photonic and optoelectronic setup for transmission charac-
terisation, all-optical pump-probe, and integrated optoelectronic experiments in
the C and L-band range. The setup includes also the LabView codes for automatic

and remote control of all the components. For more details, see Ch. 4.

A characterised fabrication process to obtain nanophotonic circuits based on phase-

change materials. More details in Ch. 3.

A Cadence Virtuoso® programming language library for the design of photonic
chips CAD layouts, featuring the most important components such as gratings,
ring resonators, Mach-Zehnder interferometers, electrodes, beam splitters, etc. For

more details, see Ch. 3.

A Matlab program to calculate the reflectance, transmittance, and absorptance
of any multilayer stack using a transfer-matrix formalism. This code allows any
arbitrary number of layers with arbitrary complex refractive indices and with

variable input parameters, such as angle, polarisation, etc. as described in Ch. 6.

11






Chapter 2

Photonics and phase-change

materials: a literature review

This chapter reviews the state-of-the-art developments and fundamentals that have led to a
better understanding and applicability of chalcogenide phase-change materials, especially
in the context of memory industry and research. Furthermore, it encompasses and
criticises all the multiple applications of merging phase-change materials with photonics

and optoelectronics.

2.1 Chalcogenide phase-change materials

Phase-change materials (PCMs), in the broadest of the definitions, refer to materials
whose phase can be switched between at least two different and stable states by means of
heat-exchange processes [75, 76]. Phase change, and therefore heat storage, can be found
in solid to solid, solid to liquid, solid to gas, and liquid to gas transitions depending on

the material composition.

13
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Ranging from thermal energy to data storage, PCMs have been extensively utilised in
everyday technological devices [75, 77]. Compounds such as salt hydrates, fatty acids
and esters, and various paraffins present a solid to liquid transition which is currently
employed in thermal control of engines, houses, the human body, etc. by absorbing or
releasing heat [78]. However, chalcogenide PCMs are materials which have drawn more
attention within the scientific community because of their unique scalability, optical, and
electronics properties. These have revolutionised non-volatile data storage and still hold

huge promise in nanoscale opto-electronic technologies [12, 76].

Glasses containing at least one of the chalcogen elements, sulfur (S), selenium (Se),
tellurium (Te), or Polonium (Po), known as chalcogenide glasses, have given rise to
the so-called phase-change recording materials (PCRM) and represent nowadays a very
active research topic, especially for data storage in non-volatile memories [11, 12, 43, 76].
The majority of PCRMs are tellurium- or selenium-based alloys, examples being Ge-Te,
Ge-Sb-Te, Ge-Te-Sn-O, Sn-Te-Se, In-Sb-Te, In-Se and Ag-In-Sb-Te [79] but also oxides
such as V-O compounds [63]. They can be stabilised in at least two different physical
states that present considerable contrast in the optical and electrical properties. These
states are the amorphous and the crystalline phase (or one of the possible crystalline
phases). Doped Sb-Te compositions are the most common as they achieve higher crys-
tallisation rates. However, dopants like Ge, In or Ag promote the amorphisation and
therefore the phase-change condition of the materials [80]. The stability of the amorphous
state decreases with the dopants in the order Ge>Ag>Ga,In>Sn. Therefore, a trade-

off between stability and phase-change rates must be considered when choosing a material.

GeySbeTes (GST) and Ag:In:Sh:Te (AIST)—with different compositions— represent

two common and promising alloys. They have allowed the development of commercial

14
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non-volatile memories for rewritable optical data storage, such as the blu-ray disk, and
more recently enabled phase’change random access memories (PC-RAM) [2, 9, 10, 12].
Although their optical and electrical properties present astonishing similarities, their
crystallisation dynamics differ radically. The first is a so-called nucleation-dominated
material, while the latter is growth-dominated [81], as detailed in Sec.2.2. This review
will pay particular attention to GST given its interesting combination of properties: it is
fast, scalable, stable, and offer high optical and electrical contrast between the amorphous
and the crystalline states. These are the reasons why GST is the most common PCM
used in research and industry. Moreover, when citing phase-change materials, it will

implicitly refer to chalcogenide PCMs.

2.2 Nucleation- and growth-dominated PCMs

Phase-change materials are grouped in two categories depending on their crystallisation

dynamics [12, 82, 83]:

Nucleation-dominated: This group contains materials in which, under optical or
electrical excitation, crystallisation takes place in randomly located small nuclei as shown
in Fig.2.1. The optical and electrical properties adopt intermediate states—as result of
the superposition of amorphous and crystalline material—until a growth process, where
many small crystals expand and merge, gives rise to the complete phase-state switching.
The most common nucleation-dominated materials are the GeSb alloys, including the
vast family of GeSbTe compounds. The formation of nuclei occurs in pico- to nanosecond

time scales.

Growth-dominated: In this kind of material, there are very few nuclei or only one

nucleus formed during the nucleation stage. However, the growth process is predominant
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during the phase-change, which is a slower process compared to nucelation-dominated
materials happening on the order of nanoseconds [82]. Each, or the only, nucleus grows
considerably bigger until they eventually form one crystal. In-Sb-Te alloys, such as

AgInSbTe, are the most common alloys of this group [80, 84].

Nucleation dominated Growth dominated

Surface height

0

~
=
3

Figure 2.1: Crystallisation of nucleation (GST) and growth (AIST) dominated materials
under laser pulse irradation. Adapted with permission from [84].

The difference in the crystallisation dynamics does not imply differences in optical or
electrical properties. In fact, GST and AIST show remarkable similarities in their
refractive-indices and conductivities. Moreover, reamorphisation is realised in the same
manner in both, by melt-quenching the material. Although the nanostructural origin

of the dynamics difference has not been clearly demonstrated, experimental approaches

have observed this different nuclei formation [83].

2.3 GeySbhyTe; phase-change material

The alloy GesSbyTes is, to date, the material with the best combination of properties
for data storage systems [85]. Not only does it exhibit one of the fastest crystallisation
dynamics but it also switches at low energies and has one of the most pronounced
electrical resistivity and dielectric function contrast amongst known PCMs [9, 12, 86].

The refractive-index contrast is maintained over a spectral bandwidth that ranges from
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visible to infrared wavelengths [6]. Fast switching times and the ability to retain the
desired state at room temperature for periods of time spanning into decades are also
some of the main characteristics of this compound [12, 14]. Because of these proper-

ties, GST has been the most common alloy in the development of PCM-based devices [11].

X-Ray Diffraction (XRD), Differential Scanning Calorimetry (DSC), and other techniques
have shown that GST has three stable crystallographic solid states, namely amorphous,
metastable rock salt (face centred cubic, fcc) when heated above 150°C', and the thermo-
dynamically favourable hexagonal structure when the temperature is higher than 300°C'
[27, 76, 85, 87]. These three structures can be observed in the XRD data in Fig. 2.2
. Each phase possesses different optical and electrical properties. However, although
there is a large contrast between amorphous and both crystalline states, there is no
significant difference between the properties of the two crystalline structures [88, 89].
Nonetheless, only the switching between the amorphous phase and the fcc crystalline
state is considered in technological applications due to the speed of this transition. For
this reason, the ambiguous term “crystalline state” is used herein to refer to the fcc

structure, given the switching timescales in the photonic memory applications.

There is not an universally accepted explanation for the structural change between the
amorphous and the crystalline states in materials like GST. One recently proposed model,
widely accepted but not definitely proven, promotes that the transition mechanism
between the crystalline and the amorphous state is based on a change in the coordination
of Ge ions through an umbrella-flip transition, which in turn modifies the material
properties [90]. The changes in optical absorption and reflectivity have been explained in
terms of such structural transition, especially as a change in the atomic bonding of each

state, as described in Sec.2.3.1.
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Figure 2.2: X-Ray diffraction pattern of GST as a function of the annealing temperature.
Below 150 °C': amorphous sctructure. Between 150°C' and 300°C, a characteristic face-
centred cubic (fcc) crystalline diffraction pattern. Above 300 °C' the spectra shows
characteristic hexagonal crystalline diffraction. Reprinted with permission from [27].

Back and forth transitions can be induced by properly controlling the duration of fast
thermal excitation pulses, whether electrical or optical, following the mechanism depicted
in Fig. 2.3 [12, 91]. Given the remarkably rapid crystallisation kinetics of GST [92], heating
amorphous material over 150°C—but below the melting temperature—by annealing or
sending a long excitation pulse would be enough to reach the fcc or hexagonal phase
state (SET). To switch back from the crystalline state to the amorphous (RESET), a
high intensity short pulse must be applied in order to melt-quench the GST. Rapidly
cooling at rates higher than 10° K's™! quenches the liquid-like state (molten GST) into a
disordered, amorphous phase. The latter state shows different optical/electrical properties
from the crystalline state, so detecting amorphous regions is straightforward with a low-
intensity laser beam or low currents [12]. One important parameter for the cooling
process is the pulse trailing edge; this should fall in times shorter than the characteristic
crystallisation times, usually less than 10mns, otherwise the GST will crystallise once

again after melting. Usual switching times for back and forth optical switching of GST
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comprise 1ns amorphisation and 13ns crystallisation [68].
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Figure 2.3: Rewritable optical data storage using phase-change materials. To SET,
optical/electrical pulse with intermediate power is used. The laser locally heats the phase-
change film above the crystallization temperature Tx. To RESET, a short pulse locally
heats the phase-change material above its melting temperature. The colours are intended
for good visualisation and have no physical meaning. Reprinted with permission from [46].

2.3.1 Optical properties

GesSbyTes offers one of the most pronounced contrasts in the dielectric function when
comparing the amorphous and the crystalline states [10, 11]. This implies a significant
difference for the real (n) and the imaginary part (k) refractive indices over a broad
spectral range from visible to infrared wavelengths, as shown in Fig. 2.4. The absorption
amplitude decreases during the phase transition from the crystalline to the amorphous
state, which in turn implies a decrease in the peak maximum for the imaginary part of
the dielectric constant (ez) and therefore, for k. Furthermore, the width of the €5 peak in
the amorphous state is broader due to smearing of electronic states and the formation of

tail states characteristic of amorphous materials [93].

The contrast between the two states—assuming a unique crystalline phase given the
similarity between fcc and hexagonal phases—increases with Ge concentration [94]. For
GeyShyTes the contrast in the refractive index is given by An + iAk = n(ery) —
n(am) + ilk(ery) — k(am)] = —1.20 + i1.05, while for GegSbsTe;; the contrast is

An +iAk = —1.48 +i1.35. Although theoretical approaches have considered the source
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Figure 2.4: Complex refractive index 7 = n — ik for the crystalline and the amorphous
states of GST obtained experimentally by [6].

of the large contrast between the two states, there is not yet an universally accepted
explanation [12]. Since the density between the amorphous and the crystalline states
exhibits a change of 5-10%, it has been suggested that this difference is responsible for
the large optical contrast [86]. However, the most accepted explanation suggests that
the optical dielectric constant changes as a result of different atomic bondings for the
amorphous and the crystalline states. While for the amorphous phase, the dielectric
constant is similar to that of a covalent semiconductor, for the crystalline phases, it has
been suggested that there is a strong enhancement by resonant-bonding effects, thus
behaving similar to a metallic material under this structure [95, 96, 97, 98]. The lack of
accurate amorphous phase models, and the difficulties in calculating optical properties
from first principles, makes the design of PCMs for optical applications difficult using

theoretical concepts and instead rely on empirical findings.

Since amorphous <— crystalline transitions are temperature driven, the switching can be
carried out by absorbing energy from optical means. This is done with nanosecond laser
pulses to heat up the material and rearrange the molecular structure by means of photon
absorption [2, 68]). This absorption is mostly dictated by the extinction coefficient, k,

and, to a lesser extent, by electronic excitation [99]. This is the reason why, in order
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to improve the energy efficiency by absorbing more light, large values in the imaginary
part of the refractive index are highly desirable. As the GST heats up due to photon

absorption, its complex refractive index varies varies, in the linear regime, as:

n<TO+AT) =ng + ﬂAT k?(T0+AT> = ko -+ ’}/AT, (21)

where the constants § and v are known as the thermo-optical coefficients and have beem
measured experimentally for GST deposited onto on-chip photonic circuits in Ref. [99].
More details about optical switching and new findings in the optical properties of GST

are described in Sec.2.4.1.

2.3.2 Electronic properties

Besides the clear differentiation in optical properties, Ge,SbhyTes exhibits three orders
of magnitude contrast in resistance between the amorphous and crystalline states (k<2
and M, respectively, for &= 50 nm thick material), which makes it good candidate for
electrical memory [12]. GST also exhibits high electrical endurance demonstrated up
to 102 cycles [46, 47, 100] and keeps the state for over 10 years at room temperature
[14, 101]. Analogous to the optically induced phase change, electrical pulses can also
be applied to induce phase transitions. This is possible given that Joule heating takes
place and thus the different thermal effects that can lead either to the amorphous (from
a short and intense pulse) or crystalline (from a long pulse) states [1]. A typical I/V
curve characteristic of the back and forth switching between states is shown in Fig. 2.5.
Starting in the amorphous state, a linear high resistance is observed if a small voltage is
applied. When the bias voltage is increased over a certain threshold a resistance switch
takes place. Subsequently, the resistance drops several orders of magnitude and gives rise
to a more conductive state (denominated amorphous ON) before crystallisation takes

place. When the Joule heating has reached the transition temperature (=~ 150°), the
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material is quickly crystallised (SET in data-storage applications). When sweeping the
voltage back to 0V, a hysteresis curve evidences the new stable lower resistance state, a
consequence of the phase transition. To RESET, i.e. amorphise, a short and high-power

electrical pulse is used.
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Figure 2.5: Characteristic current vs voltage curve of GST initially in the amorphous
state. Adapted with permission from [12].

As electrical properties are in principle out of the goals of this project, they are not
further explored. However, for more information about electronic properties of PCMs,

particularly GST, refer to [10, 11, 101, 102, 103].

2.3.3 Non-volatile data storage

The inherent contrasting electric and optical properties of GST have enabled multiple
data storage technologies. The most successful and commercially important development
was the creation of non-volatile data storage compact disks (CD) that could be written,
erased, and re-written many times [9, 10]. These disks employed different GeSbTe- or
AgInSbhTe-based alloys and were switched back and forth by means of diode laser pulses.
Eventual advances in optical systems and the development of new high-intensity diode

lasers at shorter wavelengths led to a reduction in the spot size of the beam focused
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on top of the recording material [12]. Consequently, the memory storage density in-
creased considerably, going from 0.9 Gbit/in? at A\ = 780nm in a CD to 2.2 Gbit/in* at
A = 650nm in a DVD, or between 7.5 — 12.5 Gbit/in? at A = 405 nm in a single layered
Blu-ray disk (BD) or high-density optical disk. From CD to DVD and DVD to BD |, the
effective laser beam cross-section has been reduced by a factor of 2 and 5, respectively.
The recording density increased by a factor of 7 going from CD to DVD. Going from
DVD to the dual-layer BD, another increase by a factor of 11 has been accomplished
(see Fig.2.6). Beyond this relevant application, there have been not many contributions

towards more all-optical applications in data storage as will be detailed in Sec. 2.4.

CD-RW 650 MB DVD-RAM 4.7GB BD-RE 23.3GB BD-RE 50 GB
(Single) (Dual)
1997 2000 2003 2004
Min.mark length 0.833 pm 0.41 pm 0.14% pym 0.149 um
Track pitch 1.60 pm 0.615 pm 0.32 pm 0.32 um
A =780 nm A =650 nm A =405 nm A =405nm

NA = 0.85

0075mm 52
i ﬁ 0.025 mm

Figure 2.6: Comparison of optics, recording densities, recording capacities, and disk
structures used for CD, DVD and BD. Changes in the lens system are shown in the upper
portion; the disk structure is depicted beneath. Adapted with permission from [12]

Switching energies as low as 100 f.J, demonstrated using carbon nanotubes electrodes
[104], and sub-nanosecond switching times [8] have given rise to a long development
in terms of low-cost, nanometric, non-volatile memories compatible with silicon-chip
technologies [10, 14, 41]. Using cross bars, planar devices and mushroom-like structures,
different approaches have been proposed for devices compatible with silicon-based integ-
rated circuits in the electronic domain [43,; 46]. Such approaches have allowed for the
realisation of phase-change random access and multi-level memories [10, 21, 48], and, more

recently, stochastic phase-change neurons [15]. These devices, however, are expensive
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due to intrinsic nanofabrication and slower than traditional silicon-based data-storage
devices. Therefore, they do not represent an improvement in terms of bit-storage (0 or 1)
if considering only traditional Von-Neumann architectures. The real advantages of using
such integrated devices under electrical control are not only the non-volatile nature of the
memory cell but also the memristor-like properties together with the accumulation and
multilevel capabilities of PCMs, which enable unconventional computing architectures

like neuro-synaptic [21, 23, 25].

Multilevel data storage is highly desirable to increase memory storage density and
overcome the evident miniaturization limit. Because of this, storing data in intermediate
values between the amorphous and crystalline states of the GST is a subject undergoing
intense study within the PCM research community [17, 105]. Previous studies presented
by IBM Research proposed a multilevel logic operation using GST [18, 105]. Starting with
the device in the low-resistance state (crystalline), successive increasing current pulses
are used to write by partially melting, in different proportions, the crystalline GST such
that some areas are amorphised. Low-voltage pulses are used to read out the information
by measuring the changes in resistance. However, this initial approach struggled with
the variations among levels and devices, which avoids the scalability of the multilevel
PCM. One level could not be exactly retrieved given that the resistance drifts and varies
within SET-RESET cycle [105]. Moreover, small fabrication variations can cause a
significant impact in the multilevel reliability. To mitigate this, the study proposed an
algorithm that compares different control procedures in several switching cycles such
that the resistive level converges to a common value. This post-processing is, however,
impractical in terms of speed. Further studies towards understanding the resistance
drift of electrically controlled phase-change memory cells were done by the same IBM
team [106]. In their paper, the authors present a comprehensive description of the time-

temperature dependence of the resistance variation in a PCM memory cell by applying
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structural relaxation and electrical transport models. All this previous knowledge offered
a good insight, in theory and practice, of the drift phenomena and allowed a more
convincing development, published in summer 2016, that finally demonstrates reliable
triple-level-cell phase-change memory [48]. This is the best result so far in the electrical
domain. In the all-optical domain, as studied in this thesis, a memory cell featuring 3-bit
storage capability with intra-level transitions is the device with the largest number of
reliable and stable levels—without having to compensate drift—reported in literature

67).

2.3.4 GST, memristors, and neuromorphic processing

The memory resistor or memristor is a non-linear passive electrical component whose
resistance depends on the direction and magnitude of the current that flowed through
it in the past. This element was theoretically proposed by Leon Chua in 1971 [107].
However, only until recently, memristivity has been discovered as an effect that arises
naturally in nanoscale systems, in which solid-state electronic and ionic transport are
coupled under an external bias voltage [108]. The characteristics of the memristors
have been related to biological synapses. This, in turn, has brought interest in their

applications in neuromorphic processing [109] and stateful logic operations[110].

Memristors are difficult to fabricate, they present low yield and short life-times. As an
alternative to overcome these problems, phase-change materials are being considered
given that the characteristic I/V curve, when switching between the amorphous and
the crystalline states, resembles that for memristors and, therefore, the spike timing
characteristic curve in a synapse. Spike Time Dependent Plasticity (STDP), the learning
rule found in biological neural systems, has been demonstrated using GST as synapse
[22]. According to this work, the potentiation and depression of a synapse (see [111])

can be imitated by inducing intermediate resistance levels between the crystalline and
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the amorphous state. An alternative approach was proposed using two PCM cells to
create a synapse capable of supporting STDP in such a way that one PCM is used to
store the current status of potentiation and the other one the depression [24]. In this
technique, both GST sections start in the amorphous state and are crystallised after
each electrical pulse sent to each electrode. While this method can be more efficient
in terms of energy consumption and present a simpler pulse scheme, the control logic
requires a higher complexity. In spite of this disadvantage, this approach has led to the
demonstration of 165,000 synapses [25] and has been successfully used in complex visual
pattern extraction [112, 113]. More recent developments are the first accumulation-based
computing protocol using phase-change memories with field-effect transistor (FET) access
devices [16]; the first demonstration of a phase-change device that imitates the integrate-
and-fire functionality and the stochastic dynamics of a biological neuron [15, 23|; and
access devices for 3D crosspoint memory [114]. In general, the high interest raised by
this research field has implied important improvements in switching powers, switching
speeds, state retention, reliability, and data density (either by means of multiple levels or

3D integration), all comprehensively summarised in [21].

2.4 Photonics meets phase-change materials

Phase-change materials and nanophotonics possess attributes that can be merged to
understand the intrinsic molecular dynamics behind such materials, and also to create new
technological applications in, and beyond, data storage. In general, the ability of PCMs
to switch between two highly differentiable refractive indices offers active components
that can be harnessed in many optoelectronic devices. Tuning capabilities in colour,
resonances, band gaps, transmission/reflection, etc. could revolutionise photonics by
opening up new research lines and technology. Despite all the potential, the field is

yet in its early stages and with slow progress due to the technical difficulty in realising
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fully reversible optical switching. The recent and most relevant contributions in the field
“phase-change photonics” and the challenges to face in the near future are presented in

the following sections.

2.4.1 Optical switching

After reporting the discovery of phase-change materials in 1968[1], Ovshinsky contin-
ued his research focusing on the synthesis of newer and better PCMs. Moreover, he
investigated if the same phenomenon originally observed in electrical experiments could
be taken to the optical domain. He succeeded. By 1971 the first demonstration of
optical switching from amorphous to crystalline was presented using 100 nm thin films
of Teg; Ge155byS, and 10 — 100 mW optical pulses of 1 to 16 us [2]. The decades after
these historical discoveries brought plenty of contributions towards the synthesis of new
alloys, better control of phase transitions by exploring different ways to achieve reversible
switching, and developments in data storage. It was precisely this latter application
that motivated the scientific community to focus their attention on optical switching of
PCMs. The eventual application of this material in non-volatile data storage boosted
the research in this field in the 1980 s. In 1986, working with GeTe, reversible optical
switching was achieved by using pulses in 50 to 100 nm layers [3]. In 1987, the field
started moving towards GeTe-SbTe based alloys such as GeSb,Te, as they presented
higher optical contrast [4]. In the same article, the authors demonstrated high speed
overwriting, achieving for the first time speeds up to 7 MHz by using 50 ns and 8 mW
pulses. This increased in 1988 when InSbhTe alloys showed crystallisation times shorter
than 15ns [5]. By the end of the 1990s GesShyTes had already been recognised as an
optimum material given that, out of all PCM alloys, it offers the fastest crystallisation
and amorphisation rates together with a large contrast between the extinction coefficient
in the amorphous and the crystalline states [6, 7, 8]. This is shared with AgInSbTe

compounds given the similarity between the properties of both [115]. These developments
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led to the later implementation of dense all-optical (switching and read-out using laser
sources) non-volatile data storage such as the compact disk (CD) and the digital versatile

disk (DVD) including their rewritable capabilities (See also Sec.2.3.3) [11, 12].

Subsequent interest was in understanding the intrinsic material properties of PCMs. The
advent of faster light sources allowed for pump-probe measurements to study real-time
phase-transformation dynamics. In 2004, a detailed picosecond laser characterisation
of GST was realised for the first time [68]. In this work, reversible switching using
30 ps pulses enabled the measurement of real-time reflectivity changes in a thin film of
GST. From the thermo-optical effect—the real time change in reflection induced by and
during the pulse excitation—it was concluded that thermal diffusivity plays a crucial role
in determining phase switching time scales. It was also found that the amorphisation
process requires times less than 1ns, whereas crystallisation needs around 13ns to
be completed. A first theoretical approach was proposed the same year; by realising
similar experiments and comparing with computational models, the microscopic phase
transformation between both states was described as a change in the coordination of the
Ge ion through an umbrella-flip transition, which in turn modifies the optical properties
[90]. Further studies complemented these experiments in other material domains or
advanced technologies. Some of them include ultrafast femtosecond characterisation of
their crystallisation properties [45] and a study of the local structure and nanosecond
recrystallisation dynamics in other PCMs such as AgInSbTe [20]. A recent report in this
direction showed how the optical functionality of GST can be modified without changing
the lattice because the optical response is decoupled from the structural order [116]. This
important result shows how electronic relocation within the atomic lattice takes place
slowly—picoseconds to nanoseconds—while the optical properties, i.e. dielectric constant,
change in a femtosecond scale as the ultrafast pulse breaks the resonant bonding even

before any atomic structure change. Moreover, it explores the possibility of realising data
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storage using different optical properties in the same lattice structure by demonstrating

several different stable amorphous states.

In parallel to these attempts to understand the intrinsic nature of PCMs, the advent of
nanotechnology meant an imminent miniaturisation of PCM-based devices into electronic,
photonic and electro-optic CMOS compatible devices [10, 12]. Smaller GST junctions are
now investigated under many kinds of conditions [8, 14]. Faster lasers, better electronics,
and faster detection have led to a better understanding of materials in general. Focusing
only on all-optical applications, the most important applications proposed so far are

introduced below.

2.4.2 All-optical computing using PCMs

Notwithstanding the extensive and well characterised use of PCMs in neuromorphic
computation by means of electrical switching (see Sec. 2.3.4), only one all-optical approach
has tackled the Von-Neumann paradigm by exploiting the accumulation properties of
GST [117]. The experiment consisted of a pump-probe setup in which femtosecond pulses
perpendicularly incident on a GST thin film induce phase switching while reflectance
is constantly recorded as shown in Fig.2.7a. Using a similar approach in the electrical
domain [42], the phase state of the material interacting with the light pulse is transformed
from the amorphous to the crystalline state in small (SET) steps, depending on pulse flu-
ence. This occur until a fixed number of pulses—under exactly the same conditions—have
induced full crystallisation and the maximum in reflectance is reached. A shorter and
more energetic pulse is subsequently applied to RESET, i.e. to reamorphise the material.
The number of steps used in the SET transition establish a basis for calculations once a
reflectivity threshold is fixed (see Fig.2.7b). Hexadecimal arithmetic was proposed in
this work, where the four fundamental mathematical operations are demonstrated by

means of counting the number of incident pulses and the number remaining to reach the
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maximum reflectance.
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Figure 2.7: Optical computing using a uniform GST layer. a) Experimental setup scheme.
b) Change in reflectance as a function of the number of pulses with a threshold defined to
realise sum and multiplication in base 10. Adapted with permission from [117]

This optical computing approach is very impractical from the point of view of a technolo-
gical application. To carry out multiple bit processing, the sample or the pump laser
has to be moved from one spot to another, or many lasers and detectors are required for
each independent computing cell. However, it showed key capabilities of these materials

in non-von Neumann arithmetic.

2.4.3 Nanophotonic circuits based on PCMs

The advent of photonic technologies in the last decade, coupled with advances made
in nanofabrication capabilities, has created a growing need for, and a drive to discover,
practicable all-photonic memories. The search for new architectures to exploit the
memristor-like properties of materials such GST have resulted in the implementation
of on-chip photonic circuits evanescently coupled to PCMs to provide a platform for
data storage and possible optical computing. From the coupling between the optical

mode propagating along the waveguide and the PCM, dynamic changes in the optical
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transmission are expected as result of Joule heating (See Fig.2.8) [26].

(b) GST

SiN

Coupling Gap

(¢) Amorphous Crystalline

1w ]

Figure 2.8: 3D scheme of a hybrid nanophotonic-chalcogenide circuit. (a)Schematic
overview of the optical memory element. (b) Cross section view of the coupling region
showing the GST covered section of the SiN waveguide. (c) The calculated modal profiles of
the 700 x 330 nm? waveguide cross-section (white rectangle) with 10 nm thick GST on top
(not visible due to the dimensions of the waveguide), when the GST is in the amorphous
state (left) and the crystalline state (right). Adapted with permission from [26].

=

Using the same evanescent-coupling principle, first experiments in this direction led
to the development of optical gate switches using GST junctions integrated with Si
nanophotonic waveguides [49, 118]. The same group, at Keio University, has also, and
more recently, demonstrated experimentally a Mach-Zehnder interferometer switch based
on GST [119]. In these contributions, the transmission of the infrared mode confined

within the waveguide was significantly altered as the attenuation increased when taking
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GST from the amorphous to the crystalline state. The phase switching was obtained
by means of external laser pulses but its reversible switching was not demonstrated,
i.e. only the amorphous to crystalline transition was obtained. This is a slow and low-
energetic transition achieved by just heating up the material over 150°, contrary to the
reamorphisation that requires short and high-power pulses to quickly melt-quench GST.
Further work showed transmission modulation using the volatile PCM VO, [120, 121]. By
sending external diode-laser pulses on top of the VOs junction, the temperature resulting
from Joule heating led to the modulation of the refractive index of the material. The
modulation in this case was dynamically demonstrated as a function of fluence. However,

the volatile nature of this material did not allow for long-term state retention.

