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Abstract 

 

The key question that this thesis aims to answer is “Can a tuneable bandpass 

optical filter for the mid-infrared regime be made by combining extraordinary 

optical transmission (EOT) arrays and phase-change materials (PCMs)?”. 

 

It is proposed that such devices may be useful for a wide range of applications 

where the ability to dynamically change the transmissive (or reflective) properties 

of a filter is required, include multispectral sensing/imaging and signal modulation 

amongst others.  Current multispectral imaging systems are mainly dependant 

on either multiple sets of lenses and sensors, or multiple mechanically-

exchanged filters exposed through in-sequence; the use of a single, dynamically 

tuneable phase-change EOT-based filter opens avenues to reducing systems’ 

size, cost and complexity. 

 

The EOT effect is observed with arrays of sub-wavelength-sized holes in thin 

plasmonic metal (e.g. gold) films, with the transmission peak position dependent 

on the array geometry and surrounding materials’ optical properties: a PCM layer 

on top of the array allows shifting of the transmission peak position by switching 

the PCM phase (and its refractive index) via heat pulses. 

 

Specific areas studied in this thesis include the use of different fabrication 

methods to make phase-change EOT transmission filters for the mid-infrared 

regime, including electron-beam lithography-based techniques and a novel (and 

much faster) approach of direct patterning via laser ablation.  Tuneable filters for 

use in various parts of the optical spectrum, especially the mid and long-wave 

infrared range, were designed, simulated, fabricated and characterised.  Good 

performance was obtained for phase-change EOT filters over a wide range of 

array pitch sizes. EOT arrays designed for the mid-infrared range and fabricated 

via wet-etching and measured with FTIR spectroscopy produced very similar 

spectra to those of finite-element simulations with peak transmittance of Q-factors 

between 5-6 and a peak transmittance of ~0.8.  Laser-ablated arrays showed a 

similar (though not quite so good) performance, due mainly to slight irregularities 

in the positioning of holes in the array.  
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The addition of a phase-change layer, specifically Ge2Sb2Te5, to the EOT arrays 

resulted in a shift in the wavelength of the peak transmission, with the amount of 

shift depending on the phase-state (crystalline, amorphous, or mixed-state) of the 

phase-change layer, so demonstrating the ability for dynamic tuning of the filter 

response by switching of the phase-change layer. An important requirement for 

proper and prolonged operation of the filter devices was found to be the use of  a 

thin dielectric barrier layer (here Si3N4, between the plasmonic film and the phase-

change layer, to prevent inter-diffusion between the two: reflection cavities of 

Ge2Sb2Te5 on unpatterned gold layers were created to investigate this effect, with 

resonance features of a 20 nm layer being destroyed without a barrier layer 

present and the complete assimilation of gold and phase-change layers evident 

with cross-section TEM imaging.  
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2. Introduction 

 

This thesis covers a specific area in the broad field of light filtration, how can a 

device be made to output light with certain properties different to that inputted?  

This can take the form of restricting polarisations compared to the source; 

reducing transmitted/reflected intensity overall (such as neutral density filters for 

photography) and reducing the output intensity of specific “colours” (energies, 

wavelengths, frequencies etc.) to create bandpass or bandstop filters, 

respectively absorbing and transmitting/reflecting little/none of the incident light 

but for within a relatively small defined region.  The ability to control colour (and 

radiation wavelength in general) is important in so many aspects of life, not just 

for aesthetic reasons in the visible (~400-700 nm wavelength) regime, but for 

enabling modern systems of communication; shielding people and technology 

alike from harm and enabling new discoveries to made in a myriad of scientific 

fields. 

 

The “traditional” method of controlling colour (within the visible regime at least) 

has often been to use various absorbing pigments/dyes, with additive (RGB) and 

subtractive (CMYK) systems serving different purposes.  In more recent times 

though, it has been understood that other properties can also contribute to colour 

control, from differing refractive indices allowing refraction via a prism to separate 

out the spectrum of a white light source to the brilliant blue hue emanating from 

the naturally occurring structures of diffraction gratings in the wings of a blue 

morpho butterfly. 

 

The method on which almost all the work in this thesis is based is the 

phenomenon of extraordinary optical transmission (EOT), selectively allowing the 

transmission of incident light energies by patterning arrays of holes in thin films 

of plasmonic materials to create a metasurface.  The EOT effect has only been 

studied for a relatively short time (the first publications dating from just twenty-

five years ago) but it has been investigated extensively since it was first identified 

and observed to occur from the UV to THz regimes, opening new possibilities in 

the field of filtration.  It is hypothesised here that one of these possibilities is being 

able to create tuneable filters via the addition of phase-change materials (PCMs) 

to the EOT array, potentially enabling the transmissive/reflective properties of 
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these metasurfaces to be repeatedly non-destructively altered by switching the 

phase-state of the PCM layer and in turn changing the PCM layer’s refractive 

index.  Other methods exist for tuning metasurfaces to alter their electromagnetic 

response, including: from mechanical actuation (whether deforming a structure 

[6], moving separate elements in relation to each other to change their interaction 

[7] or acting independently [8]); using water or some other liquid as an active 

element to effectively alter the device structure [9], [10]; using sandwiches of 

metasurfaces around an liquid-crystal layer [11], [12] and the electrically-tunable 

properties (e.g. chemical potential) of graphene [13], [14]. 

 

The primary figures of merit used to evaluate performance are peak transmittance 

T, the percentage of light allowed through the filter at the most transmitting 

wavelength, and the quality-factor (also called Q-factor) of the main transmission 

peak, how wide a range of wavelengths are significantly transmitted.  Other 

factors include the degree of peak wavelength shift and the transmittance 

contrast ratios, with different characteristics required by different types of devices. 

 

2.1. Outline 

 

The general aim of the work presented here was to investigate how the 

transmissive/reflective properties of extraordinary optical transmission 

metasurfaces can be altered by the introduction of phase-change materials to 

create tuneable bandpass filters.  This section will provide an overview of the 

content of the following chapters. 

 

Chapter 3 contains the relevant background information regarding the science 

involved in this work, including: metasurfaces and their applications in general; 

the extraordinary optical transmission (EOT) effect and the significance of phase-

change materials (PCMs) and how they can be implemented in EOT devices to 

add tuneability. 

 

Chapter 4 describes the different methods used in this thesis, both for 

computational and experimental processes.  The former covers modelling and 

simulation techniques used to simulate electromagnetic device characteristics in 

order to establish the necessary design parameters to achieve the desired 
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performance and provide a basis for comparison with the fabricated samples and 

devices.  Additional modelling was performed to investigate device electro-

thermal characteristics during in-situ Joule heating.  Experimental methods 

concern the different processes involved in sample and device fabrication and 

characterisation, including the methods used to ascertain the properties of the 

device materials, the techniques used to deposit and pattern them, and the ways 

in which device performance was assessed. 

 

Chapter 5 features modelling and simulation results, both electromagnetic and 

electro-thermal, conducted to evaluate how altering device characteristics affects 

performance and to determine suitable design parameters for fabricated devices.  

These properties include both geometric dimensions and material data (for 

optical simulations the refractive index n and extinction coefficient k, for thermal 

simulations the thermal conductivity and heat capacity).  Material properties are 

modelled both simplistically (e.g. n is fixed for all wavelengths and k varied alone 

to investigate how it alone effects performance) and realistically (actual material 

data is used, n and k varying with wavelength). 

 

Chapter 6 covers experimental results of devices made practically, including the 

effect of differing device dimensions on device performance; the use and 

comparison of Ge2Sb2Te5 (GST-225) and Ge3Sb2Te6 (GST-326) PCMs; array 

fabrication with wet-etching and laser-ablation techniques; the efficacy of silicon 

nitride barrier layers to prevent metal/PCM diffusion, using reflection cavities of 

GST-225 on gold films with and without barriers. 

 

Chapter 7 provides some general conclusions and suggestions for future work. 

 

2.2. Objectives 

 

The overall objectives of the work of this thesis can be concisely summarised as 

follows: 

 

• Study how different aspects of EOT device design and fabrication affect 

optical performance, in both models/simulations and in practice: 

o Varying device geometric parameters 
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o Varying materials used 

o Exploring different array fabrication techniques and how their 

characteristics factor into how devices can be constructed 

 

• Assess the addition of PCMs to add tuneability to EOT devices: 

o Identifying desired optical properties for different filter applications, 

matching the PCM type to arrays with appropriate properties at 

the desired working wavelength ranges 

o Studying the effects of PCM layer geometry, both thickness and 

the different structures resulting from different array fabrication 

methods 

o How diffusion of PCMs and metal layers affects phase-change 

EOT device performance and how this can be mitigated with 

barrier layers 

o How PCM layers might be switched between states using Joule 

heating of the EOT film, and how their thickness and thermal 

properties affect heating and cooling rates 
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3. Background and Theory 

 

This chapter will cover the conceptual ideas on which the research in this thesis 

is founded, the topics broadly being: metasurfaces and extraordinary optical 

transmission (EOT); phase-change materials (PCMs); multispectral imaging and 

how a filter for multispectral imaging using EOT and PCMs could be constructed. 

 

Some types of metasurfaces are described with emphasis being placed on the 

phenomenon of extraordinary optical transmission (EOT), a core concept on 

which the light filters being developed in this project are based on.  Phase-change 

materials (PCMs) are then described, with discussion of their properties, 

applications and how they are manipulated.  The specific topic of multispectral 

imaging is then focused on, with its uses and current technologies explored. 

Design, fabrication and modelling techniques for a tuneable filter combining EOT 

and PCM technologies are then described. 

 

3.1. Metasurfaces 

 

The development of metasurfaces started in the early 1970s [15], but has become 

more prevalent with the advancement and ubiquity of nanofabrication techniques.  

Metasurfaces are essentially flat metamaterials, periodically structured artificial 

materials designed to provide properties not found in nature.  These properties 

are obtained by careful selection of the metasurface geometry and material so as 

to manipulate the way they will interact with the incident radiation.  These 

capabilities include band-pass/stop filtration [16]; reflective and transmissive 

lensing [17], beam steering [18], [19], and various forms of polarisation control 

[20], [21] (e.g. creating a linear polariser with greater transmission efficiency than 

the ~20-25% seen later in Figure 105). 

 

3.2. Extraordinary Optical Transmission 

 

3.2.1. Overview 

 

Light will easily propagate through apertures in opaque materials when the 

incident wavelength is much smaller than the hole diameter, with the percentage 
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transmitted being equal to the proportional area of the hole to area that the light 

is falling on.  In 1944 Bethe et al. [22] showed that when the hole size (radius r) 

approaches the wavelength (𝜆), the transmission efficiency ηB of far-field 

radiation reduced dramatically as shown in Equation ( 1 ). 

 

 𝜂𝐵 =
1024𝜋2

27
(𝑟 𝜆⁄ )

4

 ( 1 ) 

 

This theory was accepted to apply in all cases until Ebbesen et al. demonstrated 

the effect of extraordinary optical transmission (EOT) in 1998 [23]; as shown in 

Figure 1, an array of sub-wavelength holes in a thin silver film demonstrated 

transmission many orders of magnitude greater than the Bethe theory would 

seem to suggest. 

 

 

Figure 1: (a) Experimental zero-order light transmittance, lattice period=750 nm, 

hole diameter of 280 nm in a freestanding 320 nm Ag film (inset: electron 

micrograph of the perforated metal film) taken from [23])  

 

In fact, when normalising the proportional area of the holes to that of the whole 

array, the peak transmission values can be greater than 100% (example in Figure 

1 is 125%), indicating that light incident on the film itself, rather than just the hole, 

is being transmitted.  The effect is allowed because in certain materials, 

particularly the noble metals such as silver and gold [24], the apertures modify 

the film’s EM fields with many different phenomena believed to contribute 
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including surface enhanced optical transmission (SEOT), localised enhanced 

optical transmission (LEOT) and quasi-cylindrical waves (QCWs).  Transmission 

has been observed in many different scenarios with variations including hole size, 

hole shape, hole distribution and film patterning, each of which will be further 

discussed.  These geometric factors allow the spectra to be modified to suit the 

device requirements during the design stages, with more flexibility than simpler 

structures such as Fabry–Pérot cavities/etalons (which, as seen in Figure 41, 

also produce peaks of comparable height rather than a single sharp one with the 

others suppressed), 

 

The EOT effect used in the devices described in this thesis is to provide the initial 

bandpass filter, with tuneability provided by additional elements.  Focus will be 

placed on the mid/long infrared regimes as this is particularly useful for thermal 

imaging, but investigations were also conducted regarding EOT in the THz 

regime.  Despite the effect being titled extraordinary optical transmission, it 

applies to a wide range of EM regimes including ultraviolet [25], visible [23], [26], 

infrared [27] and THz [28] & [29]. 

 

3.2.2. Types of Extraordinary Optical Transmission Mechanisms 

 

The initial theories explaining EOT focused on surface plasmons/surface 

plasmon polaritons (SPs/SPPs), oscillations of free electrons occurring at the 

interfaces of the metal film and surrounding dielectrics.  The presence of holes 

modifies the momentum characteristics of the SPs; incident light couples to them 

on one surface and they in turn couple to SPs on the other surface so the light 

can be re-radiated on the opposite side.  More recently, the contribution of quasi-

cylindrical waves (QWCs) has been demonstrated [30] and, in certain 

circumstances, absorption-induced transparency (AIT) [31]. 

 

In this thesis, EOT effects will mainly concern periodic square arrays of holes, the 

most common arrangement, with period (centre to centre separation) p, but it is 

noted that other publications have demonstrated the effect with hexagonal lattice 

arrays [27], [32].  The effect has also been observed in single holes [33]–[36], 

random arrays [37], [38], and quasiperiodic arrays [39].  
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3.2.2.1. Surface Enhanced Optical Transmission 

 

Surface enhanced optical transmission (SEOT) is considered as one of the main 

mechanisms behind EOT, describing the coupling of incident light to surface 

plasmons in the metal film.  For a flat and unpatterned metal-dielectric interface, 

it is difficult for the incident radiation to couple to the surface plasmons because 

of a lack of conservation of energy and momentum [40]; a periodic array allows 

coupling by modifying the characteristics of the surface modes and relaxing 

momentum conservation.  The large local density of the EM states associated 

with surface modes gives a highly efficient coupling; light that would otherwise be 

reflected remains at the interface and is instead transmitted.  Individual 

transmittance of each hole is still small, but it is effectively constantly being re-

illuminated by the surface modes [41].  The mechanism should occur when two 

localised modes are weakly coupled between themselves (through the holes) and 

to a continuum, thus SEOT can also be expressed as a Fano resonance [42]. 

 

Equation (2) describes momentum conservation in a square/rectangular array 

with rows and columns along the x and y axes and an Ex linear polarised incident 

beam.  When coupling occurs, momentum is conserved by allowing the coupling 

of the SP wavevector kSP to that of the incident light kx [43] (kx represents the 

component of the momentum along the x-axis). 

 

 𝑘𝑆𝑃
⃗⃗ ⃗⃗ ⃗⃗ = 𝑘𝑥

⃗⃗⃗⃗ ± 𝑖𝐺𝑥
⃗⃗⃗⃗ ± 𝑗𝐺𝑦

⃗⃗ ⃗⃗ = (𝑘𝑥 ± 𝑖|𝐺𝑥|)𝑥̂ ± 𝑗|𝐺𝑦|𝑦̂ ( 2 ) 

 

with Gx and Gy representing the array’s reciprocal lattice vectors and i and j being 

integers representing the different reciprocal lattice orders.  The relationship 

between the reciprocal lattice vectors and array period p for a square array (px=py) 

is given by Equation ( 3 ) 

 

 |𝐺𝑥
⃗⃗⃗⃗ | = |𝐺𝑦

⃗⃗ ⃗⃗ | =
2𝜋

𝑝
 ( 3 ) 

 

For a beam that is angled by θ to the surface normal along the xz plane, the 

component of incident momentum kx along the x direction is related to the total 
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momentum k by Equation ( 4 ) and so equals zero when the beam is at normal to 

the surface.  k is related to light wavelength λ by Equation  ( 5 ). 

 

𝑘𝑥 = 𝑘 𝑠𝑖𝑛 𝜃 ( 4 ) 𝑘 =
2𝜋

𝜆
 ( 5 ) 

 

All this means that Equation ( 2 ) can be rewritten in terms of more convenient 

variables, as shown in Equation ( 6 ) 

 

 𝑘𝑆𝑃
⃗⃗ ⃗⃗ ⃗⃗ =

2𝜋

𝑝
(
𝑝 𝑠𝑖𝑛 𝜃

𝜆
± 𝑖) 𝑥̂ ± 𝑗𝑦̂ ( 6 ) 

 

with the total magnitude of momentum being given by Equation ( 7 ) 

 

 |𝑘𝑆𝑃
⃗⃗ ⃗⃗ ⃗⃗ | =

2𝜋

𝑝
√(

𝑝 𝑠𝑖𝑛 𝜃

𝜆
± 𝑖)

2

+ 𝑗2 ( 7 ) 

 

The magnitude of surface plasmon momentum can also be given in terms of 

relative permittivity (sometimes called the dielectric constant, despite being 

wavelength-dependent) of the film εf and substrate/superstrate εs as shown in 

Equation ( 8 ) 

 

 |𝑘𝑆𝑃
⃗⃗ ⃗⃗ ⃗⃗ | =

𝜔

𝑐
√

𝜀𝑓𝜀𝑠

𝜀𝑓 + 𝜀𝑠
=

2𝜋

𝜆𝑆𝑃
√

𝜀𝑓𝜀𝑠

𝜀𝑓 + 𝜀𝑠
 ( 8 ) 

 

Equating Equations ( 7 ) and ( 8 ) gives Equation ( 9 ) 

 

 
1

𝜆𝑆𝑃
√

𝜀𝑓𝜀𝑠

𝜀𝑓 + 𝜀𝑠
=

1

𝑝
√(

𝑝 𝑠𝑖𝑛 𝜃

𝜆
± 𝑖)

2

+ 𝑗2 ( 9 ) 

 

which rearranged gives the positions of the transmission spectrum minima 

(wavelengths where the incident light momentum resonates perfectly with that of 

an SPP mode, giving a transmission of zero) in Equation ( 10 ) 
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 𝜆𝑆𝑃 =

√
𝜀𝑓𝜀𝑠

𝜀𝑓 + 𝜀𝑠

√(
𝑝 𝑠𝑖𝑛 𝜃

𝜆
± 𝑖)

2

+ 𝑗2

𝑝 ( 10 ) 

 

All fabricated devices in this thesis involved measuring with the array surface 

normal to the path between the light source and detector (θ equals zero) giving 

the simplified relation in Equation ( 11 ) of 

 

 𝜆𝑆𝑃 =
√

𝜀𝑓𝜀𝑠

𝜀𝑓 + 𝜀𝑠

√𝑖2 + 𝑗2
𝑝 

( 11 ) 

 

For the first-order modes (when i=1 and j=0 or vice-versa), Equation ( 11 ) is 

further reduced  to Equation ( 12 ) 

 

 𝜆𝑆𝑃 = √
𝜀𝑓𝜀𝑠

𝜀𝑓 + 𝜀𝑠
𝑝 ( 12 ) 

 

giving the longest wavelength minimum featured in the transmission spectrum, 

which precedes the main peak.  When εf>>εs, this simplifies to Equation ( 13 ) 

 

 𝜆𝑆𝑃 = √𝜀𝑠𝑝 = 𝑛𝑠𝑝 ( 13 ) 

 

giving the essential basic relation showing the dependence of the main 

transmission peak position on the array pitch p and refractive index of the 

surrounding material ns in an EOT device.  This is approximately equal to the 

Rayleigh wavelength λR, the minimum wavelength for which incident radiation is 

transmitted as a single diffraction order, with all other diffraction orders being 

evanescent [44]). 