In 2012, the first theoretical proposal of a fully photonic non-volatile memory reintroduced
PCMs to data storage, this time using nanophotonic circuits [26]. By placing a section
of GST on top of a micrometric ring-resonator, optical switching was computationally
predicted. From the changes in the quality-factor (Q-factor) and the resonance frequencies
upon switching between the two crystallographic states of the GST, a binary memory was
proposed. One year later, the experimental verification of these numerical simulations
was carried out. Using annealing to switch between states, the attenuation coefficient was
calculated for GST as a function of the section size, and the optical switching was demon-
strated by measuring ()—factor, resonance and extinction ratio in race-track resonators,
along with other architectures including Mach-Zehnder interferometers [27, 122]. Optical
switching in race-track resonators was also independently demonstrated by switching
between states—in a reversible way—with external (i.e. out of the chip) laser-pulse
irradiation [28]. Moreover, a proper understanding of the temperature-induced refractive
index fluctuations, the thermo-optical effect, was essential for controlled and optimised
device operation, especially in the optical domain. In this direction, the first compre-

hensive light-matter interaction study carried out within integrated circuits was recently
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presented in [99]. This study provides new and important tools to understand the physics

behind this kind of device.

In spite of the novelty of the advances described above in merging photonic circuits
and PCMs, the lack of an integrated method to switch the GST back-and-forth has
limited their applicability. The use of external pulses or static annealing to induce phase
switching are not efficient when thinking about future computational architectures where
large amount of data must be stored and processed at high frequencies. However, in 2015,
the first all-optical memory using PCM with complete on-chip operation was achieved.
These achievements are presented within this thesis, described in detail in Ch. 5, and are

summarised in [67].

2.4.4 Colour modulation

Regardless of all the attention that PCMs have drawn and the increasing interest of
the scientific community in the optical properties of PCMs, it was only in 2014 when
an optoelectronic framework enabled by GST thin films was demonstrated to exploit
the colour variations induced by the GST refractive-index modulations [33], as shown
in Fig.2.9. This work represents the first applications of phase-change materials in
colour-related technologies. Follow-up papers have been published in 2015 and 2016
showing a similar structure with optimised physical parameters [123]. Other recent
contributions feature: switching using femtosecond laser pulses to locally modulate colour
instead of using electrical currents [70]; a double layer of GST to generate three colours in
one sample [74]; colour modulation via electrothermal switching [124]; and colour-depth

modulation [125], which is part of this thesis and is described in detail in Ch. 6.

Created out of thin multilayers in either continuous films or nanopillars, an optical cavity

ITO - GST - ITO on top of a mirror enables dynamic reflected colour selection as a
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Figure 2.9: Colour modulation using GST. a) ITO-GST-ITO optical cavity on top of
a metallic mirror. b) Examples of different colour variation as a function of the GST
crystallographic states and bottom ITO thickness. Adapted with permission from [33].

function of the bottom ITO thickness and the crystallographic state of GST, as shown
in Fig. 2.9a. Moreover, by using the conductivity properties of ITO, a current can be
induced by inserting a high voltage between an Atomic Force Microscope (AFM) tip and
the bottom ITO. This way, local phase-change switching takes place and micrometric size
images with nanopixel resolution were written pixel by pixel on top of the continuous
layers or nanopillars, as depicted in Fig.2.10. Furthermore, as the devices comprised
only thin multilayers [54], flexible devices were also fabricated. Finally, by using cross
bars of ITO and GST at the intersection, nanopixel sizes down to 300 nm were obtained,

as shown in Fig.2.10d.

Resonators made out of transparent and thin absorber layers had been used before but
with a passive metal, such as silver; in this way, nanopixels are obtained but with fixed
colour [55]. Other approaches, such as plasmonic absorbers [126] and aluminium nanorod

structures [60], exhibit colours with an ultra-high resolution lying on the nanometric
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b)

OXFORD

Figure 2.10: Display technology demonstration. a) Scheme of an electrical switching
locally induced on GST by means of an AFM. b) Example 70 x 70 ym images written on
top of continuous layers of GST. ¢) Demonstration of reflective colour using a GST-based
sample on flexible substrates. d) 300 nm nanopixel using ITO-GST-ITO cavities in a cross
bar structure. Adapted partially with permission from [33].

scale but also with the disadvantage of presenting a unique colour pattern that cannot

be switched.

The ability to switch between colours on such a scale and on flexible substrates holds
promise for large advances in display technology with ultra-high definition. However,
further studies need to be done, especially towards transmission-mode operation and

better wavelength selectivity.
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2.4.5 Optical metadevices and plasmonics

Metadevices using PCMs and featuring plasmonic-enhanced phenomena in waveguides,
nanoantennas, and absorbers; as well as reconfigurable surfaces and photonic crystals,
have been explored in recent research papers. Most of them describe new concepts that
make use of PCMs for active tunability; however, very few have been experimentally
realised and even fewer have achieved reversible back-and-forth switching. Fully reversible
optical switching between the amorphous and the crystalline states has proved difficult,

yet possible.

Metamaterials

In 2008, GaAs-based chalcogenide materials were used to tune a photonic crystal bandgap
by employing a laser [127, 128]. Although the material did not present a non-volatile phase
change, it was photosensitive, i.e. its refractive index changed dynamically depending on
incident laser intensity. This meant that as the refractive index was locally modulated
the bandgap of the crystal was tuned to different frequencies while the light source
was kept on. This experiment was one of the first approaches towards wavelength
tuning and unique optical responses using chalcogenide-based nanostructures. The use
of non-volatile phase-change materials, on the other hand, is still challenging due to
complicated reversible switching. Nonetheless, multiple theoretical approaches have been
realised towards tuning reflectance and absorptance spectra with multiple geometries
[129, 130, 131, 132, 133}, and also in other applications, such as tuning the emission
spectra of quantum dots [134]. The experimental control in an all-optical fashion has
been relegated to fewer contributions. One example is the demonstration of stacked
metallic nanorods using two enantiomer configurations, with a layer of PCM (GesgShyTeg)
in between, which allowed for the first switching of a chiral metamaterial [135]. Also,

the first experimental demonstration of a switchable perfect-absorber with potential
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application in thermal imaging was presented in [136].

Plasmonic nanoantennas

Metallic nanostructures with simple geometrical shapes such as rods or squares, or
more complicated such as bow-tie or yagi-uda configurations, have been widely used as
nanoantennas to enhance optical modes by means of plasmonic resonances [137]. The
field enhancement at the tip/gap/edge is strongly dependent on the refractive index of the
materials used for the resonators and substrates. Because of this, switching between the
amorphous and the crystalline phase permits a modulation that can be applied to change
the typical resonance frequency, and thus the extinction cross section, of a particular
nanoantenna when placing PCMs underneath, on top, or in the centre of the structures. In
this direction, a first contribution demonstrated that GST and InSb layers can be used to
tune the resonance in the infrared spectrum [138]. By depositing layers under the metallic
resonant structures, the authors were able to find a blue-shift in the resonance peak when
switching from amorphous to crystalline GST and a red-shift when realising the same
switching with InSb. Nevertheless, the phase switching was done statically by annealing
the sample, which is a strong limitation in terms of applicability. A similar configuration
use nanoantennas on top of thin-films of non-volatile phase-change materials to modulate
the extinction cross section [139, 140]. However, with the growing understanding of the
optical properties of GST (as the most representative of all PCMs), new demonstrations
of all-optical reversible switching of nanoantenas employing GST have emerged. Devices
modulating the infrared spectrum [141, 142], as shown in Fig.2.11, have been proposed.
In particular, in [141], the switching is carried out with femtosecond laser pulses following
a fixed protocol including many pulses during recrystallisation, which opens the way to
real dynamic modulation with a reversible and controllable method. Dynamic modulation
of plasmonic nanoantennas has been achieved also, and in a fully functional fashion, by

using volatile phase-change materials such as VOq [143, 144, 145]. The technological
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applications of these nanoantennas in photovoltaics, light emission, nanoscale imaging,
and spectroscopy [137], plus the potential of quantum dots and photonic crystals, makes
desirable having further active resonance-frequency tuning. This, in turn, would enable
nano-optical devices with novel active functionalities; which is why exploiting PCMs in

such structures has witnessed fast growth within the last few years.
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Figure 2.11: Reflectance variations as a consequence of resonance frequency modulation
in nanoantennas using PCMs. a) Scheme of the different configurations where the nanoan-
tennas are on top, inside and below the PCM. b) Experimental vs. simulation results for
GST and InSb. Adapted with perission from [138]. Copyright 2013 American Chemical
Society.

Plasmon- and phonon-polaritons

Plasmonic waveguides are structures that guide the electromagnetic waves that propag-
ate at a metal-dielectric interface, known as a surface plasmon-polariton (SPP). Such
waveguides can be made with a smaller footprint compared to dielectric waveguides
for photonics. In analogy to photonic waveguides, as described in Sec. 2.4.3, “active
plasmonics”—where the wavelength of the plasmon on the waveguide is tuned—can be
achieved by introducing optically activated chalcogenides [146], including phase-change
materials. By placing nanoscale junctions of PCM next to the plasmonic waveguide, it

was possible to optically switch GST and thus control the transmission[147].
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By replacing the metal in the plasmonic waveguides by a polar crystal, surface phonon-
polaritons(SPhP)—the infrared counterpart of surface plasmon-polaritons—can be op-
tically excited at the interface with a dielectric. In particular, using an ultra-thin layer
of GesSbyTeg deposited on top of quartz, it was demonstrated that the SPhP can be
strongly confined on the quartz surface, while sub-wavelength resonators can be created
by locally switching the active PCM. This approach allows for changing the functionality
of the nanostructure in a non-transient manner and represents a novel rewritable platform

for nanoscale optical components [148].

Reconfigurable photonics

Optically reconfigurable photonic devices using phase-change materials were demonstrated
using GeyShoTes [29, 149]. Patterns that can be written-erased-rewritten are transferred
to a multilayer stack—including the PCM-— by using fs-laser pulses to locally switch
the GST between the amorphous and the crystalline state. By doing so, the refractive
index of the “metasurface” can be modulated and this, in turn, can be exploited to create
functional patterns such as holograms, bichromatic and multi-focus Fresnel zones, and
super-oscillatory lenses. In a similar approach, another novel hybrid planar lens was
proposed to engineer the phase front of light with phase-change material based planar
lenses. It consists of an array of slits which are filled with phase-change material (GST
in this case). By varying the crystallisation level of GST, the Fabry-Pérot resonance
supported inside each slit can be spectrally shifted across telecom wavelengths, which

results in a transmitted electromagnetic phase modulation [150].
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2.5 All-optical memories and computation

The exploitation of photonic technologies, coupled with advances made in nanofabrication
techniques, have offered new tools in the search for practicable all-photonic memories [40],
although the implemention of such memories on-chip and their non-volatile operation has
been an elusive goal. So far, on-chip memories based on coupled micro-ring lasers [35]
and tunable photonic crystal cavities [34, 37, 151] have been volatile (or transitional),
i.e. data is retained only for a short period. Other approaches allow read-only memories,
thus losing any processing capability [152]. This is the same situation for semiconductor-
based memories converting photons into electron-hole pairs that are locally stored in
a quantum well laterally modulated by a tunable electrostatic superlattice [36] and
for flip-flop memories based on modulation of resonances within microdisks [38] and
Mach-Zehnder interferometers [153]. In 2016, an optoelectronic approach claimed to
have built a non-volatile multi-level photonic memory based also in semiconductor-based
micro-ring structures [154]. However, this memory operates by electrically controlling
the refractive index of n-doped poly-Si waveguides by applying voltages up to 20 V. In
this memory, the information stored can be affected by another external electric field
that can alter the static electric field generated by the induced charges. Moreover, the
long-term (days) non-volatility thereof is in doubt and not further discussed in the paper.
The only remaining approach proposed for a fully optical non-volatile memory, but
not on a silicon-on-insulator chip, compromised complicated light-driven nanocrystals
up-conversion by inducing atomic transitions within well-established electronic levels
[155]. More recent publications have approached this problem by using phase-change
materials in such a way that both on-chip and non-volatile memories can be fabricated,

as described in Sec.2.4.3.

In combination with optical interconnects, photonic data storage would drastically im-
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prove performance in existing computing architectures [156] by greatly reducing latencies
associated with electrical memories [101] and potentially eliminating power-consuming
optical-electrical and electrical-to-optical conversions [34]. Including multi-level access
would allow for leveraging even greater computational capability [155], in particular for
all-optical parallel and non-von Neumann arithmetic processors [157, 158]. Consequently,
future supercomputing needs optics [39, 159] and recent progress has shown that it is
feasible not only with classical photonics in “conventional architectures”[160]—binary
computation—but also in neuromorphic computing schemes [161], and in quantum
architectures [162]. The single-chip microprocessor that communicates directly using
light, demonstrated in [160], represents a milestone towards all-photonic processing and
the beginning of an era of chip-scale electronic-photonic systems with the potential to

transform computing.

If phenomena that are unique to optics are harnessed, it would create new exciting fields
of research. In this respect, intrinsic classical and quantum properties such as orbital
angular momentum [163], polarisation, and light-matter interactions [117, 164], should
be exploited. All-photonic applications are desirable but so are architectures where
processing is done with photons and storage with atomic media. Despite the lack of a
robust and reliable architecture that can deal with computation at the level that is done
electronically, plenty of options are at hand and future research will therefore bring a
fierce competition aiming for the best device in terms of efficiency, speed, and reliability.
In this regard, phase-change materials are potential candidates to overcome the current

problems, as will be described in Sec. 2.4.2.
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Chapter 3

Integrated photonic circuits:

Theory, design, and nanofabrication

This chapter contains the theory, design, and fabrication of integrated circuits for nano-
photonic applications, including the basic formulation of light-matter interaction between
an electromagnetic mode and absorptive materials placed onto the waveguide. Moreover,
the finite-element method (FEM) modelling of electromagnetic modes within photonic
circuits is presented as a tool to optimise the circuit geometrical parameters. Finally,
this chapter describes the chip CAD layout design and the process followed for the

nanofabrication of the photonic chips used in the measurements realised in Ch. 5.

3.1 Fundamentals

In analogy to electronic circuits, silicon-based integrated circuits for photonic processing,

or simply (nano)photonic circuits, are devices that confine, guide, and manipulate light
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within transparent waveguides that are patterned on a chip [165]. Such circuits have
witnessed a growing demand, development, and both intellectual and financial investment
given their projected—and to some extent, current—potential on telecommunications
industry and fundamental science [40]. Micro and nanometric architectures using integ-
rated silicon photonics allows for all-optical functionalities [166], but also enables the
application of the interaction of light with mechanical [167], electrical [168], and magnetic
components [169]. This technology promises not only to increase functionality, density,
and to significantly reduce cost when comparing to free-space optical systems, but also to
overtake the speed, crosstalk, heat issues, and bandwidth limitation of electronic circuits
while adding parallel processing and extra degrees of freedom such as polarisation, orbital
angular momentum, and non-classical light sources/phenomena. Furthermore, silicon
photonics promises to be the platform for the desired all-optical computing, as discussed
in Sec.2.5. However, the progress towards new developments and commercialisation
is limited to the accessibility of manufacturing foundries and techniques, which are
challenging as the device complexity increases while price and robustness are yet not
comparable to that in the electronics industry [170]. Moreover, 2D photonic architectures
cannot yet offer circuit densities similar to those in Silicon electronics. Hence, the promise
of silicon photonics relies on those extra functionalities, as described above, that can be

harnessed in completely new technology beyond electronics.

3.1.1 Silicon-nitride for optical applications

Silicon-on-insulator (SOI) technology is extensively used as platform for photonic circuits
[40, 171, 172]. However, due to the shortcomings of Si in very specific applications in
terms of bandwidth—it is not transparent in the visible spectrum; electrical properties—it
is an insulator; and mechanical properties—it is rigid, other materials are also employed
as alternatives. This is the case of silicon nitride (Si3/V,), whose bandwidth is broader

expanding to the visible, and aluminium nitride (Al/N), whose mechanical properties
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allows for on-chip opto-mechanics [172].

In this thesis, particular attention is paid to silicon-nitride (Si3Ny4) on insulator (SiOs)
wafers as this is the substrate used in the fabrication process described in Sec. 3.3.
SizNy is chosen given its optical transparency spanning from ultra-violet to far-infrared
wavelengths [173, 174]. The refractive index for the visible spectrum can be calculated
from the dispersion relation given by the Sellmeier equation (n & 2 for the whole visible)

[175]:

289392
N =1 pr 3.1
Y J T2, = 0019508° (3.1)

where A, is the wavelength given in microns. Furthermore, this material has a refractive
index of n = 1.977 for A = 1550nm in the infrared telecommunication band [176]. This
value for the refractive index allows for good optical confinement and waveguiding, given
the large contrast with respect to the refractive indices of the interface materials: air
(n =1) and SiOq (n = 1.54) [177, 178, 179]. This wafer, created by means of low-pressure
chemical vapor deposition, offers also a smooth surface which minimises scattering losses

at the interfaces[180].

3.1.2 Channel waveguides

Waveguides are for photonics what wires are for electronics. On-chip silicon-based channel
waveguides allow the light propagation, manipulation, and connectivity within photonic
devices, the reason why they are also known as photonic circuits. There are two main
geometries: rib (partially etched) and ridge/slab (fully etched) waveguides, as shown in
Fig.3.1. They confine electromagnetic waves in a two-dimensional core whose refractive
index is larger than that of the surrounding materials (cladding and/or substrate), whilst

the wave propagates in the third dimension (z-direction by convention) [181].
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Figure 3.1: Geometries of Silicon-nitride nanophotonic waveguides: (a) rib and (b)
ridge/slab waveguides.

Considering the geometries shown in Fig. 3.1 with xy confinement, defining ¢, as the
dielectric constant in vacuum, and having non-magnetic (i.e ;4 = 0) materials with electric
permittivity €,, = eoe, then, the electric E(x,y,z,t) and magnetic ﬁ(x,y,z,t) fields
inside the waveguide, assuming time-harmonic fields and propagation in the z-direction,

are given by:

where 3,,, = 27” “Neffmn 18 the propagation constant of the mode m,n € N in the
z-direction and satisfies k = ET + Bm.n 2 with the transversal propagation constant defined
as ET =k, 2+ kyy. T, 9y, and 2 are the unit vectors in the three orthogonal Cartesian
coordinates. \ is the wavelength in vacuum. &, (z,y) and Hyn(z,y) are the spatial
vectorial amplitudes given by 5mn(1', Y) = Epmn(T,Y) T+ Eymn(T,y) §+ Espn(x, y) 2 and
ﬁmn(x, Y) = Homn(2,y) T+ Hymn(2,y) §+ Hazmn(z,y) 2. The indices m,n in Em and
H,un characterise all the possible electromagnetic modes allowed in the waveguide. In
particular, if rectangular waveguides (rib waveguides, for instance) with dimensions W

and H in the x and y directions, respectively, are considered, then the modes m, n satisfy

m-A=2-Wandn-A=2-H.
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From Maxwell’s equations, it can be demonstrated that the electrical field E(x, Y, z,t)

follows the wave equation

325(36, Y, z,t)

= (3.3)

VQE(x, Y, 2, ) = [oEoE

The magnetic amplitude, on the other hand, can be found using the result for E (x,y,2,1t)
and using Maxwell’s equations from

- 82ﬁ(x,y,z,t)

V x E(z,y,2z,t) = —po 52 (3.4)

The problem can be reduced to finding the amplitude 5mn($, y) and the propagation
constant f3,, ,. By replacing the ansatz in Eq. 3.2 into Eq. 3.3, the Helmholtz equation is
obtained [182, 183]:

V%gmn@?y) — (B — kgnf)gmn(x, y) =0, (3.5)

where V2 = & 4 g—z, k2 = w?lgeg = w?/c? = (2m/Xo)?, and n; = \/&;, where i = 1,2, 3
represents the three different materials for core, cladding, and substrate. Two important
situations are of particular interest. When &, ,,,, = &y mn = 0 and H. iy = Hapn = 0
the so-called transverse electric mode (T'E,,,) is obtained (i.e. there is an electric field
parallel to the substrate, and a magnetic field perpendicular to the same). On the other
hand, the transverse magnetic mode (T7'M,,,) is found when the inverse situation takes

place.

The coupling between the amplitudes in x and y coordinates due to the two-dimensional
confinement and the non-symmetric geometries of both rib and ridge waveguides means
that the Eq. 3.5 has no analytical solution. For an exact calculation of 1§ m,, numerical

calculations need to be done. However, a good approximate solution can be obtained
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from the effective-index method (EIM) presented in the following section.

3.1.3 Effective-index method

The formulae for the effective refractive index of channel waveguides have no exact
analytical solution. Instead, modelling, such as the finite-element method, has to be
employed to obtain an exact numerical value, as done in Sec. 3.2.3. However, an analytical
approximation can be obtained by using the exact solutions for optical modes in step-
index planar waveguides (one-dimensional waveguides), which can have the two following

configurations [40]:

Symmetrical Anti-symmetrical
No ns
ny Th n1 Th
Mo Ny

Eq. 3.5 for a symmetrical planar waveguide, which is infinite in x and confined only in y,

takes the form [40]:

V2En(y) — (B2 — k2n)Em(y) = 0, (3.6)

In particular, considering only the TE fundamental mode where &,,(y) = & (y)z, Eq.3.6

can be rewritten as the scalar unidimensional differential equation

I*E(y)
oy?

— (B = kgn)Em(y) =0, (3.7)
whose analytical solution is given by

E(y) = AetVF -y, (3.8)
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Eq. 3.8 corresponds to an oscillatory (wave) solution with amplitude A only if % — k2n? <
0, which implies that 3% < k?n?. Thus, by replacing 8 = kone.s; = kony sin6; with 6,
being the angle of propagation between k with respect to the y axis, the inequality
becomes nq|sinf;| < n;. In the core with ny, this relation always holds. Therefore, a
wave propagating in z is obtained in this region. However, to obtain a guided mode, a
repeatedly reflected wave inside the core has to have constructive interference with itself.
For this to happen, the field in the cladding and substrate should be an evanescent wave,
i.e. propagation must be forbidden by total internal reflection. This is n|sin ;| > n; for
i = 2,3 so that Eq. 3.8 becomes a decaying exponential (+ sign is physically forbidden).
Thus, the coupling angle should be larger than the critical angle 6; > 6. = sin™!(n;/n;).
This is the reason why the contrast between the refractive indices of the core and the
surrounding has to be as large as possible. In the case of Si3Ny with air (ng = 1) as a
cladding, 0. ciadding = 9.75°. For SiOy (ng = 1.44) as substrate, 0, sups = 35.8°. It is thus
easier to overcome modes leaking towards air than to the substrate. Considering a guided
mode with propagation angles over the critical angle and the centre of coordinates for y

at the centre of the core of width h, the Eq. 3.2 for the three regions can be written as

A gq € Pmn 2=wb) g=ketaa (Y+h) 3 y>h/2, cladding
E_:(aj’ y7 zZ, t) = Acore ei(—kcor'e y+ﬁ'm,n zZ—w t)j\j’ _h/2 S y S h/2’ core (39)
Agyps €/ Bmm 2w ) ghsubs (y+h/2) 3. y < —h/2, substrate

where, A is the amplitude given for the three materials, kecore, Keaq and kgups are real

numbers (in the case of dielectrics) given by kgeq = /% — kin3, keore = \/kEn3 — (2,

subs — 2 9+ i ig.3.2.
and k \/ 82 — k3n3. The three fundamental TE modes are plotted in Fig. 3.2

The boundary conditions imply that both the electric field and its derivative %—f are

continuous at the boundaries in y = £h/2. From studying the fields at the boundaries,

the amplitudes A; can be calculated as well as the eigenvalue equations for these TE
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TEy TE, TE,

3

Figure 3.2: TE modes in an anti-symmetrical planar waveguide with ng > ns.

guided modes, which are given by [40]:

tan (kon1h00591—m7r> _V sin? 01—(n2/n1)?

2 cos 01 for symmetrical waveguides

(konihcos €y —mm) = for anti-symmetrical waveguides
1 sin? 61 —(n2/n1)? 1 sin? 01 —(n3/n1)2
tan |: cos 61 ] + tan |: cos 61 )

(3.10)

where m = 1,2, 3..., M4 are the number of modes. Moreover, the symmetrical TM

mode is also (which is relevant in the following analysis) given by

ta (/{:Onlh cos By — m7r> \/(nl/n2)2 sin? 0, — 1)
n Pt

2 (na/n1) cos 6, (3.11)

From Egs. 3.10 and 3.11, the propagation angle # is calculated, which allows to calculate
the effective refractive index for ridge waveguides with propagation in the z-direction,

and therefore the propagation constant by using:

2
B = konesp = Tﬂm sin 6 (3.12)

This is done by decoupling the two-dimensional geometry into one vertical (symmetrical
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3.1 Fundamentals

with infinite extension in y and z) and one horizontal (anti-symmetrical with infinite
extension in x and z) planar waveguide. The eigenvalue equations can be solved first
in one direction and then in the other, taking the effective index of the first as the

value for the core in the second. For rib waveguides, the decomposition includes three

W

n3
| oLl ™
n: e H . n

Find n., for TE mode Find n, for TE mode

¢ Find n. for TM mode
(waveguide rotated 90°)
| II 11T
Anti-symmetrical Anti-symmetrical Symmetrical

Figure 3.3: Decomposition of a two-dimensional rib waveguide into three planar wave-
guides for the effective-index method of analysis.

planar waveguides, two in a similar way as for ridge waveguides and one more that gives
account of the planar region that consists of the same material as the core, as depicted
in Fig. 3.3. In this case, which is the case study in this thesis, the eigenvalue equation
for the horizontal anti-symmetrical planar waveguide (I) provides the nc.,, used as
effective index for the core in the symmetrical vertical planar waveguide (III). Moreover,
the solution to the horizontal anti-symmetrical waveguide for the planar region in the
core (II), nessyp, is used as the refractive index of cladding in III. Thus, the solution of
the symmetrical planar waveguide in III—for a TM mode, as the waveguide is rotated
by 90°—, using the corrected indices found in I and II, provide an approximate value

for the total effective index of the rib waveguide. This method, however, may become
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inaccurate when there are poorly confined modes (i.e. low contrast between the cladding

and core refractive indices), or for large index steps [40].

3.1.4 Single-mode rib waveguides

For channel waveguides, the geometry of the problem is not as trivial as for planar
waveguides. In the previous section it was shown how EIM needs to be used to bypass
the lack of an analytical solution by using the eigenvalues for one-dimensional waveguides,
given in Eq. 3.10 and Eq. 3.11. For such planar waveguides, an estimation of the maximum
number of modes (M4, )that can propagate within a core of thickness ¢ is analytically

given by|[40]

konit cos 0] — Mynaz™
2

= 0. (3.13)

A relation of this kind is not achievable for rib waveguides. In fact, although these
waveguides are in practice commonly claimed to be single-mode, what really happens—by
correctly designing the waveguide—is that higher-order modes leak out of the waveguide
over short distances leaving only the fundamental mode propagating. An estimation
based on the geometrical parameters of the rib waveguide has been proposed using EIM
and the eigenvalue equations for planar waveguides [40, 184]. Considering waveguides
with a width W, thickness ¢, and etch-depth H, as shown in Fig. 3.1 and 3.3, single-mode

propagation can be obtained if the following conditions are fulfilled [40]

H 2 H
)\§<t+ ) %+1 or W< tt+ H) )
2 VW VN2 + (t+ H)2

(3.14)

This equation is valid for shallow etched ribs (down to half of the total thickness) in
order to cut off modes other than the fundamental vertical mode, and make the rib a

single-mode waveguide. Nevertheless, the parameters used in this thesis W = 1300 nm,
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t = 330nm, and H = 165 nm do not satisfy this inequality as A < 255.35nm should
be used, or considering A\ = 1550nm, a width W < 53.4nm. However, this geometry
is chosen given that it offers low attenuation by the SizN,, which is preferred over
single-mode guiding in the application presented herein. Moreover, the measurements
are carried out for a single, or maximum two counter-propagating waves, thus not having
no problems with dispersion effects. Multi-mode allowable structure with larger width

(thus, easier to fabricate) and small thickness (330 nm) were considered.

3.1.5 Bragg-grating couplers

In-plane techniques, such as putting together optical fibres to ends of the channel
waveguide (aka. butt-coupling), using fibre taper coupling, and focusing micro-lenses,
allow for coupling efficiencies as high 70% [185, 186, 187] and no much more coupling
bandwidth restriction beyond that of the waveguides themselves. However, due to the
sophisticated alignment requirements, these solutions may imply that fibres and/or lenses
have to be glued to the integrated channel waveguides, thus hindering the access to large
number of devices on the same chip. Out-of-plane coupling techniques, on the other
hand, offer the advantage to readily access every device at the cost of lower efficiency,
given to reflection and scattering effects. However, in order to couple to the guided mode
in the channel waveguide, a phase-match condition has to be fulfilled. This means that
the phase velocities in the direction of propagation (z direction in cartesian coordinates,
by convention) has to be the same between the incident beam and the guided mode
[40, 187]. This is, however, not possible by shining light directly onto the waveguide
because the propagation constant of any radiation mode is always smaller than the
propagation constant of the guided mode (due to the higher refractive index of the core
compared to the surrounding). Nonetheless, this can be overcome by using a prism
or a grating to guarantee the optical phase-matching between these two modes. The

bandwidth for out-of-plane coupling will be limited to those wavelengths that fulfill the
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phase-matching condition, which is a very limiting condition of this method. Prisms
on top of the waveguides [188] have been used, reaching theoretical efficiencies of up
to 94%. In spite of that, the most common approach is to align the input and output
optical fibres to Bragg gratings on both extremes of the on-chip photonic devices. Bragg
gratings are chosen given that they can be patterned in the same process, together with
the waveguides. Simple fabrication means that it is possible to write several Bragg
gratings within a chip, which is much easier than placing a prism on top of each of them.
Using this approach, efficiencies up to 30% and 50 nm bandwidth have been reported
(177, 189, 190].

waveguide

Figure 3.4: Grating coupler sketch. n; and n, are the refractive indices of the incident
medium and the material of the grating, respectively, p is the period of the grating, 8; and
0, are the incident and reflected angles.

For a uniaxial periodic grating with period p along the z-direction, as sketched in Fig.3.4,

optical phase-matching takes place if [183]

2
i sin 0 + T — 8, (3.15)

where n; is the refractive index of the incident medium (i.e. the medium on top of the
grating, in which the incident beam propagates), 6; is the incident angle, m € N is the

diffraction order, and \q is the incident wavelength. g = %\—”nef s and k; = ?\—”nz are the

propagation constants inside the waveguide and for the incoming light, respectively. ns¢
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3.2 Guided-mode coupling to absorptive media

is the effective refractive index, as explained in the previous section. By replacing 5 and
k; into Eq. 3.15, taking m = 1 (first diffraction order), and considering air as the incident

medium (n; = 1), the period p to couple a wavelength \. is given by

Ac
— _ 3.16
b Neff — sind; (3.16)

Therefore, by choosing A. (the central wavelength), n.ss, and the angle of incidence, the
period of the grating to be used in the fabrication and experiments can be determined.
In particular, A, is chosen within the range 1535 — 1610 nm. Also, the commercial 8°
angle-polished connectors (FC/APC), at the output of fibre, are used to direct the light
onto the waveguide; therefore, §; = 8° (See Sec.4.3.1) as the fibre is tilted to match the
surface of the grating and minimise the separation between them. This angle is large
enough to avoid back reflections into the fibre, whereas high coupling is still achieved.
The problem of finding the grating period is then reduced to finding the n.s; of the
channel waveguide, which can be obtained from finite-element methods, as explained in
Sec. 3.2.3. Having the values for all the parameters, the period of a specific grating can
be calculated from Eq. 3.16. In order to find the electromagnetic modes and polarisations
that are coupled, a more exhaustive electromagnetic theory is required [191, 192, 193].
Lastly, other factors such as the fill factor (FF = (a — p)/p from Fig. 3.4), the taper
length and angle, the thickness of the gratings (¢), and the etched depth (d) impact
the overall efficiency of the coupling, yet conserving bandwidth [191]. In particular, the

fabrication details and parameters used in this thesis are found in Sec. 3.3.3.

3.2 Guided-mode coupling to absorptive media

Thus far, only dielectric materials have been considered, that is, materials whose electric
permittivity € € R.o. A more general analysis should include the case e(w) = &'(w) +

ie”(w), where €” is related to the dissipation (or loss) of energy by photon absorption
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in the medium. Semiconductors are good examples of such materials with large &”,
in which the photons are absorbed, exciting electrons from the valence band directly
into the conduction band. A complex permittivity, in non-magnetic materials (u = 1),
means that the refractive index given by m = /¢ also becomes complex in the form
n(w) = n(w) + ik(w) = (X)) = n(A) +ix(\). Phase-change materials are good examples
of materials having a complex refractive index, which in turn changes in both the real and
the imaginary part when switching between the amorphous and the crystalline state, as
shown previously in Fig. 2.4. k takes account of absorption and is known as the extinction
coefficient. Moreover, by knowing the x(\) of a particular material, the attenuation
coefficient () (given in dB per micron) for a particular wavelength A and per material

length unit can be calculated from

agg(N) = ——=—r(\) = 4.34—r(N). (3.17)

3.2.1 Evanescent-field variation in channel waveguides

In Sec. 3.1.2, the general electric-field formulation for channel waveguides was studied.
There, it was shown that, in order to calculate the effective refractive index, the problem
had to be reduced to a set of planar waveguides, whose electric field is given by Eq. 3.9.
Pursuing a conceptual-only analysis of the problem, a similar solution for the TE electric

field in the core and the cladding of a channel waveguide can be approximated to

_ Ao ei(k)z,clad T+Bm,n 2—w t)g*ky,clad W+h) 5. y > h/2, cladding
E(z,y,2,t) x A
Acore el(kw,cov'e T+ky,core Y+Pm,n z—w t):%’ _h/2 S Y S h/2 core
(3.18)

The core confines an electric mode in z and y directions while propagating in the z-

direction. In the cladding, an evanescent wave is found to decay with ky qqq. If an
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3.2 Guided-mode coupling to absorptive media

absorptive material with m = n + ik is considered as the cladding, then

ky’clad - \//62 - k;;’o(n + lf{/)Q - k;,clad + ikg/;/,clad' (319)

tky.ciaa WM in the cladding

By introducing Eq. 3.19 in Eq. 3.18, a new propagative term e~
implies that the wave can couple to the absorptive material that is placed on top and
propagate inside. Moreover, the critical angle 6. = sin~'(n;/n;) will have a complex
component, which in turn implies that the effective refractive index becomes complex:
Neff = N1Sinby = Nesr + tkesr and so does the propagation constant 3 = ' + i5".
Therefore, by introducing the complex 3 into Eq. 3.18, the electric field in the core is

given by
— QRN ; - A
Ecore (Z.’ y’ 27 t) o< ACOT@ e 5m,nzel(kz,corﬁ .’E+k‘y,core y“l’ﬁm,n Z—w t)x’ (320)

which is decaying with 8" = kok.rs. The effective extinction coefficient k.py will then
determine the total attenuation inside the channel waveguide due to the presence of an
absorptive medium placed on top. When calculating the total effective refractive index
via numerical simulation, the net attenuation per micrometre length of the absorptive

material, similarly to Eq.3.17, will be given by

4
Qap(\) = 4.34 - T%ff@). (3.21)

The coupling with an absorptive material is not just evanescent in the sense of having
only a decaying field into the material. It is in fact a coupling between the propagating
mode and the material, within which the wave travels while experiencing attenuation.
Whereas near-field interaction should be a more accurate name, this technique is broadly
known in fibre optics and integrated optics as evanescent-wave coupling [194], including

an entire field on evanescent-wave spectroscopy[195, 196]. When placing GST on top of
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SizNy, the coupling is strong. The real part of the refractive index in the cladding is
larger than the refractive index of the core (in most of the visible and infrared spectrum,
as shown in Fig.2.4); therefore 6. = sin~'(n;/n;) implies that the effective refractive
index has a large imaginary component (taking into account also that n; has already a
large imaginary part), thus presenting strong attenuation, particularly in the crystalline

state.

3.2.2 Electromagnetic heat transfer

As light is attenuated due to the coupling with a complex refractive index material,
energy is dissipated as heat. In a lossy isotropic non-magnetic medium, €” is a measure
of the ability of a dielectric material to convert electromagnetic field energy into heat
via displacement currents. Due to the complex dielectric constant (or permittivity),
the induced dipoles in the material present a polarisation that is not parallel, or even
randomly oriented compared to the electric field. Therefore, power dissipation takes
place which, averaging over time, represents the heat rate (Qgaipole = (Pp)). Assuming

time-harmonic fields, this rate takes the form [197]

oD

QEdipole = (Pp) = (E - Jaipole) = (E - E>

(3.22)

where J is the total current, E is the electric field, and D is the electric displacement, which
are vectorial functions of space and temporal coordinates, but whose notation is simplified
for clarity. Using the time-average theorem (R{Ae~™'} - R{Be *}) = IR(A- B*), where

R stands for the real part, the Eq. 3.22 becomes [198]
1 . * 1 . / - * 1 " *
Q Edipole = 53?{—2wD BT} = 5%{—%«}(8 +ie")E - E*} = Jue E-E". (3.23)

This last equation is the most general approach. In conductive materials characterised

by the conductivity o, the complex permittivity takes the form €’ = o/w. Then, by

o8



3.2 Guided-mode coupling to absorptive media

replacing this into Eq. 3.23, the heat rate takes account of Joule heating:

1 1
Qcond = 5%{E : J:} = §O'E - B (324)

Ohmic conduction is the primary source of heat generation in materials. In this case,
ohmic currents are induced inside the medium by capacitive coupling with an electric
field, thus dissipating energy from the latter. Whether the heat source is given by an
electrical current or by an electromagnetic wave, the heat will spread over the whole
volume of the material, thus inducing different temperature gradients. This effect is
mediated by the specific heat capacity at constant pressure Cp, the thermal conductivity
kr, and density p of the material. The pure conductive heat transfer in solids for a

temperature 7' is given by the equation displayed in 3.25 [199].

Maxwell’s equations

VE -1 (c~i2)E =0

g = U(T) Qcond = %UE - E*
(3.25)
€= E(T) QEdipole = lwe"E - E

2
pCpE +V - (—krVT) = Q

Heat equation

This equation includes the heat source(s) @, which, in the case of electromagnetic waves,
is given by Eq.3.23, or by Eq. 3.24 if the absorptive material of study is also conductive—
crystalline GST, for instance. The coupling of these two equations through the heating
rates is a numerical problem of high complexity, which is even more challenging when

considering full coupling: as the material heats up, the material parameters change, as
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they are temperature dependent too, i.e. ¢ — o(T") and ¢ — (7). A diagram of the

equations coupling is presented in Eq. 3.25.

The numerical solution of these equations requires significant computational resources and
a powerful method to solve them. In the case of heat transfer to GST embedded in a rib
waveguide, which is the interest of this thesis, calculations are done using finite-element

method modelling in COMSOL multiphysics.

3.2.3 FEM Modelling

Realistic problems associated with electrodynamics involve complicated geometries, ma-
terial properties, and intricate calculations beyond those with analytical solutions—which
are few and for simplified ideal cases. Such problems require sophisticated numerical
methods and computational resources, given the level of complexity and heavy cal-
culations. One of those is the Finite Element Method (FEM), which solves partial
differential equations (PDE) without inherent geometric limitation [200] by projecting
the equations onto the nodes and edges of a three-dimensional mesh. This projection
is done by converting differential operators into sparse matrices that operate on the
fields (also matrices) that are discretised on the mesh, thus converting the problem

® is one commercial software

into a linear algebra calculation. COMSOL Multiphysics
that specialises on FEM solving for problems with any arbitrary geometry and under
different physical interactions. In particular, COMSOL offers great computational tools
for electromagnetic problems with its RF module and, more directly linked to optics,

with the Wave Optics module. Electromagnetic heat transfer can also be studied by

coupling Maxwell’s equations and the heat-transfer equation as shown in Eq. 3.25.

FEM on COMSOL Multiphysics® was used to understand the interaction between a

propagating mode, confined to a integrated waveguide, and a GST section placed on
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Figure 3.5: Guided-mode coupling to absorptive material: 2D and 3D simulation geo-
metries and mesh using COMSOL.

top. The simulations presented in this section and later in Sec.5 provided qualitative
and quantitative information that enabled the optimisation of parameters for the design
and fabrication; the calculation of physical variables such as the attenuation coefficient;
and a better understanding of the heat transfer to the GST. In particular, three different
types of simulations, 3D and 2D with two different transversal cuts, can be done to
approach the geometry of interest in this thesis, as shown in Fig. 3.5. Assuming always
propagation in the z-direction (as done for the theory in the previous chapter) and perfect
electric-conductor boundaries, two-dimensional simulations of the cross section—azy
plane— allows to find n.sy, therefore the attenuation coefficient of a particular waveguide
and whether TE, TM, or both, modes can propagate. However, the calculation will be
done assuming an infinite waveguide in the z-direction, including the absorptive material
capping. This implies that information about reflection and scattering when adding a

finite-sized element on top are lost. By taking the yz-plane, the actual propagation mode
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can be studied, together with the way it couples to the absorptive material. From this
study, a more realistic power transmission simulation can be done. However, it loses
geometrical information in the z-direction, i.e. it considers a slab waveguide rather than
a rib waveguide which has been etched down partially. A more complete study is possible
when considering a 3D simulation which gives account of the whole geometry and the
propagation depth. This simulation, however, demands more computational resources and
is not as straightforward. Whether 2D or 3D simulations are run, in any case, COMSOL
allows to study the electromagnetic mode, and also the thermodynamic coupling to the
absorptive material, thus enabling the study of heat exchange, temperature evolution,

and even, the phase change of the material.

Silicon nitride waveguides with GST junctions

Taking into account half-etched SizN, waveguides on top of SiOy, FEM analysis is useful
to find the modes propagating inside the bare waveguide and also, when placing the
10nm GST and a protective 10 nm of indium-tin oxide (ITO) on top. This has been
done previously in [201, 202] to study the influence of geometrical parameters on the
total attenuation. In those theses, the optimum geometric parameters for a TE-like
propagation were found to be: half-etched rib waveguides of 1.3 um in width for 330 nm
thick SigNy onto 3300 nm SiO, wafers. Such a set of parameters offers the modes shown
in Fig. 3.6, considering the GST refractive index shown in Fig. 2.4 and the ITO refractive
index in Ref. [203].

The horizontally extended geometry favours the TE mode, i.e. the TM does not propag-
ate for wavelengths around 1550 nm with the bare waveguide (nesrry = 1.42 < ng;o,).
However, when introducing GST, its strong refractive index allows the TM mode to
propagate, although very weakly (R(nesrrm) = nsio,). Experimentally, TM modes

are not obtained because the gratings themselves are optimised only for TE polarisa-
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Without Amorphous Crystalline

Figure 3.6: TE and TM modes for waveguides with GST in the amorphous and the
crystalline phase, and without GST. This simulation uses the geometry shown in Fig. 3.5a,
both black rectangles represent Si3Ny (there is a continuous boundary condition between
the two of them despite the way COMSOL draws the geometry with a line in between).
The waveguide is half-etched from a 330 nm SigNy wafer, the substrate is 3300 nm SiOs,
and the cladding is air.

Not guided

tion; therefore only this polarisation will be considered for the simulations carried out

in Ch. 5, where FEM modelling is done to study the coupling between the mode and GST.

The same parameters are going to be used throughout this thesis. Besides, and to
complete the computational characterisation of 7.fy = ness + ikesr, when GST is placed
on top, as a function of factors that can influence the fabrication and design, simulations
where done to study the influence of different wavelengths in the 1520 — 1620 nm range.
Results are shown in Fig. 3.7, where « is obtained from ks using Eq. 3.21. The results
show that there are no important changes in this wavelength range, which is due to
the flatness of the GST refractive index in this part of the spectrum. This results were

validated experimentally in [27].
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Figure 3.7: Effective refractive index (Tieff = ners + ir)and attenuation coefficient o
calculations for TE and TM modes in the C and L transmission bands. « is the attenuation
coefficient calculated from the imaginary effective refractive index keyy.

Moreover, in Fig. 3.8, the attenuation coefficient is studied as a function of the GST
cover width for A = 1550 nm. This is important to consider, given that the aim is to
use as low energies as possible and also, to have devices with small form factors. Non-
etheless, when such a dimension is smaller than the waveguide width, precise alignment
is required during the fabrication using e-beam lithography (See Sec.3.3). In the same
figure, the attenuation of a fully covered waveguide, including the side walls as sketched
in Fig. 3.8¢c, is taken into account as reference. This sort of geometry is frequently used
herein because of its simplified nanofabrication (long stripes do not need local marker

alignment), although it adds more coupling losses due to the side walls.

Given the shape of the TE mode (See Fig. 3.6), the coupling to GST becomes stronger as
the width increases. However, for GST thicknesses larger than ~ 0.9 um, the difference
in attenuation gets smaller, showing that this is the area where most of the energy is
delivered to the phase-change material. This effect is studied in Ch.5, where further

FEM modelling is done, focusing on the interaction between the light and GST.
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Figure 3.8: GST width effect on mode attenuation. a) attenuation coefficient as a function
of GST width for the amorphous and the crystalline states at A = 1550 nm. All stands for
a when the waveguide is fully covered with GST/ITO as shown in c¢). b) Cross-section
used in the FEM calculations when varying the GST width. ¢) Same as b) when the GST
covers the whole waveguide including side walls.

3.3 Fabrication overview

Silicon-nitride-on-insulator substrate wafers were chosen as the platform for the photonic
devices within this thesis. The low losses of this material—resulting from its transparency
in a wavelength-range covering from the visible to the far infrared—allow for devices with
large bandwidth operation [27, 178, 202]. Specifically, in this work, 330 nm stoichiometric
SizNy4 on 3300 nm buffered SiO, wafers were used. The whole fabrication process, including
the chip CAD layout design for the simplest memory element, is briefly described in this
section. Although more complex fabrication was carried out while exploring ideas for
devices, such as suspended waveguides, they turn out not to be the optimum solution
and were discarded. For more details, refer to [201], the Master’s dissertation written by

the same author of this thesis.
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3.3.1 Chip design

A Computer-Aided Design (CAD) was required for each layer of every chip that was
fabricated by e-beam lithography. For that reason, the software CADENCE Virtuoso®,
widely used for micro-electronics layouts and simulations, was used for multi-layer chip
design by means of scripts using SKILL programming language. This tool is necessary
due to the intricate geometries of the photonic circuit elements such as the Bragg-grating
couplers, beam-splitters, and bending waveguides. Moreover, a script-based CAD design
allows for better management of multiple layers and controllable sweeps of parameters,
such as the GST window size, which can be easily manipulated within loops. In the
practical implementation, a library containing most of the basic geometrical shapes,
elements, and photonic devices, was created and has been in constant development. The
library was based on the library built by Prof. Wolfram Pernice’s group at the University
of Miinster, Germany, although it was rebuilt to a 70% extent. From this library, every
element can be imported in a script which compiles the whole chip. CADENCE Virtuoso®

was run on the Linux server of the Engineering Department at the University of Oxford.

A sample chip CAD layout featuring balanced-splitter devices for photonic memories using
phase-change materials is shown in Fig. 3.9. This layout is exported in .g¢ds files, which
are imported directly to the e-beam lithography system. The layout of this chip—as of
all the chips fabricated within this thesis—consists mainly of three layers, which requires
the same number of lithography steps: reference markers (usually put together with
labels and frames), photonic circuits, and rectangular windows for the subsequent GST

deposition, which are explained in detail in the following sections.
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Figure 3.9: Design of balanced-splitter devices using CADENCE Virtuoso.

3.3.2 Reference markers, labels, and frames (Layer 1):

This layer contains elements for alignment reference during the e-beam lithography writ-
ing, such as crosses (for JEOL system) or squares (for Nanobeam system). Frames and
labels are also written in this step; they are useful in the localisation and differentiation
of devices during the optical measurements. This layer is usually written on positive
resists and undergoes a lift-off process to transfer a good electron scatterer—such as

gold—to the pattern.

In particular, this layer, shown in Fig. 3.10a, is transferred onto Si3N, chips following
the nanofabrication steps in the scheme depicted in Fig.3.10b. The positive resist
poly(methyl-methacrylate) (PMMA) 495k is spin-coated onto the chips. E-beam writing
using a 50 £V JEOL JBX-5500ZD system is carried out to transfer the CAD file onto

the PMMA. This layer, which does not require high resolution or alignment precision,
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Figure 3.10: Nanofabrication layer 1: Reference markers, labels, and frames. a) CAD for
the first layer. b) Sketch of fabrication steps. e-PMMA stands for exposed PMMA resist.
¢) CAD of the 4” wafer optical lithography mask to write, in mass, up to 46 chips in one
exposure.

is written using the higher currents available at the system: 1 to 10nA. Doses around
600 uC/em? are delivered for this particular resist. Exposed PMMA is developed us-
ing isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) in a 3:1 proportion,
respectively. Subsequently, 5nm of chromium followed by 100 nm of gold are thermally
evaporated onto the developed sample. A final lift-off process using acetone removes
the unexposed PMMA leaving only the pattern, originally given by the CAD design, all

made of gold.

A more time-efficient approach, given the low requirements in terms of resolution and

alignment precision, is to write several chip frames and markers onto a whole 4” wafer by
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means of optical lithography using a Quintel® Q4000-6 Mask Aligner and MICROPOSIT®
S1813 positive resists. To do so, the layout shown in Fig. 3.10c was designed such that
46 chips with two different sizes could be processed simultaneously. This layout was
converted into a high-resolution optical mask by the company JD-Photodata® who
fabricated it using chrome-oxide on quartz (used silica). Thus, the whole process of
writing frames and markers was reduced to an 8 s exposure using the optical lithography
system, a single gold /chromium evaporation, and wafer dicing. Lift-off was done in the

same way presented above.

3.3.3 Nanophotonic circuits (Layer 2):

The second layer, in blue in Fig. 3.9, contains the actual nanophotonic circuits that are
transferred to the Si3N, substrate via e-beam lithography and dry etching. This layer is
the most delicate given the geometrical complexity and low dimensional features, which
is why script-based chip design was preferred. Nanophotonic circuits were optimised for
operation in a particular wavelength, as detailed in the above in Sec. 3.2.3, using different
optical architectures, such as the balanced splitter shown in Fig. 3.9b. These balanced
splitters offers two identical optical paths coupled to the same grating placed in the
centre, which allows for optimum comparison between two balanced waveguides, one with
and the other without a passive or active component of interest, such as PCMs. Because
of this, such an architecture was preferred for the demonstration of the phase-change
photonic memories and is the only one considered within this thesis. Mach-Zehnder
interferometers, ring and race-track resonators [27] and directional couplers are common

architectures that represent other examples of typical photonic circuitry.

The actual steps followed during the second layer fabrication are sketched in Fig. 3.11.
The photonic circuits are written on ma-N 2403 negative resist (by MicroChem®) which is

spin-coated on top of the chips after having coated a Ti-Prime (by MicroChem®) adhesion
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Figure 3.11: Fabrication layer 2: nanophotonic circuits. a) Sketch of fabrication steps.
e-ma-N stands for exposed ma-N 2403 resist. b) Optical microscope image of bare photonic
circuits transferred to SigNy, featuring frames written in the previous step. c¢) SEM
micrograph of a Bragg-grating coupler. 7, = 16 um is the taper length.

promoter layer. The resolution of this resist allows features as small as 80 nm—optimum
for the Bragg gratings which have features down to 90 nm. The reference markers written
in the previous step are used as reference for proper alignment. The 50 £V JEOL JBX-
5500ZD electron-beam system is used to write, this time with a lower current: ~ 100 pA,
and a dose of 200 uC/em?. Development is carried out using MF-319 and, afterwards, a
reflow annealing process of 90 s at 100°C' is applied to reduce the intrinsic roughness and
round the corners of the exposed resist, thus allowing for sharper edges when etching
down in the next step [178, 202]. Subsequently, reactive-ion etching (RIE) is used to etch

down SizgNy by 165 nm, half of the total layer thickness, everywhere but in those areas

70



3.3 Fabrication overview

protected by ma-N. A recipe consisting of 50 sccm of CHF3, 10 sccm of Ar , and 2 scem
of Oy are used for this process with 120 W RF power, 25 mT orr of pressure. The rate
was constantly checked given the system fluctuations, in average, the etching rate was
found to be 26.6 nm/min. Finally, the ma-N resist is removed using mr-Rem 660, the
custom remover for this resist also provided by MicroChem®. Additionally, an acetone
bath and O, plasma ashing can be used in case there is ma-N remaining on top of the
waveguides. An optical image of what a chip looks like after this step, featuring the bare

photonic circuits and the frames/labels, is shown in Fig. 3.11.

Grating coupler

In Fig.3.11c, an SEM micrograph is shown for one of the Bragg gratings that couple
light in and out of the waveguide. The set of parameters of the grating (see Sec.3.1.5) for
the fabrication of such couplers are based on the results of [201, 202]. For all the devices,
gratings composed of 32 SizNy slabs are used, compromising and area of ~ 40 x 30 um?,
more than enough for a beam of around 8 um in diametre (beam size out of single-mode
optical fibre). However, the last 10—the slabs closer to the waveguide—are apodised.
This is, the fill-factor (i.e. the width of the grating slab compared to the period) defined
as (a — p)/p, using the parameters shown in Fig. 3.4, is varied in equal steps from 0.5 to
0.985 (55% to 98.5%). The reason behind this fabrication feature is that the apodised
couplers decrease significantly the back-reflection into the waveguide, thus avoiding Fabry-
Perot-type interferences that distort the transmission spectrum [204, 205]. The result is a
grating where the slabs closest to the waveguide have smaller air gaps, reaching down to
90 nm for the smallest one. The fill factor for the remaining 22 slabs is set at 55%, i.e. 55%
SizNy and 45% air. The taper length (¢7) and the angle of the coupler are set to 16 um
and 40°, respectively [202]. This angle, and the curvature of the grating, is implemented

to improve the light focusing into the rib waveguide, thus improving the coupling efficiency.
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The central wavelength of the coupling bandwidth, \., as a function of the grating period
has been characterised in [201, 202]. For the experiments carried out in Ch. 5, the grating
periods are calculated from p(A\:)um = % for 1.3 pm wide and half-etched
(165nm) waveguides [201]. A parameter optimisation realised in [201], showed that
the light transmission in a grating with these parameters is larger for A. > 1580 nm,

this being the reason why the experiments carried out in this thesis are around this

wavelength.

3.3.4 GST windows (Layer 3) and sputtering:

The third and last layer to be written, in red in Fig. 3.9, includes the rectangular windows
where GST will be sputtered. These windows may vary in size over the waveguide plane
depending on the application; however, the thickness was set to 10 nm. The fabrication
process is sketched in Fig.3.12 and corresponds to another lithography process using
the same 50 kV JEOL JBX-5500ZD electron-beam system on PMMA 950k positive
resist—a higher molecular weight is chosen, given the high resolution required for some
of the GST windows. The exposure parameter and development are carried out in the
same way as for markers and frames in Sec.3.3.2. Once the rectangular windows are
developed, 10nm of GeyShyTes are sputtered followed by either 10 nm of indium-tin
oxide (ITO) or SiO, to avoid its oxidation, without adding extra absorption given their
known transparency in the visible and infrared spectrum [40, 206]. A final lift-off process
reveals the completed chip, which may contain within 1 ¢m? hundreds of devices similar
to those in Fig. 3.12b. SEM micrographs of GST sections on top of two different photonic
waveguide geometries—results of this fabrication process—are presented in Fig. 3.12c-d.
The micrograph in Fig. 3.12d represents a device with a suspended waveguide on air.
To achieve this, the same three fabrication steps are carried out. However, another
electron-beam lithography on PMMA is done to pattern a window in which hydrofluoric

(HF) acid is subsequently used to etch the silica layer.
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Figure 3.12: Fabrication layer 3: GST windows and sputtering. a) Sketch of fabrication
steps. e-PMMA stands for exposed PMMA resist. b) Optical microscope image of the
completed photonic circuits with GST memory cell in both arms of balanced-splitter
devices. ¢) SEM micrograph of one memory cell of b). d) SEM micrograph of a memory
cell on an air-suspended waveguide.

GST and ITO deposition parameters

GST and ITO are sputtered in an argon atmosphere using a Nordiko® sputering system
with the parameters presented in Table3.1. The average RMS surface roughness of the
10nm GST plus 10nm ITO section is, in normal conditions, around 2.4 nm, which is

small enough to avoid light scattering [201].
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Table 3.1: GST sputtering parameters

GST ITO
Base pressure (mbar) 2x1077 | 2x107°
Working pressure (mbar) | 6.5 x 107 | 6.5 x 1074
Power (W) 30 30
Atmosphere (sccm Ar) 100 100
Voltage (V) 420 400
Target (inches) 2.5 3
Temperature (°C) 21 21
Time (min) 2.67 6.63
Thickness (nm) 10 10
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Chapter 4

Experimental setup

This chapter introduces the experimental setup that was built to perform static transmis-
sion measurements and dynamic pump-probe experiments on integrated photonic circuits.
The main components, their characterisation, and their function within the setup are
detailed here. In particular, the system is optimised for all-optical switching and read-out
of phase-change photonic memories to carry out the measurements presented in Chapter
5. Lastly, an additional electrical extension that allows for integrated optoelectronic
measurement is described as a feature for future experiments outside the scope of this

Thesis.