 

The factors shown in Equation ( 13 ) are what mainly determine the behaviour of 

an EOT array, with other factors such as hole size, depth and shape affecting the 

shape of transmission peaks, but not the resonance positions.  If materials with 

different refractive indices are used for the substrate and superstrate (e.g. a glass 
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disc substrate underneath with air on top), each SP mode will produce a separate 

set of minima for each value of ns (i.e. that of the substrate and that of the 

superstrate).  The main peak position is then determined by the material with the 

highest ns.  Transmission is most enhanced when the substrate and superstrate 

have the same refractive index [45], however in many cases this is not practical. 

 

To change the position of the main transmission peak Equation ( 13 ) presents 

two potential options, either change the array period or the refractive index of the 

surrounding materials.  The former approach might be realised by using some 

kind of flexible/stretchable metasurface (an example using resonators can be 

seen in [6]), but this is not explored in this thesis. The latter approach, i.e. 

changing the refractive index of surrounding materials, is explored and can be 

achieved by use of phase-change materials (PCMs) whose refractive index 

differs markedly in value dramatically between its crystalline and amorphous 

states, and which can be switched readily between these states (see Section 3.3. 

for more details on PCMs). 

 

3.2.2.2. Localised Enhanced Optical Transmission 

 

This is the EOT effect that occurs with a single hole in a film, and for random 

arrays and distributions where the holes are far enough apart to be considered 

isolated. The operating wavelength regime depends on the material properties 

as for SEOT, but also on the hole shape and size (including film thickness) rather 

than hole spacing [37].   SP modes can also be enhanced by the presence of 

structures such as corrugations around the holes to reflect and contain the modes 

[34], as well as by filling the hole(s) with a high refractive index material [46]. 

Since none of these localised effects were exploited in the work of this thesis, the 

reader is referred to the literature cited for further information on this topic. 

 

3.2.2.3. Absorption-Induced Transparency 

 

The transmission spectra of a hole array in a film can sometimes be non-

intuitively modified by the addition of an absorbing material [31], [47].  It is thus 

known as absorption-induced transparency (AIT), though the effect is not 
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necessarily linked to surface plasmons thus limited to regular arrays or dependent 

on hole positioning. 

 

In the example shown in Figure 2 (from [31]), a 30 nm layer of red-absorbing dye 

(cyanine J-aggregate) is applied to a 250 nm-pitch array in a silver film induces a 

red transmission peak in a region that is non-transmissive in the dye’s absence. 

 

 

Figure 2: Transmission spectra of a 250 nm period array with 100 nm diameter 

holes in a 200 nm-thick silver film on a glass substrate [31].  The black line 

represents transmission without the of red-absorbing dye layer and the red line 

the transmission with it, the latter showing the induced transmission peak starting 

at a wavelength of 685 nm. 

 

This works due to the interaction of dye molecules in close proximity to the 

interface (within 20 nm) with free electrons in the metal via dipole coupling.  A 

frequency region is forced into existence by Kramers-Kronig relations where the 

real and imaginary dielectric constants of the dye are relatively large and small, 

which can allow a propagating waveguide mode to open or a weakly-bound 

surface mode becoming more strongly-bound [44].  Since this area was not 

explored in the work of this thesis, the reader is referred to the literature cited for 

further information on this topic. 
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3.2.2.4. Quasi-Cylindrical Waves 

 

The quasi-cylindrical wave (QCW) field is described as the field diffracted by a 

subwavelength indentation/hole in a surface.  In a perfect electrical conductor, 

the QCW is a cylindrical wave in free space decaying as 1/x1/2 (with x being the 

distance from the hole/scatterer): for metals (with finite conductivity at the incident 

wavelength) the QCW is only seen over a short range (only a few wavelengths), 

the decay rate being 1/x3/2 at large distances from the scatterer.  As the distance 

between the holes increases the field coupling them weakens, with the 

significance of the QCWs being greatest when the holes are close together and 

becoming less significant when they are far apart.  The contributions of QCWs 

was proposed by van Beijnum in 2012, by comparing predictions with a purely 

SPP analytical model against measured spectra [30] in 150 nm Au films on glass 

(with a 20 nm Cr layer to dampen SPPs at the metal/air interface), where arrays 

were made with chains of holes with a constant array period along the y-axis (ay= 

a0=450 nm) and varied spacing between the chains ax=qa0, where q=1, 2…7. 

 

 

Figure 3: (a) Array used to test for effect of QCWs and (b) normalised 

transmission measurements vs model-only based on surface plasmons, from [30] 

 

The incident light has its E-field polarised along the x-axis to produce negligible 

SPP propagation along the y-axis.  As shown in Figure 3, if surface plasmons are 

the only contribution to the EOT effect, the separation between the columns of 

holes in the x-direction should scale the transmission by hole density (increased 

separation giving fewer holes per surface area) as per Equation ( 14 ), with tf 

being the transmission coefficient of a single hole chain. 
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 𝑇 ∝ 𝑞−2|𝑡𝑓|
2
 ( 14 ) 

 

This was not observed by van Beijnum et al., instead the transmission is greatly 

enhanced when the x and y-axis hole separation distances are equal (close 

together), but all other configurations’ (with the more-rectangular arrays) 

transmission approximately scaling as expected.  This corresponds to the QCWs 

having a damping length of around one wavelength, effects at longer scales being 

negligible.  Note that although QCW effects were not explicitly explored in the 

work of this thesis, their contributions, if any, to EOT effects of samples and 

devices designed in this work would be appropriately accounted for in COMSOL 

simulations of sample/device operation (though it would require additional input 

parameters to account for QCWs in analytical models such as those discussed 

in Section 3.2.2.1. 

 

3.2.3. EOT Array Variations 

 

The use of holes in EOT arrays with non-regular shapes can provide an additional 

means of modifying the peaks: for example, annular rings have been shown to 

support additional resonances, enhancing transmission despite reducing the total 

hole area [48].  Other interesting variations include array geometries that can 

create peaks in different positions depending on the polarisation angle of the 

incident light. 

 

One approach to do this would be to use rectangular lattices, with a different 

period for each axis giving two sets of resonances (spectral minima) and main 

peaks [49].  For unpolarised light the positions are given by a modification of 

Equation ( 11 ). 

  

 

𝜆𝑚𝑖𝑛 ≈
𝑛𝑠

√
𝑖2

𝑝𝑥
2 +

𝑗2

𝑝𝑦
2

 

( 15 ) 

 

If the holes keep the same size/shape as for a normal (square) lattice then the 

relative area of the holes to the entire film would be reduced, decreasing peak 
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transmission efficiency.  As mentioned above, the quasi-cylindrical waves theory 

also proposes another reason that rectangular arrays (compared to square 

arrays) would experience reduced transmission. 

 

As previously mentioned, another way of peak shaping is to use of holes with 

non-square aspect ratios [26], [50]–[52].  When using a linearly polarised light 

source, the polarisation angle of the incident light will have a significant effect on 

the transmission spectrum by exciting different localised modes.  With an incident 

linearly polarised beam with the E-field aligned parallel to the holes’ short axis (H-

field aligned to long axis) the peak position is redshifted compared to that of an 

array identical but instead using circular holes, blueshifting occurring when the E-

field is aligned parallel to the hole’s long axis.  Since the array period remains the 

same the spectral minima do not move but the peak maxima positions are shifted.  

Some of these effects are explored experimentally in Section 6.1.2.2, using laser-

fabricated EOT arrays. 

 

3.3. Phase-Change Materials 

 

3.3.1. Overview 

 

Phase-change materials (PCMs) are materials that are typically non-volatile 

(stable at room temperature) but whose structures can be repeatably changed 

between non-volatile amorphous (no long-range order) and crystalline states by 

heating, thus giving dramatically different optical and electrical properties with a 

wide variety of applications. 

 

Technological applications of such materials were first proposed by Stanford 

Ovshinsky in 1968 [53], who demonstrated a form of non-volatile electrical 

memory using PCMs, but the most well-known use is probably rewritable optical 

discs (e.g. CD-RW, DVD±RW, BD-RE), commercialised in the 1980s.  Rather 

than having “pits” hard-written into a metal film, these use a PCM layer on top of 

the film with the laser (normally used for reading data) switching the PCM state 

to changing its reflectance and allowing new data to be written and re-written. 
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Chalcogenide phase-change materials contain one or more elements from the 

chalcogen group (16) of the periodic table, usually selenium (Se), tellurium (Te) 

or sulphur (S), with the most well-known composition, often called the “archetypal 

PCM”, being the alloy Ge2Sb2Te5 (also written here as GST-225). 

 

The combination of PCMs with EOT arrays is the basis on which this work aspires 

to create a tuneable filter.  By referring to Equation ( 13 ), if the refractive index 

of the array’s surrounding material can be changed, the spectral positions of the 

transmission peak(s) will shift.  This is achieved by depositing a PCM layer on top 

of the EOT array, and as long as the PCM has a higher refractive index (in either 

state) than the substrate, shifting the PCM state will also shift the spectral position 

of the main transmission peak [27], [32].  Other areas of interest in this work 

include signal modulators (potentially working up to the THz regime), where a 

change in PCM extinction coefficient will modify the transmission peak amplitude. 

 

The required PCM characteristics depends on the purposes that the devices are 

designed for.  In general, desirable properties include: 

 

• The ability to be heated and cooled/quenched fast and easily, reducing 

energy required to switch the PCM and transitioning time. 

 

• Stability at room temperature whether in amorphous, partially crystalline 

or fully crystalline phases.  For imaging this could for a fraction of a second, 

for memory applications this could be years.  This property is desirable in 

many situations to avoid power being continuously applied to maintain a 

particular state, devices that would benefit from using a volatile PCM may 

use a material such as vanadium dioxide (VO2),  

 

• Long-term durability.  The device should continue to function over a great 

many switching cycles, this means that the properties for each state should 

remain constant. 

 

A tuneable filter for multispectral imaging would want the largest possible shift in 

refractive index n when switching the PCM from fully amorphous to fully 

crystalline states, to give the largest possible operating wavelength range.  It 
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would also require the smallest possible extinction coefficient k in any state, to 

maximise filter transmission efficiency by reducing absorption in the PCM layer.  

GST-225 is good for such an application in the infrared, as are other GST 

variants.  PCMs using different compositions can also be used to address other 

regions of the optical spectrum (e.g. Sb2Se3 or Sb2S3 for visible wavelengths). 

 

Having accurate optical material properties is vital for selecting the right PCM, 

characterising the devices and running models and simulations.  The parameters 

required are normally the refractive index n and extinction coefficient k; if required 

these can be derived from the dielectric functions.  Published n and k data for 

PCMs does tend to vary from source to source (see Figure 4), probably due to 

differences in the methods and/or process conditions used for sample deposition 

(e.g. materials being deposited at different rates during sputtering), along with 

possible variations in composition for notionally identical products.   Due to such 

variations in literature values, ideally one should try to obtain n and k data for 

one’s own films by standard methods, such as  ellipsometry [54].  This is however 

dependent on the available equipment and its wavelength range capabilities. 

 

 

Figure 4: (a) refractive index and (b) extinction coefficient data for different 

measurements of GST-225 PCM from different published cources, [55] (Source 

1), [32] (Source 2) and [56] (Source 3) 
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3.3.2. Switching 

 

The PCM phase is changed by heating, rearranging the bonds in the amorphous 

phase into a crystalline structure and vice versa.  For GST-225, the temperature 

at which shifting rapidly ensues is in the region of 150°C under “static” heating 

conditions (where the temperature is constant as opposed to ramped up and 

down), but PCMs can also shift over longer periods at lower temperatures (e.g. if 

left in direct sunlight).  The crystallisation temperature has also been noted to 

vary with the heating rate, variation across a range of 180°C-350°C shown in [57]. 

 

To re-amorphise, the PCM must be melted to break the crystalline bonds 

(~600°C) then quickly quenched so they do not reform as the temperature 

decreases, freezing it in the amorphous state [58].  For GST-225 the minimum 

cooling rate to quench is difficult to measure experimentally, but is generally 

thought to be of the order of 5 K/ns [59].  It is therefore important to have device 

components made from materials with high thermal conductivities that can act as 

a heat-sinks to facilitate such fast cooling.  Figure 5 provides a representation of 

the temperatures and qualitative comparative cooling rates required for both 

crystallisation and amorphisation. 

 

 

Figure 5: Plots showing phase transition temperatures of GST-326, taken from 

[58], data from [60] 

 

Methods of switching devices include: 

 

• Thermal annealing – crystallising the sample’s PCM by heating with a hot 

plate or oven.  This will heat up the entire device, meaning it cannot be 
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used to re-amorphise the PCM as the surrounding environment remains 

too hot to support rapid quenching. 

 

• Optical switching – an intense light source (normally a laser) shines on the 

PCM material, which absorbs the light energy, generating heat [61].  

Already commonly used in for rewritable optical discs, most of the device 

stays comparatively cool thus the rapid quenching needed for re-

amorphisation is supported. 

 

• Embedded micro-heater – a heating element is built into the device, 

possibly, in our case, even the EOT film itself.  This approach has already 

been experimented with for applications related to PCM-based optical 

metasurfaces (as shown for example in Figure 6) and integrated PCM-

based photonic memories [62].  Careful design, considering both material 

and geometric properties, is needed to ensure that sufficiently high cooling 

rates can be achieved for successful amorphisation using this approach. 

 

 

Figure 6: Schematic of an embedded microheater switching phase-change 

metasurface, as featured in [63] 

 

• Direct heating – here electrical current is driven directly through the phase-

change material itself, in turn causing heating via the Joule heating effect.  

Materials containing the chalcogenide elements that make up many PCMs 

can exhibit a phenomenon called Ovonic threshold switching [53], where 

increasing the voltage across it can show comparatively gradual increases 

in current up to a certain threshold voltage, at which point the resistivity 
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drops significantly.  This can allow a higher current to pass through the 

highly-resistive amorphous phase of PCMs such as GST, helping to 

enable switching. 

 

This method requires electrodes to be placed on either side of the PCM, 

which for optical applications, such as the EOT-PCM filters, require finding 

transparent and conductive capping materials.  As with the embedded 

micro-heater approach, the design would have to be optimised to give 

consistent switching across the entire filter surface area, which could be 

up to several square centimetres. 

 

3.4. Multispectral Imaging and Sensing 

 

3.4.1. Overview 

 

Multispectral sensing normally involves obtaining optical information from a 

subject over a range of narrow wavelength bands, conventionally via multiple 

exposures.  A typical approach uses a panchromatic sensor (sensitive to all 

wavelengths within a given range), with a set of bandpass filters then isolating a 

narrow set of wavelengths.  This can help in identifying light emitting in a 

restricted wavelength range, which may be otherwise obscured by a background 

of similar wavelength but higher intensity.  When multispectral sensing is 

combined with a camera sensor to also provide spatial information, you have 

multispectral imaging. 

 

A further extension is the principle of hyperspectral imaging, combining imaging 

with spectroscopy by using a greatly increased number of wavebands to produce 

a full spectrum for every pixel.  Uses for such multispectral and hyperspectral 

technology are widespread, including archaeology [64] and art conservation [65], 

agriculture [66]–[69], medical diagnosis [70], colour night vision [71], recycling 

sorting [72], [73] and missile tracking [74], with examples shown in Figure 7. 
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Figure 7: Example uses of multispectral imaging of (a) a lung tissue sample [75] 

and (b) a crop field [76] 

 

3.4.2. Existing Types of Multispectral Imaging Systems 

 

A number of methods currently exist to enable multispectral imaging.  Perhaps 

the most common involves the use of multiple interchangeable filters placed 

before the sensor, sometimes mounted in a rotating wheel, as illustrated in Figure 

8.  The multiple exposures are performed sequentially, with the wheel stopping 

then advancing to the next wavelength band each time.  Every pixel is sensitive 

to the entire wavelength range, thus the maximum potential spatial resolution is 

achieved.  Disadvantages include the physical size of the multiple filters, the 

mechanical complexity necessitated by the need to move parts along with the 

added cost and fragility that this would entail.  There is also a marked time delay 

between each exposure as the filters are advanced.  Depending on the 

application’s exposure time this may greatly increase the time necessary to 

produce each image and result in motion smearing (where a moving subject 

appears in a different position for each exposure). 
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Figure 8: Example configurations of multispectral imaging systems, multiple 

interchangeable filters [77] (left) and multiple filter/lens/sensor units [78] (right) 

 

An alternative approach is instead to use multiple sets of detectors, e.g. separate 

units of lenses, filters and sensors each tailored to a specific wavelength band.  