4.1 Integrated all-optical setup outline

The construction of the integrated all-photonic setup, as part of this DPhil project,
consisted of two different stages, which, at the same time, allowed for two types of
measurements. The transmission setup described in Sec. 4.1.1, was afterwards embedded

in the upgraded system depicted in Sec. 4.1.2. This setup has been in constant development
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Experimental setup

towards having more functionalities and degrees of freedom. The aim has been to obtain
a system in which intricate studies of advanced optical materials integrated to photonic

circuits can be carried out.

4.1.1 Static transmission characterisation

The first step towards putting together a complete system for fully optical control,
consisted of building the setup sketched in Fig.4.1. This setup allowed for the first
continuous-wave (CW) laser transmission measurements in integrated photonic circuits,
which were enough to characterise the attenuation by phase-change materials if switched

using external means (e.g. by annealing) [27].

C-L band Laser Camera

o e |
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Q@A ° 2 200 khz
B Photoreceiver
2 .............

Polariser

Fibre array

= Optical fibre

Stage ‘ ............... N

Figure 4.1: Diagram of the experimental setup for transmission characterisation. DAQ
stands for data acquisition system

The setup, in short, consists of a CW laser-sourced light that is polarised and coupled
into the photonic devices by aligning one optical fibre in a micro-spaced fibre-array with
an on-chip Bragg grating (See stage in Sec.4.5). The light at the output of the fibre is
not collimated; however, the fibre is placed as close as possible to avoid losing light from
beam divergence. The transmitted light is collected with another fibre (in the array)

directly from a second grating, which is connected to the first one through photonic
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4.1 Integrated all-optical setup outline

circuitry where the active of passive components are contained. The collected light is
sent to a photoreceiver using an optical fibre, which subsequently sends the information
to the computer using a data acquisition (DAQ) unit. An external CCD camera coupled
to a microscope is employed to monitor the position of the devices and align the fibre

array to the gratings. The setup diagram is shown in Fig.4.1.

4.1.2 Pump-probe: optical switching and real-time read-out

The acquisition of specialised equipment enabled the upgrade of the setup to that sketched
in Fig.4.2. The new system featured dynamic measurements and better data acquisition,
thus allowing the study of time-resolved characteristics by means of a pump-probe tech-
nique. In particular, this setup is used to switch and read-out of on-chip phase-change

photonic memories, as discussed in Ch. 5.

This setup involves two tunable CW infra-red lasers operating in the 1530 — 1565 nm
(C-band) and/or 1565 — 1625 nm (L-band) wavelength bands, broadly used in fibre-optic
telecommunications. One source is required for the pump signal (green trace in Fig.4.2)
to excite the material —here, to switch GST— and, another for the low-power probe
light to measure device transmission (blue trace). In this setup, the transmission was con-
tinuously measured using the CW signal generated by the probe laser, which was linearly
polarised before the device. The pump signal is pulsed by means of an electro-optical
modulator (EOM) coupled to an electrical pulse generator. Such an EOM, as explained in
Sec. 4.3.1, converts the CW optical input from the laser into a customised optical output,
shaped by the electrical input signal. The pulse is subsequently power amplified by using
a low-noise erbium-doped fibre amplifier (EDFA) coupled to a pass-band filter to reduce
noise associated with parasitic wavelengths (see Sec.4.3.1). With this implementation,
the pulse wavelength, length, shape and power can be controlled, enabling pulses as short

as 10ns (limited by the pulse generator) with peak powers up to 275 mW. Moreover,
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Figure 4.2: Diagram of the experimental pump-probe setup. Here, EOM stands for
electro-optical modulator, BS for Beam splitter, OC for Optical circulator, EDFA for
erbium-doped fibre amplifier and DAQ for data acquisition unit. A-filter represents a
wavelength-tunable filter.
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when polarisation-sensitive elements are found in the setup, as in the case of the EOM

and the on-chip Bragg-grating couplers, fibre polarisers are added to the light lines.

Both pump and probe signals are coupled into the integrated optical chip by focusing
onto grating couplers via an optical fiber array (see 3D-rendered illustration in Fig. 4.5).
The gratings are optimised for operation in the telecommunications C and L-bands.
The chip, in turn, is mounted on a 3-axis piezoelectric-controlled stage for convenient
automated alignment. Fast photodetectors are used to record real-time pump and probe
traces, with high resolution, after propagation through the photonic circuit. The photo-
detector response is then measured with a fast sampling oscilloscope. A further low-noise

sensitive photodetector is used to monitor the transmission of the probe signal through
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the photonic circuit at all times.

The bidirectional scheme in Fig.4.5 (blue and green traces in opposite directions) is
used extract the changes in transmission from the probe signal without interfering with
the pump-pulse signal, and vice-versa. In such a scheme, the pump and probe beams
are coupled to different gratings and co-propagate inside the circuit following opposite
directions. The input port for one signal is therefore the output port for the other. This
is achieved experimentally with a set of two optical circulators which direct the light
coming from the laser sources onto the chip and simultaneously, the collected light, at
the same port, onto the detectors. In addition, two different wavelengths can be used to
suppress the influence of back-reflections with an optical band-pass filter. However, this
is not a limiting factor and only one laser source, by means of a beam splitter, can act
as both the pump and the probe light source at the extra cost of overlapping measured

signals (in real-time measurements only).

4.2 Integrated optoelectronic setup outline

Another system upgrade added real-time electrical measurements to the already all-
photonic setup. This system was built to explore a mixed-mode operation of integrated
optoelectronic devices based on phase-change materials. In this type of devices, the phase
switching and the read out could be realised either fully photonically, fully electrically, or
in a combination of both. This is, however, and ongoing project that started as part of
this DPhil project but has not shown results so far, despite of the first samples being
fabricated and measured. The main challenge is the complex nanofabrication, which
requires further optimisation before obtaining functional devices. A reduced sketch of
the complete setup used in these measurements—the optical pump-probe part is not

shown for the sake of clarity—is sketched in Fig. 4.3.
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Figure 4.3: Diagram of the experimental optoelectronic setup. OC stands for optical
circulator. The discontinued fibres in dotted lines indicate the coupling to the pump-probe
setup in Fig. 4.2.

The new addition consisted of introducing micro-scaled probes to connect electrical test
equipment, such as pulse generator and source meter, to integrated on-chip electrodes.
This being so, electrical pulses can be coupled to the chip and, in the case of PCM-
based devices where electrodes are connected to the photonic circuits, used to switch
(here Write/Erase) while reading optically. Also, electrical read-out—that is, changes
in resistance/conductance—is made possible by using the source meter when optical
switching is induced. Moreover, by using a bias-tee, the direct-current (DC) component
from the source meter is separated from the fast signal changes from either electrical
or optical pulse excitations, thus allowing for real-time electrical-signal measurements.
Therefore, the whole system allows for four kinds of measurement, referring in order to
switching and read-out mechanisms, photonic-photonic, photonic-electrical, electrical-
photonic, electrical-electrical, at the same time that real-time optical and electrical

response are monitored.
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4.3 Actual setup

A picture of the actual setup is shown in Fig.4.4. This system integrates the on-chip
all-optical and optoelectronic schemes outlined in the previous Sec.4.2 and 4.1.2. The
description of the components, such as the stage and the microscope, are will be described

in the next section.
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Figure 4.4: Photo of the experimental setup.
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4.3.1 Mechanical and optical components

The setup in Fig. 4.4 includes all the optical and electronic instruments shown in the
sketches Fig.4.2 and 4.3. It includes also customised parts and devices to put together
the stage and the microscope. These instruments, their description, reference, and most

relevant specifications are listed below.

Optical fibre and patch cords

Standard single-mode optical fibres (SMF) operating in the wavelength range 1260 —
1625 nm, known by the reference SMF-28¢, were used to optically integrate the different
optical components. In particular, patch cords with a fibre-optic connector (FC) with a
threaded body and with polished coupling (PC) and 8°-angled polished coupling (APC)
were bought from Thorlabs with the references P1-SMF28E-FC-1 and P3-SMF28E-FC,
respectively. APC connectors redirect the reflections outwards thanks to the tilted surface,
thus avoiding parasitic back-reflections that could damage the equipment. For this reason,
the setup employed FC/APC-terminated fibres and connectors, except in devices such as
detectors and electro-optical modulators which use PC connectors. Matting sleeves for

both kind of fibres were also bought from Thorlabs.

Fibres were constantly inspected in order to keep the couplers clean and thus avoid
damage due to scattering, back reflections, and optical losses. To do so, a fibre microscope
compatible with FC/APC (Thorlabs, FS200) was used to inspect and a fibre cleaner

(Thorlabs, FCC7020) used to remove any dirt on the surface of the connector.

C-L band Lasers

Low-noise tunable laser sources in the telecommunication wavelengths are required to

measure light transmission of the photonic devices. In particular, a TSL-550 tunable laser
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by Santec was employed, which is controlled remotely via LabView. This laser features
1500 — 1630 nm (C+L bands) wavelength range, non-polarised single-mode output with
a FC/APC connector, up to 13dBm output power, 90 dB /0.1 nm signal-to-noise ratio,
+20 pm wavelength accuracy, and, very importantly, fast wavelength-sweep mode. The
pump laser consists of another tunable laser, but only in the L-band. A laser model
N7711A-201 from Agilent technologies was used for this source. This laser, much simpler
than the TSL-550, features wavelength tunability without quick sweep (which is not
required for pump pulses) in the range 1570 — 1608 nm with +0.8 pm wavelength accuracy,
power output up to 15.5dBm and 60 dB /0.1 nm SNR. Both lasers are controlled remotely

from a central computing unit running LabView.

Stage

The optical and electrical signals come together at the sample stage shown in Fig. 4.5
where the chip containing photonic circuits is finally tested. Here, an optical fibre couples
light into the chip and collects the out-coupled light. To do so, the fibres in the array are
aligned to the Bragg gratings on the photonic circuits with 2D precise positioning, on the
stage holding the sample (here XY'), providing two linear stages stacked perpendicularly.
The fibre array, on the other hand, is held on top of the sample by a separate customised
aliminium piece that is machined in such a way that the fibre can be brought as close as
possible to the gratings, thus guaranteeing maximum coupling efficiency. This is achieved
by employing a third linear and vertical (here Z) stage with a goniometer mounted on
top to set the 8° required for the incident light. The stages are moved with sub-100nm

precision by picomotor actuators controlled remotely from the computer via LabView.

The electrical probe is mounted on another separate X,Y and Z stage with picomotor
control only in the Z direction, which controls the approach to the sample. Another

aluminium customised piece was machined to hold this probe directly on top of the
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UNITY-12.03.126wW
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Figure 4.5: Main stage for integrated optoeletronic measurements. a) Components of
the stage. 1: Fibre array and holder. 2: Electrical probe. 3: Sample holder. 4: Manual
rotation stage. 5: Linear stages for X and Y in-plane positioning. 6: Picomotor actuators
for the linear stages. 7: Goniometer. 8: Z-stage for the fibre array. 9: XY and Z stage
system for the probe. 10: manual positioning screws. b) Lateral zoom-in to the sample
area featuring the fibre array, electrical probe and sample holder (same numbers as for a).
c¢) Top view of b). d) 3D rendered image illustrating the way in which the fibre array is
aligned to the Bragg gratings in the photonic devices.

sample. The sample stage is monitored by using a CCD camera coupled to a microscope

placed directly on top; this allows the correct positioning of the on-chip devices.

Fibre array

Customised fibre arrays with the 1 x 8 and 4 x 4 configurations shown in Fig. 4.6 were

obtained from the company PLC Connections. They consist of arrays of SMF-28 fibres
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with FC/APC connectors on one side and, on the other side, bare fibres featuring 2D
micro-scaled configurations with a 250 + 2 um pitch. The fibre array is used to couple
light into the photonic circuits and collect the out-coupling light by aligning properly to
the Bragg gratings on the devices, as shown in Fig.4.5d. Given that the light coupling
using gratings is optimised for incidence under an angle of 8° (same as for FC/APC
connectors), and that the array needs to be placed as close as possible to the chip, the
array was polished to the same angle, thus facing parallel to the sample. Different fibre
configurations within the array allow to fabricate devices where gratings are placed
anywhere in two dimensional structures, as long as their separation is a multiple of the

fibres pitch, keeping in mind the total size of the array.

2 T 1 x 8 array 4 x 4 array
900pm loose ‘1' Top view \1’ Top view
tube
~0.3mm (as ::::
M close as : :: 4
400}1111 fibre possible) 1
buffer [— L
125um bare 0.3mm
fibre
3
3
Sealant g
v
b
e
L Lateral view Lateral view
—

Figure 4.6: Sketches of (left) the final design of the head of the array featuring the
different parts of it (from the manufacturer) and (inside the boz) simplified 1 x 8 and 4 x 4
arrays

Picomotor actuators

Four vacuum-compatible picomotor actuators with 1 inch travel manufactured by New
Focus and sold by NewPort (model 8301-V) were used to fine-position linear stages in
the optical setup. These actuators possess better than 30 nm resolution with minimal

backlash, and can exert up to 22 N force. Moreover, they offer long-term stability
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and the ability to hold their position with no power applied, ideal for the set-and-hold
measurements realised on integrated photonics. The four picomotors (three of which
are labeled with number 6 in Fig. 4.5 ) were controlled via LabView by using a four-axis

controller /driver ( Newport, model 8742) to enable computer connection.

Polariser

The coupling efficiency into the photonic circuits through Bragg gratings, and to optical
devices such electro-optical modulators, depends strongly on the polarisation of the
incoming light. Moreover, the photonic circuits are optimised for single-mode TE or TM
modes (See Sec. 3.2.3), thus requiring linearly polarised light. However, an optical fibre
setup presents large polarisation fluctuations because of fibre bending and fibre-to-fibre
connections. In addition, fibre-coupled light sources are predominantly not polarised.
Therefore, fibre-polarisation controllers have to be added to the experimental setup. The
most common device for this purpose is a 2 or 3-paddle polariser, shown in Fig. 4.7, which
adjusts the polarisation by (manually) rotating three wave plates in the order: A/2, /4
and A/2. The rotation, in turn, applies stress on the fibre thus inducing birefringence and
changing the fast-axis direction (which is in the plane of the spool) [207]. Consequently,
by controlling the fast axis and having the three half/quarter wave plates, any conversion

between linear, circular, and elliptical polarisation states is achievable.

Rotating paddles / fast-axes

Light in

Light out
—_— —_—

Figure 4.7: 3-paddle fibre polariser.

In the experimental setup, sketched in Fig. 4.1, Thorlabs FPC030 polarisers with FC/APC
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connectors were used. For each device, the polarisation was adjusted manually by finding

the plate combination that offers the maximum transmission value at the photoreceiver.

Photodetectors

Different photodetectors were employed to measure the different light signals. Their
characteristics have to be chosen carefully as this will represent whether data is obtained
or lost, especially when dealing with strong attenuation, as in GST sections on top of
SizN, waveguides, and fast responses. Three different photoreceivers were employed for

this setup, in particular. These were:

o Prolonged transmission measurements of the devices before and after switching
require photodetectors featuring high sensitivity and low-noise, rather than fast
detection. For this reason, 2011-FC-M fibre-coupled photoreceivers from Newport,
operating in the 900 — 1700 nm range, were employed. These detectors offer an
adjustable gain within a five orders of magnitude range, tunable cutoff frequency
from DC up to 200kHz, FC/PC optical input and a SMA electrical output. This
detector is connected to a computer using a National Instruments® data acquisition

unit (DAQ) USB device (NI USB-6008) and manipulated via LabView.

o Real-time measurements, on the other hand, require fast response InGaAs PIN-
photodiodes as receivers. To measure the pump pulse transmitted after the device, a
NewFocus detector (sold by Newport by the references 1811-FC-AC') was integrated
to the setup. This detector offers a 30 kHz-1 GHz bandwidth in the 900 — 1700 nm
wavelength range. Moreover, it includes an AC filter that allows for measuring the
signal coming only from the pulse and, based on the scheme in Fig. 4.2, filters out
the reflection from the probe. As for the thermo-optical response measurements
from the probe signal, another InGaAs PIN-photodiode by NewFocus (reference
1611-FC from Newport) was used, with a bandwidth from DC up to 125 MHz

also in the 900 — 1700 nm wavelength range. With a maximum conversion gain

87



Experimental setup

of 40 V/mW , this detector is not as fast but it overtakes the total sensitivity of
the 1 GHz detector (0.7 V/mW), which is the reason why this was used to measure
the real-time transmission changes as they are weaker signals. However, given that
10ns is the length of the shortest pulse used in this Thesis, two 125 MHz detectors
could have also worked. These two detectors are powered by a £15V DC power

supply provided by NewFocus (model 0901).

Microscope and CCD camera

A microscope with a long working distance was placed on top of the stage to monitor, in
real time, the position of the sample with respect to the fibre array and the electrical
probe, as shown in the red highlighted area in Fig.4.5. For doing so, on an elevated
breadboard, a Navitar 12x Ultazoom microscope with co-axial port, 3mm fine focus
and a zoom range from 0.58 X to 7x was employed. This microscope was furthermore
extended using a 5x adapter and connected to a 24 W white LED light source connected
via a flexible light guide for illumination. The microscope image was collected with a
1280 x 1024 pixels CMOS camera (Thorlabs DCC1240C) and subsequently recorded on

the computer.

The microscope and camera hang on a customised aluminium piece that allows different
angular positions. This piece works also as a clamp to mount the system on a XY 7

manually-controlled stage with 2” travel linear axes.

Optical circulator

An optical circulator is a device that allows light to travel in only one direction among
three different ports. Signals entering to port 1 and port 2 will exit port 2 and port 3,
respectively, with minimal loss. Light entering port 2 experiences a large amount of loss

at port 1, and light entering port 3 experiences a large amount of loss at ports 2 and 1.
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Optical circulators are non-reciprocal devices, i.e. any change in the properties of the
light caused by passing through the device are not reversed by travelling in the opposite

direction.

This device, from Thorlabs (model 60153APC), was introduced to the setup in Fig.4.4
in order to separate light coupling into and out of the photonic circuits. In particular,
when carrying out counter-propagating pump-probe measurements, optical circulators
help to separate pump input and probe output from one channel in the fibre array,
and probe input and probe output at the other end of the devices (see setup diagram
in Fig.4.2). This device operates in the whole C+L band, uses SMF-28e fibres with
FC/APC connectors, and offers selectivity (i.e. high directionality) between ports of at

least 40 dB between the ports 2 — 1 and 3 — 2, and at least 50dB for 1 — 3.

Beam-splitter

Beam splitters are devices capable of splitting one beam into two with different weights
such as 50 : 50 or 90 : 10 (i.e. one port takes 90% of the light and the other one 10%).
These devices are used in the pump-probe setup to split the output of the probe signal
into two beams: one for a fast real-time characterisation, and the second, for long-term
but sensitive measurements. A beam splitter is also required in case both the pump
and the probe are generated by only one laser. These passive components were bought
from Thorlabs having the references TW1550R5A2 (50 : 50) and TW1550R2A2 (90 : 10)
for 1550 £ 100 nm wavelengths, with SMF-28e+ fibres and FC/APC connectors. The

insertion loss is as low as < 0.7dB.

Tunable optical bandpass filter

The optical bandpass filter (denoted by A-filter in Fig.4.4) is a narrow band-pass device

that introduces high losses to those wavelengths outside the band and high transmission to
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that being manually selected. This device is useful when doing pump-probe experiments
with two different wavelengths and which need to be separated for the sake of a clear
measurement on the photoreceivers (which are wavelength insensitive). In particular, an
OTF-320 tunable filter fabricated by Santec Corp. in the C+L band (1530 — 1610 nm)
was used in the setup featuring SMF-28e+ fibres with FC/APC connectors and 0.3 nm
bandwidth.

Electro-optical modulator

An electro-optical modulator (EOM) is an active device that modulates a CW optical
signal to that given by an arbitrary electrical signal. This is done by modulating the
optical path of one of the arms of a Mach-Zehnder interferometer (which is inside the
EOM case) by using the piezo-electric property of crystalline lithium niobate [208]. Con-
structive and destructive interference is achieved as a function of the applied voltage that

stretches or compresses the crystal, which in turn modulates the optical output.

In the setup shown in Fig.4.4, a 2623CS EOM by Lucent Technologies® (now Alcatel-
Lucent®) with insertion losses around 3.7 dB was employed. This model, for C+L-band
modulation, exhibits a minimum bandwidth of 8GHz, and operates for DC signal and
both CW and pulsed lasers. The EOM was characterised using 10 us pulses and the
200 kHz detector (See Sec.4.3.1). In Fig. 4.8, the maximum output power was measured
for two different wavelengths, while monitoring on the oscilloscope that the optical pulse
shape was the same as the electrical signal. The electrical pulse minimum (voltage that
blocks most of the light) and maximum (voltage that allows maximum transmission)
determines the optical modulation, which in turn depends on the input wavelength. In
particular, it was found that for A = 1593 nm the electrical pulse given by voltages —1.1V
and 0.58 V' gave a good modulation (i.e. keeps the pulse shape and optimises optical

output power) with 28.1% transmission. Also, for A = 1580 nm, the voltages —0.9 V' and
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0.61V were found to work better with 28.6% transmission. The lower voltages are crucial
to avoid unwanted light coupling into the device, especially if amplified afterwards, when
not pulsing the EOM; therefore, it has to be biased at all times at such lower voltages

until a pulse is triggered.

—
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Figure 4.8: Electro-optical characterisation using 10us pulses. Black curve for A =
1580nm with pulse parameters V,,;, = —0.9V and V0, = 0.61V, and V5, = —1.1V and
Vinaz = 0.58 V' for A = 1580 nm.

When using shorter pulses, i.e. < 100ns around A = 1580 nm, it was found that the
minimum voltage was the same to block the light, but there was no restriction in the
maximum voltage to achieve a pulse. However, when using pulses with a maximum
voltage < 0.61 V', as for long pulses, a sub-100ns pulse is deformed with a non-uniform
energy plateau on top. This is caused by the difference in extinction ratio of the EOM
when operated in DC (= 27dB) and frequencies approaching 1Ghz (~ 13 dB), which
is the case for sub-100ns pulses. To circumvent this issue, electrical pulses between
1V and 3V were found to preserve the shape, with 3V having the maximum energy
transmission, as shown below for the EDFA. This broad range of 2V for the modulation

to work properly was used to modulate the power of the pump pulse together with the

EDFA.

91



Experimental setup

Erbium-doped fibre amplifier

Erbium-doped fibre amplifiers (EDFA) are based on fibres, incorporated directly into an
optical network, containing erbium ions. The fibre is pumped with a A = 980 nm light
source to excite the erbium ions and thus, add gain to the material. The amplification
takes place when the optical input (around 1550 nm) undergoes stimulated emission
when passing through the excited erbium-doped fibre, thus converting all the gain into
emission of identical photons to those at the input. Erbium-doped fibre amplifiers are
common and widely used in long-range optical fibre communications, given that they can
amplify light in the C+L wavelength region, known as the telecommunications bands,

where fibres have their loss minimum.

Regarding the phase-change photonic memory in Ch.5, pulse power amplification is
required in order to reach energies high enough to heat up GST over the crystallisation
temperature and to melt-quench it to amorphise afterwards. Given that the light sources
used in this setup emit up to 13dBm and 15.5dBm, and that the coupling efficiency of
one Bragg grating is not higher than 30%, it was mandatory to amplify the pulses by
employing an EDFA, as shown in the diagram in Fig.4.2. For this reason, an Amonics
EDFA model AEDFA-CL-PS-23-B-FA was added to the setup, and was optimised to
amplify pulses in the range 1 — 100 ns for input powers lower than 3mW . It features
output powers (in CW) of ~ 24dBm (i.e 250mW) for 1dBm (1 mW) inputs, as shown

in Fig. 4.9a.

As in the case of the EOM, the EDFA had to be characterised before coupling to the
experimental setup. Given that these units are designed to amplify CW signals, significant
differences were found between the amplification curves provided by the manufacturer
(for CW), in Fig.4.9a, and the actual output when using sub — 100 ns pulses, shown

in Fig. 4.9b-c. From amplifications up to 310 mW (= 25dB) in CW, it was found that
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Figure 4.9: Erbium-doped fibre amplifier characterisation. a) Amplification curves
provided by the manufacturer under CW operation. b) amplification as a function of
EDFA current for 100ns pulses when biasing the EOM between —1.1V and 0 V. c) Pulse
power amplification as a function of the EOM voltage by using 100ns pulses and fixing the
EDFA current to 600 mA.

pulses with powers even larger than 3 W are achievable. When a pulse enters the fibre
with excited ions, it takes all the gain available as there are no other competing signals
and therefore, at the output, it is more powerful. The gain in the EDFA recovers quickly
as it is not taken by further signals and remains at its maximum until the next pulse
comes. In the case of a continuous wave, the gain is constantly taken by the signal
and the output power is determined by the dynamics of the excitation and stimulated
emission, which allows for a much lower output power. In particular, it was found that
by increasing the current at the amplifier (which runs from 0 to 1200 mA) and tuning
the EOM bias voltage, any pulse power between 0 and 3.1 W can be obtained. This is
shown in Fig. 4.9b for a fixed EOM voltage and variable EDFA current, and in Fig. 4.9 for

variable EOM voltage and fixed EDFA current. These values are taken into account when
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running experiments to estimate the energy of the pulse inside the photonic circuits.

The fact that electrons are excited inside the erbium-doped fibre means that besides
stimulated emission, spontaneous emission can also take place adding white noise over
the whole C+L band spectrum. This noise, which can also be amplified inside the same
EDFA, is a source of high-energy noise (low power but over a broad spectrum which
sum up enough energy altogether) that may induce phase-switching in the memories. To
avoid this problem, an optical bandpass filter is added at the output of the EDFA, as
shown in Fig. 4.2, thus letting through the exact wavelength of the amplified pulse and

absorbing the noise spread over the rest of the C+L spectrum.

4.3.2 Electrical equipment

This subsection describes the purely electrical equipment devoted to capture optical signals
that are converted into digital ones, or to source/monitor the micro-structured electrical
probe for optoelectronic measurements. Small devices such as Bias-Tee (model ZFBT-
4R2GW+), amplifiers (model ZFL-1000LN+) and connector (models SF-SF50+,SM-
BF50+, SM-BM50+, SF-BM50+) were obtained from the company Mini-Circuits.

Electrical probe

The customised electrical probe shown from different angles in Fig.4.5 was obtained
from CascadeMicrotech. This probe features 12 tungsten tips with a 125 um pitch and
the following configuration (each letter corresponding to one tip in the given order):
GSSGSGLLLLLL, where G stands for ground (all connected to a common ground), S for
RF signal up to 20 GHz, and L for logical signal up to 500 MHz. This probe is used to

bring electrical pulses and DC signals to the on-chip electrodes of optoelectronic devices.
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Pulse generator

Electrical pulses were generated by means of a Tektronics AFG3102 arbitrary /function
generator, which in turn modulates the optical signal through the EOM (See Sec.4.3.1).
This device, shown also in Fig. 4.4, features 100 MHz effective frequency out, 50 2 load
and output impedance, two output channels as well as input and output trigger and
LabView interface via GPIB connectors. An HP 8131A pulse generator was also used for
the experiments in Ch. 5; this device offers 500 MHz of repetition rate and pulse widths

between 0.50 ns and 99.9 ms.

Oscilloscope

A WaveSurfer MXs-B oscilloscope by Teledyne LeCroy featuring a bandwidth of 1 GHz
and easy data processing and storage was used for this setup, as shown in Fig.4.5.
This device is able to measure signals from four different channels at up to 10 GS/s.
This oscilloscope, in particular, is used to capture the signal from the 1GHz and
125 MHz detectors measuring respectively the transmitted pump pulse and the real-time

fluctuations of the probe in the experiments shown in Sec. 5.

Source meter

Single-channel voltage/current sourcing and measurements through the electrical probe
were done by using a 2614B source meter unit by Keithley® (now part of Tektronia®). This
device allows for simultaneously sourcing and measuring both voltage and current with
high-speed technology, which is over 190% faster than traditional computer-to-instrument
communication techniques. It features 60 W power output (30 W per channel), four
quadrant source/measure with 61/2 digit resolution, 1.5 A DC, 100 fA—10 A current

range, 200 V' maximum voltage, and 100 nV minimum.
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Chapter 5

Phase-change photonic memory

Phase-change materials placed onto photonic circuits provide a novel way to realise
integrated tunable optical components. Relying on the enormous refractive-index contrast
between the amorphous and the crystalline states, such materials are promising candidates
for on-chip memories which are switched and accessed optically, thus bridging a gap
towards all-photonic chip-scale information processing. To this end, this chapter presents
the experimental demonstration and switching-dynamics modelling of the first non-
volatile phase-change photonic memory based on GesSbyTes. The memory operation
is demonstrated using telecommunication wavelengths in a pump-probe experimental
setup. In addition, up to 3-bit multi-level storage is proven in a single memory cell with
intra-level transitions possible. Finally, this chapter offers a study on the limits and

performance of these types of photonic memories.
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5.1 The device

Integrated photonic circuits were used as a platform to demonstrate all-photonic near-field
switching of phase-change materials deposited directly on top. Given the large optical
absorption of PCMs, such as GeySbyTes, near-field coupling emerges as a promising
solution for optical applications: light is attenuated without directly blocking the trans-
mission. The alternative approach, having the PCM embedded inside the waveguide,
would provide a much larger attenuation, but would drastically reduce the optically
transmitted signals. Moreover, near-field attenuation, with PCMs deposited on top of the
circuits, offers a much simplified nanofabrication process than embedding other materials

in the circuit.

Balanced-splitter devices were chosen as the photonic circuit architecture to study the
switching dynamics and subsequently demonstrate the phase-change photonic memory.
These devices offer two identical optical paths coupled to the same grating placed in the
centre, as shown in Fig. 5.1a, which, in turn, allows for optimum comparison between
waveguides with and without a passive or active component, such as PCMs. In particular,
half-etched rib waveguides in 330 nm SizNy/ 3300 nm SiOy substrates with a width of
1.3 um were fabricated using the process described in Sec. 3.3. Such waveguides are
designed to propagate TE modes with C- and L-band wavelengths. Bragg-gratings were
employed to couple light in (through the central port) and out (on either side ports)
centred at the wavelength A\, = 1580 nm. On top of a straight section of the waveguide,
on one of the arms, 10 nm thick GST strips with a 10 nm thick protective ITO—to avoid
oxidation of the GST—were sputtered. The other arm of the balanced splitter was used
as reference channel for comparison purposes. The GST strips completely covered the
waveguide, including the sidewalls, with lengths (along the waveguide axis) of 0.5 um,

1 pum, 5 um, 10 um, and 20 um all fabricated. However, mainly devices with 1 um and
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5 um are considered in the following experiments given that they provided an optimum

trade-off between transmission signal and switching contrast, as will be explained in

Sec.5.4.3.
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Figure 5.1: Experimental device and transmission characterisation. a) Optical microscope
image of a balanced-splitter used as a phase-change photonic memory device. b) SEM
micrograph of the GST section on top of the device in a). ¢) Transmission characterisation
of a device without and with 1pum long GST in amorphous and crystalline states. d)
Same as in ¢) for 5 um long GST. In ¢) and d), light is coupled in through the central
Bragg-grating and measured in both gratings on the sides: one carrying the information of
the GST, the other one as a reference.

5.1.1 Transmission characterisation

Transmission measurements were carried out for all devices before and after GST de-

position, with GST initially prepared in the as-deposited amorphous (am-GST) state.

Subsequently, the sample was annealed at 300°C' for 2min to obtain fully crystalline
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GST (cry-GST); then, the transmission was recorded again. The transmission curves,
plotted in Fig. 5.1 for two GST lengths, show the strong effect of GST, especially in the
crystalline state, which absorbs a significant portion of the incoming light to convert it
into heat. This, in turn, allows the attenuation coefficient to be calculated, by measuring
how much light has been absorbed by GST in either state, as done in Ref. [27]. This
coefficient provides further relevant information to calculate the absorbed energy per
unit length of GST and to determine how much attenuation will distort the propagating

mode in the waveguide.

In particular, by measuring the transmission spectra with and without GST, Pggr(\)
and Py()\), respectively, the attenuation coefficient (or insertion loss)—due only to the

GST——can be calculated from:

CYdB(/\) =10 lOglO (_Pfg;?l)) . (51)

Note that, by comparing with and without GST transmission spectra, intrinsic losses of
the photonic devices are discarded, given that they are common to both measurements.
Therefore, information about attenuation due only to the GST insertion is calculated
in Eq.5.1. Some of those intrinsic losses are back reflections, light scattering due to
the roughness of the waveguide walls, and the insertion loss of the beam-splitter [40].
Eq. 5.1 was applied to find the experimental attenuation coefficients at A\ = 1595nm, as a

function of the GST length (L), and phase state. The results were:

g (L) = (0.095 + 0.005 dBpum=")L + (0.21 + 0.05 dB), -

aap.cry (L) = (1.10 £ 0.01dBpum™")L + (1.465 £+ 0.03 dB).
Considering that the propagating mode is a TE by design, these experimentally measured
attenuations are smaller than the attenuation calculated using FEM simulations, for the

same device, in Sec. 3.2.3. Although these attenuation values were initially attributed to
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the TM mode [27], this explanation is not completely satisfactory given the geometry
and parameters used for the circuitry. Instead, variations in the GesSboTes stoichiometry,
resulting from the sputtering process, have gained strength as an explanation for this
effect [99]. The reasoning for this is because the refractive index of GST, in both phases,
varies significantly in the infra-red as a result of slight changes in the chemical composition
[98]. Moreover, the refractive index used in the FEM modelling, which is plotted in
Fig. 2.4, corresponds to measurements realised on 100 nm GST films [6], which may vary
for 10 nm, as used herein. The experimental attenuation coefficients, however, will be

the values considered in the experiments presented in this chapter.

5.2 Optical-switching dynamics

The device shown in the previous section displayed more absorption for the crystalline
phase-change material. In this case, the light is pulled towards the cry-GST cell, which in
turns induces strong attenuation of the passing optical signal. In the amorphous phase,
on the other hand, the absorption is approximately five times smaller; therefore, the
GST film does not attenuate the waveguide transmission to the same degree. Here, the
near-field coupling and heat transfer that leads to these effects is studied numerically.
Moreover, the experimental demonstration of on-chip amorphisation and crystallisation

is presented, together with a brief description of the switching dynamics.

5.2.1 Near-field coupling to phase-change materials

The near-field coupling between the guided mode, inside the rib waveguide, and the GST,
was studied using FEM modelling in COMSOL Multiphysics®. Although 3D modelling
is preferred, 2D simulations offer good qualitative information on the interaction, with
reduced computational time and complexity. The simulations were done similarly to

the cross-sectional study of the TE mode in Sec. 3.2.3, considering only GST sections
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completely covering the waveguide. The effect of the phase transition on the normalised
electric field amplitude was analysed across a vertical line cutting the centre of the
GST/ITO capping, as shown in Fig.5.2. Upon switching, the maximum amplitude
of the electric field moves from the centre of the SizsN, waveguides (am-GST), to the
vicinity of GST (cry-GST). Given the large real and imaginary part of the refractive
index of cry-GST, the propagating mode couples and propagates inside the GST, where
its magnitude is maximum, thus experiencing a strong attenuation. This effect is in good
agreement with the theoretical analysis in Sec.3.2. In Fig.5.2b, on the same vertical line,
the normalised electromagnetic heat transfer (Q.) (see Sec.3.2.2), on the GST and ITO
layers, was calculated. It was found that for cry-GST, there is two orders of magnitude
more heat transfer than for am-GST, which was expected due to their large difference in
extinction coefficient. The influence of the thickness of the GST can also be observed as
a logarithmically slow decay of the electric field. Also, considering that the GST capping
is only 10 nm thick, upon pulse excitation the whole of the GST will probably be at a

similar temperature or fully switched along this axis.

More interestingly, the heat-transfer distribution inside the GST on the waveguide
plane, plotted at the half point of its thickness, i.e. 5 nm into the GST, in Fig. 5.2c,
shows how the heat transfer is maximum at the centre of the GST, being two orders of
magnitude larger for cry-GST than for am-GST. The results in this figure also evidence
the influence of the ITO in the heat transfer, given that at A = 1550 nm I'TO offers a
complex refractive index ;70 = 0.6 4+ 0.047, whose extinction coefficient is comparable
to that of am-GST [99]. Therefore, ITO will also absorb energy, giving rise to larger
attenuation coefficients than if there were no capping or absorptive material on top (See
Fig. 3.8). The normalised heat transfer was subsequently projected over the propagation
direction considering the 5 um long cry-GST, which is plotted in Fig. 5.2d. This plot was
obtained by considering the experimental value for the attenuation of the mode as it

propagates along the waveguide with a GST section of length L, given by the coefficient
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Figure 5.2: Electric field and heat transfer on the GST/ITO capping. a) Normalised
electric field norm across the vertical line cutting shown in the inset. b) Normalised
electromagnetic heat transfer (Q.) with respect to the maximum heat that can be transferred
to GST (i.e. QEY=G5T to the fully crystalline state) on the same vertical cut of a). c)
Normalised ). on a horizontal line cut shown in the inset, which is traced at half the
thickness of the GST. d) Projection of ¢) into cry-GST along the propagation direction.

Qeffery(L) = (1.10 £ 0.01dBum ™)L 4 (1.465 4 0.03dB) (See Sec.5.1.1). The isosurfaces

of the heat transferred to GST provide good insight on the pulse penetration along the

GST and the areas that would be switched to the amorphous state, provided an energy

higher than the threshold to melt-quench it. It is found, in particular, that most of the

heat is accumulated within &~ 0.9um of the GST width, which is in good agreement with

the simulations presented previously in Fig. 3.8.
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5.2.2 Real-time switching dynamics

Optical pulses can initiate either amorphisation or crystallisation if the energy absorbed by
the GST is high enough to heat it up to its transition temperature. For amorphisation, the
crystalline GST is melted and quenched rapidly to favour a disordered state. On the other
hand, heating the amorphous GST above the crystallisation temperature (but below the

melting temperature), for a few nanoseconds, enables recovery of the atomic ordering [12].

To study such an optical-switching scheme, the balanced-splitter devices with crystalline
GST on top were operated using the pump-probe setup described in Ch.4. Exper-
iments were performed using nanosecond light pump pulses with A, = 1560 nm.
Such pulses were generated off-chip with an electro-optical modulator (EOM) and sub-
sequently coupled into the on-chip waveguides. The probe, to read out the transmission,
is performed with low-intensity continuous wave (CW) light using Apope = 1570 nim.
To separate the read-out from the pump pulses, a wavelength filter with a spectral
extinction ratio of approximately 40 dB was used. Further suppression of the pump
light was achieved by letting the pump and probe light-waves counter-propagate through
the photonic circuitry. The output signal for the pump pulse was coupled to a 1 GHz
detector. The probe, on the other hand, was split into two parts, one directed to a
125 MHz photodetector which was able to observe real time changes by filtering out the
DC component, and the second, to a 200 kHz high-sensitivity IR detector to measure

long-term transmission variations.

Amorphous GST exhibits nearly five times lower optical attenuation compared to crys-
talline GST, as shown in Sec. 5.1. This conveniently allows the use of pulses within the
same energy range when switching back-and-forth between states: one pulse can induce

amorphisation, while a subsequent, identical pulse will either keep the same state or
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5.2 Optical-switching dynamics

partially crystallise the PCM device. This is possible, because the resulting Joule heating
of a pulse that heats up amorphous GST over the crystallisation temperature (150°C)
can also induce amorphisation of crystalline GST, given that it reaches temperatures
of nearly 750°C, enough to melt-quench the material. However, the transitions are not
in the same order, i.e. the same pulse can induce more material amorphisation than
crystallisation—measured as changes in transmission. In particular, it was found that
one single pulse is able to amorphise a large area of the GST cell or, if the pulse energy
is too large, it can induce ablation; thus burning away part of the memory cell. To
instead crystallise the cell, as the absorption is lower, one single pulse induces a small

crystallisation step. Hence, in order to recrystallise completely, several pulses are required.
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Figure 5.3: Real-time pump pulse and probe signal measurements on 5 ym-long GST,
using 100 ns pulses with energies of 373 p.J and 561 pJ (inside the waveguide).

Fig. 5.3 shows the real-time change in transmission (green lines), known as thermo-optical

response, and the 100 ns pump pulse (black lines) measured after the interaction with the
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GST, which were captured simultaneously for the amorphisation and the crystallisation
processes in a 5 um-long GST cell. The time delay between signals is due to the difference
in the optical path for the pump and the probe; the latter is delayed due to the insertion
of a beam-splitter that adds approximately 1 m extra propagation within an optical fibre,
which, considering the speed of light inside the silica, implies a delay of &~ 4.9ns. It is
observed that a pump pulse with the same initial energy (either 372 pJ or 561 p.J inside
the waveguide) can induce amorphisation in a GST cell that was originally prepared
in the crystalline state. In this case, there is an increase in the transmission measured
from the probe signal, which becomes larger as the pulse gets more energetic, i.e. as
more material is amorphised inside the GST section. After the amorphisation, the same
pulses were sent to the GST cell where recrystallisation takes place on a smaller scale,
even when using more energetic pulses (this effect will be described in Sec. 5.3.2). The
thermo-optical effect relaxation towards a lower transmission level, after pulse excitation,
shows that the recrystallisation needs to be done in several steps in order to compensate

for the large change in transmission obtained previously in the amorphisation process.

In Fig. 5.4, four different SEM images for phase-change photonic memories are shown
before and after pump pulses with different conditions. In particular, amorphisation and
recrystallisation with the same pulse is shown in Fig. 5.4b. This micrograph shows the
difference in scale between both amorphisation and crystallisation, displaying a similar
pattern as the numerical results calculated in Sec.5.2.1. Moreover, Fig.5.4c shows the
amorphisation and recrystallisation using counter-propagating pulses showing that the
same GST cell can be switched independently from the two opposite sides, each one
offering a different response. This, in turn, shows that this type of device could be used
as the optical counterpart of an electrical memristor. In the same figure, one of the
sides show a complicated pattern whose recrystallisation process led to crystalline stripes

whose nature is not yet understood. Lastly, the micrograph in Fig.5.4d shows a device
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5.2 Optical-switching dynamics

that has undergone ablation after a very energetic (=~ 30n.J) pulse.

Figure 5.4: SEM images of 5 um long GST sections, on top of photonic circuits, after
pump-probe measurements. a) In the fully crystalline state. (b) Amorphisation from
fully crystalline with a 561 pJ pump-pulse (after several back-and-forth switchings). c)
Amorphisation from fully crystalline with 524 pJ and 415 pJ pump-pulses from the two
opposite directions (after several back-and-forth switchings). d) Ablation after a ~ 30n.J
pulse.

The transmitted pulse measured in Fig. 5.3 shows how the GST absorbs energy during
the pulse excitation. Such measurements correspond to the transmitted pulse after
propagating inside the device containing the PCM cell. This pulse provides information
about how much light is being absorbed. For instance, in Fig. 5.3, during amorphisation of
cry-GST, the transmitted pump pulse displays less power than in the same measurement
for the crystallisation process, which is due to a larger attenuation in that case. The
shape of the pulse, in turn, offers information on the rate at which the GST is being
heated up. Additionally, the energy absorption from the pulse can change its rate upon

material switching in times shorter than the pulse itself, which is the reason why there
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are changes on the pulse shape. This can offer valuable information in understanding the

intrinsic phase-transition dynamics and the time-scales of the process.

The dynamics of the heat absorption and material switching can be studied from the
thermo-optical response in real-time probe measurements, which has been done extensively
by M. Stegmaier et al., in collaboration with the author of this thesis, in Ref. [99]. This
effect is the combination of the optical response to a change in the complex refractive
index (which depends on the GST temperature) and the generation, by the pulse, of free
carriers inside the material. The latter is thus an electronic contribution that implies
light attenuation by contributing to the intraband absorption rate. The former is the
optical response due to the changes in refractive index as a function of temperature,

given by the equations:

Nepf(To + AT) = nesro + Beps AT,

kepp(To + AT) = keppo + Yers AT,

(5.3)

where Tj is the room temperature, AT stands for temperature variation, and n.sy and
keys are the real and imaginary parts of the effective refractive index for the propagating
mode, respectively. v and (3 are the thermo-optical coefficients, which were measured
experimentally in [99] for near-field coupling in SizNy, which is the case-study of this

thesis. They are given by:

Beffam = —(2.2+£2.0) x 1074 K!
Beffery = (1.1 £0.34) x 1073 K~

Yeffory = (156 £ 0.21) x 1073 K~
Yeffam = (4.1 £1.2) x 1074 K™*

The change in the imaginary part, given by the coefficients Yeff.ery and Yegf,am, implies

that the attenuation coefficient («) changes as a function of the temperature as well,
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5.2 Optical-switching dynamics

ie. a(To + AT) = a(Ty) + (AT = ap + ( AT. Thus, when the electromagnetic wave
heats up the GST, this changes its optical properties, thus affecting the mode; this is the
fully coupled interaction described in Sec.3.2.2. In this case, the power measured at the
detector as a function of the temperature T is given by [27, 67]

P(T) — poe—a(T)L = P, e—aol o—CATL

(5.5)
P(T) = Pgsre *~TF,

where L is the length of GST, Py and Pggr = Py e~ ! are the room-temperature trans-
mitted power measured at the output of the device without and with GST, respectively.
Pgsr corresponds to the experimental curves measured for GST in both phase states
presented in Sec.5.1.1. From Eq. 5.5, as the material heats up, an exponential decay
in the signal is predicted, which is indeed the case of the real-time measurements in
Fig. 5.3 during the pulse excitation. After the pulse excitation, the material cools down,
following the same effect but with a slower change in temperature since the cooling is
achieved passively, in air at room temperature. From these two thermo-optical effects, it
is deduced that the total time required for the switching depends on the pulse duration
rather than the energy itself. Moreover, from the experimental data in Fig. 5.3, it can be
observed that at after a time ¢ = 77, with 7 being the pulse width, the transmission has
approached an asymptote for the exponential decay that dictates the cooling process. At
t = 27, however, the transmission reaches up to 70% of the asymptote value. These times
are important to consider, given that they will determine the speed limits of the memory
applications, i.e. the time required before another phase-switching can be realised, as

will be discussed in Sec. 5.6.

From these results, it is concluded that shorter pulse widths are better in order to get
fast back-and-forth switching, which is mainly restricted by the “dead time” that the

material takes to cool down. Although these fast-response measurements provide plenty
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of interesting data to understand the phase-change transitions, this chapter will rather
focus on the long-term results of such transitions and their applicability. More details

of the real-time pump-probe measurements and thermo-optical effect can be found in

67, 99).

5.2.3 TEM Analysis

TEM specimens were prepared and imaged by collaborators in the Institute of Nano-
technology at the Karlsruhe Institute of Technology (KIT), Germany. Using focused
ion beam (FIB) in a FEI strata Dualbeam system, cross-sectional lamellae were cut
from a GST memory device along the waveguide and thinned to a thickness of less than
50 nm for TEM imaging. The TEM specimens were examined in a FEI Titan 80-300
electron microscope equipped with CEOS image spherical aberration corrector, Fischione
model 3000, high-angle annular dark-field (HAADF), a scanning transmission electron
microscopy (STEM) detector, an EDAX SUTW energy-dispersive X-ray spectroscopy
(EDX) detector, and a Gatan Tridiem image filter. The microscope was operated at an

accelerating voltage of 300 kV.

Silicon Nitride

Figure 5.5: TEM imaging of GST photonic memory cross-section. a) TEM image of a
cross-section through a memory cell in the crystalline state, showing also the SiOy substrate
and the ITO capping. b) Fourier analysis of the TEM image for the memory device in the
crystalline state from a), showing clear features of the ordered lattice structure. ¢) Fourier
analysis of the TEM data from a device optically switched into the amorphous state with
diffuse haloes expected for the amorphous phase.
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5.3 Binary memory and switching protocol

The optical switching of the phase-change material element was confirmed by high-
resolution transmission electron microscopy (HRTEM). Devices were prepared in both
the amorphous and the crystalline phases using the optical-switching processes outlined
above. A thin lamella along the direction of propagation in the waveguide was cut
through the GST section for TEM imaging. From the images, the deposited GST layer
and the ITO layer can be seen, as indicated in Fig.5.5a; the measured thickness for
each layer is about 10 nm as expected from the deposition rates. The HRTEM image
in Fig. 5.5a also clearly shows the crystalline phase written into (the GST element of)
this device. To further illustrate the crystalline order, a Fourier transform of Fig. 5.5a
is shown in Fig. 5.5b, where the diffractogram reveals the features of cubic GST. The
diffractogram of a device written into the amorphous state is shown in Fig. 5.5¢, where

the presence of only diffuse haloes confirms amorphisation.

5.3 Binary memory and switching protocol

The geometry of the phase-change photonic memory cell and the operating principle
is shown schematically in Fig.5.6. Information is stored in the GST by employing
near-field coupling between light travelling along the waveguide and the GST element, as
explained in Sec. 5.2. This interaction results in the absorption of optical power due to
the non-vanishing complex refractive index of GST [26, 67]. As illustrated in Fig. 5.6, the
crystalline state (Level 0) exhibits higher attenuation and thus less optical transmission
than the amorphous state (Level 1). Therefore, stored data can be encoded in the amount
of light transmitted through the waveguide (i.e. exiting the end of the waveguide) and
can be read out with a continuous wave (CW) laser or low-power optical pulses. The
phase state of the memory element influences the optical properties of the propagating

light field and therefore the waveguide mode profile, as illustrated in Sec. 3.2.
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Figure 5.6: Operation principle of the phase-change photonic memory. The GST section
is originally prepared in a fully crystalline state; thus, a first read-pulse will lead to a low
transmission (level 0) measurement. Once the GST is amorphised with a subsequent Write
pump-pulse, a second read-pulse will measure a higher transmission (level 1). The inset

shows the two crystallographic states and their corresponding transmission level in a binary
memory.

To demonstrate memory operation, the phase-switching was obtained optically by real-
ising pump-probe measurements on the waveguides containing memory cells, in the
same manner, with the same devices, and using the same pulse parameters and setup
configuration as presented earlier during this chapter, in Sec. 5.2. The difference, however,
is that in memory operation it is critical to obtain well-established transmission levels
that can be retrieved after several cycles. To achieve this, evanescent switching was tested,
as originally proposed in Ref. [26], using one input waveguide for the pulses and another
waveguide with GST on an integrated ring-resonator cavity. This approach, however,
proved challenging because the power required to switch was too high and the coupling
efficiency to the ring-resonator changed dynamically upon and during phase-switching
The optimum design for memory operation was later found by placing GST cells directly

on top of the same waveguide where pulses were sent. Different pulse schemes were
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also tried unsuccessfully before finding the Write and Erase processes explained in the
following sections. Omne of the key aspects for the correct operation of phase-change
photonic memories is to initiate the Write/Erase cycle from the crystalline state, and set
its low transmission as the ground level or Level 0. In this way, reliable levels and good
cyclability were guaranteed, as will be discussed in detail when describing the conditioning
process in Sec. 5.5. For this reason, after sputtering, GST was always annealed at 300°C'
for 2min to crystallise the as-deposited amorphous material. Secondly, the Write, Erase
and Conditioning processes needed to be performed following the steps described below.
This method represents the first demonstration of complete cycle switching in this type
of architecture. As the first prototype, there is plenty of room for improvement, which

could also include different switching schemes or methods.

5.3.1 Write (amorphisation)

Information is written in the phase-change photonic memories by means of energy absorp-
tion from pump-pulses, which create distinctive amounts of amorphous GST embedded
in the initial crystalline state. The more energetic the pulse, the deeper—along the
waveguide—and broader the area that is melt-quenched (amorphised) in the memory
cell, as indicated using FEM simulations in Fig.5.2. Therefore, by controlling the pump-
pulse power, different levels of transmission can be written by reaching different partial

amorphous states, as shown in Fig. 5.7.

In detail, if P,,;, is the minimum pulse power able to amorphise GST, then, when a Write
pulse with fixed length and with power P¥ ¢ > P, .. is sent to the GST cell (prepared
in the crystalline state with transmission 7j), amorphisation is induced. Therefore,
the transmission of the probe signal increases from Ty to a characteristic value T,,, the
transmission of Level n. This T,, is unique to the pulse power P¥ €. Level n can be

accessed every time the same Write pulse is sent to the memory cell, provided that a
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proper conditioning process is carried out beforehand [67].

In Fig. 5.7a, the real-time thermo-optical effect on the probe transmission is plotted when
amorphisation takes place in a 5 um long memory cell, for different P¥". Therefore, for
a fixed pulse width of 100 ns with 500 ps rise/fall times, it is shown that the higher the
energy absorbed, due to an increase in pulse power, the higher is the final transmission
level. As GST absorbs more energy—seen in the thermo-optical curve shown in Fig. 5.7 as
the transmission reaches lower values during the pulse excitation—the pulse amorphises
a larger area of the memory cell. Furthermore, tuning the power is not the only way
to reach an energy that is enough to amorphise GST; this can also be done by using
pulses with different widths and fixed power. In particular, by using a pulse power of
6.1mW and varying the pulse width from 10ns to 200 ns, different transmission levels

were reached, as plotted in Fig. 5.7b.
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Figure 5.7: Write: Amorphisation in a 5 um long phase-change photonic memory. Thermo-
optic effect and amorphisation by a) varying pulse power and fixing the pulse width to
100 ns and b) varying pulse width and fixing the pulse power to 6.1 mWV.

If pulses with energies that can heat up the GST far beyond its melting point are used to

Write, then the material conditioning may be destroyed and ablation can also take place.
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For this reason, pulse widths shorter than 100 ns were employed, and the transitions
were induced only by controlling the pulse power. Contrary to what is broadly accepted,
under this configuration the rise/fall times of the Write pulses were not relevant. This
contradicts the times reported in literature that indicate that the pulse edges should
be below 10ns [12], otherwise the cooling is not fast enough and the recrystallisation
dynamics may overtake amorphisation. However, for the experiments reported in this
thesis, different pulse generators were used: some offering 500 ps rise/fall times, others
with 5ns, and even arbitrarily created pulses with 50ns fall times. The result was
the same; all pulses tested were still able to amorphise GST, indicating that the only
important parameters were the pulse power and width (i.e. the pulse energy). This is a

finding that requires further research.

5.3.2 FErase (crystallisation)

While a single pulse was used to Write (amorphise), to achieve the T,, — Tj transition
(i.e. to switch back to the pure crystalline state), a train of consecutive 100 ns pulses
with gradually decreasing power was used to Erase. This procedure, found empirically,
consists of k& pulses with powers P7%*¢ = P — mAP, where n stands for the starting
transmission level and m = 0,1, 2...k — 1. Such pulses are sent consecutively in time inter-
vals limited only by the cooling rate of GST. AP was set to be approximately 0.40 mW.
Each pulse in the Erase procedure recrystallises in small steps, but all together drive the
transmission towards 7p. The number & will be given by the condition P ~ P
when Tj is reached. Pulses beyond this condition should not modify the transmission as
the material is transformed to the fully crystalline state. Pulse powers and widths can
be chosen accordingly, as long as the energy (pulse width multiplied by power) remain in

the same range.

Following this Erase procedure enables the memory element to operate with high repro-
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Figure 5.8: Demonstration of a full switching cycle. a) Sketch of the Write/Erase process
(upper panel) and the change in read-out they induce in long time scales (lower panel).
AP =~ 0.40mW is the power step between two consecutive Erase pulses. The initial
state was established by using a Write pulse of 562 pJ and 100 ns (thus, with a power
of 5.62mW). The FErase pulse had a width of 100ns and powers: 5.62mW, 5.24mW,
4.65mW, 4.25 mW, and 3.73mW for the three last ones. b) Changes in read-out in
short-time scales. The thermo-optical effect is observed during the partial recrystallisations
initiated by the 100ns Erase pulses. The initial state was established by using a Write
pulse of 562 pJ and 100 ns (thus, with a power of 5.62mW).

ducibility. Data on a full switching cycle are presented in Fig. 5.8a. The optical pulses
that were used are represented in the upper panel. In contrast, the read-out, in the lower
panel, was measured at all times during this cycle with a low-noise photodetector. First,
the 5 um long GST device was amorphised with a single 100 ns pulse with 500 ps-fall and
of 562 pJ energy (equivalent to a power of 5.62mW at the GST), leading to a change in
read-out transmission of 28%. Afterwards, the Erase was carried out by seven pulses with
562 pJ, 524 pJ, 465 pJ, 425 pJ and three of 373 pJ, respectively. Each of these pulses
initiated a partial recrystallisation of the GST. The respective switching dynamics for
each of these pulses, recorded by a 125 MHz photodetector, is shown in Fig. 5.8b. In this
figure, it is observed that during the time when the switching pulse interacts with the GST
(0 — 100 ms), an exponential decay of read-out transmission takes place. Subsequently,

the transmission increases asymptotically (100 — 400 ns) as a result of the GST cooling
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(thermo-optical effect). However, given that the pulse induces partial recrystallisation,
the absorption by the GST increases and the transmission reaches a lower level than
that before the pulse. The result is the transmission steps observed in both Fig. 5.8a and
b. The thermo-optical effect shown in Fig. 5.8b is a fast-response measurement taken
with a 125 MHz detector (see Sec.4.1.2). This fast transient behaviour is not perceptible
in the long-time measurements in Fig. 5.8a, given that they were taken with a 200 kHz

photodetector.