While this would produce all exposures simultaneously, it also inherits the issues 

of size, cost and complexity, making it impractical for systems required to be 

small, lightweight and inexpensive.  An additional downside may include parallax 

issues, spatial displacement of the optics giving slightly different images. 

 

An undoubted improvement on the above described approaches would be a 

multispectral system of the type as shown in Figure 9, using a single sensor, one 

set of optics and a solid-state filter that can be quickly (sub frame rate) modified 

to allow a range of different transmission bands.  This in effect replicates the 

operation of a filter wheel without the added size and complexity and a much-

reduced delay time between the individual exposures. 
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Figure 9: Schematic of the operation of a tuneable filter with single sensor setup, 

switching through configurations (clockwise from top-left) then resetting 

 

3.4.3. Tuneable Filter via Phase-Change EOT 

 

A potential method of achieving a single tuneable filter is by combining the 

phenomenon of extraordinary optical transmission (EOT) with phase-change 

materials (PCMs) since, as previously discussed in Section 3.2.2.1, changing the 

refractive index n of the material surrounding the hole array (by switching the 

phase-state of the PCM) shifts the spectral features, thus transmission peak 

position.  Exposures can be taken between the upper and lower peak-shifted 

positions, by using a PCM that can be shifted into partially-crystallised states.   

 

The basic principle of shifting the peak transmission of an EOT array was first 

shown by Rudé et al. [27] in the visible and near infra-red regime (see  Figure 

10). One of the main aims of the work of this thesis is to explore the potential of 

such an approach in the  mid and long-wave  infrared wavelengths (particularly 

useful for thermal imaging) with the aim, ultimately, of achieving relatively high 

transmission efficiency over a useful wavelength range as the PCM is 

progressively crystallised, as shown for example in in Figure 11.  The use of PCM-

enhanced EOT arrays in the THz spectral range will also be explored (at least in 

simulation). 
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Figure 10: PCM-enhanced EOT devices displaying shift in peak wavelength, 

simulated (broken curves) vs measured spectra with peaks normalised  to 1 

(adapted from [27])  

 

 

Figure 11: Illustrative theoretical transmission spectra (not derived from 

measurements or simulations) of a phase-change EOT-based band-pass filter for 

a multispectral imaging system in the mid-long IR regime.  Plotted various 

“settings”, the transmission band position depending on the PCM crystallisation. 

 

  



50 
 

4. Methods 

 

This chapter covers the different processes used in the design, construction and 

characterisation of the devices studied in this thesis in the following chapters.  

They involve both computational and experimental techniques, for purposes of 

designing/optimisation, fabrication and characterisation. 

 

4.1. Simulation 

 

COMSOL Multiphysics was the software used exclusively here for performing 

finite element modelling, mainly involving electromagnetic simulations but also 

thermal simulations too.  Material data (both from published sources and self-

obtained) was applied to three-dimensional geometric shapes replicating those 

of devices to be built, in order to evaluate and optimise designs prior to 

fabrication. 

 

4.1.1. Electromagnetic Modelling 

 

The majority of modelling concerned was that of the optical performance of EOT 

devices in the mid and long-wave infrared, and (to a lesser extent), in the THz 

regime.  Specifically of interest was the optical transmission and reflection 

response as a function of the wavelength/frequency of the various EOT arrays 

and EOT-PCM filters explored.  The electric field distribution within devices at 

different wavelengths is also a feature of interest, and other devices examined 

include meta-atom arrays and reflection cavities/etalons. 

 

A virtual device in COMSOL is constructed by forming distinct regions/domains, 

in this case exclusively 3D structures.  These domains can be constructed either 

by combining individual shapes (e.g. a cylinder within a cuboid to represent a hole 

in a film), or by taking a 2D surface with the shapes drawn on it (e.g. a circle within 

a square) and extruding/sweeping it with layers of set thicknesses. 

 

In a general sense, the domains are subdivided to form a (finite) mesh of 

elements within which Maxwell’s equations in matter (equations ( 16 ) - ( 19 )) are 

solved, given in terms of the electric field vector (E), electric vector (D), free 
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electrical charge density (ρ), magnetic induction (B), magnetic vector (H) and 

current (j) [79]. 

 

𝛻⃗ . 𝐷⃗⃗ = 𝜌 ( 16 ) 𝛻⃗ . 𝐵⃗ = 0 ( 17 ) 

    

𝛻⃗ × 𝐸⃗ = −
𝜕𝐵⃗ 

𝜕𝑡
 ( 18 ) 𝛻⃗ × 𝐻⃗⃗ = 𝑗 +

𝜕𝐷⃗⃗ 

𝜕𝑡
 ( 19 ) 

 

The “Electromagnetic Waves, Frequency Domain (emw)” solver within the Radio 

Frequency COMSOL module was used since the E-field and H-field behaviour 

must be modelled across a range of specified frequencies/wavelengths (the 

independent variable when the model is run) and there was no need for any 

modelling with consideration for time dependence.  Field distributions were 

derived by solving the Helmholtz wave equation ( 20 ). 

 

 
1

µ𝑟
𝛻⃗ × (𝛻⃗ × 𝐸⃗ ) − 𝑘0

2 (𝜀𝑟 −
𝑗𝜎

𝜔𝜀0
) 𝐸⃗ = 0 ( 20 ) 

 

Scattering parameters (also called S-parameters) are used to derive 

transmittance and reflectance values from the electric fields, across solid angle 

Ω for the input (1) and output (2) ports (equations ( 21 ) – ( 22 )) 

 

𝑆1𝑥 =
∫ (𝐸⃗ − 𝐸1

⃗⃗⃗⃗ ). 𝐸1
⃗⃗⃗⃗ 

𝜕Ω

∫ 𝐸1
⃗⃗⃗⃗ 

𝜕Ω
. 𝐸1
⃗⃗⃗⃗ 

 ( 21 ) 𝑆2𝑥 =
∫ 𝐸⃗ . 𝐸2

⃗⃗⃗⃗ 
𝜕Ω

∫ 𝐸2
⃗⃗⃗⃗ 

𝜕Ω
. 𝐸2
⃗⃗⃗⃗ 

 ( 22 ) 

 

with transmittance and reflectance calculated by 

 

𝑇 = 𝑎𝑏𝑠(𝑆21)2 ( 23 ) 𝑅 = 𝑎𝑏𝑠(𝑆11)2 ( 24 ) 

 

Each domain in the simulation is assigned a material, defined by refractive index 

n and extinction coefficient k.  It is important to note that these material properties 

are often wavelength dependant with potential for great variation, so the datasets 

used for the simulation should ideally encompass the wavelength range being 

simulated.  It is also important to ensure that, when applicable, the dataset is not 
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just of the same material type but for the correct structure (e.g. similar film 

thicknesses) being simulated as this can also affect the optical properties.  

 

EOT arrays were simulated (i.e. thin plasmonic metal films with arrays of sub-

wavelength holes arranged in a grid) by creating a cuboid cell representing a 

single hole and the surrounding material, with base side lengths equal to the array 

period (or periods, if simulating rectangular arrays).  As seen in Figure 12, the 

film/metasurface level is in the middle of the cell, with the excitation port radiating 

down from the top (in the air) and the listening port below (in the substrate).  With 

the scales of the devices involved, it was not always possible to use realistic layer 

thickness for the substrate and air (on the orders of millimetres), since these 

would dwarf those of the film/PCM/barrier/cap layers (on the orders of 

nanometres).  PCM birefringence is also ignored. 

 

 

Figure 12: COMSOL unit cell for a square-array EOT metasurface, with different 

components highlighted and enlarged in insets 

 

Radiation was provided by the excitation port positioned above the film surface 

with the (unexcited) listening port below required for transmittance 

measurements: this is not so for reflectance simulations, the single port above 

the film serving both functions.  The wavelength range, direction, intensity (1 W 

excitation power used universally) and linear polarisation of the emitted radiation 

can be altered, but it was not possible to simulate unpolarised light in the 
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simulation setup used here.  The COMSOL module uses frequency values for 

each calculation; if evenly spaced a plot of transmittance against wavelength 

would give smaller intervals between points at the shorter wavelength end of the 

spectrum compared to the longer.  For each simulation setup, a set of wavelength 

points evenly distributed across the desired range would be plotted in a 

spreadsheet and converted to the equivalent frequency for inputting into 

COMSOL.  If any particularly sharp spectra features were noted, point density 

could be increased across a specific region rather than setting small intervals 

universally, reducing computation time. 

 

As shown in Figure 13, the ports are defined as the interfaces between the 

air/substrate domains and their enveloping perfectly matched layers (PMLs).  

PMLs are domains that replicate the effect of free space, absorbing radiation to 

prevent reflections from the edges of the cell and causing interference, and are 

defined by Equation ( 25 ), with n being the domain surface vector. 

 

 𝑛⃗ × 𝐸⃗ = 0 ( 25 ) 

 

 

Figure 13: (a) Perfectly-matched layers of a COMSOL unit cell (b) FPBCs along 

x and y axes of a square COMSOL unit cell 

 

The periodic structure was attained by setting infinitely repeating Floquet periodic 

boundary conditions (FPBCs) to match the faces that shared (x or y) axes, also 
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shown in Figure 13.  Using a repeated unit cell was a far more computationally 

efficient process than trying to simulate an entire array, which could consist of 

more than a million holes on a practical fabricated device.  These boundary 

conditions are defined in Equations ( 26 ) and ( 27 ), and describe radiation 

travelling from a source point rsrc at one boundary to a destination point rdst on 

the opposite one, Esrc/dst being the electric field at the source/destination and 

Hsrc/dst the magnetic equivalent.  kF is the Floquet wavevector which equals zero 

for light at normal incidence. 

 

𝐸𝑑𝑠𝑡
⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐸𝑠𝑟𝑐

⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑒−𝑖𝑘𝐹⃗⃗⃗⃗  ⃗.(𝑟𝑑𝑠𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  −𝑟𝑠𝑟𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) ( 26 ) 𝐻𝑑𝑠𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝐻𝑠𝑟𝑐

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ 𝑒−𝑖𝑘𝐹⃗⃗⃗⃗  ⃗.(𝑟𝑑𝑠𝑡⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  −𝑟𝑠𝑟𝑐⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) ( 27 ) 

 

Other considerations were also taken into account during simulations to ensure 

consistency between the models and as-fabricated devices.  Increasing the 

number of mesh elements makes for a more accurate replication of reality but 

this naturally increases processing time, so tests were carried out to find 

acceptable coarseness before diverging results were observed (see Section 8.1).  

It is required that mesh fineness be greatest at areas where a large change in 

electric field is expected, normally at the interfaces between the different 

materials; this can be controlled by setting the number of divisions of each vertex 

and the maximum element size growth rate.  Hexagonal arrays required two-hole 

unit cells (as seen in Figure 14), requiring a greater number of mesh elements 

(thus computing time) cf. square arrays. 
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Figure 14: Example COMSOL unit cell swept meshes from different perspectives 

(a) side-on for a square array and (b) top-down for square and hexagonal arrays, 

with identical array pitch, fill factor and mesh fineness settings 

 

Also, during application of PCM/barrier/cap layers by magnetron sputtering 

material not only coats the faces parallel to the plane of the substrate but those 

perpendicular too (specifically the walls of the array holes), slightly increasing the 

total material volume.  Of the material on the sides, only the PCM was included 

in the models as this has a slight but noticeable effect on shifting (see Section 

5.4.3), the 8 nm barrier/cap layers being disallowed by the software because the 

domains were too narrow for MWIR-scale devices. 

 

4.1.2. Electro-Thermal Modelling 

 

Simulations were also carried out to investigate the possibility of electrically 

switching phase-change material layers in an EOT devices via Joule heating, 

generating heat by passing current through the metal EOT array film itself.  

Models were constructed in COMSOL of a single cell and solved using a time 

dependant solver with the “Heat Transfer in Solids (ht)” and “Electric Currents 

(ec)” modules.  An array hole was “constructed” on top the substrate and covered 

with a layer of PCM.  Voltage pulses were then applied to the EOT film, with 

measurements being taken of temperatures reached at various spatial points and 

the current against time.  From this, heating and cooling rates can be derived, 
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along with both instantaneous and total power (and energy) required for a 

switching cycle. 

 

To model heat flow due to conduction COMSOL used Equation ( 28 ), solving for 

total heat transfer Q in terms of the change in temperature T; local heat transfer 

q; specific heat capacity Cp and density ρ. 

 

 𝑄 = 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝛻⃗ . 𝑞  ( 28 ) 

 

q is a function of the material’s thermal conductivity κ as seen in Equation ( 29 ), 

and heat capacity was sometimes provided in the literature as a function of 

volume rather than density as related in Equation ( 30 ). 

 

𝑞 = −𝜅𝛻⃗ 𝑇 ( 29 ) 𝐶𝑉 = 𝜌𝐶𝑝 ( 30 ) 

 

giving the Equation ( 28 ) in terms of the independent variables in Equations  

( 31 ) and ( 32 ). 

 

𝑄 = 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
− 𝜅𝛻⃗ 𝑇 ( 31 ) 𝑄 = 𝐶𝑉

𝜕𝑇

𝜕𝑡
− 𝜅𝛻⃗ 𝑇 ( 32 ) 

 

For the metal comprising the EOT film, the resistivity/conductivity is also required, 

which varies according to temperature as shown in Figure 15 for gold (the EOT 

metal used predominantly in the work of this thesis). 
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Figure 15: Gold electrical resistivity and conductivity against temperature 

(adapted from [80]) 

 

Boundary conditions were defined for both electrical and thermal properties to 

best mimic reality.  The model is set universally to room temperature (20°C 

/293.15 K) at the start of each run, with the base of the substrate kept at this 

temperature so it acts a heat sink and the top surface set to non-zero heat flux q0 

to mimic heat loss to air. 

 

 −𝑛⃗ . 𝑞 = 𝑞0 ( 33 ) 

 

with q0 as a function of the heat transfer coefficient h (given in Equations ( 34 ) 

and ( 35 )), and here set to 10 W m-2 K -1 for air [63]. 

 

𝑞0 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇) ( 34 ) −𝑛⃗ . 𝑞 = ℎ(𝑇𝑒𝑥𝑡 − 𝑇) ( 35 ) 

 

As per Equation ( 36 ), the four sides of the cell are defined as thermal insulation 

boundaries with zero heat flux, since any surrounding cells (array holes) would 

be identical. 

 

 −𝑛⃗ . 𝑞 = 0 ( 36 ) 
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Electrical ports (for current in and current out) are defined as opposing vertical 

sides of the metal film (see Figure 16). 

 

 

Figure 16: Components of an EOT array unit cell in COMSOL Multiphysics for 

electro-thermal modelling 

 

Temperatures were measured at different positions in the cell, both as single 

points and cross-sectional plots along a defined plane.  Areas of greatest interest 

are the narrowest spaces between unit cells (where electrical resistance of the 

array film is greatest and the highest temperatures are reached) and the centres 

of the array holes (the place where it takes the most time for the PCM layer to be 

heated up). 

 

4.2. Fabrication 

 

4.2.1. Substrate Shapes 

 

The majority of optical measurements (including all in transmittance) were 

performed on devices using pre-shaped circular CaF2 or BaF2 optical blanks 

(provided by Crystran Ltd), cleaved on the (111) plane [81], [82].  Both CaF2 or 

BaF2 substrate materials offered very high transmittance in the mid to long-wave 

infrared regime, with >90% transmission up to 9 µm and 11.5 µm respectively for 

a 1 mm thickness. The standard thickness used was 1 mm, 0.5 mm was available 

and tested but while it was less absorbing it was found to be too delicate, even 

breaking when just being removing from a Gel-Pak©.  Substrate diameters of 10-

13 mm were preferred, giving a good balance between ease of handling and 

experimental convenience (e.g. having a few practically sized arrays per device). 
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For tasks that required silicon substrates, these were cut down from larger 

(typically 4”) wafers to typical sizes of 10×10 mm using a Loadpoint MicroAce 

dicer.  To protect the wafer surface during the cutting process, a thick layer of 

950K A6 PMMA was spun on at low speed and baked, this was then removed by 

soaking in warm acetone when the substrate was to be used.  Wafers were 

processed this way both with and without additional layers of material to be used 

in the final device, including 3/40 nm layers of chromium/gold. 

 

4.2.2. Deposition Techniques 

 

This section covers the two deposition systems used to make devices for this 

thesis: a thermal evaporator for EOT films and adhesive layers and a magnetron 

sputterer for the PCM, barrier and capping layers.  Samples for material 

characterisation/instrument calibration were made using the same processes to 

those for devices for optical measurements. 

 

4.2.2.1. Thermal Evaporation 

 

Evaporation is a physical vapour deposition (PVD) process that heats small 

pieces of metal in a high vacuum so it reaches liquid then gaseous form, and 

subsequently condenses onto the exposed surfaces of the substrates (see 

schematic in Figure 17).  Heating may be achieved with electron or ion beams, 

but in this case was performed by Joule/resistance heating of tungsten using an 

HHV Auto 306 machine.  The metals were loaded onto boats on a rotating stage, 

which when positioned correctly allowed electrical current to flow through the 

boats to and from contacts. 

 

Gold (for the EOT films) came in the form of 1 mm diameter wire, which was cut 

into pieces a few mm long so it would fit in its boat (a solid strip of tungsten with 

a “dished” bottom).  The rule of thumb for judging the required quantity for a 

desired layer thickness was 2 mm of wire per 10 nm of film, e.g. 8 mm for a 40 

nm film.  A little extra was added to provide leeway and allow for cleaning (see 

later).  Chromium (for the EOT film adhesive layer) came in the form of pellets a 

few mm across, which were loaded into a basket-type boat.  A single pellet would 

always be more than sufficient for the very thin layer of Cr required (3-5 nm). 
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Before loading for a new run the evaporator was thoroughly cleaned, first with a 

vacuum cleaner before being wiped over with acetone.  Metal was loaded onto 

the boats and substrates onto a block which was attached to a stage at the top 

of the vacuum chamber, 22 cm above the level of the boats and blocked off from 

them by a moveable shutter.  The chamber was then pumped down until a 

pressure of at least 2×10-6 Torr (~2.66 10-4 Pa) was reached, taking a few hours. 