On the Erase switching dynamics

As shown above, and contrary to the Write process, full recrystallisation (Erase) with
a single light pulse is challenging. One of the reasons for this is significant decrease
in absorption upon amorphisation. When erasing, the memory operation requires the
stepwise scheme detailed above, which is not yet optimal due to speed concerns. The
reason why several pulses are required to recrystallise is not completely understood, yet
in practice, this method, found empirically, has proven to work well. There are two

competing effects that can help to understand this phenomenon:

» Crystallisation takes place before the end of each Erase pulse; therefore, the remain-
ing optical energy supply heats up the GST further to the melting temperature and
causes immediate reamorphisation. Because of the temperature variation across the
memory cell [99], however, this cannot be prevented completely since not all parts
of the GST crystallise simultaneously. This effect is proposed to be a consequence of
the change in absorption experienced by the pump pulse, as observed experimentally
in Fig. 5.3—where the shape of the pulses change within the pulse width, thus
showing that there are drastic variations in the material attenuation as it heats up.
Nevertheless, this explanation does not provide an answer as to why shorter pulses

were not more effective, which should have been the case following this reasoning.

o Given the refractive-index modulation towards a less absorptive state, the optical
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mode within the waveguide is distorted when part of the memory cell is amorphised.
Therefore, energy is absorbed in a different and less efficient manner than when it is
fully crystalline. By sending a first pulse, the GST will be heated to a temperature
between the glass-transition temperature and the melting point (provided the
correct pulse energy is used), and thus a small area is crystallised. Subsequently,
the GST gets slightly more absorptive, yet not completely crystalline. This implies
that the next pulse would then require less energy to heat up the material to the
same temperature reached by its predecessor, and thus to crystallise more of the
cell. The process continues in the same way until the whole cell is crystallised by
a train of pulses with decreasing power/energy. If the power is not reduced, then
further amorphisation takes place instead, as the high absorption may lead to a

melting temperature again.

The latter effect was modelled using FEM on COMSOL Multiphysics® to find qualitative
information that can provide insights into the real switching mechanism behind the
FErase process. The results of this study are presented in Fig.5.9. In particular, Fig. 5.9a
shows the attenuation coefficient calculated for the cross-section of the rib-waveguide
with partial amorphous sections on top. This, in turn, offers qualitative information
on the amount of light that will be absorbed after a Write pulse melt-quenches and
amorphises areas embedded in the crystalline GST. These areas, as shown previously in
Fig. 5.2, expand from the centre toward the edges as the heat increases with the pulse
power. The heat transfer by a subsequent pump pulse is affected by the presence of an
amorphous area in the centre of the GST cell. Such variations are plotted in Fig.5.9b
where the normalised heat transfer is calculated inside the GST at half of its thickness,
thus crossing the crystalline and the amorphous regions. From this figure, a dip in the
heat transfer due to the low extinction coefficient of the amorphous area in the centre can
be observed. Therefore, if further pulses are sent when GST is in any of these intermediate

states, higher temperatures will be reached at the boundaries between the amorphous
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Figure 5.9: Erase scheme computational modelling. a) Normalised attenuation coefficient
as function of the amorphous section width, embedded into crystalline GST, as shown in
the inset. The o, corresponds to the attenuation when GST is fully crystalline, which
can be measured experimentally. b) Normalised electromagnetic heat transfer (Q.)—with
respect to the maximum heat transfer when GST is fully crystalline (). ¢,—traced on
the horizontal line parallel to the substrate and crossing the GST at half-height (at 5nm,
as shown in the inset), including the embedded amorphous section. c¢) Light absorption
calculated for 5pum long GST considering: 1) an initial amorphisation (Write) depth
of 4.5 um with 0.9 um of width; 2) the experimental attenuation calculated for fully
amorphous and fully crystalline GST; and 3) the partial-amorphous attenuation values
reached in intermediate recrystallisation steps, calculated using a), until the amorphous
area is completely recrystallised (i.e. the amorphised area depth is equal to zero). The
bars indicate the pulse energies required to transfer the same energy E to the material
via absorption, as a function of the energy required to heat-up over the crystallisation
temperature (and below the melting temperature) when the material is in a fully-crystalline
state, which can be experimentally measured. d) Sketch of the full Erase as understood
from the simulations, requiring thus an energy-decreasing train of pulses. The GST sections
sketches are plotted as seen from the top.
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and the crystalline areas of GST where the heat transfer is greatest. Furthermore, if
parabolic-shaped amorphous areas are considered on the light propagation axis—based
on the simulations in Fig.5.2—then one recrystallisation step can be understood as
the small crystallisation that takes place at the edges of the amorphous area, which
gets significantly larger as the parabolic shape gets narrower (heat transfer is higher for
narrower amorphous embedded areas), and eventually is maximum when the pulse faces
only crystalline GST. Multiple recrystallisation steps will then be required, given that it
is not possible to heat up the centre of the amorphous material directly. Instead, several
pulses, each one crystallising a bit of amorphous materials on the edges at the time, are
required until the whole amorphous area—created with the single Write pulse—is back

to fully crystalline.

While the explanation presented above provides an answer to why several pulses are used
in the Frase process to recrystallise, it does not explain why a train of energy-decaying
pulses are necessary. To find a reasonable answer to this, the results in Fig. 5.9a are once
again analysed. As GST recrystallises, the attenuation increases, given that there will
be a higher portion of crystalline GST than of amorphous GST (i.e. the amorphous
volume decreases). Therefore, the attenuation that the first pump pulse in the Erase
undergoes is much lower than that of any of the following pulses; thus, more energy
is required for this pulse than for the subsequent ones, if the material is to be heated
up over the crystallisation temperature. Hence, pulse-energy requirements decrease as
the attenuation increases. If considering, for instance, a memory cell of 5 um and a
Write pulse that amorphises GST to a depth of 4.5 um (i.e. if Q. = 0.4QY is enough
to switch in Fig.5.2), then every subsequent pulse in the Erase will reduce the size of
the amorphous area. By studying the evolution of the attenuation of the entire GST
cell, the total amount of light that is absorbed after propagating through the cell can be

calculated. This is done by following these steps:
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. Calculate the total area that is amorphised by an initial Write pulse using the
isosurfaces for the heat transfer shown in Fig. 5.2d. Following with the example
above, the area is given by the depth of 4.5 um and the initial width of 0.9 um that

decreases in a parabolic-like way.

. Divide the amorphous area in differential sections in the propagation direction,

taken here as 0.5 um in depth.

. Use « in Fig.5.9a to calculate the attenuation of each differential section as a

function of the amorphous section width embedded in crystalline GST.

. Compute the total absorption (from the total attenuation) as the sum of the

contributions by every differential section.

. Repeat 1 to 4 for the decreasing amorphous area after each recrystallisation pulse.
In this case, it is assumed that the amorphous GST is made smaller in 0.5 to
1 um steps after each pulse. This choice does not affect accuracy but rather the
number of points on the same curve—or the number of recrystallisation pulses in

the experiment, which can be measured.

The results for the absorbed light in this particular memory cell are shown in Fig. 5.9¢c,

together with the modulation in pulse energy to obtain the same absorption in every

intermediate state. These results demonstrate that an exponentially decreasing series of

pulse energies are required to achieve the same absorption for the material, i.e. to heat it

up to the same temperature, as recrystallisation takes place, just as done experimentally

in Fig5.8.

Finally, in Fig.5.9d, the whole recrystallisation process is summarised and sketched.

Pulses of decreasing energy are required to transfer the same amount of electromagnetic

heat, so as to reach the right temperature needed to crystallise the GST at the edges
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of the amorphous volume. This method represents the less time-consuming process as
the energy modulation implies the minimum number of pulses. Alternatively, a larger
number of pulses of a constant, but lower energy can be used to recrystallise GST in
even smaller steps. This alternative may represent a more energetically efficient option,
but would increase the total duration of the recrystallisation, thus making the memory
operation times longer. Also, given that the attenuation is calculated for differential
sections, which could have been taken in a different order with the same result, then
the actual place where recrystallisation takes place—including different recrystallisation
areas to that in the vicinity of the edges as considered in the hypothesis above—would

lead to a similar train of pulses with decreasing energy.

Further investigation is required to determine the real nature of the Erase process and
to find alternative ways to carry out the GST recrystallisation. However, to circumvent
this issue the Erase scheme based on stepwise partial recrystallisation presented above
is employed throughout this thesis as a proof of concept. This scheme, performed by
a train of consecutive energy-decreasing pulses, represents thus far the only solution
for repeatable back-and-forth switching under this architecture, regardless of the speed

limitations and energy efficiency.

5.3.3 Read

The read-out of the information stored in the GST is done with either CW lasers or
low-power optical pulses, at any wavelength inside the specific bandwidth of the circuit.
The only important aspect here is that the energy of the Read light is not so powerful as
to induce any sort of switching, but enough to offer good SNR. In this work, Read was
done in a pump-probe scheme where, in real time, it propagated together with the pump
Wrrite/Erase pulse inside the waveguide. This meant that two light sources were required

and wavelength-filtering was used to separate both signals and avoid interferences or
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cross-talk. This was done with the aim of obtaining the real time dynamics of the GST.
However, a single light source can be used to switch and subsequently read if no real-time

dynamics information, but rather long-term transmission data, is required.

5.3.4 Binary operation

Following the Write and Erase protocols described above and using the pump-probe
setup described in Ch. 4, back-and-forth switching is achieved in a controlled and repet-
itive manner between the crystalline and partially amorphised GST. In Fig.5.10, the
change in read-out transmission upon repeated switching between low (Level 0), and
high (Level 1) transmission states of the GST is shown for one 5 ym memory cell under
two different pulse energies. These results demonstrate unequivocal binary data storage
in this photonic memory with good reversibility and transmission contrast, which can
also be tailored by controlling the Write pulse energy. The oscillations observed in the
lower level are due to the optical amplification of noise, which in turn heats up the GST
cell and slightly modifies the transmission without switching. The noise originates from
the laser and amplified by the EDFA (which also adds noise from spontaneous emission)
when setting the current to prepare Write pulses. When using high power pulses, it is
important to add a second wavelength filter after the amplifier, as described in Sec. 4, to
reduce the noise at wavelengths different to that of the pulse. In the same figure, the
multiple steps when returning from Level 1 to Level 0 due to the Erase stepwise protocol

are also visible.

Moreover, as illustrated in Fig.5.11, the switching process is highly reproducible over one
hundred cycles with a measured confidence interval (shaded area) of £7.1% measured as
the interval between two standard deviations and the central transmission value for the
upper level. This number of cycles, however, was chosen deliberately given the manual

operation of the experimental setup. It does not represent the number of cycles before
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Figure 5.10: Non-volatile, binary memory operation on phase-change photonic memories
using two different Write powers. AT stands for the change in transmission between the
fully crystalline and the partially amorphous state. Pulse energies correspond to powers
of 5.33mW and 4.6 mW and 100ns in length. The read-out was done using CW at
Aprobe = 1570nm. The Write/Erase pump pulses were set to Apump = 1560 nm.

failure; measurement that would require an automated version of the same experiment.
The low-transmission state (Level 0) was initially prepared from the fully crystallised
phase in such a way that reversibility of the operation is ensured. On the other hand, the
absolute transmission at Level 1 is determined by the switching energy, which defines the
final level of amorphisation, and the GST dimension along the waveguide, which defines
the modulation depth. To ensure high transmission contrast between the amorphous and
crystalline states, 5 um length cells were used; with this device, a change in read-out of
transmission of 21 % is achieved using a single 100 ns Write pulse of 533 p.J energy. Since
the GST cell absorbs nearly 80.7% of the pulse in the crystalline state (derived from
the measured optical attenuation of —7.14 dB calculated in Sec.5.1.1 and in [27]), this
corresponds to a switching energy of 430 pJ. Further demonstrations of binary operation
were realised by employing devices with smaller GST lengths and lower Write pulse
energy, as described in Sec.5.4.3. In particular, modulation depths up to 58.2% and

binary operation with pulses as short as 10 ns with switching energies of 13.4 pJ were
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achieved. While the data in Fig. 5.10 demonstrate the non-volatility of the phase-change
photonic memory for several minutes (indicated by the time bar), it has been shown
in a similar configuration that the phase-state is preserved over much longer times, up
to a period of at least three months [67]. Indeed, extrapolating from the well-studied
data-retention properties of GST, all-optical phase-change memories can be expected to

remain non-volatile at room-temperature on a timescale of years [12, 14].
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Figure 5.11: Reversible and reproducible single-shot switching. a) Demonstration of
binary memory operation between the crystalline (lower Level 0) and amorphous (upper
Level 1) state of a 5 um GST device with a total change in read-out transmission of 21%.
The Write step (blue) is initiated by a single 100 ns pulse, while for the Erase step (red)
a fixed sequence of six consecutive 100 ns pulses with decreasing power are employed, as
described in Sec.5.3.2. Time scale is 1 min. b) Further repetition of the same switching
cycles, as in a). The number of cycles was chosen deliberately as proof of concept and
does not represent the number of cycles before failure. The dark and light shaded areas
represent one and two standard deviations, respectively.

5.4 Multi-level phase-change photonic memory

Multi-level memory operation is found by establishing and freely accessing intermediate
states between fully crystalline (after annealing) and the partially amorphised state
achieved after the most energetic available Write pulse. This in turn, represents one path,

besides reducing the form-factor, of how phase-change-based photonic memories can
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improve the data-storage density as multiple bits can be stored in a single memory element.
Intermediate levels, when writing, are obtained readily by controlling the amount of GST
that is amorphised, taking advantage of the fact that the pulse penetration depends
on its energy. Therefore, by controlling the power, different levels of transmission can
be obtained by writing different partial amorphous states, as already shown in Fig. 5.7.
Moreover, when erasing, although the dynamics are more complicated and the real nature
of the small crystallisation steps, explained in Sec. 5.8, is not completely certain, the Frase
process has proved to work well and it can be stopped at certain pulse energy/power
values to retrieve any intermediate level, as explained below. This way, intermediate
levels are accessible for any intra-band level combination—from and to any arbitrary

level.

5.4.1 n-level assessment method

In multi-level operation, to Write from a Level n to a Level n’ > n, one pulse with power
Purite is sent to the memory cell. This pulse will reliably take the cell to the Level n/,
regardless of the Level n of origin, as long as the transmission of the Level n' is larger

that the transmission of the Level n (i.e. if further amorphisation takes place).

Partial Erase (i.e. accessing intermediate states) from any Level n to a Level n” < n is
possible by repeating the same FErase process, explained in Sec. 5.3.2, until the condition

on the pulse power P05 = Purite is fulfilled. The energy of the final pulse determines

n/l
which lower transmission level is achieved. This can be the fully crystalline or any
intermediate state which is also retrieved when writing with a pulse P%/*¢. Hence, the

same level is reachable by means of either Write or Frase, depending only on whether

the starting point is a higher or lower transmission level.

The reproducibility of these levels depends on the conditioning process described in
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Sec.5.5. If the conditioning is done several times using the same series of pulses for
amorphisation and crystallisation, then the intermediate levels are reachable with high
reliability. Moreover, the number of possible levels in a memory cell is limited by the
separation (difference in transmission) between the highest and lowest states and the
required confidence interval of an intermediate level. The transmission contrast between
levels can be increased by using either a larger memory cell or finding the highest, optimal
pulse energy for switching. The confidence interval, on the other hand, is mainly limited
by the minor variations in the switching and by the signal-to-noise ratio (SNR) of the
read-out measurement. Therefore, the number of memory levels can be increased by just
using a higher read-out power ensuring a better SNR, (without exceeding switching power
Puin). The highest available transmission can also be manipulated by using higher power
pulses just before the ablation threshold; this threshold, however, is hard to determine

given that it has been different for each device fabricated for this thesis.

5.4.2 Experimental implementation

Using the simple but effective Write/Erase and Read techniques, multi-level access is
experimentally demonstrated in Fig. 5.12a-c for four clearly distinct levels. The presented
data were recorded in a 5 um long GST element, with each transition between levels
being initiated by a single 100 ns light pulse, manually and individually triggered. The
four levels were reached with pulses of level-specific switching energies (i.e. the energy
absorbed by the GST only) in the range 465 to 601 p.J (see figure caption for specific
details). Despite this cell being of similar size to that in Sec.5.3.4, it obeys a different
conditioning process, which is device specific and, for this case, optimised for intra-level
transitions (See Sec.5.5). For this reason, the transmission levels and pulse energies
differ. In Fig.5.12a, levels were reached in a serial manner and subsequently the Erase
operation was carried out from Level 3. Furthermore, the same levels were also shown to

be accessible in any combination from a lower to a higher level, as shown in Fig. 5.12b.
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The Erase operation (i.e. to return to Level 0) was not only possible from the highest
transmission state, but from any intermediate level as well, as shown in Fig. 5.12¢c. These
results demonstrate that both Write and Erase operations, to and from any level, are
possible with high accuracy, allowing a reliable multi-bit memory operation. This exciting
and seemingly straightforward aspect of this photonic memory is particularly attractive
because such arbitrary transitions are very difficult to achieve in electronic memories
employing phase-change materials, where iterative write-and-erase algorithms involving
multiple (typically 3 to 5) write/read(/re-write) cycles are needed to achieve a pre-defined

level, adversely affecting the overall write speed and power consumption [105].

The number of possible levels in a memory cell, as explained in the previous section,
is limited by the SNR of the read-out measurement. That being so, it was possible to
increase the number of memory levels by using a higher read-out power ensuring a better
SNR. This is demonstrated in Fig.5.12d, where 8-levels of state discrimination (i.e. 3
bits per cell) within a single photonic memory cell are shown. Each level corresponds to
a partial crystalline state, presenting a specific change in transmission by applying pulses
with varying energies, as presented in Fig.5.12e. Once again, a conditioning process
was carried out, which implied a renormalisation in transmission that led to different
figures for the change in read-out. The individual levels were reached with pulses P,
of level-specific energies in the range 372 to 601 pJ. In the same figure, it is observed
that the difference between the transmissions of any two consecutive levels was much
higher than the level uncertainty marked by the colour coded background. In Fig.5.12d,
it is also demonstrated that each level was reachable from both directions (i.e. with an
amorphisation as well as a crystallisation step). This implies that any level is accessible
from all others, with very accurate control of the transmission levels and remarkable
repeatability, just by applying the appropriate Write pulse or Erase sequence. The total

number of such pulses, all of 100 ns without a fixed pulse separation (each pulse was
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Figure 5.12: Multi-level operation of a phase-change photonic memory. a) Four clearly
distinguishable levels were reached with 100 ns Write pulses P, of level-specific energy
(i.e. Pulse power x pulse width) Ep, = (465 +13)pJ, Ep, = (524 £ 14)pJ and Ep, =
(585 + 14) pJ in a 5 um GST device. Levels are shown to be accessible in a) consecutive
or b) arbitrary ascending order by the respective Write pulses P,,. c¢) Each level is also
independently reached and erased. Scale bar in a)-c) is 20s. d) Reducing the SNR by
increasing the read-out power by a factor of 10 enables one to operate the same device as
in a)-c) with 8-levels. The shaded areas correspond to the confidence interval of each level
(i.e. the interval between two standard deviations and the central value for transmission)
calculated from at least ten transitions. In addition, it is shown that each level m can be
reached from a higher level n by applying a partial Erase, denoted here by R,,_,,, which is
described in the Sec.5.3.2. Therefore, each level can directly be accessed from any other
level. The energies for the Pulses P, are those leading to Level n in subfigure e), following
the same colour scheme (Ep, = (372 +12)pJ, Ep, = (415 + 13) pJ, Ep, = (465 £ 13) pJ,
Ep, = (524+14)pJ, Ep, = (561£14) pJ, Ep, = (585+14) pJ and Ep, = (601+15)pJ). e)
Relation between used pulse energy, addressed level and corresponding change in read-out
transmission for the Write operations used in d). Error bars show the uncertainty in the

level attainability.
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sent manually), for any arbitrary transition in this 3-bit demonstration is shown in the

following table:

Table 5.1: Number of Write and Erase light pulses required to switch between arbitrary
levels in the 3-bit memory cell shown in Fig. 5.12d. The levels on the vertical axis represent
the level number before either Write (if getting to a higher level) or Erase (if getting to a
lower level). The levels on the horizontal axis represent the level to which the Write or
Erase process is switching to. Any Write, i.e. n — n+ 1 transition, is a single-shot process.

To level
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After the thermal excitation, the GST was found to require at least twice the time of
the pump pulse in order to cool down, as described in the optical switching dynamics in
Sec. 5.2. Therefore, from the figures in Table 5.1, Write time was 200 ns for any transition,
given that a single 100ns light pulse is enough. However, Erase times were 800 ns or
600 ns for transitions n — n — 1 (either 4 or 3 pulses were enough) and 3.8 us in the
maximum transition 7 — 0 (19 pulses). These times were decreased by using pulses of
20ns and 50 ns with successful multi-level performance at the cost of lower number of
levels (3 and 5, respectively) and lower contrast transitions. Although there is plenty of
room for improvement, all these capabilities already provide a leap forward in terms of

functionality and will be crucial for the realisation of practicable photonic memories.
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5.4.3 Modulation depth

The modulation depth is defined as the static change in optical transmission for a partic-
ular memory cell upon switching. The modulation depth is stated with respect to the
read-out transmission of the base (Level 0) crystalline state. The switching energy, on
the other hand, is defined as the amount of absorbed optical power (calculated from the
known GST absorption and the total energy of the pump-pulse before the interaction)
required for this phase-transition. In phase-change photonic memories, the contrast of
the transmission levels before and after switching depends on the dimensions of the
PCM element. Short PCM sections provide low optical attenuation and therefore high
transmission. In this configuration, the contrast in transmission between the amorphous
and the crystalline state is notably small, which limits the number of achievable memory
levels. On the other hand, shorter PCM devices require lower energies to switch the
material. In the following, two types of devices based on GST with a length of 1 um and
5 um, respectively, are compared in terms of the required switching energy and read-out
contrast. The results are summarised in Table 5.2. With 5 um long GST devices, high
contrast up to 58.2% is obtained using long pulses of 200 ns duration. In this case, the
switching energy amounts to 596 pJ. For 1pum long devices, the maximum contrast
reaches 16% when using 200 ns long pulses, at a lower switching energy of 194pJ. A
higher transmission contrast can therefore be obtained at the expense of higher switching

energy and larger footprint.

The values presented in Table 5.2 correspond to multilevel memories that were controlled
using the Write/FErase process described in Sec.5.3.1 and 5.3.2, with the pump-probe
experimental scheme presented beforehand in Ch. 4. In particular, other devices including
memory cells with 0.5 um, 1 um, 5pum and 10 um long, 1.3 um wide, and 10 nm thick

GST, were fabricated and tested. It was found, following the same conclusion as in
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Table 5.2: Multilevel modulation depth

1pum GST 5um GST
Attenuation -0.97 dB -7.14 dB
Pulse Max. Min. switching Max. Min. switching

Length(ns) | Contrast (%) | energy (pJ) | contrast (%) | energy (pJ)

10 0.67 £ 0.50 13.4+0.6 1.8£2.0 42.0£0.3

25 2.34 +0.52 30.1£1.3 99+£25 105.2 £0.7

50 3.60 £ 0.50 48.5 + 2.6 16.8 +2.4 186.7 + 0.7

100 8.60 + 0.48 97.2+5.1 31.8£22 298.0 £ 2.0

200 16.2 +0.46 194+ 10 58.2 £ 2.0 596.0 £ 4.0

Table 5.2, that transmission-level distinguishability upon switching (i.e. level contrast),
is directly proportional to the cell dimensions. Short cells, shorter than 800 nm along the
waveguide axis, present low insertion loss due to an attenuation coefficient that scales
down with the size. Therefore, for these short memory cells, higher SNR transmission
signals are measured, which is favourable for detecting small phase-changes in GST.
However, the contrast between the transmission in the amorphous and the crystalline
states also scales down with size [27]. Hence, only when most of the GST is amorph-
ised is the change in transmission significant enough to be differentiated from the fully
crystalline state, which in turn limits the number of reachable intermediate levels. This
effect was visible in the smallest devices, with 0.5 um long memory cells, for which
pulses that provide switching energies greater than 120 p.J could induce switching to a
distinguishable state, but the contrast was not enough to establish intermediate levels
in between. Alternatively, detectors with better SNR could be employed to distinguish
several levels within small variations in transmission. On the other hand, when using
very long GST cells, such as 10 um, the probe signal is almost completely absorbed.
Accordingly, the SNR for the readout pulse is poor and the transmission measurements
become challenging. The solution in this case is to use higher energy Write pulses to
amorphise large GST areas until transmission variations overcome the noise and become
distinguishable. In conclusion, the longer the GST, the better the contrast between levels,

but the lower the probe transmission signal.
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Figure 5.13: Change in transmission (A7) as a function on pulse power and pulse width.
a) The measured change in transmission. Data are shown for devices with GST cells with
lengths of 1 um in a) and 5 um in b).

Given that the goal is to obtain low-energy yet fast memory operation, GST lengths in
between 1 um and 5 um were found to be optimum. This length range offers the ideal
trade-off between level contrast and measurable signals. Moreover, these dimensions
allowed for fast operation, as shown in Fig.5.13, where Write pulses, as short as 10 ns,
were successfully employed with switching energies as low as 13.4 p.J. The results plotted
in Fig. 5.13b for 100 ns pulses correspond to the same situation illustrated in Fig.5.12 for
the 8-level memory operation. The measurements in this figure were carried out on the
same two memory devices, thus demonstrating that after the conditioning process each
memory can be operated with a different set of pulses conserving the level structure and
able to return to the same crystalline Level 0. After every Write step towards a fixed
transmission point in the plot, there followed an Erase process towards Level 0 before
achieving the next level. With this approach, every level can be independently addressed

with high reproducibility. Contrasts of up to 60% were demonstrated for 5 ym long GST
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devices in Fig.5.13b as the pulse energy reached nearly 1200 p.J.

5.5 Conditioning process

The accurate reproducibility of the level memory operation is ensured by an initial
conditioning step. If a complete Write/Erase cycle, as described in Sec.5.3.1 and 5.3.2,
turns out to reach a minimum transmission level 7 lower or higher than the starting
point Ty, then the cycle needs to be repeated several times. Within the first few cycles,
the read-out transmission, which initially varies slightly from cycle to cycle, stabilises to
a fixed value (within a confidence margin), thus conditioning the material to a particular
and unique series of pulses that are sent during both processes. The conditioning process
can be changed at any time. In Fig. 5.13, for instance, two memory cells were successfully

conditioned several times to operate for each different pulse width and power.

The conditioning process is key to guarantee the correct operation of the memory. Even
after annealing, the GST cell may not be completely crystalline and only after condi-
tioning is a true minimum of transmission achieved, as obtained in the measurements
in Fig.5.14a. This minimum sets the basis for the other levels. When realising the
conditioning of the material, defects may appear as the result of poor fabrication or
exposure to the environment. A common problem is oxidation, which may take place
when the GST is heated up by the pulse and exposed to the O, in air, at the same
time. Over time, as more material oxidises, the phase switching is prevented, levels are
not reproducible, and the lower transmission level increases as the crystalline materials
becomes less absorptive, as plotted in Fig. 5.14b. Eventually, oxidation will take place
over the whole GST junction—or the active area—and the transmission will be completely
static. Moreover, if high-energy pulses are employed, ablation may also take place. In

this case, shown in Fig. 5.14c, high and irreversible transmission jumps occur, which
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should not be confused with large amorphisation. In the case of long transmission jumps
due to ablation, it is still possible to establish a conditioning that allows for memory
operation with what is left from the material, although the original lower transmission

level (or Level 0) cannot be recovered.

a)

Change in read-out (a.u)

Ablation

Time

Figure 5.14: Conditioning process in a phase-change photonic memory with: a) correct
operation, where a stable minimum of transmission (Level 0) is reached and higher
transmission levels are repeatedly achieved (highlighted in the shaded area); b) GST
oxidation problems, which does not allow for a stable Level 0; and c¢) when high pulse
power induces ablation and, thus, a big irreversible transmission change.

Furthermore, the conditioning process is the main reason why the memory operation is
started from the crystalline state instead of the amorphous state. As-deposited amorphous
GST is in a unique random state after deposition that cannot be reproduced once the
material is partially or completely crystallised. Therefore, it is not reliable to start in such

a state as it is unlikely to reach the same level after a couple of cycles. Moreover, if the
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FErase process is started from as-deposited GST, then the train-like nature of this process
(which will require high energies due to the low attenuation) means that eventually there
will be a T where the material will not crystallise further. However, even if the process
is repeated several times in order to condition the material to specific transmission levels,
many different T} are reached. When trying this experimentally, the crystallisation was
leading to random levels of transmission that could not be controlled, and thus a memory
application could not be built. This was experimentally found in the first efforts to build
phase-change photonic memories before realising that rather than a top transmission
level, what it was really needed was a reliable minimum, i.e. fully crystallised GST as
the operational starting point. Starting from the crystalline state also guarantees lower

operation energies due to the large absorption in this state.

5.6 Speed, energy, and drift considerations

Another crucial aspect of data storage is the energy consumption per bit. Since, in the
phase-change photonic memory, both writing and erasing rely on phase transitions of the
PCM, the switching energy is given by the amount of energy that is required to heat the
GST above the melting (amorphisation) or glass-transition (crystallisation) temperature,
respectively. Therefore, the energy consumption is directly related to the volume of the
memory element and read-out contrast. This relationship between switching energy and
read-out contrast is shown in Fig.5.12e. In binary operation, a read-out contrast of 21%
with 430 p.J switching energy was obtained (See Fig.5.11). On the other hand, switching
energies as low as 13.4 pJ were measured for a reduced contrast of 0.7%, which still
enabled a clear distinction of the two levels (See Table 5.2). This energy consumption
can be improved by up to one order of magnitude by operating the memory with sub-
nanosecond instead of tens of nanosecond pulses. The thermo-optical analysis presented

in Ref.[67] estimates that the portion of absorbed energy that gets lost due to thermal
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diffusion increases significantly with increasing pulse width. Therefore, shorter and more
intense pulses would be beneficial in terms of energy requirement by quickly heating

up the PCM to the required transition temperature while reducing thermal diffusion losses.

In this very first prototype of a phase-change all-photonic memory, the energy consump-
tion and speed achieved in these experiments compares well with pre-existing electrical
counterparts. For example, current commercial PCM-based electrical memories (at the
45nm node) typically require SET pulses of 50 — 100 ns duration and RESET pulses
of 10 ns (considerably longer than the 10ns write and /500 ps read, if using pulses
instead of CW[67], for the operation of this photonic memory), along with 5 — 10 pJ write
energy (c.f. & 13 pJ here). Research-level electrical devices improve on such performance
figures (e.g. 3.4pJ write energy and 20 ns write pulses in Ref. [46]). The performance
of phase-change photonic memories can be more energy consuming if opto-electronic
conversion is further required in hybrid chip architectures. Moreover, the transmission
contrast between states (up to 60 % in photonic memories) is low compared to the three
orders of magnitude in resistance change in electrical memories. The photonic memory
can, however, be further improved by operating them with shorter pulses and by moving
to devices with a smaller footprint, as well as through the development of new materials
with faster and lower temperature switching. Higher signal-to-noise ratio to improve the
read-out contrast could also be obtained with the use of optical cavities, which would

also reduce switching energies, as discussed theoretically in [26].

In addition, level drift has been a significant issue when employing phase-change materials
in memory applications. This effect is well known in electronic PCM-based memories,
in which the atomic configuration of the melt-quenched amorphous phase as a whole
collectively relaxes towards a more favourable equilibrium state, thus having a temporal

evolution of the resistance [106]. In optical memories, however, there is not yet any strong
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evidence of drift given that such collective relaxation does not imply a significant change
in refractive index. Preliminary results from the experiments done within this project
suggest that there is a variation of 1% in transmission over 10° s; however, systematic
experiments are required to confirm this, given that there are other factors, such as
fibre array - Bragg grating misalignment over time (due to pico-motors relaxation) that
contributes to this change. Other experiments, using ring-resonators with near-field
coupling, similar to the experiments presented herein, have found the same transmission
level after 3 months (~ 107 s) [67], thus proving the non-volatility nature of the phase-
change photonic memories. Despite the lack of experimental evidence around optical
drift, the CD and DVDs, which are based on optical measurements, provide a good

insight into how durable and reliable GST is in terms of optical operation.

5.7 Summary

This chapter has presented the fundamentals and experimental implementation of near-
field light coupling to low-dimensional phase-change memory elements integrated onto
silicon nitride waveguides. FEM computational simulations were realised for a qualitative
description of the propagating mode coupling to amorphous and crystalline GST, the
electromagnetic heat transfer, and the amorphisation and re-crystallisation processes.
Moreover, the experimental implementation of such devices using a pump-probe setup
has led to the first prototype of an integrated, all-photonic, truly-non-volatile memory
that provides multi-level storage in a single cell. The ability to switch readily and
directly between the multiple memory levels was demonstrated with accurate control
of the readout signal and excellent repeatability. Furthermore, the capability for fast
(=~ 10ns), low energy (=~ 13p.J), and single-shot readout of the memory state, along with
repeated Write/Erase cyclability—while maintaining high readout contrast—has also

been demonstrated.
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Chapter 6

Phase-Change Optoelectronics:

bistable nanodisplays

This chapter describes the implementation of AgsInySbzTe;; (AIST) and GeaShyTes
(GST), growth- and nucleation-dominated phase-change alloys, respectively, in multilayer
optical cavities for colour modulation in uniform surfaces and nanoscale pixels. In
particular, depth-modulation capability (i.e. grey-scale) is demonstrated for the first time
for phase-change-based displays. The limits of this technique are also studied in terms of
resolution and switching energy, together with a comparison between the performance of

AIST and GST as candidates for bistable nanodisplay materials.

6.1 Modelling and design

Thin-film optics theory is required for understanding the operation of the optical cavities
and the way colour modulation is performed. To do so, the total reflectance of a multilayer

stack can be calculated from the interferences that take place locally in each of the layers
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[50]. This particular algorithm is based on a transfer-matrix method, which is presented
in the following section, together with its computational implementation to design the
samples and optimise their characteristics. In particular, this section will study the
simulations carried out for samples containing both GST and AIST. However, for the
sake of simplicity, and given the similarity in their optical properties, some computational

results will be plotted for one material but not for the other.

6.1.1 Transfer Matrix

A total of ¢ layers, with complex refractive index and arbitrary thickness, are considered
to be stacked in the z-direction while being infinitely extended in the other two orthogonal
coordinates. From the continuity condition of the tangential electric (E) and magnetic
(H) fields at each film boundary and the directionality of the incident radiation, the
transmittance, reflectance, and absorptance can be computed by means of the transfer-
matrix formulation. The electromagnetic fields propagating through the bottom interface
towards the substrate (given by the amplitudes Egups, Hsups) and reflected towards
air (given by F.;., Hy;) are obtained from the product of the matrices carrying the
contribution of the local interference in each intermediate thin-film layer. They are given

by the equation (for more details see [50]):

Eir/ Esups B q cosd,  isind,/ng 1
/ = =< 11 / : (6.1)
Heuir | Esups C r=1 | {nysin o, cos 0, Nim
where 9, = % (n? — k2 — n2 sin? 9y — 2in,.k,) is the phase difference introduced to the

light after propagating through film r (r = 1,2,...,q, 1 being the topmost layer) of
thickness d, with complex refractive index 7, = n,. + ik,. The beam strikes the first layer
at an angle vy. 7, is the tilted optical admittance, either 7, = yn, cos, for Transverse
Electric (TE) or n, = ~yn,/cos?, for Transverse Magnetic (TM) polarised incident

light, with + being the optical admittance in vacuum, defined in terms of the electrical
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permittivity £y and the magnetic permeability o as v = (g9/po)"/? = 2.6544 x 1073 Q71
The sub-index m refers only to the substrate medium, ¢ stands for the total number
of layers, and the sub-index 0 for the incident medium. From the transfer matrix and
by introducing appropriately the wavelength, incoming angle, refractive index, and
thickness of each layer, the total reflectance (R), transmittance (7) and absorptance

(A)—constrained by energy conservation: R+ 7T + A = 1-—can be computed from [50]:

2

nmbB —C

_ AnoRe(nm) AnoRe(BC™ — 1)
noB +C

B+ CP InoB + O

(6.2)

I

R, T, and A are in general wavelength-dependent functions; therefore Eq. 6.2 should be

computed for every wavelength within the spectral range of interest.

6.1.2 CIE XYZ tristimulus: from spectra to colour

In 1931, the International Commission on Illumination (or CIE from its original name
in French) created the CIE 1931 colour spaces, the first attempt to quantitatively link
wavelengths in the electromagnetic spectrum to colours perceived by the human eye.
The mathematical relationships that define these colour spaces allow to convert the real
physical response of our eyes—when exposed to inks, displays, etc.—into a universal
numerical colour tool. This, in turn, allows the inverse engineering problem: to design

inks or devices to obtain a particular colour response in the human eye [209, 210].

The CIE XYZ tristimulus, in particular, is a colour space that encompasses all sensations
that an average person can experience. It serves as a standard reference against which
many other colour spaces are defined. Y is defined as the luminance. Z is an approximated
value to the blue stimulation, or the S (small) cone response, in a healthy human retina.
X is a linear combination of cone-response curves chosen to be non-negative [210]. This,

considering that the average human eye has three types of cone cells responsive to light,
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with spectral sensitivity peaks in short (S): 420 — 440 nm, middle (M): 530 — 540 nm,

and long (L): 560 — 580 nm wavelengths.

In the case of reflective samples for display applications, the illumination provided by
a given light source is characterised by its energy distribution D(A). In this chapter,
in particular, the CIE normalised illuminant D65 will be considered. This particular
energy distribution closely matches the daylight spectrum, thus allowing to simulate how
samples will look when viewed by the naked eye in normal, natural conditions. Assuming
that the sample has a reflectivity R()), which can be computed for multilayer stacks from
the algorithm presented in Sec. 6.1, it is possible to calculate the CIE XY7Z tristimulus

values for reflectance, according to:

X = ,1/ DVENZNA, Y =1 [ DORWFNAA,  Z =1 [ DORM)Z(M)AA,

where Vis stands for the visible spectrum in a typical human eye (i.e. wavelengths in
the 390 — 700 nm range), in which the integrals are evaluated. The weighting functions
7,7,z are the standard CIE spectral tristimulus values [209] and k is a normalisation
factor defined in such a way that an object with a uniform reflectivity R(\) = 1 gives a

luminance component Y = 1, thus taking the form:

k= /V DOVFN)dA. (6.4)

Since the human eye has three types of colour sensors that respond to different ranges of
wavelengths [211], a full plot of all visible colours would require a 3D figure. However, a
colour can be divided into brightness and chromaticity. While two colours can present
the same chromaticity, their brightness can differ; an example being white and grey.

Therefore, if only the chromaticity is considered, a 2D figure or “colour gamut” can be
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built in representation of the colour perceived by the human eye without brightness
information [212]. This chromaticity is defined by the parameters = and y, two of the

three normalised values which are functions of the XYZ tristimulus:

X Y A

"TXiv+z VT Xiv+z2 T X+v+z Ty (6.5)

In the numerical calculations to find x and y, and to plot them on the colour gamut
map, all the integrals are replaced with discrete sums. In particular, to perform this
calculations, the function r2xyz written for Matlab was used [213]. Also, the wavelengths
that will be considered in this chapter lie in the range 350 — 800 nm. This is done to
obtain more details of the near infra-red and ultraviolet spectrum beyond the average

human eye bandwidth.

6.1.3 Colour modulation

Highly absorbing materials have been historically avoided in optical coatings, given
that light propagation through such media undergoes strong attenuation, and often
high reflectance. However, it was recently demonstrated that those materials with low
dimensionality—a few nanometers, thin enough to avoid significant absorption—can
induce strong interferences, enabling colour-related effects [55]. Notwithstanding the
considerably large refractive index and extinction coefficient of both AIST and GST
(See Sec.2.1), ultra-thin films of around 10 nm samples are, following the same principle,
capable of achieving functionalities such as anti- or high-reflection, and dichroism. In
particular, colours can be obtained in both reflection and transmission modes by consid-
ering multilayer stacks that involve multiple reflections using transparent layers and at
least one ultra-thin phase-change materials—each layer having a thickness smaller than

the wavelength, as will be shown below.
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Figure 6.1: Phase-change-based optical-cavity computational modelling. a) Simulation
of air/10nm ITO/7nm AIST/160 nm ITO/air under normal incidence. b) Sketch of the
multilayer stack considered in this thesis featuring a bottom mirror. c¢) Same sample
and conditions as a) but including a Pt mirror at the bottom. d) Spectra for samples
with varying bottom ITO thickness: 10nm ITO/7nm AIST/t;ro ITO/Pt mirror for
trro = 70,100,130 and 160 nm in both the amorphous and the crystalline state.

To calculate the reflectance, transmittance, and absorptance of any multilayer stack con-
taining GST and AIST phase-change materials, the transfer-matrix formalism presented
in Sec.6.1.1 was used. The generality of this method gives an account of all the possible
interference effects that occur inside the layers, including the Fabry-Perot-type, which
dominate inside the optical cavities formed between two absorptive layers [33]. To do
so, a customised code was implemented on MATLAB, such that an arbitrary number of

layers with arbitrary complex refractive indices could be studied. In addition, it allowed
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control of the physical parameters for the light source, such as incident angle, polarisa-
tion, intensity, and wavelength(s). This code was tested and calibrated by comparing
to experimental data, as shown in Sec.6.3. Fig.6.1a shows a typical output of this
modelling tool for a multilayer stack of indium-tin oxide (ITO)/AIST/ITO, with air as
the incident and substrate medium. In this case, different values are obtained for R, T,
and A, depending on the phase state of the AIST. However, if a particular colour needs
to be enhanced in reflection mode, it is important to use a mirror at the bottom. In this
case, the optical cavity is created between the real AIST layer and a virtual one: its own
mirror reflection. This cavity, sketched in Fig.6.1b, enhances Fabry-Perot effects and
thus allows for constructive interference at wavelengths that can be chosen by tailoring
the thickness of the layers, as calculated in Fig.6.1c. Under this layer configuration,
T = 0 for all the wavelengths due to the addition of the mirror; hence the energy is either
absorbed by the phase-change material or reflected back to air. In the computation for
samples with and without a mirror, normal incidence was considered; therefore, the type

of polarisation had no relevance.

In a more realistic model, and taking into account that electrical switching is necessary,
the final configuration chosen for the stack consisted of—from bottom to top—a mirror
made out of Pt or Al, a transparent conductive (ITO) layer, a phase-change material thin
film, and a thin transparent capping layer (ITO). The reflected colour (i.e. the wavelength
at the reflectance spectrum maximum) is chosen by varying the thickness of the bottom
transparent layer, ITO in this case, as shown in the results of Fig.6.1d. Moreover, the
same figure shows colour modulation on switching the AIST from the amorphous to
the crystalline state. The contrast between the reflectance at the amorphous and the

crystalline phase state is defined by the PCM thickness, as explained in Sec. 6.1.4.
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Figure 6.2: Modelling of optical cavities with more than one phase-change material
layer. a) Sketch of the multilayer stack considered in these simulations. b) Spectra
for samples with 10nm ITO/7nm AIST/t;ro ITO/7nm AIST/t;ro ITO/Pt mirror,
trro = 70,100,130 and 160 nm when both layers are in the amorphous and the crystalline
state. c¢) Reflectance-peak evolution as 1,2, 3,4, 5 and 10 AIST/ITO pair of layers are added
on top, plotted only for the crystalline phase. d) Wavelength at the spectrum maximum
variation for samples: 10nm ITO/7nm AIST/t;ro ITO/7nm AIST/t;ro ITO/Pt mirror,
with t;ro = 140, 145,150,155 and 160 nm as result of the four possible combinations of

phase-states of both AIST layers.

Successive identical layers including more than one phase-change material can be added on

top to improve the quality of the reflected colour, i.e. to get narrower reflectance spectrum

peaks, by improving the confinement of light within the cavity and turning the sample

into a one-dimensional photonic crystal cavity [214]. Considering the sample shown in

Fig.6.2a, with two AIST/ITO pair of layers of identical thickness, different reflectance

spectra were obtained when varying the thickness of both ITO layers simultaneously
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and considering the same phase-states for both PCM layers (amorphous-amorphous or
crystalline-crystalline), as plotted in Fig.6.2b. There is a clear improvement over its
single AIST layer counterpart in Fig. 6.1c, where broader peaks and thus less defined
colours were obtained. This process can, in principle, be repeated for n-layers of AIST
in order to improve the reflected colour even further, as shown in Fig. 6.2c for 1, 2, 3,
4, 5 and 10 layers of crystalline AIST. It is, however, important to add that, as PCM
layers are added, the absorptance becomes larger (due to their extinction coefficient),
as well as possible losses due to accumulated defects in fabrication. Finally, another
advantage of using multiple layers is that multiple reflected colours can be obtained from
the same sample by switching the PCM layers individually. In the case of two AIST
(or GST) layers, for instance, four combinations are possible: amorphous-amorphous,
amorphous-crystalline, crystalline-amorphous, and crystalline-crystalline. However, the
difference in terms of wavelength at the maximum reflectance peak are small, as shown in
Fig. 6.2d, which means that the four colours would look similar to the naked eye. Further
development and parameter optimisation is required in order to obtain better colour

modulation in this latter layer arrangement.

Furthermore, using the computational values for the reflectance spectra of samples with
one and two AIST layers, all the achievable colours using the XYZ tristimulus values
were calculated. To do so, the reflectance data were converted into XYZ values using
the MATLAB function r2zyz [213]. This software is capable of realising the calculations
discussed in Sec.6.1.2 and adds tools, such as plotting directly on a colour gamut map.
Using this tool, the colour maps shown in Fig. 6.3 were calculated for different thicknesses
of the phase-change material and the ITO, only when the AIST layers are crystalline.
The real colours that the human eye would perceive are the same displayed on this colour
map, from where it is clear that better colour selection is achieved with two layers of

AIST instead of one, but only when the AIST thickness is < 6 nm.

147



Phase-Change Optoelectronics: bistable nanodisplays

1 Layer 2 Layers PCM thickness:

4+ 2nm
<+ 6nm

08 | AR .

0.7
0.6

0.5

04 |

03 | ]

0.2

0.1

0.1 02 03 04 05 06 07

Figure 6.3: Full colour gamut calculated for samples containing crystalline AIST with
different thicknesses and one or two PCM layers.

6.1.4 Colour contrast

Upon phase-change switching, the reflectance peak undergoes a blue-shift, as observed
above in Fig. 6.1 and 6.2. Despite the shift, there is no significant contrast between the
main wavelength (i.e. wavelength at the peak maximum) in one state, and the reflection at
the same wavelength in the other, given the considerable width of the spectra—especially
when using only one layer of either GST or AIST. However, the same configuration of
layers allows for high contrast at other wavelengths, for example, at wavelengths that
have negligible reflectance for either the amorphous or the crystalline state but is reflected
when switched to the opposite state. Obtaining this information is important to improve
the design of future high-contrast colour phase-change material-based displays and for
applications in security marks where wavelength-sensitive measurements are carried out

[123]. The contrast is defined as:

AR% _ Rcrystalline - Ramorphous . 100. (66)

Ramorphous

Simulations were carried out to calculate ARy from reflectance data obtained using

the transfer-matrix implementation in MATLAB, described in the previous section. In
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particular, the code was used to calculate the values for the contrast under normal
incidence while taking different values for the ITO spacer and PCM thicknesses. Given
the similarity in terms of complex refractive index, as discussed in Sec.6.4, similar
contrast variations were observed for optical cavities featuring both AIST and GST.
Their behaviour is qualitatively comparable making them equally good for any possible
technological implementation. For this reason, only samples with GST are shown in
Fig.6.4. In this figure, the contrast scales vary rapidly as the GST gets smaller, reaching
points where the contrast leads to 50,000 times more transmission at A\ = 650 nm in the
crystalline than in the amorphous state, for a 250 nm thick I'TO spacer. As an example,
using the data for one of the devices simulated in Fig. 6.1, the stack 10nm ITO/7nm
GST/160 nm ITO/Pt, there is a maximum reflectance peak at around A = 640 nm in the
crystalline and A = 675 nm in the amorphous state. However, the maximum contrast,

~ 200%, between those states is given at around A = 500 nm (from Fig. 6.4 top-right).

6.1.5 Angular dependency

The colour reflected by a stack of thin layers is subjected to the angle of the incident
light with respect to the surface normal. In the specific case of phase-change materials,
alternating with transparent ITO films, it has been shown in previous sections that
the reflected colour can be selected by engineering the thickness of the layers and can
also be tuned by switching between the amorphous and the crystalline phase states.
However, the light polarisation needs to be taken into account when considering light
with oblique incidence. This effect originates from the dependence of the tilted optical
admittance 7, on the polarisation: n = yncos¥ for TE or n = yn/cosd for TM; this
adopts the same value under normal incidence, in which case 17y = yng. Here, TE stands
for the transverse electric—electric field parallel to the surface— and TM for transverse

magnetic fields—magnetic field parallel to the surface.
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Figure 6.4: Contrast (colour bars) in reflectance between amorphous and crystalline
states of 10, 7, 5 and 2.5 nm thick GST in a multilayer cavity. Negative values refer to
higher reflectance in amorphous state from Eq.6.6. The maximum contrast value in the
scale bar was set to figures that allow good data visualisation of the map. However, it
leaves the points in white out of range due to their high values, which are annotated
separately.

To study the influence of oblique incidence on the samples shown in Fig. 6.1, computa-
tional modelling was carried out using a modified version of the MATLAB implementation
of the transfer matrix (Eq. 6.1). In this case, the incident angle was swept from 0°
to 90°, using 0.5° steps. Simulations were run accounting for both polarisations and
both phase states of AIST in the configuration: 10nm ITO/7nm AIST/150 nm ITO/Pt
mirror. The results are shown in Fig.6.5. For TE light, it can be seen how the colour
at 1, = 0° presents initially a modest broad peak. As the incident angle increases, the

spectra undergo a blue-shift and the reflectance peak gets even broader. Eventually, the
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calculated spectra will “reflect” all the light when the angle is parallel to the surface, i.e.
9, = 90° which is a measure of the accuracy of the code. On the other hand, for TM polar-
isation, the reflectance spectrum at normal incidence is the same as for TE but for some
angles presents little or no light reflected as a result of reaching the Brewster angle [215],
which cancels out all the incident light with this polarisation. Under random polarisa-

tion incidence, such as that from the sun, the reflectance is a superposition of both spectra.
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Figure 6.5: Calculations for the angular dependency of the reflected colour as a function
of AIST phase state and polarisation, for the particular stack: 10nm ITO / 7nm AIST /
150 nm ITO/mirror (with a transmission centred in red colour). The angle is measured
from the surface normal.

The selection of the colours (i.e. reflectance peaks in the spectrum) can be improved by
increasing the number of layers in the stack, as mentioned in Sec.6.1.3. This means that
the width of the reflectance peak is reduced, offering a purer colour, as shown in Fig. 6.6
for two AIST layers, although a similar response to oblique incidence is observed. Using

the stack 10nm ITO/7nm AIST/150 nm ITO/7nm AIST/150 nm ITO/Pt mirror, the
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colour under normal incidence is red, but when ¥ = 60°, it is greenish. These colour
variations could be useful in security systems, for instance, where tests are done under spe-

cific polarisations and angles on optical marks or security tags attached to notes, cards, etc.
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Figure 6.6: Colour angular dependence as a function of AIST phase state and polarisation
for the particular stack: 10nm ITO / 7nm AIST / 150nm ITO / Tnm GST / 150 nm
ITO /mirror (with a maximum in red colour). Amorphous (Am) and crystalline (Cry)
refers to both AIST layers in that specified state.

Similar spectral variations were observed for optical cavities featuring GST instead
of AIST. For the sake of simplicity, they are not shown here, but their behaviour is
qualitatively comparable given the similarity of the complex refractive indices of both

materials.
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6.2 Experimental methods

The simplicity of the samples in this approach is reflected in relatively easy fabrication,
optical/electrical calibration, and measurement. Although the multilayer stack can, in
principle, be deposited on top of any kind of substrate, including flexible materials, the
results presented in this thesis refer only to samples using solid substrates, as described

below.

6.2.1 Sample fabrication

Thermally grown SiOs wafers (IDB Technology, UK) were used as substrates for the
devices. A standard cleaning process in acetone with ultrasonic agitation, isopropanol,
distilled water, and dried nitrogen was used beforehand. All thin films were sputtered at
room temperature using a Nordiko® system in 100 scem (standard cubic centimetres per
minute) argon atmospheres. Base pressures were &~ 3 x 107" torr and a working pressure
of 0.5mtorr. The mirror was fabricated by depositing 100 nm of platinum on top of
the silica wafer. Indium-tin oxide (Testbourne, UK) was sputtered from a 3" target at
120W DC at a rate of 11 nm/min. Solid targets of 2” in diameter containing 99.99%
pure AgsIngShrsTe;; and GeySheTes (Super Conductor Materials, USA) were used to

sputter at 30 W DC at rates of 3.4nm/min and 3.6 nm/min, respectively.

The electrical measurements required physical contact between the bottom Pt mirror
or ITO layer (acting as electrode) and the electrical probe. For this reason, the areas
where deposition of ITO and phase-change materials was to be avoided were covered

using kapton tape.
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6.2.2 Measurement Setup

The spectroscopic measurements were carried out in a Lambda 1050 spectrometer (Perkin
Elmer, USA) in reflection mode. The measurements were calibrated against commercial
aluminium standards within the wavelength range 350 — 750 nm. The optical images
written on top of the samples were obtained using standard 100x microscope objectives.
Conductive atomic force microscopy (Asylum Research MFP-3D), using ORCA accessories
with conductive diamond tips (Bruker, DDESP-FM-10), was used to realise, in contact
mode, measurements of nuclei size. Cr/Pt tips (BudgetSensors, Multi75E-Gto) were
employed to measure the switching voltage vs. force data in Fig.6.16. Both kind of tips

were successfully tested on binary and grey-scale image writing.

6.3 Experimental results

The devices studied in this chapter were optical cavities consisting of two transparent
conducting layers of Indium-Tin Oxide (ITO) sandwiching a thin film of phase-change
material, either AIST or GST, on top of a mirror, as sketched in Fig.6.7. ITO was
selected among other optically transparent materials due to its conductivity [206], which
in turn is useful for electrical switching. The top ITO layer has no effect on the colour
being reflected and is used only to protect the phase-change layer from oxidation; its
thickness was fixed to be 10nm. On the other hand, the bottom ITO layer plays a
crucial role as it is the medium inside the optical cavity formed between two ultra-thin
absorptive layers (before and after the mirror reflection). Therefore, the reflected colour

(i.e. the resonance condition of the cavity) depends mainly on the thickness of this layer.
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Figure 6.7: Schematic diagram of the multilayer stack and principle of operation.

6.3.1 Colour switching

Using the multilayer stack presented in Fig. 6.7, engineering the AIST and ITO layer
thickness with the thin-film optics theory presented in Sec.6.1.1, and sputtering the
samples with the methods presented in Sec. 6.2.1, resulted in the colour samples shown in
Fig.6.8a. As theoretically predicted, the reflectance spectra of such samples depend on
the ITO thickness and the PCM crystallographic state. Good agreement was obtained
between the calculated and the measured spectra, as plotted in Fig.6.8b, which also
shows a wavelength blue-shift of up to 50 nm that takes place upon material switching.
Here, the crystallisation of as-deposited AIST was obtained after annealing for 5min at

250°C' on a hotplate.

Despite the positive advantages of having more than one phase-change layer, as discussed
in Sec. 6.1.3, only samples with one layer of AIST or GST were successfully fabricated

as part of this project. Unfortunately, the old Nordiko sputtering system used for the
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Figure 6.8: Experimental colour modulation using AIST thin films. a) An image
demonstrating colour modulation obtained upon phase switching under natural sunlight on
films stacks of 10nm ITO/ 7nm AIST / t;po I'TO/mirror where t;ro = 70 nm, 110 nm
and 160 nm are shown. b) Calculated and measured reflectance spectra for the samples
shown in a), where crystalline corresponds to the phase state reached after annealing.

fabrication of these samples did not provide the film surface uniformity required to deposit
many layers on top of each other. This meant that very rough surfaces were obtained
when sputtering more than three layers, and thus scattering effects became more relevant.
Although the results of this chapter led to a patent [73] to hold the intellectual property
of these findings, other groups of scientists have independently found similar multi-colour

approaches and confirmed the computational-only results presented herein [74].