 

The first deposited layer would be chromium, but before this the pieces of gold 

wire needed to be melted and allowed to resolidify so they would not fall off when 

the stage was rotated.  Sufficient voltage was applied so that the gold could be 

seen to liquify (through the chamber observation window) but not so that any 

material would be detected on the layer thickness gauge.  After allowing a few 

minutes for the gold to be guaranteed solid the stage would be rotated so the 

chromium boat was positioned at the electrical contacts.  Ensuring that the correct 

material was programmed in (to give accurate thickness readings), the voltage 

was very gradually increased until a positive deposition rate and a layer thickness 

was displayed.  After a few nm of chromium had been cleaned off, the shutter 

was opened to expose the substrates to the vapour then closed again when the 

required thickness was reached.  All the while as steady a deposition rate as 

possible was maintained, the ideal between 0.5 and 1 Ȧ s-1, with minute 

adjustments to the voltage sometimes being needed during the deposition to 

maintain such rates. 

 

Gold deposition followed much the same pattern, often requiring voltage 

adjustments as the quantity of metal in the boat reduced.  In addition to the 

machine’s thickness gauge, test pieces of PMMA dots on polished silicon 

substrates would be positioned on the block among the optical samples. After 

deposition these pieces would be sonicated to remove the PMMA, expose the 

substrate surface where the dot had been and allow a surface profiler 

measurement to be taken of the step formed by the film edge.  To improve metal 

thickness consistency across samples made in the same batch, the block was 

set to rotate during deposition. 

 

The main reason for using thermal evaporation to produce metal films was that 

of convenience, requiring a far shorter pumping down period (matter of hours) 
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than those of the sputtering systems available to us (which were best left to pump 

down overnight), yet producing films of comparable quality.  A theoretical 

advantage of the sputtering processes would be the ability to deposit all the 

device layers (targets are available for all the relevant metal, barrier, PCM and 

capping materials) in one session without needing to unload and expose the 

surfaces to air unnecessarily. However, this does not apply here since the metal 

film must be patterned into an EOT array before PCM application: it is also usually 

desirable to characterise the EOT array before application of further layers. 

 

 

Figure 17: Schematic diagram of thermal evaporation process, 22 cm between 

boat and substrates on block. 

 

4.2.2.2. Magnetron Sputtering 

 

Sputtering is another form of PVD process, where (in our case) argon atoms are 

positively ionised by free electrons flowing from the target (the cathode) to the 

substrate plate (the anode), and are accelerated toward the target with sufficient 

energy to liberate tiny particles of the target material which then deposit onto  the 

exposed area of the substrates (see schematic in Figure 18).  The system we 

used (a Moorfield nanoPVD S10A) utilised magnetron sputtering, the target being 

magnetised to constrain the plasma to it and increase efficiency of the sputtering 

process.  Radio frequency (RF) sputtering was used, as recommended by the 

target manufacturers for the specific materials used here. 

 

The two factors that affect deposition rate are the applied deposition power and 

the gas pressure (controlled by adjusting the flow rate).  Increasing the power will 

increase the deposition rate, but excessive power can overheat the chamber 
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(necessitating cooling periods that negate any speed advantage) and exceeding 

the target’s specified limit power density could lead to it being damaged.  

Depending on the material, this power could range between 15-75 W (2” diameter 

targets used so power density of ~0.76-3.8 W cm-1) in the Moorfield system used. 

 

Increasing the chamber pressure decreases the mean free path between 

particles and increase the number of collisions between them, slowing the 

deposition.  A higher pressure (flow rate) is required to ignite/strike the plasma 

(sometimes along with a higher-than-normal power), but it is then reduced for the 

deposition proper to provide a typical pressure of 5×10-3
 mbar (0.5 Pa).  This 

allowed for reasonable deposition rates while also giving a good degree of 

security; the plasma was unlikely to cut out during the middle of a run and ruin a 

batch of devices. 

 

The Moorfield machine is capable of holding up to three targets at once, allowing 

deposition of the barrier, PCM and capping layers in a single session without 

exposing the sample to the atmosphere.  The substrate plate is suspended above 

the target, protected by a moveable shutter when not depositing, and rotates to 

ensure even coverage. 

 

No instantaneous (i.e. during deposition) layer thickness monitoring was 

available in the Moorfield system, requiring deposition rate calibration runs to be 

made for all materials used, and care being taken to ensure that the run settings 

(power and flow rate) were kept as consistent as possible between runs.  

Thickness-check samples of the same type for thermal evaporation runs (PMMA 

dots on polished silicon substrates) were also used here. 
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Figure 18: Schematic diagram of magnetron sputtering process, 22 cm distance 

between target and substrates. 

 

4.2.3. Device Patterning 

 

4.2.3.1. Electron Beam Lithography 

 

The first step in patterning the majority of devices featured here was e-beam 

lithography (EBL), then followed by lift-off or wet-etching (described in Section 

4.2.3.2).  The NanoBeam nB4 machine used here provides the necessary spatial 

resolution for fabricating EOT devices for the mid-infrared regime, able to reliably 

produce feature sizes on the order of 100 nm and arrays of the required size 

within a reasonable time. 

 

The first step is the application of a resist layer, in this case putting a few drops 

of poly(methyl methacrylate) (PMMA, from Kayaku® Advanced Materials Inc.) 

polymer on the substrate and spin coating to give a layer with a consistent 

thickness.  The sample is then baked on a hotplate to harden the resist. 

 

Additional applications of PMMA may be deposited if more is needed than a 

single layer allows, e.g. for lift-off with a thick metal film.  Lift-off also requires an 

additional layer of conductive polymer to be spun on and baked when a non-

conductive substrate (such as calcium fluoride) is used. 

 

Dots of silver “paint” are placed on the corners of the substrate, which is then 

loaded into the EBL.  The chamber is pumped down to a pressure at least below 

2×10-6 mbar, and the machine is focused using the silver particles in the paint.  

The pattern is written with the electron beam into the resist, which can be either 
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positive (the written area being weakened) or negative (the written area being 

strengthened).  Factors that affect the pattern include the dose (total e-beam flux 

applied) and the beam current (flux rate); increasing either will increase the size 

of the feature and thus the total written area for a given pattern.  A minimum dose 

is required for the resist to be properly developed; a typical beam current is ~10 

nA for devices for mid-infrared regime (feature size on order of 1 µm).  If a finer 

pattern is being written (feature size on order of 100 nm) the beam current would 

be reduced to ~1 nA. 

 

Following patterning in the e-beam system, the resist is “developed” using a 

suitable developing solution.  950K A4 PMMA resist was predominantly used in 

the work of this thesis, requiring a 15:5:1 mix of isopropyl alcohol (IPA), 4-methyl-

2-pentanone (MKI) and methyl-ethyl ketone (MEK).  The degree of developing 

depends on the total time submerged, the longer time the greater the degree of 

development; a developing time of 30 seconds was used here, after which the 

sample/device was submerged in IPA for 1 minute to stop any further 

development, a clock timer being used to monitor this.  Any agitation of the device 

in the developer can also increase the developing rate, so samples were held as 

still as possible. 

 

4.2.3.2. Lift-Off 

 

Lift-off involves the deposition of metal layers onto a pre-written and developed 

mask. The masked region is subsequently removed (or lifted-off) by dissolving it 

in a solvent such as acetone, leaving metal in the un-masked regions.  For 

making EOT arrays, a mask consisting of an array of pillars (where the holes will 

be) is required. 

 

When using this approach, metal deposited on the hole sidewalls can make 

removing the unwanted material difficult (as seen in Figure 19 (a)), by preventing 

the solvent from reaching the mask.  This can be avoided by having the mask 

holes give an undercut structure, the exposed spaces at the base of the film being 

slightly wider than those at the top, hopefully giving gaps in the metal.  Using 

features with sharp edges (e.g. arrays with square holes rather than circular 

holes) can help.  Gentle sonication during lift-off can also help to remove the 
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mask, but this can risk damaging the film as seen in Figure 19 (b), and so was 

avoided in this work when possible. 

 

 

Figure 19: Optical microscope images of MWIR EOT arrays showing potential 

issues, (a) holes not clearing (b) film destruction due to over-sonication 

 

Another feature of hole arrays made using lift-off can be the presence of 

unwanted metal at the hole edges (see Figure 20), building up around the mask 

pillars during deposition, their height above the plane of the film being similar to 

that of the film thickness. 

 

 

Figure 20: 3D AFM scan of the surface of an EOT array fabricated via lift-off, 

showing unwanted build-up of metal around the hole edges 
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4.2.3.3. Wet-Etching 

 

Wet-etching has the resist mask created on top of existing metal layers then, after 

developing, the device is submerged in liquid etchants to remove metal in the 

areas where it is exposed.  After etching the mask is easily dissolved in a solvent 

such as acetone. 

 

Wet-etching was the preferred method for patterning EOT arrays in this thesis, 

primarily for the following reasons: 

 

• Only a single layer of resist is needed, rather than the two or three for lift-

off, since a smaller total mask thickness is required 

 

• Sonication to remove excess metal (risking damaging the film) was never 

required, since a metal shape is not formed around the mask 

 

• The final EOT film was found to have a very “clean” surface profile, with 

no build-up of metal around the hole edges as shown in Figure 21 

 

 

Figure 21:  3D AFM scan of the surface of an EOT array fabricated via wet-

etching, showing no unwanted build-up of metal around the hole edges, z-axis 

kept at the same scale as for Figure 20 

 



67 
 

A potential disadvantage of the wet-etching approach is that the hole sidewalls 

are not quite vertical, the etchant eating away at the top of the film for longer than 

the bottom, so making the holes wider at the top.  However, for the comparatively 

large feature sizes of mid-infrared EOT arrays (1 µm+) relative to the film 

thicknesses (40-100 nm) this was not a concern here. 

 

Another consideration is that the etched hole is larger than that of the array mask, 

and this must be accounted for when designing the array patterns to be written 

with the e-beam.  For example, if devices of different pitch but identical fill factor 

(relative diameter to pitch) are wanted then the pattern holes must be undersized 

by the same amount in each case as shown in Figure 22. 

 

 

Figure 22: Examples of how holes of different intended sizes (1, 2 and 3 μm 

diameters shown) have different percentage undercuts for a given etching time, 

with a written mask hole diameter here smaller than the final etched hole by 200 

nm in every case 

 

4.2.3.4. Focused Ion Beam Milling 

 

The focused ion beam (FIB) milling system used at the University of Exeter (an 

xT Nova Nanolab 600 SEM/FIB system) uses gallium, an accelerated ion beam 

of which, in the work of this thesis, could be used to carve out the array holes 

from the device film.  This approach was however not seriously considered for 

“mainstream” EOT device fabrication, due to (i) the time and effort needed to 

make an array of sufficiently large area for optical testing (~2×2 mm required, 
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maximum of 100×100 µm achievable without manual realignment in the FIB), and 

(ii) the relative surface “dirtiness” of the resulting samples and the chance of 

gallium contamination. 

 

FIB milling was, however, used to make holes in the devices to examine the 

cross-sections of the layers with subsequent SEM or TEM imaging, including the 

investigation of the possible effects of metal/PCM interdiffusion in Section 6.3.  

For the latter, segments were milled from the devices and extracted using a 

micromanipulator probe (see Figure 23), the processing being done by Geoff 

West of the University of Warwick.  

 

 

Figure 23: Segment extracted from film via FIB milling for TEM imaging 

 

4.2.3.5. Laser Ablation 

 

Similar in concept to FIB milling, ultrafast laser processing/laser ablation directly 

patterns holes into the EOT film with sub-picosecond pulses used to ablate the 

metal beneath the laser spot.  This allows large-scale arrays to be fabricated 

using far fewer steps (and less demand in cleanroom facilities) much more quickly 

than via the e-beam lithography approach, (also being much faster than FIB 

milling and with no risks of gallium contamination.  The laser processing 

techniques trialled here for the fabrication of EOT devices were carried out by 
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collaborators at the CSIC Instituto de Optica in Madrid, but with all material 

depositions and device optical characterisations carried out here in Exeter. 

 

The laser processing system is shown schematically in Figure 24; the metalled 

substrates are secured to a moveable stage beneath the 1030 nm-wavelength 

laser, no application of photoresist or the pumping down of equipment to a 

vacuum is needed.  The arrays are written hole-by-hole as the sample stage 

scans with 340 fs-long pulses, the hole size dependent on the energy of the laser 

pulse (distributed about the hole as a Gaussian function).  Larger holes requiring 

higher total energies as shown in Figure 25, but this can also be achieved by 

using higher laser powers, leaving total write-times unaffected. 

 

The array pitch Λ dependent on the pulse repetition rate (Frep) and scanning 

velocity (Vscan), as given in Equation ( 37 ) [4] and also shown in Figure 25, Frep 

and Vscan values up to 20 MHz and 20 mm s-1 being possible. 

 

 𝛬 =
𝑉𝑠𝑐𝑎𝑛

𝐹𝑟𝑒𝑝
 ( 37 ) 

 

If keeping a constant Frep, smaller-pitch arrays take longer to write because a 

slower Vscan is required.  For the devices featured here this is much faster (up to 

19 minutes maximum per 2×2 mm array) than for equivalent devices made using 

any EBL-based technique (which can take several hours). 
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Figure 24: Schematic of laser-writing setup, from [4], red lines for laser-

processing beam and green lines for the LED-illuminated in-situ observation path 

 

 

Figure 25: (a) Laser-written hole diameter vs. pulse energy and (b) array period 

vs.scanning velocity with 1 kHz repetition rate) for NA 0.25, from [4], insets of 

microscope images of written arrays 
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Some exemplar arrays using the laser processing route are shown in Figure 25, 

where the dependence of hole diameter and array period on pulse energy and 

scan velocity can be seen.  A numerical aperture (NA) of 0.47 was used for arrays 

with a 2 µm array pitch, changed to 0.25 for 4 µm and 6.6 µm arrays: NA=0.47 

and NA=0.25 respectively correspond to 1.09 μm and 1.78 μm Gaussian peak 

waist widths (where local intensity of the beam has decayed to 1/e2 ≈ 0.135 of 

the peak intensity) [4]. 

 

The quality of the arrays written by this method depends on large part of the 

quality of the setup, with some difficulties being encountered in the repositioning 

between rows leading to “stitching” type errors (misalignment between rows), 

seen later in Figure 100.  This is a result of irregular delays of the motorised stage 

in moving after writing each row, leading to loss of synchronisation [4]. 

  

It was also found (see Section 6.1.2.1) that the laser patterning process used 

here tended to lead to a wider variation in hole shapes, as compared to the e-

beam lithography approach.  As to be expected, this is more noticeable when 

ablating smaller holes, but for mid-infrared EOT devices, pitches down to 2 µm 

pitch (with ~1 µm diameter holes) with excellent optical performance were found 

to be readily very achievable. 

 

A comparison of the three methods (lift-off, wet-etching and laser ablation) used 

in the work of this thesis for EOT device fabrication is summarised schematically 

in Figure 26. 
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Figure 26: Schematic diagrams of different array fabrication methods used in the 

work of this thesis. 
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4.2.4. Characterisation 

 

4.2.4.1. Optical Microscopy 

 

Besides being used for taking images of arrays, a Nikon LV150 optical 

microscope (with ×5-100 objective lens magnification) was used during 

fabrication for device quality checks, e.g. that holes were fully formed after 

etching before moving removing the PMMA mask.  Exemplar device images 

obtained at various stages of the fabrication process are shown in Figure 27. 

 

 

Figure 27: Wet-etched device at different stages of fabrication as seen through 

optical microscope, showing PMMA mask hole outlines and metal layers 

 

4.2.4.2. Ellipsometry 

 

Ellipsometry is a technique to obtain the optical properties n and k of thin films by 

measuring changes in polarisation (from linear to elliptical) after a beam is 

reflected off a surface at an angle as shown in Figure 28.  The system used at 
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the University of Exeter was a J.A. Woollam Co. M-2000XI, with a working range 

from 400 to 1700 nm and data processing being performed in CompleteEASE 

6.51.  Measurements of n and k in the mid- and long-wave region, as performed 

externally by collaborators UNCC in the USA, were obtained using a Woollam 

spectroscopic ellipsometer having a range out to 20 µm. 

 

 

Figure 28: Schematic of basic ellipsometry measurement setup 

 

The measured components are ѱ (psi, amplitude component) and Δ (delta, 

phase-shift) of the detected beam, and vary depending on the film thickness and 

composition.  When combined with the normalised reflection coefficients of the p 

and s polarised light (rp and rs) the complex reflectance ratio ρ in Equation ( 38 ) 

is obtained [83]. 

 

 𝜌 =
𝑟𝑝

𝑟𝑠
𝑡𝑎𝑛 ѱ . 𝑒𝑖𝛥 ( 38 ) 

 

The collected data is compared to an oscillator model (“Cody Lorentz + Gaussian” 

type used here) of the same material featuring expected film thickness (derived 

from AFM or surface profiler measurements) and optical property values, from 

which the actual values for n and k can be extracted.  

 

Since the devices consist of multiple types of materials (e.g. the substrate and/or 

capping layers) measurements are also taken of each separately to account for 
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reflections at the different material interfaces: in these cases they would be of the 

blank substrates and substrates with only the capping layer material deposited. 

 

4.2.4.3. Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) provides much higher spatial resolution 

than any optical system allows, with ×10,000+ zoom allowing detail mere tens of 

nm across to be imaged.  An accelerated beam of electrons is scanned across 

the device surface, the interaction with which providing several possible products 

(back-scattered & secondary electrons, x-rays, visible light etc.) to be detected 

by the appropriate sensors. 

 

The main system utilised here was a combined xT Nova Nanolab 600 FIB/SEM 

with a tiltable stage as shown in Figure 29. This was useful since it allows for a 

trench to be milled in the sample with the ion beam and then the trench wall to be 

imaged with the electron beam, giving an idea as to the 3D structure of the device 

layers (e.g. showing how the PCM coats the array hole sidewalls). 

 

 

Figure 29: FIB/SEM setup, the tiltable stage allowing the SEM imaging of vertical 

features of the sample as shown in the inset 

 

Transmission electron microscopy was utilised here to image cross-sections of 

deposited layers, with slices extracted with a probe after FIB milling.  The 
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machine used was a FEI Talos™ F200X (based at the University of Warwick and 

operated by Geoff West), a 200 kV accelerating voltage set for measurements. 

 

4.2.4.4. Surface Profiler Scanning 

 

A sample is placed on a moveable stage and a probe is lowered onto the surface.  

As the sample moves beneath, the probe registers the change in height.  The 

machine used here was a KLA Tencor D-100, with a typical scanning speed of 

0.04 mm/s, meaning that a 2 mm-long scan would take less than a minute to 

generate, much quicker than can obtained with a typical AFM. 

 

The Tencor profiler was used to quickly confirm the film thicknesses made after 

thermal evaporation or magnetron sputtering runs, only 2D (height cross-section) 

scans could be taken and the probe is incapable of being positioned accurately 

enough over ~1 µm diameter holes to measure their dimensions. 

 

4.2.4.5. Atomic Force Microscopy 

 

Atomic force microscopy (AFM) involves scanning a probe with an atomically-

sharp tip on the end of a cantilever across the surface of a sample to provide 

detailed surface topology, usually derived by measuring the deflection of a laser 

off the reflective top of the cantilever via a split photodiode (see Figure 30).  A 

Bruker Innova desktop AFM unit with both contact mode and tapping mode probe 

tips was used in this thesis. 
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Figure 30: (a) Schematic of AFM operation with (b) photographs of the sample 

and probe head suspended above from the front (topt) and above (bottom) 

 

Unlike surface profiler measurements, the AFM is capable of providing both 2D 

(film height for a line across the device surface) and 3D (height for a section of 

the plane) within a small area (on micrometer scale).  The accuracy is limited 

though by the steepness of the vertical features and the sharpness of the probe 

tip, as illustrated schematically in Figure 31. 

 

 

Figure 31: (a) SEM image of an example AFM probe tip [84] (and (b) schematic 

showing the representation of the accuracy limitations of AFM scanning  

 

Other disadvantages of the AFM as compared to the surface profiler system 

include taking a much longer time to set up (potentially hours rather than the 

minutes) and probes quickly wearing out (depends on the material, but can be as 
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little as 5 runs), so AFM runs were mainly used here to confirm that surface 

profiler measurements were accurate.  The AFM  was also used to confirm the 

different topology features of devices made with different methods, showing the 

build-up of metal around holes as a result of lift-off (see Figure 20) and the non-

vertical side walls obtained with wet-etching (see Figure 21). 

 

4.2.4.6. Energy Dispersive (X-ray) Spectroscopy 

 

Energy dispersive X-ray spectroscopy (EDS) is a technique used to evaluate 

material composition, involving measuring the emitted photon energy (at x-ray 

wavelengths) after excitation by an electron beam from an SEM or TEM.  These 

energies are compared with values in a catalogue to determine the element 

(many having multiple energy peaks, corresponding to different electron 

transitions), and the emission intensity is used to work out the proportions.  The 

process is “standardless” since it does not require use of standard reference 

samples of the materials to be detected. 

 

The machine used that performed measurements at the University of Exeter was 

a TESCAN VEGA3 SEM with an Oxford Instruments X-MAXN EDS detector, 

using a working distance of 15 mm.  The energy resolution was 127 eV, with a 

typical acceleration voltage of 20 kV (20 keV maximum beam energy). 

 

EDS was mostly used to confirm that the compositions of alloys/compounds 

used/deposited was as expected (was used here for both the PCM sputtering 

targets and deposited films), but was also utilised here to check the effectiveness 

of barrier layers to prevent different materials from mixing.  The thicknesses of 

the samples tested ranged from the order of hundreds of nm (deposited films) to 

several millimeters (sputtering targets), the use of "standardless” process giving 

on the order of 2 % accuracy [85]. 
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4.2.4.7. Fourier Transform Infrared Spectroscopy 

 

Fourier transform infrared (FTIR) spectroscopy was the main method of 

measuring device reflectance and transmittance used in this thesis.  As shown in 

schematic in Figure 32, rather than detecting the absorbance of a monochromatic 

light source by a material, a moving mirror allows for selective constructive and 

destructive interference of light from a broadband source covering the entire 

wavelength range.  Fourier transforms operations are performed to provide plots 

of transmittance/reflectance against wavenumber, which is then easily converted 

to wavelength. 

 

Measurements using the Thermo-Fisher Nicolet iS5 FTIR equipment in the work 

of this thesis typically had a wavelength range of 1-15 µm (wavenumbers of 

10,000-667 cm-1).  For most runs, the samples were attached to a 1 mm thick 

aluminium plate with a 1 mm aperture at its centre (necessitating 2×2 mm arrays 

to make complete coverage easy), seen in the photographs in Figure 32.  

Additional runs, including all those performed in reflectance and with a polariser, 

were conducted using a Bruker Vertex 80v FTIR system. 
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Figure 32: (a) Schematic of basic FTIR instrument layout [86], aperture plate (b) 

with and (c) without sample in place, and (d) aperture plate in Thermo-Fisher 

Nicolet iS5 FTIR bay 

 

FTIR runs were taken separately with the aperture plate in-place, a blank sample 

substrate and then the arrays to be measured.  Array spectra were then usually 

normalised to the substrate transmission to provide a measurement of the EOT 

transmission independent of substrate absorption, which is thickness dependant.  

Runs that were performed with a linear polariser (e.g. those with hexagonal 

arrays) were also normalised to account for the absorption of the polariser. 

 

Sequential runs were conducted for each sample setup until successive spectra 

looked identical.  This was to allow the machine to “settle” and would normally 

require only three runs (the latter two showing no difference). 

 

4.2.4.8. Ultraviolet to Near-Infrared Micro-Spectrophotometry 

 

Optical reflection and transmission spectra at shorter wavelengths than could be 

obtained using the FTIR approach were conducted with a Jasco MSV-5300 

micro-spectrophotometer, with a range of 200-1,600 nm.  Unlike the FTIRs, this 

used a grating to filter specific wavelengths from a broadband light source (layout 
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shown in Figure 33), which needed to be allowed to warm up for half an hour after 

switching on before starting any measurements to ensure steady output and 

accurate measurements. 

 

 

Figure 33: Schematic of micro-spectrophotometer optical componentry, adapted 

from [16], [19] 

 

The setup had an inbuilt microscope with a ×32 magnification Cassegrain lens 

that allowed specific small regions of a device (down to a few µm) to be 

measured.  Reflectance runs normally baselined using an aluminium mirror, 

issues with baselining occasionally led to some reflectance spectra apparently 

showing over 100% transmission.  Another issue that could not be eliminated was 

the “bump” that occurs in every spectrum at 850 nm, where the detectors used in 

the system (for higher and lower wavelength sub-ranges) are changed. 
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5. Modelling and Device Design 

 

The purpose of this chapter is to explore how changing the parameters of phase-

change EOT devices alters their characteristics, focusing primarily on the optical 

performance but also looking at the viability of using Joule heating (by passing 

electrical current through the EOT film) to heat the PCM so it can be switched 

between states.  Most simulations were performed by using finite-element 

analysis in COMSOL Multiphysics (process explained in Chapter 3), but 

calculations of certain spectral features were also performed using simple scripts 

in Octave, complementing and verifying the simulations. 

 

The simulations involve modelling of devices using actual optical data (obtained 

both from prior-published external sources and from measurements performed 

internally and by outside academic collaborators), and simulations using arbitrary 

materials parameters to demonstrate the effect of changing a single parameter 

(e.g. allowing the value of the PCM refractive index n to vary, while keeping the 

extinction coefficient k constant for the entire wavelength range).  Parameters 

varied in terms of exploring device design/performance include the device 

dimensions (e.g. array period, array type, hole fill-factors, layer thicknesses); 

incident light properties (e.g. incident light polarisation and beam orientation) and 

material properties (n and k for optical modelling along with electrical resistivity, 

thermal conductivity and specific heat capacity for thermal modelling). 

 

5.1. Analytical Modelling 

 

5.1.1. Calculating EOT Minima Positions 

 

From the dispersion relation in Equation ( 10 ), the positions of the minima of an 

EOT film for a wide range of incident beams angles can be calculated as a 

function of this angle and relative permittivity of the film and substrate/superstrate. 
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𝜆𝑆𝑃 =

√
𝜀𝑓(𝜆)𝜀𝑠(𝜆)

𝜀𝑓(𝜆) + 𝜀𝑠(𝜆)

√(
𝑝 𝑠𝑖𝑛 𝜃

𝜆
± 𝑖)

2

+ 𝑗2

𝑝 
( 39 ) 

 

A modified form is shown in Equation ( 39 ), accounting for wavelength-

dependent optical properties.  Using a simple MATLAB/Octave script, plots 

(shown in Figure 35) can be generated for dispersion curves by iterating toward 

the wavelength value that best balances both sides of the equation.  Here, 

relations for a range of array pitches and angles of the incident beam (parallel to 

the plane of the electric field polarisation, see Figure 48 later) were calculated, 

similar to the plot in Figure 34: this shows an example of the surface plasmon 

energy dispersion with respect to the incident light momentum kx (rather than the 

incident angle but the two are related by Equation ( 4 )), with energy bands for 

the different resonance modes which correspond with the transmission spectra’s 

feature positions. 

 

 

Figure 34: Experimental transmission intensity of a 600 nm-pitch array in 200 nm 

thick Ag film with 150 nm hole diameter adapted from [43].  Surface plasmon 

energy dispersion bands (solid lines) overlaid show positions of spectral minima 

against component of incident photon momentum, kx=0 indicates beam normal 

to the array plane. 
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Figure 35: Dispersion relations (of square arrays in Au film on CaF2 substrates) 

against beam angle for varied SP orders, e.g. “(1,0)±” meaning ±1 i and 0 j, 

section marked out on 4 µm-pitch array plot expanded on in Figure 36 

 

The minima positions predicted by this analytical model correspond exactly to 

simulations performed in COMSOL Multiphysics, in Figure 36 a 4 µm-pitch array 

(equivalent to 4 µm-pitch array in Figure 34), the effect of the beam incident angle 

to the array plane is discussed further in Section 5.2.5. 
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Figure 36: Modelled 4 µm-pitch array in 40 nm Au film on CaF2, fill-factor of 0.5 

and incident radiation 30° from the array normal along the same plane as the 

array polarisation (see Figure 48), minima from resonance modes labelled. 

 

From Figure 35 it can be seen that angling the incident beam away from the 

surface normal expands out the minima corresponding to different SP orders.  

However, since all measurements were performed with the incident beam parallel 

to the surface normal, the most relevant information here is the longest 

wavelength minimum when this angle equals zero, in this case the “substrate 

(0,1)” order.  This order precedes the main EOT peak, giving the wavelengths for 

which an array of a particular period p will act as a bandpass filter. 

 

5.1.2. Optical Properties with Crystallisation Fraction 

 

Between the fully amorphous and fully crystalline states, the variation of n and k 

is usually modelled using effective medium theory.  Possible crystallisation 

mechanisms typically used in such models are shown schematically in Figure 37. 
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Figure 37: Models of crystalline growth, adapted from [87] 

 

These models can be given as functions of the (real) refractive index n imaginary 

refractive index/extinction coefficient k, with complex refractive index 𝑛̃ is a 

function of n and k as given by Equation ( 40 ) 

 

 𝑛̃ = 𝑛 + 𝑖𝑘 ( 40 ) 

 

The complex relative permittivity is a function of complex refractive index, given 

by Equation ( 41 ) 

 

 𝜀𝑟̃ = 𝜀𝑟
′ + 𝑖𝜀𝑟

′′ = 𝑛̃2 = 𝑛2 + 2𝑖𝑛𝑘 − 𝑘2 ( 41 ) 

 

where  

 

𝜀𝑟
′ = 𝑛2 − 𝑘2 ( 42 ) 𝜀𝑟

′′ = 2𝑛𝑘 ( 43 ) 
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From [46], the Wiener upper bound is given by 

 

 𝜀𝑟̃(𝑓, 𝜀𝑟̃𝑎𝑚
, 𝜀𝑟̃𝑐𝑟

) = (1 − 𝑓)𝜀𝑟̃𝑎𝑚
+ 𝑓𝜀𝑟̃𝑐𝑟

) ( 44 ) 

 

The Wiener lower bound is 

 

 
𝜀𝑟̃(𝑓, 𝜀𝑟̃𝑎𝑚

, 𝜀𝑟̃𝑐𝑟
) =

1

(
1 − 𝑓
𝜀𝑟̃𝑎𝑚

) −
𝑓

𝜀𝑟̃𝑐𝑟

 
( 45 ) 

 

The Bruggeman-type effective medium approximation (EMA) is 

 

 𝜀𝑟̃(𝑓, 𝜀𝑟̃𝑎𝑚
, 𝜀𝑟̃𝑐𝑟

) =
1

4
(2𝜀𝑝 − 𝜀𝑝

′ + √(2𝜀𝑝 − 𝜀𝑝
′ )

2
+ 8𝜀𝑟̃𝑎𝑚

𝜀𝑟̃𝑐𝑟
) ( 46 ) 

 

with 

 

𝜀𝑝 = (1 − 𝑓)𝜀𝑟̃𝑎𝑚
+ 𝑓𝜀𝑟̃𝑐𝑟

 ( 47 ) 𝜀′𝑝 = 𝑓𝜀𝑟̃𝑎𝑚
+ (1 − 𝑓)𝜀𝑟̃𝑐𝑟

 ( 48 ) 

 

For the case of random prisms, we have 

 𝜀𝑟̃(𝑓, 𝜀𝑟̃𝑎𝑚
, 𝜀𝑟̃𝑐𝑟

) = √𝜀𝑟̃𝑎𝑚
𝜀𝑟̃𝑐𝑟

𝜀𝑝 + √𝜀𝑟̃𝑎𝑚
𝜀𝑟̃𝑐𝑟

𝜀𝑝
′ + √𝜀𝑟̃𝑎𝑚

𝜀𝑟̃𝑐𝑟

 ( 49 ) 

 

Equations ( 44 ) - ( 49 ) give optical data in terms of dielectric function ε, but 

electrical characteristics can be similarly modelled by substituting this for 

conductivity σ.  To go from ε to n and k, Equations ( 50 ) and ( 51 ) are used. 

 

𝑛 = √
1

2
|𝜀𝑟̃| + 𝜀𝑟

′ ( 50 ) 𝑘 = √
1

2
|𝜀𝑟̃| − 𝜀𝑟

′ ( 51 ) 

 

With 
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 |𝜀𝑟̃| = √𝜀𝑟
′2 + 𝜀𝑟

′′2 ( 52 ) 

 

so the values of n and k as functions of the fully amorphous/crystalline n/k values 

and the fraction of crystallisation f can be given as 

 

 𝑛(𝑓, 𝑛𝑎𝑚, 𝑘𝑐𝑟) = √
1

2
|𝜀𝑟̃(𝑛𝑎𝑚, 𝑘𝑐𝑟)| + 𝜀𝑟

′(𝑛𝑎𝑚, 𝑘𝑐𝑟) ( 53 ) 

 

and 

 

 𝑘(𝑓, 𝑛𝑎𝑚, 𝑘𝑐𝑟) = √
1

2
|𝜀𝑟̃(𝑛𝑎𝑚, 𝑘𝑐𝑟)| − 𝜀𝑟

′(𝑛𝑎𝑚, 𝑘𝑐𝑟) ( 54 ) 

 

n values with crystallisation fraction f are given for a couple of example 

wavelengths in Figure 38, using refractive index data for GST-225 from [55], 

showing that the EMA and random prisms models give an almost linear relation 

between f and the proportional change in n.  EMA most accurately represents 

growth of crystalline regions in GST-225 (dominated by the process of nucleation) 

so this correlation is not unexpected. 

 

 

Figure 38: calculated n values against PCM volume crystallised (fraction of 

crystallisation f) using the different models, for (a) 2.5 µm and (b) 5 µm incident 

light wavelengths 
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Figure 38 also shows that the Wiener upper and lower bound calculations have 

the greatest deviation from the linear relation, acting as the limits within which the 

calculated dielectric functions/refractive index values occur within regardless of 

the filling scheme [87].  Figure 39 shows plots of n and k for the different models 

of partially crystalline PCM (again using GST-225 n values from [55] as an 

example) across a wide wavelength, from 0% (amorphous) to 100% (crystallised) 

volume crystalline f in intervals of 20%. 

 

 

Figure 39: Calculated optical data values for partially crystalline PCMs, 

crystallisation fraction intervals of 20% between amorphous (solid lines) and 

crystalline (dashed lines) states. 