6.3.2 AIST-based nanodisplay

Samples in an as-deposited amorphous state were switched locally by applying a voltage
bias between a conductive AFM cantilever and the ITO film under the PCM, as sketched
in Fig.6.9a. This allowed a demonstration of the application of phase-change materials
in nano-displays by locally changing colour and thus enabling sub-nanometric images.
Using the high electrical conductivity of ITO, nanopixels can be modified one at a time

by Joule heating of the PCM, which switches it to crystalline state. This can be done
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locally, either by switching points independently, or by modulating the applied voltage
while scanning the surface. Using the scanning mode at 0.5 Hz, 512 pixels per line, and
setting 0V to black and 7V to white, 70 x 70 um? binary images were written onto the
PCM layer, as shown in Fig.6.9b. These images present an outstanding resolution with
features as small as 500 nm. Given that, in this demonstration, AFM was used to show
nanopixel writing, the impedances are not perfectly matched. This means that, under the
current experiment conditions, it was not possible to get the nanosecond pulses required
to erase (i.e. to reamorphise). However, it has been reported in [33] that on-chip cross-bar
devices with similar multilayer stacks are able to operate as an active re-writeable colour
pixel by electrically switching the PCM. Thus, with erasability and re-writing already
demonstrated, the focus here is on further capabilities, properties and limits of the PCM

nano-displays.

a)

70pnm 70pm

Figure 6.9: Nano-display applications of AIST. a) Sketch of the experimental setup. A
Conductive AFM is used to locally switch AIST by applying voltage between the two
ITO layers. b) Optical microscope images of electrically written objects on continuous
ITO/AIST/ITO/Pt stacks with different colours and sizes.
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In Fig.6.10, 5 x 5um? and 7 x 7 um? images are transferred to AIST using electrical
switching with 7V and 10V for white, respectively, and no voltage to keep the background
colour. The voltage had anomalous variations while modulating the signal due to the
experimental challenge of scanning such a small area, as seen in the “Writing” image, which
corresponds to the image that the AFM wrote (i.e. the applied electrical modulation).
Given the resolution limit of optical microscopes, these instruments were not able to
produce an accurate visualization of the image. Instead, the same AFM was used to
inspect the image that has been transferred by creating an image from the changes in
resistance of the surface. In this case, a constant voltage equal to 0.5V was applied, which
was lower than the crystallisation threshold, but enough to differentiate the resistivity of
the two states of the PCM. This approach allows retrieval of the image, as shown in the
“Scanning” image in Fig.6.10, where white areas represent more conductive, crystalline
areas. Despite the modulation deficiencies and the randomness of the crystalline nuclei
generation, both written images reproduce the original ones at this scale with features
down to approximately 250 — 300 nm. Such low resolution might be impractical for
displays where pixels of few microns are used. However, it would allow for better and
re-writeable holograms where such resolutions enable high-fidelity reconstruction of the
3D image. Moreover, the low dimensionality could represent a new parameter for security

tags where optically hidden features are exploited.

6.3.3 Colour-depth modulation

The amount of crystallised PCM in a certain scanned area is linked to the final colour
perception of the image. If the separation between two pixels is smaller than the size
of the nuclei after applying a voltage pulse, then a fully crystallised area is obtained in
between, and therefore the colour will correspond completely to that of the crystalline

state. On the other hand, if the separation is larger, then some amorphous material will
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Writing s g Writing 7 AScanning

Figure 6.10: Scanning mode resolution limit. (left) Voltage modulation using CAFM
5 x 5um? and 7 x 7 um? binary images when writing with 7V and 10V, respectively.
(right) constructed image read electrically by scanning with a 0.5V bias.

remain in between and therefore the colour will adopt an intermediate state between
that of the amorphous and crystalline state. Those intermediate states give account of
the colour-depth between one state and the other, in analogy to black and white and
the grey-scale colours in between. In this particular experiment, the size of the nuclei
was determined by the voltage, whilst the separation was determined by the scanning
speed. To corroborate this, voltages of 0, 2, 4, 6, 8 and 10 V' were applied while scanning
at a fixed frequency of 1 Hz onto a 7T0um x 70 um square sample with 10nm ITO/
7nm AIST/ 70 nm ITO layers. The results are shown in Fig.6.11a, where the colour
clearly gets deeper (i.e. closer to that corresponding to a completely crystalline state)
as the voltage increases. Moreover, even 2V was enough to induce colour switching,
although with a lower contrast given that the crystallisation threshold was measured to
be 1.40£0.05V, as will be detailed below. Subsequently, the 0 to 255 grey-level scale was
mapped to a continuous voltage range 0 to 7V for the electrical pulses applied during
CAFM scanning. By doing so, it was possible to write the 70 x 70 um? grey-scale image
shown in Fig.6.11b onto the same sample with perceptible colour-depth modulation, as
depicted in the optical microscope image in Fig.6.11c. Lower voltages corresponding
to those darker areas in the original image led to a lower contrast in the written image
as the colour switching is not significantly high and the material remains mostly in

the amorphous state. However, for voltages larger than 4 V| the colour is clearly and
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continuously modulated to intermediate states between the amorphous and the crystalline

phases, allowing for a grey-scale image.

a)

Figure 6.11: Grey-scale image rendering. a) Scanning voltage varying between 0 and
10V induces different levels of crystallisation and therefore, different colours in reflection
mode. b) Image with the equivalent map between grey-scale and voltage for the electrical
pulses applied during the scanning. ¢) Optical microscope image of the picture in b) written
on 90 x 90 um? of AIST. d) Conductivity measurement while the image c) is written in
scanning mode. a) and c) were written using CAFM on 10nm ITO/7nm AIST/70 nm
ITO/Pt samples.

For a better visualisation of the crystallisation that takes place during the scanning,
the corresponding “electrical image” (caused by the change in electrical resistance) was

mapped by measuring the current through the ITO/AIST/ITO stack while scanning in a
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CAFM. The results are shown Fig. 6.11d, where the different degrees of crystallisation are
visible as variations in conductance when switching takes place. Such conductivity depth
offers better contrast than the reflectivity changes upon switching; thus, the “electrical
image” is more detailed than its optical counterpart, allowing for a better differentiation

of intermediate states that are not distinguishable with the naked eye.

6.4 GGQSbQTe5 VS. Ag31n4Sb76Te17

The performance of GesSbhyoTes and AgsIngSbrgTe;7 , nucleation- and growth-dominated
phase-change materials respectively, is comparable due to the similarity of their complex
refractive indices, as shown in Fig.6.12 [6, 216]. In this section, a comprehensive
comparison using experimental data is presented between the two materials in terms of

colour gamut, resolution, and energy consumption.

" —/ Ge,Sb Te,

= Amorphous
2+ Crystalline
AgSAIn4,4Sb63.STe15A6
1 - e Amorphous
Crystalline
4 4

«2_: \\

— — .
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Figure 6.12: Real (n) and imaginary (k) components of the complex refractive index of
GST and AIST.
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6.4.1 Colour switching

The colour generation and modulation between samples containing either GST or AIST
were studied from the reflectance spectra obtained using the transfer matrix in Eq. 6.1.
Moreover, using these computational values for the reflectance spectra, all the achievable
colours using the XY Z tristimulus [217] values were calculated as a function of PCM
and I'TO thicknesses for both the amorphous and the crystalline phases. In Fig.6.13, the
XY colour gamut is shown on a chromaticity diagram that represents the ultimate colour
perceived by the human eye. Here, the ITO thickness was varied from 0 to 300 nm (one
mark per 5nm) which covers a vast range of colours in both phase states of the PCMs.
From these results, very similar colour gamuts were obtained for the amorphous phase of
both AIST and GST, as expected from their comparable refractive indices (see Fig.6.12).
This can also be inferred by comparing the experimental spectra for AIST in Fig. 6.8b
with previously reported experiments for GST in [33]. However, when both materials
are switched to the crystalline state, AIST presents a similar but broader colour gamut
than GST only if the PCM layer is 6 nm or thicker. For thicknesses of 2nm, the slight
difference in the refractive index between the two materials plays a significant role in
influencing the interference conditions; as it is seen for this case only, GST allows for
a better colour switching. This could be a considerable advantage for GST, as thinner

films also lead to greater colour contrast upon switching.

Furthermore, the wavelength at peak maximum of the spectra was calculated as a function
of three parameters: phase state, ITO and PCM thickness, as presented in Fig. 6.14 for
AIST and GST. Reflectance peaks centred at any colour in the visible spectrum are
achievable for both materials by changing only the ITO spacer dimensions. Moreover,
the same device (i.e. same ITO spacer thickness) leads to similar colour when using

either phase-change alloy, notwithstanding the different nature of their crystallisation
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Figure 6.13: Colour gamut comparison between AIST and GST. Calculated XY colour
gamut on the chromaticity diagram for ITO/PCM/ITO/Pt samples. The bottom ITO
spacer is swept from 0nm to 300 nm in steps of 5nm (one step = one mark on the graph)
to study the resulting colour when the PCM, either AIST or GST, has four different
thicknesses. On the top left panel, the arrows start with the red one (0nm ITO) and finish
with the blue one (300 nm ITO), showing the direction for increasing ITO thickness (for
all figures and thicknesses).

processes. The effect of the thickness of the PCMs results only in a slight red-shift in
the spectrum as it gets thicker, in both cases. However, the blue-shift resulting from
the high-to-low real refractive-index and low-to-high extinction-coefficient change, when
switching from amorphous to crystalline state, is definitely more pronounced and the
reason why the colour switching is possible. Considering the shift between spectra in
amorphous and crystalline states (for ITO thicknesses in the range 100 — 160 nm), AIST

presents, on an average, a modest peak shift of 6 nm larger than for GST.
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Figure 6.14: Wavelength at maximum reflectance as function of ITO and PCM thickness
for: a) AIST and b) GST.

6.4.2 Resolution and Energy consumption

The maximum resolution allowed by each material and the energy required to switch
were measured using conductive AFM to locally switch one pixel at a time and compare
the resulting nuclei sizes and IV curves. Although uniform layer samples were used in
these experiments, patterned samples featuring ITO/PCM/ITO stack nanopillars on top
of the mirror were employed without considerable differences. Triangular-shaped pulses
from 0V to 10V and down to 0 V—as in an IV curve measurement—were applied to
randomised pixels in order to crystallise the PCM. Subsequently, the surface was scanned
while applying a constant voltage of 0.5V in order to visualise changes in conductivity,
and therefore the nuclei generated in the previous step. Electrically imaged nuclei are
depicted in Fig.6.15a for AIST and Fig.6.15¢ for GST. A large voltage of 10V was
used for the sake of visualisation, given that lower voltages induced weak switching,
forming small nuclei which are challenging to image in an AFM. Together with changes in
conductivity, surface height variations were observed ranging from 2 to 4 nm, as expected
due to the volume contraction of PCMs under crystallisation [218]. A direct compar-
ison leads to the inference that AIST, because of its growth-dominated crystallisation,

presents larger and denser nuclei. On the other hand, GST presents smaller and more
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Figure 6.15: Resolution and electrical switching comparison between GST and AIST. a)
Two AIST nuclei (nanopixels) generated with a 0 — 10 — 0 V' triangular electrical pulses
using CAFM and reconstructed by electrically scanning the area with a 0.5V bias. b)
Characteristic IV curves during AIST switching. The 0 to 10V ramp data (shortened for
the sake of visualization) correspond to that in a). The highlighted region corresponds
to the I'V characteristics at 0.5 V. The corresponding current is in good agreement with
the value measured for the crystalline areas in a). 0 to 2V ramps are also plotted to
demonstrate the minimum bias voltage required to properly switch the material, although
the sizes of the nuclei are much smaller, and therefore difficult to visualise. ¢) and d)
analogous to a) and b) but for GST.

dispersed nuclei characteristic of nucleation-dominated materials. The corresponding IV
curves from the previous experiments are plotted in Fig. 6.15b and 6.15d. There is good
agreement between the current measured at 0.5V when switching witha 0 —10 -0V
triangular pulse (IV curve measure) and the current measurements when scanning the
nuclei with 0.5V in the scales of Fig.6.15a and 6.15a. IV curves from 0 to 2V are also
plotted to measure the crystallisation threshold, which for AIST was 1.40 +0.15V and
1.50 £ 0.15V for GST (values averaged over several pixels). It is important to take into
account the resistance between the tip and the ITO top layer, as well as possible effects

on the measured I'V characteristics, especially the threshold voltage. Impurities and
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other possible interface phenomena meant that switching voltages ranging from ~ 1V to
~ 5V were obtained whilst writing, thus increasing the uncertainty of the measurement.
Because of this, even though results for GST suggest a larger crystallisation threshold, it
is not considerably higher than for AIST; from a practical point of view, both devices

behave essentially identically.

454 9 -
4.0 a E o3 ° i
3 sy
:« 3.5 Y § ° o
& 30- ° -
= 8
S 25 -
%D 2.0+ . ° i
g 154 ° § g ° ; ° |
= e % o °
V;} 1.0 3° o E g 9 ' B
° ° 2 3
0.5 ” 8 e o i
0.0 °' 2 T L T T T —
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Force on Cantiliver (uN)

Figure 6.16: Switching voltage vs. force on cantilever when performing 0 to 5V IV
measurements. Dots at 0V mean that there was a short circuit at that specific point.

To understand the nature of the huge variation of the switching voltage described above,
similar measurements with 0 to 5V triangular pulses were carried out in contact mode
with varying AFM tip forces. The results in Fig. 6.16 clearly demonstrate that the higher
the force, the lower the switching voltage, as the tip makes better contact with the
top ITO layer (top electrode) and overcomes any surface dirt. To obtain reliable and

repeatable switching voltages, forces over a threshold of 400 n/N are required.

6.5 Summary

This chapter has offered theoretical fundamentals for the calculation of reflectance, trans-

mittance, and absorptance of a stack of thin films and the mathematical transformation
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to convert spectra into real, eye-perceived colours. These formulations were programmed
in MATLAB in order to model and predict the reflected colour of any multilayer stack
containing phase-change materials. Multiple scenarios based on these codes have been
studied towards optimising the different parameters and finding new interesting features

that could lead to new applications of these devices.

On the experimental side, this chapter demonstrated that AIST, a growth-dominated
phase-change material, can be used as an active material for bistable colour switching
in multilayer optical cavities. The contrast between the reflected colours achieved with
amorphous and crystalline AIST was used in this chapter to write images on the PCM
layer. This was done by locally switching with electrical pulses featuring voltages as low
as 2V and following predetermined 2D patterns. Resolutions down to 300 nm in scanning
mode and less than 50 nm in pixel-by-pixel mode were also demonstrated. Furthermore,
the very first demonstration of non-binary colour rendering has been presented on a
single device (pixel) by exploiting the dependency of the degree of crystallisation on the
applied voltage. Using this, continuous “grey-scale” images were obtained, which in turn
adds a new degree of functionality to the newly emerging field of PCM displays [17,24].
A comparison between GesSboTes and AgzIngSbrgTe;; was presented; both materials
offer very similar properties and performance. Finally, resolution limits below 50 nm
were found in both materials using the pixel-by-pixel approach, with differences in the

nucleation formation due to the different crystallisation dynamics of both materials.

167






Chapter 7

Conclusion and Outlook

The work described in this thesis has studied physical phenomena enabled by the unique-
ness of phase-change materials switching between two structural states, which, in turn,
offer two very distinct optical properties. Upon switching, the refractive index of such
materials change to values that, together with the phase state, remain stable over time.
Such a modulation means that the optical phase of electromagnetic waves, as well as
the attenuation, could be tuned in a nonvolatile manner if propagated through, or
coupled to, phase-change material nanoscale sections or films. This fact was studied and
experimentally exploited herein by using two different architectures: multi-stack optical
cavities—featuring at least one PCM thin-film layer—for nanodisplay applications, and
integrated photonic circuits with near-field coupling to PCMs for light modulation and
memory applications. The results obtained in this work demonstrate the versatility of
phase-change materials for tunable photonic and optoelectronic applications, and offer

new tools for future developments in a new-born, yet fast-growing field.
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7.1 Phase-change materials for photonics

The very first protocol for all-photonic control of phase-change materials on integrated
silicon-based photonic circuits was described. The approach consisted of low-dimensional
phase-change material (here GST) elements integrated with silicon nitride waveguides.
In such devices, the switching between states and the transmission measurements were
carried out by near-field coupling to light travelling along the waveguide. Therefore, there
is no restriction in size by the diffraction limit. In this way, a purely photonic applica-

tion of phase-change materials with a totally new switching mechanism was demonstrated.

To circumvent the elusive full and repeatable switching cycle—the major obstacle in
photonic and plasmonic applications of phase-change materials—reliable Write and Erase
schemes, enabled by a material pre-conditioning process, were experimentally demon-
strated based on nanosecond pulses and stepwise partial recrystallisation. These results
led to the first prototype of an integrated, all-photonic, truly-nonvolatile memory that
provides multi-level (here 8 level) storage in a single cell. Furthermore, the ability to
switch readily and directly between the multiple memory levels was shown with accurate
control of the readout signal and excellent repeatability. This exciting and seemingly
straightforward aspect of this photonic memory is particularly attractive because such
arbitrary transitions are very difficult to achieve in electronic memories employing phase-
change materials, where iterative write-and-erase algorithms involving multiple (typically
3 to 5) write/read(/re-write) cycles are needed to achieve a pre-defined level, adversely

affecting the overall write speed and power consumption [105].

The capability for fast (= 10ns), low power (= 13 pJ), single-shot readout of the memory
state, along with repeated (x100) write/erase cycling while maintaining high readout

contrast was demonstrated. This first experimental implementation is not only promising,
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but demonstrates significantly more potential than existing integrated optical memories,
in which both non-volatility and multi-level storage have been elusive. Such capabilities
provide a leap forward in terms of functionality and will be crucial for the realisation of
practicable and commercial photonic memories. Moreover, this phase-change photonic
framework is fully scalable: large arrays of all-optical memory elements can be envisioned
using wavelength division multiplexing techniques. In doing so, several memories can be
conveniently addressed through photonic circuitry, which is an essential attribute for the
realisation of practical on-chip optical interconnects. Hybrid circuits exploiting phase-
change materials can also now be enabled using this type of memory, leading directly
to new forms of non-conventional (non-von Neumann) computation and processing, as
described below in Sec. 7.3. Additionally, optically accessible memories could potentially
solve the von-Neumann bottleneck of current computer architectures by eliminating
electro-optical conversion, thus avoiding latencies, heat, bandwidth, and speed limitations

in the communication between the processing and the memory units.

On-chip photonic architectures cannot yet offer circuit densities similar to those in
silicon electronics. In fact, the photonic memories presented herein cannot yet achieve
sufficient memory densities close to the best non-volatile solid-state disks. The main
limitation in form factor to improve density is the use of waveguides, which, even in the
visible spectrum, require geometries in the scale of hundreds of nanometers. Moreover,
there needs to be a gap of the order of microns between two consecutive waveguides to
avoid evanescent coupling. However, the promise of all-photonic phase-change memories
relies on those new functionalities, such as reliable multilevel operation and wavelength
multiplexing, which are challenging in electronics. Together with the advantages of
photonic processing, such as low heat losses, faster operation and low cross-talk, all-
photonic memories exhibit unique properties that can be harnessed in new technologies

and in boosting the performance of current ones.
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7.2 Phase-change materials for optoelectronics

The use of growth-dominated phase-change materials (AIST) as the active material
to obtain off-line colour modulation was also studied and demonstrated. Switching
electrically to obtain different optical responses (changes in reflectivity) shows that
optoelectronic devices and methods can be used to control and exploit, simultaneously,
the electrical and optical properties of phase-change materials. Switching voltages
as low as 1.4V, resolutions down to 300 nm in scanning mode, and less than 50 nm
in pixel-by-pixel mode were demonstrated using multilayer optical cavities based on
AIST. Furthermore, the very first demonstration of non-binary colour rendering has
been presented on a single device (pixel) by exploiting the dependency of the degree
of crystallisation on applied voltage. Using this, continuous “grey-scale” images were
obtained, which in turn adds a new degree of functionality to the newly emerging field of
phase-change nanodisplays [33]. A comparison between GeyShyTes and AgsIngShzgTe;;
was presented, which demonstrates that both materials offer very similar properties and
performance. Finally, resolution limits below 50 nm were achievable in both materials, in
the pixel-by-pixel approach, with differences in nucleation formation due to the different
crystallisation dynamics of both materials. These results, together with previous reported
capabilities, such as reversible switching on cross-bar devices and the feasibility of nano-
displays on flexible substrates, offer new tools for a new emerging generation of bistable,
ultra high-resolution, and flexible display technologies in parallel with other potential

applications in nanophotonics and optoelectronics, as discussed below.

7.3 Outlook

Although the results presented in this work hold promise for many potential applications,

the field of phase-change materials for photonics and optoelectronics requires further
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investigation in several aspects before technological implementations can be real. In the
particular case of phase-change photonic memory described in this work, even when they
already represent a breakthrough in photonics and materials science [30], these types of
memories are still at the embryonic stage, with plenty of room for improvement in design,
functionality, and performance. Particular focus should be paid to the development of
phase-change materials with better optical performance, i.e. higher values in the imaginary
refractive index for more absorptive alloys (to enable the use of less energy to switch and
smaller dimensions for colour modulation) while having fast phase switching. Advances
in material design, together with the already fast growing silicon photonics field, would
enable fascinating integration that could lead to new science and technology. Beyond
data storage, the non-volatile tunability of on-chip propagating modes (i.e. information)
could also enable applications in optical switching, routing, demultiplexing, sensors,
etc. Moreover, the optoelectronic control of PCMs could enable the next generation
of bistable displays, smart glasses, and colour-based security schemes. A combination
of both approaches could also lead to the implementation of PCMs in optoelectronic
circuits which could enable the integration of an all-photonic approach with conventional
electronic circuits, and thus the current CMOS technology. Some of the main aspects to
consider for the future of phase-change materials for photonics and optoelectronics with

some potential applications are listed below.

Device improvement

The performance of phase-change photonicc memories can be further improved by oper-
ating with shorter pulses, exploiting other optical properties such as polarisation, moving
to devices with smaller footprints, and employing new materials with faster and lower
temperature switching. Higher signal-to-noise ratios to improve the read-out contrast
could also be obtained with the use of optical cavities, which would also reduce switching

energies, as discussed theoretically in [26]. To reduce the device footprint, alternative

173



Conclusion and Outlook

architectures, such as plasmonic antennas could be explored. Alternatively, scaling down
is plausible by using photonic circuitry operating at shorter wavelengths (therefore, nar-
rower waveguides) or by using phase-change materials with higher differences in refractive
index in the C' and L-band. In this way, small devices will lead to reasonable good
contrasts. While multi-bit access is achieved with micro-ring resonators with relatively
large footprints [67], alternative technologies, such as ultra-compact on-chip optical
multiplexers/demultiplexers can be employed for size reduction. In addition, optical
cavities with smaller mode volume, such as photonic crystal devices, would localise the
interaction volume of the optical mode with the memory element further and thus lead

to a smaller system size for wavelength-selective memory access.

Further investigation is required to determine with precision the nature of the near-field
switching, and thus the Write and Erase processes, would also enable the phase-change
photonic memories. Understanding the switching dynamics will allow for optimisation of
the geometric and the physical parameters, which can in turn improve energy efficiency

and processing speed.

As for the colour modulation, reliable back-and-forth switching of large areas remains
a challenge. Cross-bar electrodes can be used to switch repetitively between the two
states in ~ 300 nm pixels. In addition, arrays of such pixels, in a matrix configuration,
could be a solution for large-area switching, adding electronic complexity to the device.
In this technology, slow switching is not inconvenient, is the eye response the ultimate
determining factor. Therefore, having new materials that switch on longer time scales,
such as microseconds, but require lower switching energies, would facilitate the colour
tunability of large areas if considering not pixel arrays but uniform films, in which

theoretically large amounts of energy are required.
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Large-scale photonic integration and applications

The direct integration of nanoscale phase-change material memories into nanophotonic
circuits would open new avenues for chip-scale photonics and related fields. By using
broadband waveguides, memory cells could be operated over a very large frequency
bandwidth and tailored towards specific optical needs, extending beyond memory ap-
plications to include, for example, photonic computing, integrated photonic modulators,
and tunable photonics and optoelectronics. Furthermore, the hybrid integration of
phase-change materials with traditional silicon technology could bridge gaps in optical-
material science and integrate several cutting-edge research topics. In particular, this
would put an end to the long-standing challenge of passive silicon circuits with active
functionality. All-optical switches are good examples of possible active functionalit-
ies which, in addition, could be benefited by off-line operation. Using phase-change
materials to modify the coupling conditions of directional couplers, photonic crystal

cavities, or ring-resonators could enable 2 x 1 and 2 x 2 optical swtiches and light couplers.

The implications of large-scale integration of phase-change photonic memories could
be tremendous for optical computing. Not only are they optical memories that re-
main active without power input, the multi-level operation means that they represent a
route to increase storage capacity. Furthermore, with multi-level access in one memory
cell (analogous to some proposals in the electrical domain [105]) it could be possible
to perform computation and data storage simultaneously, at the same physical loca-
tion. Thus, this platform provides a promising route for implementing unconventional
computing strategies, including photonic neuro-synaptic and (non von-Neumann) arith-
metic processing. Additionally, optically accessible memories could potentially solve
the von-Neumann bottleneck of conventional computer architectures. By eliminating
electro-optical conversions, photonic memories could reduce latencies, heat, bandwidth,

and speed limitations in the data traffic between the processing and the memory units.
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All this, however, requires further research to determine the optimum integration archi-
tectures to be able to address independent memory cells within a large on-chip photonic
circuit. Light routing plays an important role; the pump pulses to Write or Erase should
be able to reach a specific memory within the architecture without interfering with other
elements or the signal itself. In this direction, only one solution has been successfully
demonstrated using wavelength division multiplexing based on ring-resonators [67]. Non-
etheless, there is a long way before a large number of memories can be integrated within

one architecture with real functionality.

Mixed-mode devices

A combination of electronics and optics could lead to multiple options when employing
PCMs. To switch between states, either short optical or electrical pulses can be used
to heat up or melt-quench the alloy. To retrieve the phase state, the high contrast in
the optical reflectivity, the optical attenuation, and the electrical resistivity allow for
the clear differentiation of the amorphous and the crystalline phases, and even partial
crystallisation levels in between. There are many options. Purely optical or electrical
devices can be built, as well as hybrid optoelectronic devices where the switching is
done optically and the readout electrically, or vice-versa. All these options could imply
interesting nano- and macroscopic applications ranging from light /current modulators to
unconventional computation architectures that simultaneously harness the memristive
and accumulation/multilevel properties of PCMs. In particular, the advanced technology
in silicon electronics permits a better on-chip control of PCMs. If this feature is integrated
into a photonic circuit, then electrical pulses could be used to switch while optical modes
could read out and process the information. This, in turn, would facilitate tremendously
the positioning, local switching, control, and integration of a high number of memory

cells within one-chip architecture.
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Colour-modulation applications

PCMs are good candidates for the next generation of display technology thanks to the
achievable ultra-high resolution, flexibility, and bistability [33]. These future displays
could be used in reflective-type devices which can be operated under direct sunlight, given
the good contrast between colours in either crystallographic states of PCMs. Moreover,
by exploiting the non-volatile nature of the pixels, the power consumption of a display can
be reduced, given that no refreshing is required, contrary to conventional displays. Only
pixels that require to switch will use power, leaving the rest unchanged and unbiased.
This feature could save battery life in devices such as mobile phones, in which the screen
consumes a significant amount of the battery power, even when idling. Lastly, flexible

displays can be achieved with PCM-based devices, given their low dimensionality.

As a newborn application, nano-pixel technologies using phase-change materials represent
a highly promising research field for PCMs in applications such as holography and nano-
optical security tags. Future work could be done in exploring other volatile (VOs) and
non-volatile (AgInSbTe, GeTe, etc) alloys in the quest for best colour range and lower
switching energies. Moreover, the development of a real display with N x M switchable
pixels represents a challenge that could be addressed using arrays of electrical cross-bars

which could lead to better displays.

Besides displays, a possible application is to use the maximum contrast, the low resolution,
or the polarisation dependency as security marks. One way to hide information could
be achieved by using the high resolution of the pixels in optical cavities, including
PCMs, to codify information (bar-codes and QR-codes, for instance) in low-dimensional
features that can be read with specialised equipment. The colour contrast between
states of a particular sample also can be used to codify the same information in the

light-source wavelength. If the colours are hard to differentiate with the naked eye, a

177



Conclusion and Outlook

monochromatic light source tuned at the maximum contrast wavelength can be used to
properly discriminate between areas in the amorphous and the crystalline state. Moreover,
the angular colour and polarisation dependence can be used to fabricate security marks
as commonly used with holograms; the advantage, however, would be the option of
writing and erasing patterns. These multiple options could lead to the implementation
of multi-level security schemes where security checks plus several write/erase processes
can be carried out by exploiting the non-volatility of phase-change materials and the

back-and-forth switching between the two states.
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