 

For light at normal incidence, the reflectivity of a material with refractive index n2 

(in surroundings of n1) is related by the Fresnel equation in Equation ( 55 ) and 

can thus be calculated as a function of f using these models, with examples using 

GST-225 n values from [55] shown in Figure 40. 
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 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  |
𝑛1 − 𝑛2

𝑛1 + 𝑛2
|
2

 ( 55 ) 

 

 

Figure 40: Calculated reflectivity values against volume crystallised (fraction of 

crystallisation f) using different models, at 2.5 um (left) and 5 um (right) 

 

As a consequence, reflectivity off a PCM surface appears to be a good indication 

of the fraction of crystallisation, however the effect of additional layers of the 

device needs to be considered, as must the wavelength dependency as a result 

of constructive/destructive interference effects created by additional layers 

resulting in as an etalon/Fabry-Perot cavity.  For the latter, transmittance peaks 

occur at the positions given by Equation ( 56 ) 

 

 𝜆𝑝𝑒𝑎𝑘,𝑥 =
2𝑛𝑡

𝑥
 ( 56 ) 

 

with a simulated example shown below in Figure 41 for a thickness t=580 nm 

crystalline silicon film (consistent n=~3.5 across the chosen wavelength range) 

suspended in air (same FPBCs with PML cell tops and bottoms as EOT models) 

giving a first-order peak at 4 μm and subsequent ones at 𝜆𝑝𝑒𝑎𝑘,𝑥 =
4

𝑥
. 
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Figure 41: Simulated transmittance spectrum of a crystalline silicon etalon 

(ignoring Si absorption), with peaks indicated by Equation ( 56 ) marked out 

 

5.2. Mid-Infrared EOT Array Simulations 

 

5.2.1. Use of Square vs Hexagonal Arrays 

 

The majority of devices featured in this thesis utilise square arrays, although one 

might imagine that using hexagonal (hex’) arrays would give more nearest-

neighbour features to any hole in an otherwise-equivalent EOT film and thus 

boost the EOT effect.  There were several reasons for choosing to concentrate 

on square arrays, including: 

 

• Facilitation of simulation 

o Square arrays have the simplest possible unit cell, a cross-section 

of a single circle within a square as opposed to a hex’ array’s two 

holes within a rectangle.  This reduces the number of mesh 

elements required and thus processing time. 

o Square arrays are insensitive to changes in polarisation whereas 

hex’ arrays are sensitive to polarisation (see Figure 42), meaning 

that any measured data collected experimentally must also ideally 

have multiple runs with different polarisation angles. 

o Hex arrays need different models for fill factors up to and above 0.5 

(at ff=0.5 the holes meet the unit cell walls), making parametric 

sweeps when changing the hole diameter more complex. 
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• There is little difference in fabrication complexity when using e-beam 

lithography or laser-drilled processes between making square and hex’ 

arrays, though the former is slightly simpler since only a single cell with 

equal periodicity in x and y axes is required. 

 

• Simulations showed consistently higher peak transmittance values and Q-

factor for square arrays. 

 

 

Figure 42: Demonstration of polarisation (in)sensitivity of a 4 µm pitch square 

array (a) with fill factor of 0.5, vs its hex’ (b) equivalent (array pitch adjusted to 

~4.62 µm to provide peak at same wavelength, holes resized to fill factor of 

0.4653 (~93% of square array fill factor) to cover same proportional area), with 

unit cell schematics inset 

 

Fill factor ff is the proportional size of the array holes with diameter d for array 

pitch p, as given by Equation ( 57 ). 

 

 𝑓𝑓 =
𝑑

𝑝
 ( 57 ) 

 

Use of a hex’ array with the same pitch and hole size as a square one will not 

produce an identical spectrum, due to their differing reciprocal lattice vectors g 

for an array period p as given in Equations ( 58 ) and ( 59 ). 
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|𝐺𝑠𝑞𝑢𝑎𝑟𝑒
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  | =

2𝜋

𝑝
 ( 58 ) |𝐺ℎ𝑒𝑥𝑎𝑔𝑜𝑛𝑎𝑙

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗| =
4𝜋

𝑝√3
 ( 59 ) 

 

The reciprocal lattice vector of a hexagonal is larger than that of a square array 

by a factor of 2/sqrt(3)=~1.1547, necessitating an equivalent increase in pitch to 

produce similarly positioned transmission spectra.  Figure 43 shows simulations 

of 4 µm pitch square and hex’ arrays, alongside a ~4.62 µm pitch hex’ one. 

 

The hole sizes may also be adjusted to account for the slightly greater coverage 

of a certain fill factor for a hex’ array, two holes in an hex’ cell of area 

sqrt(3)*p2=~1.732p2 as opposed to one hole in a square cell of area p2.  This 

relative size of this fill factor is sqrt(sqrt(3)/2)=~0.9306, a 2 µm diameter hole in a 

square array equating to 1.8612 µm in a hex’ array (fill factor of ~0.4653), with an 

example of how this affects the spectrum also in Figure 43. 

 

 

Figure 43: Simulated spectra demonstrating (a) the different spectra generated 

for square vs hex’ arrays with a fill factor of 0.5 but different pitches and (b) the 

effect of equating the relative hole areas, square array with p=4 µm and hex’ array 

with p=4.62 µm 
 

5.2.2. Rectangular Arrays 

 

Polarisation dependence can also be introduced by using rectangular arrays, with 

different array pitches for the rows and columns.  This will give two major peaks 
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at different wavelengths, giving the possibilities of acting as polarisation-

dependent signal modulator at two different frequencies simultaneously, or 

perhaps extending the range of a filter tuneable by other means. 

 

Figure 44 shows simulations of an EOT array in 40 nm Au film on a CaF2 

substrate with px=4 μm and py=5 μm at varied linearly polarised E-field angles (2 

μm hole diameter, ffx=0.5 and ffy=0.4), giving main peak separation of ~1.25 μm. 

 

 

Figure 44: Simulated transmittance spectra of a rectangular EOT array with 

py=1.25px, with incident E-field linear polarisation at different angles, 0° 

representing polarised along the short (x) axis and 90° along the long (y) axis 

 

When the incident light is not polarised exactly along an array axis, the major 

peaks associated with both axes are seen at the same time in a transmission 

spectrum, with each’s prominence depending on how closely aligned the 

polarisation is to the relevant axis.  The peak heights and widths for each incident 

radiation angle are given in Table 1, along with the peak sharpness, also called 

quality factor or Q-factor, as defined in Equation ( 60 ). 

 

 𝑄 − 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝜆𝑎𝑝𝑒𝑥

𝛥𝜆𝐹𝑊𝐻𝑀
 ( 60 ) 
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Table 1: Peak data for simulated arrays shown in Figure 44 

 

 

This shows that as the polarisation orientation becomes more aligned with the 

array axis associated with a particular peak, the peak’s transmittance increases 

along with the Q-factor (as the peak width decreases).  The example in Figure 44 

and Table 1 shows  the ~6.9 μm (long pitch) peak becoming sharper and taller 

as the polarisation angle increases from 0° (perpendicular to the long pitch axis) 

to 90° (parallel with the long pitch axis), while the ~5.7 μm (short pitch) peak 

diminishes until it disappears. 

 

The lengthening of the square unit cells to rectangles reduces the relative area 

covered by the holes, meaning that peak transmittance drops as the aspect ratio 

increases if the hole diameters are kept the same.  Simulations shown in Figure 

45 (with data in Table 2) compare transmittance spectra for rectangular arrays of 

two different aspect ratios, with two different hole sizes for each.  One size is the 

same for both arrays (fill factor relative to the short axis of 0.5), the other holes 

have been enlarged so they cover the same proportional area of the rectangular 

unit cell as a ff=0.5 hole in a square unit cell.  These enlarged holes have fill 

factors (relative to the same-length short axes) of ff=0.559 (~0.5 ∗ √1.25) when 

py=1.25px and ff=0.612 (~0.5 ∗ √1.5)  when py=1.5px.  When the hole sizes are 

increased, the peak transmittance values for the different aspect ratio arrays 

come closer, difference in T of 0.11 (down from 0.14) between the py=1.25px and 

py=1.5px arrays for polarisation along the short axis and only 0.04 (down from 

0.16) for polarisation along the long axis. 
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Figure 45: Simulated transmittance spectra of rectangular EOT arrays with px=4 

μm for (a) py=1.25px and (b) py=1.5p.  E-field is linearly polarised along the short 

axis (blue) and long axis (red), fill factor relative to short axis is kept constant at 

ff=0.5 (solid lines) and adjusted so that the holes cover an equivalent area of the 

rectangular unit cell as a ff=0.5 hole in a square array (dashed lines). 

 

Table 2: Peak data for simulated arrays with py=1.25*px shown in Figure 45 

 

 

Table 3: Peak data for simulated arrays with py=1.5*px shown in Figure 42 

 

 

Increasing the unit cell aspect ratio also has the effect of widening the separation 

between the main peaks generated for each incident light polarisation.  As also 
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shown in Figure 45, for the py=1.25*px device the difference between peak 

maxima is ~1.25 μm and for the py=1.5*px this spacing increases to ~2.3-2.4 μm 

(depending on the hole size chosen).  The Q-factor is also affected by changing 

the aspect ratio, the longer-wavelength peak becoming sharper and the shorter-

wavelength one broader. 

 

5.2.3. Changing Array Pitch 

 

Keeping all other device factors constant,  

Figure 46 shows that increasing the pitch of an EOT array will redshift the position 

of the main peak in accordance with the approximation of the Rayleigh 

wavelength in Equation ( 13 ).  As shown in Table 4, the peak heights remain 

more or less constant as the pitch changes, and while the peak widths are seen 

to broaden with pitch the Q-factor increases. 

 

 

 

Figure 46: Simulated transmission spectra of square EOT arrays with varied 

pitches, in 40 nm Au film on CaF2 substrate and hole fill-factor of 0.5 
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Table 4: Changes in main EOT peak properties with array pitch 

 

 

5.2.4. Changing Fill Factor 

 

Increasing the fill-factor will increase the total amount of light transmitted thus the 

peak transmittance, but at the expense of the Q-factor as shown in Figure 47.  

For most arrays featured here, a designed fill factor of 0.5-0.6 was chosen to give 

a maximum transmission in the region of 80%. 

 

 

Figure 47: (a) Simulated spectra 4 µm pitch square EOT arrays in 40 nm Au film 

on CaF2, altering hole fill factor and (b) plots of peak T and Q-factor against hole 

fill factor for simulated 2, 4 and 6 µm pitch square arrays in 40 nm Au film on CaF2 

 

5.2.5. Changing Incident Radiation Elevation 

 

The dispersion relation calculations used to form the plots in Figure 35 give the 

spectral minima positions when the component of the incident beam momentum 

matches that of the EOT array.  For a 4 µm pitch array example, minima are 



99 
 

calculated via Equation ( 39 ) to occur at wavelengths shown in Table 5 for the 

listed angles, and compared to simulated transmission spectra in Figure 48. 

 

Table 5: Calculated positions of peak minima (to nearest 0.05 µm) for 4 µm 

pitch EOT array in Au on CaF2 substrate, for range of incident beam angles, 

points marked out on table in bold are shown on Figure 48 

 

 

 

Figure 48: Simulated transmittance spectra of a 4 µm pitch square array in 40 nm 

Au film on CaF2 with the incident beam at a range of elevation angles in the same 
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plane as the E-field polarisation, showing full wavelength range with inset beam 

orientation schematic (top) and a smaller section (bottom) with peaks highlighted 

in bold in Table 5 marked. 

 

Altering the elevation in the opposite plane to the case of Figure 48 (i.e. 

perpendicular to the direction of the incident light polarisation) has the effect of 

reducing peak transmittance and Q-factor as shown in Figure 49 and Table 6, but 

with comparatively little shift in wavelength. 

 

 

Figure 49: Simulated transmittance spectra of a 4 µm pitch square array in 40 nm 

Au film on CaF2 with the incident beam at a range of elevation angles in the 

opposite plane as the E-field polarisation, with inset beam orientation schematic. 

 

Table 6: Peak transmittance and Q-factor of simulated arrays in Figure 49 
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5.2.6. Effect of Hole Mispositioning from Laser Ablation 

 

Simulations were performed to investigate the effect of having non-perfect arrays, 

which occurred for some of the laser-ablated devices (see Sections 4.2.3.5 and 

6.1.2.1).  A 4×4 square array of holes with a nominal pitch of 6.6 μm and fill factor 

of 0.6 was configured by fitting circles over an image of a fabricated array, as 

shown in Figure 50, with the same periodic boundary conditions (as the single-

hole simulations) set to infinitely repeat the cell along both axes. 

 

 

Figure 50: 4×4 hole array cell for COMSOL derived from laser-fabricated device, 

sample slightly rotated anti-clockwise in image so cell compensated.  Laser 

scanning direction is along horizontal axis. 

 

The displacements along the horizontal axis of the hole positions from the square 

array ideals are shown in Table 7.  Note that the displacement of some of the 

rows is such that holes overlap the cell edge, in which case major and minor 

segments at the left and right edges are present for rows 3 and 4. 
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Table 7: Displacement of holes along horizontal axis (rightwards positive) as 

fractions of the array period.  Cell "zeroed” on row 1, column 1, marked in bold. 

 

 

Each row is displaced by approximately the same amount, but slight variations 

(within 0.025p) are noted.  This could be attributable to errors in fitting the circles 

or “noise” during the fabrication process, whatever the reason a 4×4 hole cell was 

used for simulation rather than (e.g.) a 4×1 hole cell for greater accuracy.  

Modelling a larger section of the array would increase accuracy further, but this 

was prohibited due to limits of computing time and capabilities. 

 

Simulated spectra are shown in Figure 51, with plot E-field polarisations matching 

those shown on Figure 50: in any of them, the array transmittance was lower than 

that of an equivalent perfect (exactly square) array. 

 

 

Figure 51: Simulation plots of 4×4 array shown in Figure 50 compared to a perfect 

array, 6.6 μm pitch imperfect square array in 40 nm Au film on CaF2 substrate, 

hole fill factor of 0.6. 
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5.2.7. Changing Substrate Material 

 

The substrate material ideally needs the lowest possible absorption across the 

working wavelength range to maximise filter transmission.  Materials considered 

for use as substrates in the mid-infrared included various flourides, with 

transmittance data for 1 mm windows shown in Figure 52 (a),  with barium flouride 

(BaF2) giving the widest possible range.  Calcium flouride (CaF2) has slightly 

higher transmittance up to ~7 µm and a sufficient wavelenth range for most mid-

infrared devices (from a practical standpoint it is also much cheaper to acquire).  

Magnesium flouride (MgF2) has a transmittance window that is too restrictive for 

most mid-IR devices covered in this thesis, and is also more expensive than 

CaF2, but theoretically could be more suitable for electrically switched devices 

due to a higher thermal conductivity and specific heat capacity than the other two 

materials (see Section 5.5). 

 

 

Figure 52: (a) Transmittance of 1 mm MgF2 [88], CaF2 [82] and BaF2 [81] 

substrates and (b) simulated transmittance spectra of 4 µm-pitch EOT devices in 

40 nm Au films on different substrate materials  

 

The slightly different feature positions of the EOT transmittance spectra seen in 

Figure 52 (b) can be attributed to the differing substrate refractive index values 

for the various fluoride substrates (as shown in Figure 53 (a)).  Notice in Figure 

52 (b) how the minima preceding the main peaks (from the first film-substrate 

coupling, circa 5.5 µm) vary whereas the minima for the first film-air coupling is 
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constant at 4 µm (due to the 4 µm array period).  The reduction in peak height 

can also, at least partly, be attributed to the differing refractive indices of the 

substrates.  The relation between reflectivity R and material index n is given 

generally by Equation ( 55 ) and more specifically Equation ( 61 ) 

 

 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  |
𝑛𝑎𝑖𝑟 − 𝑛𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑛𝑎𝑖𝑟 + 𝑛𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
|
2

 ( 61 ) 

 

The higher the substrate n (thus difference in n between it and the air above) the 

greater the fraction of incident radiation reflected off a surface (thus the less 

transmitted), and this can be seen in Figure 53 (b). 

 

 

Figure 53: (a) Substrate refractive index derived from dispersion relation 

equations for MgF2, CaF2 and BaF2 [89]  and (b)  their reflectivity in air with 

incident radiation at normal to surface calculated using Equation ( 61 )  
 

In the cases of the substrates shown here the total reflectivity is no more than a 

few percent.  Additionally, a coating of silicon nitride (used as a protective barrier 

between the EOT metal film and PCMs, see Section 6.3) was observed to 

sometimes slightly increase total transmission after application (see Figure 54 

(b)), leading to speculation that it acts as an anti-reflective coating by reducing 

the change in n at the device surface.  This specific effect was not seen in 

simulations (see Figure 54 (a)), the only result being a slight reddening and 

broadening of the main transmission peak. 
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Figure 54: Comparisons of devices with and without Si3N4 barrier layers, in 

simulations with (a) PCM layers and (b) on a plain array fabricated device  

 

Another consideration is that, for EOT devices with PCM layers functioning as 

tuneable filters, it is vital that the substrate refractive index be less than that of 

the PCM in any state in the desired wavelength range, otherwise the film-

substrate coupling will dominate and reduce the PCM switching effectiveness. 

 

5.2.8. Changing EOT Film Material 

 

Simulations with various EOT film materials are shown in Figure 55, showing that 

transmission is optimised by the film having a highly negative real component of 

the dielectric constant.  In this regard the optimum metal would appear to be 

aluminium [90] (with silver [91] and gold [92] not far behind) but when this data 

was used in simulations the gold and silver provided higher peak transmission, 

suggested in [93] to be the result of the aluminium’s higher absorption.  All other 

example metals shown (tungsten [94], platinum [95], iron [96] and titanium [94]) 

provide successively “worse” peaks in the simulations, as real permittivity 

increases/becomes less negative. 

 

Gold was used exclusively for fabricated devices here, since it is stable when 

exposed to air, and has a relatively high melting temperature (1064°C).  This latter 

point is important since amorphising the PCM layer requires heating it above its 

melting point (~ 600°C for GST-225), and any metal layers adjacent to the PCM 
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layer must be able to withstand such high temperatures without themselves 

melting.  Silver, although good plasmonically tarnishes in air and has a lower 

melting point (962°C) than gold.  Aluminium is also good plasmonically in this 

wavelength range, but it has an even lower melting point of only 660°C. 

 

 

Figure 55: (a) Real component of the relative permittivity/dielectric constant of 

various film materials derived from refractive index data and (b) simulated 4 µm 

pitch EOT arrays on CaF2 substrate with fill-factor of 0.5, using different metals 

for the 40 nm film 

 

5.2.9. Changing EOT Film Thickness 

 

Appropriate EOT film thickness is required for good device performance, 

simulations shown in Figure 56 and Table 8 demonstrating that increasing this 

from 20-120 nm tends to increase Q-factor when all other factors are kept 

constant.  The peak transmission over this thickness range is just under 0.8, for 

films thicker than 60 nm.  
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Figure 56: Simulated transmission spectra for a 4 µm pitch EOT arrays on CaF2 

substrate with fill-factor of 0.5, varying the thickness of the Au film 

 

Table 8: Peak transmittance and Q-factor of simulated arrays in Figure 56 

 

 

For most devices fabricated in the work of this thesis, an Au film thickness of 40 

nm was used, since this yields good peak transmission (as seen in Table 7) and 

at the same time proved easier to work with than thicker films.  Devices fabricated 

with thicker Au layers suffered from the following process issues: 

 

• Harder to make devices via lift-off, often requiring sonication to remove 

unwanted metal thus risking damaging the films 
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• More complicated for wet-etching, with: larger undercut beneath the 

mask holes; greater hole wall curvature  and more “ragged” hole edges 

 

• Thicker material more difficult to laser-drill 

 

5.3. UV – Near-Infrared EOT Array Simulations 

 

Additional simulations were performed of devices with similar structures to those 

discussed above, but much smaller array pitches, to give EOT spectral features 

in the visible to near-infrared (NIR) wavelength range.  The JASCO micro-

spectrophotometer available for measurements of practical devices has a 

spectral range of 0.4-1.6 µm in both reflection and transmission, so simulations 

were performed in this range too.  Optical data (refractive index n and extinction 

coefficient k) for Au films deposited in-house was also available for this range and 

could be utilised in the simulations. 

 

As with simulations for MIR wavelengths, devices were modelled using circular 

holes in 40 nm thick gold films on calcium fluoride substrates.  Figure 57 shows 

the effect of altering the array pitch between 300 and 600 nm with a constant fill 

factor of 0.5, respectively for transmission and reflection. 

 

 

Figure 57: (a) Transmission and (b) reflection spectra of visible to NIR EOT arrays 

in 40 nm Au film on CaF2 substrates, fill factor of 0.5, varying array pitch 
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Table 9: Tabulated results of transmission simulations shown in Figure 57 

 

 

As with the MWIR array simulations, increasing the array pitch increases the 

transmission peak Q-factor, though in this case the peak transmission is reduced 

for the shorter pitches (300 and 400 nm) modelled. 

 

Simulations (shown in Figure 58) were also performed to demonstrate the effect 

of the hole fill factor on transmittance/reflectance and peak Q-factor. 

 

 

Figure 58: (a) Transmission and (b) reflection spectra of visible/NIR EOT arrays 

in 40 nm Au film on CaF2 substrates, array pitch p=400 nm with varied fill factor 

 

As with the MWIR models, increasing the array hole fill factor increases 

transmittance and peak width at the expense of a lower Q-factor (see Table 10). 
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Table 10: Tabulated results of transmission simulations shown in Figure 58 

 

 

5.4.  Simulations of EOT Arrays with PCM Layers  

 

5.4.1. Material Type 

 

Multiple PCMs exist that can be used for tuneable filter applications, including 

several GST-based alloys.  The key factors are finding compositions with the 

desired optical properties for the device requirements in the working wavelength 

range for the target application.  For multispectral imaging systems we would like 

as large a change in refractive index n as possible (between PCM phases), while 

at the same time having the lowest possible extinction coefficient k (in both 

phases).  Examples of the effects of changing n and k  properties individually 

(with the other kept constant) are shown in Figure 59, Table 11 and Table 12. 

 

In addition to the expected redshift in the peak with increasing n (while keeping 

constant k=0), the peak transmittance is reduced with the Q-factor at first also 

decreasing but then increasing again despite the peak constantly broadening 

(Figure 54 (a)).  Increasing just k slightly red-shifts the peak, but the main feature 

is a significantly reduced transmittance (due to higher absorption) and Q-factor 

(Figure 54 (b)).  Why the Q-factor changes with each of these properties is worth 

further consideration, as one might naively think that it wouldn’t change (e.g. that 

the curve would simply be linearly stretched or compressed). 
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Figure 59: Simulations of 4 um pitch EOT arrays with a 100 nm layer of notional 

PCM material, (a) varying n and keeping k=0 and (b) keeping n=6 and varying k 

 

Table 11: Tabulated results of simulations shown in Figure 59 (a)  

 

 

Table 12: Tabulated results of simulations shown in Figure 59 (b) 
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5.4.2. PCM Thickness 

 

The thickness of the PCM layer is an important contributor to a filter’s properties, 

the thicker the layer the greater the expected shift of the peak transmission 

wavelength between states, but also the greater the proportional drop in peak 

transmission and the lower the Q-factor.  Simulated examples are shown in 

Figure 60 of a realistic PCM (k=0 in amorphous phase and increasing throughout 

wavelength range in crystalline phase) and of one with k=0 universally, with key 

spectral data reported in Table 13, Table 14 and Table 15. 

 

 

Figure 60: Simulated transmittance spectra of a 4 μm pitch EOT array in 40 nm 

Au film on CaF2 substrate with GST-225 PCM layers of varied thicknesses, using 

(a) measured n and k values from [55] and (b) same measured n values with k=0 

 

Table 13: Effect of increasing PCM layer thickness for amorphous PCM from 

Figure 60 (k=0) 
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Table 14: Effect of increasing PCM layer thickness for crystalline PCM from 

Figure 60 (a)  

 

 

Table 15 Effect of increasing PCM layer thickness for crystalline PCM (with k=0) 

from Figure 60 (b) 

 

 

The effect of changing the film thickness on the shift characteristics (change in 

peak properties upon changing the PCM state) is shown in Table 16, the thicker 

the PCM the larger the expected peak shift and reduction in peak transmittance. 

 

Table 16: Effect of increasing PCM layer thickness on shift characteristics as 

seen in Figure 60 (left) 

 

 

GST PCMs also tend to reduce in volume when crystallised, of the order of 5%, 

confirmed here by measuring film thicknesses before and after crystallisation.  

This is an important factor when attempting to characterise films for processes 

such as ellipsometry, but it only has a small effect on the optical characteristics 
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of tuneable filters.  Simulations in Figure 61 show the peak transmission 

wavelength of various crystalline PCMs (GST-225, GST-326 and the Se-

substituted composition Ge2Sb2Se4Te1, or GSST-2241), and that reducing a 

thickness  by 5% (as compared to that of the amorphous phase) only marginally 

reduces the shift (< 2%) when compared to full-thickness films. 

 

 

Figure 61: Simulated transmission spectra of (a) 2 μm and (b) 4 μm pitch EOT 

arrays in 40 nm Au film on CaF2 substrates with 100 nm layers of amorphous 

(solid lines) and crystalline (dashed lines) PCM of different types (GST-225, GST-

326 and GSST-2241).  Plots of crystalline PCM with 5% thickness reductions are 

also shown (dotted lines). 

 

5.4.3. PCM Layer Deposition Schemes 

 

Several possible structure schemes for combining EOT arrays with phase-

change material layers are shown in Figure 62, which could be realised by the 

manner and position of the PCM deposition within the fabrication process. 
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Figure 62: Schematics of different potential structures of combining PCM layers 

with EOT arrays.  Note that option 5 has the same total PCM film thickness as 

the other cases but is split across the two layers. 

 

1. Deposition is done after removing any lift-off/etching masks and is also 

compatible with direct patterning (FIB or laser ablation).  This is the only 

scheme available if the EOT array needs to be characterised prior to PCM 

application, as the other approaches either require the mask to be left on to 

prevent PCM being deposited on unwanted areas or the EOT array being 

formed after the PCM has already been applied. 

 

2. This would be the only scheme available if using lift-off and wanting to deposit 

the PCM immediately onto the metal film (also around hardened resist mask 

of pillars, to be removed and leaving array holes) to reduce the chance of 

contamination.  This scheme was not tested here due to process issues using 

lift-off for EOT arrays and the scheme in any case not providing good shift 

characteristics in simulations. 
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3. This would be suitable only for processes that involve an etching mask, PCM 

deposited after the holes have been etched but the mask not yet removed.  

This option was considered but not tested, again because of the desire to 

characterise EOT arrays “blank”, which would require mask removal.  Other 

potential difficulties might include the ability to model accurately, as it is likely 

that PCM would build up on the vertical walls of the etching mask and reach 

sufficient thickness that they would remain in place after mask removal, 

making modelling of such structures more difficult. 

 

4. An approach not even considered for fabrication, as it would prevent 

characterisation of a blank EOT array and also subject the PCM to any 

stresses involved with the following fabrication process steps (e.g. corrosive 

etchants, sonication or a patterning beam).  If parameters could be sufficiently 

optimised it would be a potentially viable approach, if not using lift-off the PCM 

and metal layers could be deposited during the same session to avoid 

contamination between them. 

 

5. Similar to approach 4, this method was not considered for fabrication as far 

more steps would be required than for other schemes, in particular two PCM 

depositions with the EOT array metal deposition and patterning in between 

with no tangible optical benefits. 

 

Simulated transmittance spectra for otherwise identical devices using these five 

different structures are shown in Figure 63, demonstrating the relative similarity 

in optical performance of most cases, with the exception of scheme 2, where 

there is not only little difference between the plots for amorphous and crystalline 

PCMs, but with there being no PCM at all (see Figure 56). 



117 
 

 

Figure 63: Simulated 4 µm pitch EOT arrays on CaF2 substrate with fill-factor of 

0.5 and 100 nm Au film, with 100 nm GST-225 PCM layers in the covering 

schemes shown in Figure 58 (50 nm each on top of and below the film for 5.) 

 

Figure 64 shows a simulation plot of the electric field in the vicinity of the array 

holes in the case of scheme 3 (from Figure 62) at select wavelengths.  It is clear 

that, at maximum transmission (and to an extent with the first “minor” peak), the 

concentration of the electric field strength is greatest within the array holes, thus 

requiring the placement of PCM inside to give any useful peak shifting (and 

explaining the lack of peak shifting seen when using scheme 2). 
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Figure 64: E-field plots of a simulated EOT array for deposition scheme 3 (as 

shown in Figure 63) for  amorphous GST-225 PCM, z-plane in xy plots  at the film 

(and PCM)/substrate interface, white-dashed lines on xz and yz plots marking out 

film and PCM layers 

 

A similar set of plots is also shown in Figure 65 but for the magnetic field (H-field) 

with the same incident radiation configuration (E-field linearly polarised parallel 

to x-axis), demonstrating the perpendicular orientation of the fields. 
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Figure 65: H-field plots of a simulated EOT array for deposition scheme 3 (as 

shown in Figure 63) for  amorphous GST-225 PCM, z-plane in xy plots  at the film 

(and PCM)/substrate interface, white-dashed lines on xz and yz plots marking out 

film and PCM layers. 

 

5.4.3. Visible-NIR EOT-PCM arrays 

 

For GST-225, GST-326 and GSST-2241, measured n & k data of samples 

deposited in-house were obtained for the visible to NIR range by ellipsometry 

measurements (reported in Figure 66), and could be utilised in the simulations.  
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Figure 66: In-house ellipsometry-obtained optical data of GST-225, GST-326 and 

GSST-2241 PCMs (a) refractive index n (b) extinction coefficient k 

 

Simulations were tried using this data for a range of PCM thicknesses 

(“deposited” uniformly on the entire surface, i.e. scheme 1 in Figure 62).  In the 

cases of GST-225 (Figure 67) and GST-326 (Figure 68), a comparatively large 

separation between the peaks could be achieved (peak wavelength shifted by up 

to a factor of 40% in some cases) but with very poor Q-factor in the crystalline 

phase due to high k.  Less loss was observed when simulating behaviour with 

GSST-2241 (Figure 69), but so was also less shift.  As mentioned previously 

though, a large change in k can be utilised for signal modulation, with examples 

shown in Figure 70 of the contrast ratios/modulation depths (given in Equation 

( 62 )) for the devices shown in Figure 67 and Figure 69. 

 

 𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑝𝑡ℎ =
𝑇𝑎𝑚

𝑇𝑐𝑟
 ( 62 ) 
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Figure 67: Simulated 400 nm pitch square arrays with ff=0.5 circular holes in 40 

nm Au film on CaF2, with GST-225 layers of varied thicknesses, (a) transmittance 

and (b) reflectance 

 

 

Figure 68: Simulated 400 nm pitch square arrays with ff=0.5 circular holes in 40 

nm Au film on CaF2, with GST-326 layers of varied thicknesses, (a) transmittance 

and (b) reflectance 
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Figure 69: Simulated 400 nm pitch square arrays with ff=0.5 circular holes in 40 

nm Au film on CaF2, with GSST-2241 layers of varied thicknesses, (a) 

transmittance and (b) reflectance 

 

GST-225 appeared to provide the best contrast ratio/modulation depth, with 

GSST-2241 providing slightly lower modulation depth but a higher Q-factor for a 

given PCM thickness, as shown in Table 17. 

 

 

Figure 70: Modulation depths of simulated SWIR EOT arrays featuring (a) GST-

225 and (b) GSST-2241 for PCM layers of various thicknesses 
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Table 17: Plot data from NIR EOT simulations shown in Figure 70 

 

 

Use of other PCMs to those shown above does open up the possibility of tuneable 

filters in the visible/NIR range, Sb2S3 and Sb2Se3 being two examples of such.  

As shown in Figure 71 with data from [97], these materials have generally much 

lower k values within the specified range, being negligible above 0.8 and 1 µm 

(for Sb2S3 and Sb2Se3 respectively) in the more-absorbing crystalline states. 

 

 

Figure 71: Optical data of Sb2S3 and Sb2Se3 PCMs, (a) refractive index n and (b) 

extinction coefficient k  

 

Figure 72 and Figure 73 show transmission and reflection spectra of phase-

change EOT devices modelled using these low-loss PCMs, with essential 

performance data in Table 18, demonstrating how the peaks retain much greater 

transmission in the crystalline PCM state.  The n values of these materials in the 

amorphous state are similar to those of the GST and GSST material, but the 

smaller proportional changes in n mean than a thicker PCM layer is required to 
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obtain decent shifts (compare 20 nm layers for all materials), which may make 

switching more difficult. 

 

 

Figure 72: Simulated (a) transmitted and (b) reflectance spectra of a 400 nm pitch 

square array with coatings of Sb2S3 PCM 

 

 

Figure 73: Simulated (a) transmitted and (b) reflectance spectra of a 400 nm pitch 

square array with coatings of Sb2Se3 PCM 
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Table 18: Visible-NIR EOT simulation data using low-loss (in this range) PCMs 

 

 

5.4.4. THz Modulator Arrays 

 

While tuneable phase-change EOT filters made for multispectral imaging would 

benefit from universal reduction in the PCM layer’s absorption coefficient k, 

devices made with the same structure but with a large contrast in k can act as 

effective signal modulators.  GST-225 has such a large k contrast in the THz 

regime; indeed, as shown in Figure 74, within the 0.6-1.4 THz (500-214 µm) 

range k increases from ~0 to ~5 upon crystallisation. 

 

 

Figure 74: GST-225 n & k data in THz regime, crystallised at 300°C (from [98]) 

 

This in turn means a much greater proportional reduction in transmission peak 

height is to be expected when switching devices from their amorphous to 

crystalline phase.  This is confirmed by simulation results shown in Figure 75, 
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where devices had a 175 µm pitch to create peaks at around 1 THz 

(approximately 300 µm).  From the results it would appear that PCM-EOT devices 

should act as effective modulators in the THz region of the spectrum.  Increasing 

the device fill factor increases the peak transmittance as expected but at the 

expense of modulation depth and Q-factor (given here in Equation ( 63 )). 

 

 𝑄 − 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐹𝑝𝑒𝑎𝑘

𝛥𝐹𝐹𝑊𝐻𝑀
 ( 63 ) 

 

 

Figure 75: Simulated phase-change EOT modulator (a) transmittance and (b) 

modulation depths for fill factors of 0.3 and 0.4, using 100 nm Au film with 175 

µm pitch, on quartz substrate with 100 nm GST-225 

 

Table 19: Comparison of simulated modulator properties, “Peak T” given for 

filter as a whole in its most transmissive state 

 

 

5.5. Thermal Modelling 

 

As pointed out previously (in Section 3.3.2), it might be possible to use the 

metallic film of the EOT array itself as a form of electrical heater to switch the 

PCM layer in PCM-EOT tuneable optical filter devices.  Using the array film as a 

heating element for phase-change EOT devices has however certain challenges, 

in particular obtaining sufficiently high temperatures to melt the PCM (while not 
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melting the EOT film itself), and allowing it to cool down again fast enough for 

successful re-amorphisation.  Simulations were therefore carried out to explore 

how altering different device factors contribute to the performance of the EOT-

film as heater for switching, using a PCM melting temperature of 600°C and target 

cooling rates between 1-10 °C/ns at 200°C (a typical crystallising temperature). 

 

5.5.1. Cooling Rates 

 

The base device (shown in Figure 76) for thermal simulations consists of a 400 

nm pitch array in a 40 nm gold film on a 500 µm MgF2 substrate, using circular 

holes with a fill factor of 0.5.  A 20 nm GSST-2241 covers the whole exposed 

surface, the material thermal properties used are show in Table 5.  Unless stated 

otherwise, constant voltage pulse durations of 20 ns are used to drive current 

through the EOT metal film. 

 

Table 20: Thermal properties of materials used in simulations, amorphous 

GSST-2241 from [63], gold from standard values used in the built-in COMSOL 

materials, MgF2 from [88] 

 

 

The thermal properties of GSST (and other PCMs) vary depending on the 

crystallisation state, but the variations are relatively minor and so, for simplicity, 

were ignored for the purposes of these simulations.  Gold electrical resistivity 

however was set as a temperature-dependant variable, since it increases 

significantly with temperature (from ~2-8 ×108
 Ω.m between room temperature 

and 600°C) as shown in Section 4.1.2, Figure 15.  Simulation runs were 

configured by setting the pulse voltage (across the unit cell) and duration, which 

were adjusted as needed to bring the PCM at the centre the EOT array holes up 

to the melting temperature of 600°C. 

 



128 
 

 

Figure 76: 3D temperature plot of 400 nm pitch Joule-heating device unit cell, 

showing (a) the centre of the hole being coolest and (b) temperature plot of larger 

section of device, including more of the substrate 

 

A range of pulse lengths were trialled, from 5 to 50 ns, with the resulting 

temperature evolution at the centre of a PCM-filled hole in the EOT array being 

shown in in Figure 77.  This required the voltage applied to be adjusted for each 

run to reach the desired temperature, the values are in Table 21 along with peak 

current.  Peak current was always at the very start of the pulse, when temperature 

is lowest and gold electrical conductivity highest (see Section 4.1.2). 

 

n.b. Bold values in Table 21-Table 28 are for the “base” device defined above, 

around which one parameter would be changed during each set of simulations  

 

Also shown are the cooling rates after the peak temperature is reached, plotted 

against temperature to give a better idea if an adequate cooling rate can be 

achieved.  It appears, as would be expected, that increasing the re-amorphisation 

pulse length decreases the cooling rate at any given temperature, with 1°C/ns 

being achieved at 200°C using a 20 ns or shorter pulse. 
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Figure 77: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying pulse duration (ns) 

 

Table 21: Pulse voltage and peak current applied to devices in Figure 77 

 

 

Other factors that might influence heating and cooling properties of the device 

include the thermal conductivities and heat capacities of the materials used.  

Generally speaking, when keeping the constant pulse duration of 20 ns (adjusting 

voltage only), simulations shown in Figure 78, Figure 79, Figure 80 and Figure 

81 indicated that the higher the thermal conductivity and the lower the heat 

capacity, the higher the cooling rate that could be sustained.  This would favour 

substrate materials such MgO (κ=42 W m-1 K-1) [99] and Si (κ=163 W m-1 K-1) 

[100] over something such as Al2O3 (κ=5 W m-1 K-1) [101], but optical property 

suitability must also be considered in practical devices. 
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Figure 78: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying PCM thermal conductivity κ (W m-1 K-1) 

 

Table 22: Pulse voltage and peak current applied to devices in Figure 78 

 

 

 

Figure 79: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying PCM heat capacity C (MJ kg-1 K-1) 
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Table 23: Pulse voltage and peak current applied to devices in Figure 79 

 

 

 

Figure 80: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying substrate thermal conductivity κ (W m-1 K-1) 

 

Table 24: Pulse voltage and peak current applied to devices in Figure 80 
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Figure 81: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying substrate heat capacity C (J kg-1 K-1) 

 

Table 25: Pulse voltage and peak current applied to devices in Figure 81 

 

 

It would be expected that the larger the hole size the greater the overall heating 

of the device is required and thus the lower the cooling rate.  Figure 82 and Figure 

83 respectively show simulations of the effect of altering the array pitch and fill 

factor, with slight changes in the predicted directions observed. 
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Figure 82: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying the array pitch (nm) and keeping a constant 

fill factor of 0.5 

 

Table 26: Pulse voltage and peak current applied to devices in Figure 82 

 

 

 

Figure 83: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying the array fill factor and keeping a constant 

pitch of 400 nm 
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Table 27: Pulse voltage and peak current applied to devices in Figure 83 

 

 

The other geometric consideration is the thickness of the EOT film and PCM 

layers, Figure 84 and Figure 85 showing results of simulations with different PCM 

thicknesses for 40 nm and 100 nm Au films respectively.  As might be expected, 

using thicker PCM layers reduces the cooling rates, but increasing the metal film 

thickness (comparing 40 nm vs 100 nm films) slightly increases them when using 

a thicker PCM layer (note 80 nm plots). 

 

 

Figure 84: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying PCM thickness (nm), using 40 nm Au film 

 

Table 28: Pulse voltage and peak current applied to devices in Figure 84 
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Figure 85: (a) Temperatures and (b) cooling rates at the centre of a PCM filled 

hole in the EOT array, while varying PCM thickness (nm), using 100 nm Au film 

 

Table 29: Pulse voltage and peak current applied to devices in Figure 85 

 

 

5.5.2. Peak Temperatures Reached 

 

As well as achieving sufficiently high temperatures to melt the PCM layer in the 

holes of the EOT array, and achieving sufficiently high cooling rates for successful 

re-amorphisation, the hottest regions of the EOT metal film must not be allowed 

to reach temperatures at which they would undergo damage (or even melt) during 

heating.  As shown in Figure 86, the hottest region in the EOT film itself lies 

between the holes and perpendicular to the flow of the current, This is to be 

expected since these regions have the smallest cross-section (to the current flow) 

and greatest resistance. 
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Figure 86: Schematic of temperature distribution across a unit cell during 

resistance/Joule heating, showing dependence on current flow direction 

 

Using shorter pulses increases the maximum film temperature reached, Figure 

87 showing the temperature profiles and peak temperatures in the EOT film (at 

the hottest points), with the 5 ns pulse resulting in temperatures very close to the 

gold melting point of 1064.18°C. 

 

 

Figure 87: (a) Maximum film temperature against time and (b) peak temperatures 

reached in the EOT metal film for 5-50 ns re-amorphisation pulse durations 

 

The other factors explored previously when examining the temperature reached 

in the PCM layer also contribute to the temperature reached in the EOT film.  

Figure 88 and Figure 89, for example, show how increasing thermal conductivity 

and heat capacity of both the PCM and substrate will respectively decrease or 

increases the peak temperatures reached in the EOT film. 
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Figure 88: Peak temperatures reached in the EOT metal film when varying (a) 

PCM thermal conductivity and (b) heat capacity 

  

 

Figure 89: Peak temperatures reached in the EOT metal film when varying (a) 

substrate thermal conductivity and (b) heat capacity 

 

Similarly, increasing hole size (whether by increasing the array pitch or fill factor) 

and PCM layer thickness also increases the peak temperatures reached in the 

EOT metal film, as shown in Figure 90 and Figure 91. 
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Figure 90: Peak temperatures reached in the EOT metal film when maintaining a 

constant fill factor of 0.5 and varying (a) array pitch and (b) keeping a 400 nm 

pitch while changing fill factor  

 

 

Figure 91: Peak temperatures reached in the EOT metal film when altering PCM 

thickness, with (a) 40 nm and (b) 100 nm Au films 

 

The simulation data presented in Figure 90 and Figure 91 especially show the 

difficulties in applying this specific technique of using the EOT array film as a 

heating element.  In addition to making achieving the required cooling rates to re-

amorphise the PCM layer harder (as shown previously), increasing any 

dimensions (barring the EOT film thickness) increases the maximum temperature 

reached and this has potential to compromise device integrity.  MWIR tuneable 

filters have array pitches an order of magnitude greater than those for visible-NIR 

devices, which would like compound such difficulties. 
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Further issues include the relatively high currents required, with examples of 

some devices modelled here shown in Figure 92 and Figure 93.  Note also that 

the total switching energy of a practical device must take account of the total 

number of cells needed to cover the required surface area. 

 

 

Figure 92: Plots of simulated (a) current and (b) cumulative energy expended of 

a single cell (400 nm array pitch, ff=0.5, 40 nm Au film and 20 nm PCM layer on 

500 μm MgF2 substrate) throughout pulses of 5-50 ns duration (runs shown in 

Figure 77/Table 21) 

 

 

Figure 93: Plots of simulated (a) current and (b) cumulative energy expended of 

a single cell (200-600 nm array pitch, ff=0.5, 40 nm Au film and 20 nm PCM layer 
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on 500 μm MgF2 substrate) throughout the 20 ns pulse, (runs shown in Figure 

82/Table 26) 

 

The issue of excessive temperature in the EOT film could be mitigated through 

several different methods: 

 

• Using an EOT film with a higher melting point (e.g. tungsten at 3422°C, 

used as a separate heater layer for a reflective device in [102]), but this 

may compromise filter optical performance.  

 

• Using a separate heating layer below the EOT metal layer, as shown in 

[63], [102], [103], potentially putting the heating element much closer to all 

regions of the PCM, regardless of hole size, but this would only work for 

devices operating in reflection unless the additional layers (heater, 

electrical insulator etc.) were suitably transmissive.  A possible means of 

achieving this would be the use of PIN junction diodes, as shown in [104] 

for GST-coated photonic switches.  A strip of pure/intrinsic (I) silicon is 

bookended by P-doped and N-doped strips, with Joule heating occurring 

in the I strip when current is passed between them.  This could be applied 

to EOT devices by having the I strips positioned underneath the array 

holes, concentrating heating at the regions where the PCM must be shifted 

(see Section 5.4.3): this would require analysis to see if the design could 

be scaled to account for the relatively large percentage area of the surface 

covered by the holes (~30% for ff=0.6) compared to a photonic switch, and 

what effect the silicon layer (up to hundreds of nm thick) would have on 

the transmittance (poor in MIR compared to CaF2, BaF2 or MgF2 [100]). 

 

• Using PCMs with lower switching temperatures, reducing the required 

film heater maximum temperature. 

 

• Not requiring PCMs to be fully switched, especially by allowing a region 

at the hole centre to remain crystalline.  This would reduce the 

transmission peak shift seen in optical spectrum of devices when the 

PCM layer is switched (since not all of it would in fact switch), but would 

most likely reduce heater demands. 
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5.6. Chapter Summary 

 

This chapter used extensive simulations to provide a detailed analysis of how 

altering the various design parameters of an EOT array (primarily designed for 

the mid-infrared regime) affects transmittance, both with and without the 

presence of PCM layers to introduce an element of tuneability.  The general 

findings in this respect, for mid-infrared devices, are summarised in Table 30. 

 

Table 30: Effects of changing device and material properties on phase-change 

EOT bandpass filter performance 

 

 

The effect of the structure of the PCM on the array was also investigated, and it 

was found that the key requirement is to ensure that the hole area is filled with 

PCM, otherwise the device acts almost as if there is no PCM present at all.  

Whether PCM is only in the holes; across the entire top of the EOT array film 

surface; between the substrate and the EOT array film or on both sides appeared 

to have little difference on transmission performance. 

 

Rectangular EOT arrays may be useful for situations where polarisation 

sensitivity is needed (since the transmission spectra are different for light 
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polarised along the long and short axes of the array), though this comes at the 

expense of peak transmittance and yields a Q-factor disparity for the different 

polarisations.  Square EOT arrays are ideal for devices that require polarisation 

independence (the equivalent hexagonal arrays showing some slight change in 

peak transmission with linear polarisation angle). 

 

In the visible and NIR range, the same general characteristics of simulated arrays 

were observed as for the MWIR devices, both with and without PCM layers.  The 

suitability of such arrays for different phase-change EOT applications varies with 

the choice of PCM, with “traditional” GST family materials (with relatively high 

extinction coefficient k in the crystalline state for this regime) seemingly working 

well for modulation applications and newer alloys (Sb2S3 and Sb2Se3, lower-loss) 

for tuneable bandpass filtering. 

 

Using GST-225 for tuneable multispectral filtering in the infrared and signal 

modulation in THz regimes appears viable using the optical properties available 

in published sources, with array behaviour similar to that of those made for 

shorter wavelengths. 

 

With regards to thermal performance, simulations performed here illustrate the 

possibility of using the EOT metal film itself as a heating element to switch the 

PCM layer.  Maintaining a large enough cooling rate after the re-amorphisation 

pulse while not overheating the film favouring a thin PCM layer with small holes, 

as does having high thermal conductivity of the PCM layer and substrate, along 

with low heat capacities.  Use of the EOT film as a heater does, however, require 

significant currents, with switching energies being in the region of several to 10s 

of nJ per array unit cell.     
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6. Phase-Change EOT Devices Experimental Results 

 

This chapter concerns the experimental implementation of devices discussed and 

simulated previously.  The reflection and transmission measurements of different 

EOT array designs (without PCM layers) are presented first.  Next, the addition 

of GST PCMs to arrays to create tuneable devices is discussed.  Mid-IR filter 

arrays were fabricated using both the established technique of e-beam 

lithography/wet-etching and the new method of laser-ablation; examples of both 

were optically characterised.  Finally, additional experiments were conducted to 

investigate the effects of gold diffusion from the EOT metal layer in the PCM layer, 

and how this can be mitigated.  

 

6.1. Gold EOT Arrays 

 

6.1.1. Arrays Fabricated via E-beam Lithography 

 

Using the general parameters established from simulations shown earlier, 

devices were fabricated to create EOT filters for the mid-IR regime, in this case 

defined as approximately 2-12 µm.  Gold films (thickness of 40-100 nm) were 

deposited onto substrates via thermal evaporation with thin (3-5 nm) chromium 

layers laid down first to provide better adhesion. 

 

The total film thickness was determined for each evaporation session using 

specially prepared test pieces; dots of 950K A6 PMMA were placed with a pipette 

on the corners of the polished side of oxidised silicon substrates, then baked on 

a hotplate for 10 minutes at 100°C.  After the deposition, the test piece was 

sonicated in acetone to remove the PMMA, leaving behind the film on the 

substrate with sharp edges where the dots were, ready to be measured with a 

surface profiler. 

 

The reason for using separate test pieces rather than putting PMMA dots on the 

samples made for optical measurements was to minimise the chance of 

contaminating the device surface.  To ensure consistency between the thickness 

test samples and devices fabricated for optical characterisation, the sample stage 

in the evaporator that they were secured to was rotated during all depositions.  
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Samples should ideally be placed equidistant from the centre of the stage rotation 

to ensure even coverage, but this was not always possible, especially if 

depositing on a large sample (e.g. a 4” Si wafer for diffusion test pieces). 

 

Calcium fluoride (CaF2) was the main substrate material used for devices working 

in transmission, and EOT array pitches ranging from 2 µm to 6.6 µm were 

fabricated to create EOT transmission peaks within the required spectral range 

(whether uncoated or covered with a PCM layer). 

 

E-beam lithography was used exclusively to create patterned masks either for lift-

off or wet-etching but, as discussed in Section 4.2.3.3, the latter was used most 

of the time since it resulted in the highest quality devices and provided a robust 

and repeatable process.   Another advantage to using wet-etching is the presence 

of the already-deposited gold film providing the conductive layer required for e-

beam lithography, negating the requirement of a separate conductive polymer 

layer to be deposited on top of the PMMA thus removing spinning, baking and 

washing steps from the fabrication process, saving time and reducing complexity 

compared to lift-off.  The surface area of the holes in the fabricated EOT arrays 

always covered less than half that of the total area of the array, so positive 

photoresist (written area of the resist being softened) was used to reduce writing 

time.  950K A4 PMMA was chosen, spun at 4,000 RPM to give a ~250 nm thick 

mask and baked on a hotplate for 2 minutes at 170°C to harden. 

 

An example of an EOT array fabricated via wet-etching is shown in Figure 94.  

Examples of experimental EOT optical transmission spectra, measured using 

FTIR (as discussed in Section 4.2.4.7), are shown in Figure 95 for arrays of 

different pitches in Au films on CaF2 substrates.  Also shown in Figure 95 are 

COMSOL simulated spectra, with good correspondence seen between both the 

peak position (wavelength) and the absolute peak transmission. 
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Figure 94: Optical microscope image of the corner of an EOT array in an Au film 

on a CaF2 substrate, wet-etched holes with a 6.6 µm pitch 

 

 

Figure 95: Transmission spectra for EOT arrays made in 3/40 nm Cr/Au film on 

calcium fluoride and with a constant fill-factor (hole diameter proportional to array 

period) of 0.6.  Experimental (FTIR measured) results shown as solid lines, with 

COMSOL simulations as dotted lines 

 

While the fabrication process described above was very successful in yielding 

high quality EOT arrays for use in the MWIR range, it proved considerably more 

difficult to fabricate devices with EOT arrays at a smaller geometric scale for 

measurement with a JASCO MSV-5300 microspectrometer (wavelength range of 

200-1600 nm).  Indeed, devices for this range fabricated using both wet-etching 

and lift-off approaches were of relatively poor quality (missing holes, poorly 
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defined holes, variable sized holes).  It did prove possible, however, to fabricate 

good quality arrays for the visible-NIR range using an inverse-design approach, 

i.e. with  patterns of discs/meta-atoms rather than holes, with one example of 

such an array being shown in Figure 96. 

 

 

Figure 96: SEM image of a 300 nm pitch inverse-design disc/meta-atom array on 

an oxidised silicon substrate 

 

Variations were made to examine the effect of altering geometric aspects of the 

inverse-design devices, with array pitches of 300, 350 and 400 nm (much smaller 

becoming increasingly difficult to make) and disc diameter/pitch ratio varied from 

0.2 to 0.5.  As shown in Figure 97, changing the array pitch has the same effect 

of shifting the reflectance peak position as was shown for the transmission peaks 

from the mid-infrared EOT arrays: increasing the relative disc diameter also 

increasing reflectance peak height and red-shifting the maxima position. 
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Figure 97: Example experimental reflectance spectra of disc arrays on oxidised 

silicon, (a) maintaining a constant designed relative disc diameter to array period 

of 0.45 and (b) with a constant array pitch of 350 nm  

 

Additional disc arrays were also made on calcium fluoride substrates to obtain 

transmission spectra. Example results are shown in Figure 98, where 

transmission dips at wavelengths corresponding to reflection maxima are seen, 

with maximum depth achieved for a design pattern with disc diameter a quarter 

of the array pitch. 

 

 

Figure 98: Example measured transmission spectra of disc arrays fabricated via 

lift-off on calcium fluoride (a) maintaining a constant relative disc diameter to array 

period of 0.25 and (b) with a constant array pitch of 350 nm 
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6.1.2. Mid-Infrared Arrays Fabricated via Laser Ablation 

 

While the fabrication of EOT devices using conventional e-beam lithography 

combined with wet-etching was successful, it is a relatively slow process requiring 

multiple process steps, is not readily scaled-up to large sample sizes, requires 

costly equipment and is not particularly well-suited to real-world manufacture.  So, 

as previously explained in Section 4.2.3.5, as part of the work of this thesis and 

with collaborators at IO-CSIC Madrid, a novel, single-step, ultra-fast laser 

patterning approach was also explored for the fabrication of EOT arrays. 

 

6.1.2.1. Comparisons between Laser Ablation and Wet-Etching 

 

Arrays were written using the laser ablation technique for a range of periods to 

create spectra with peaks across the mid-infrared regime.  Figure 99 shows FTIR 

transmission spectra of various examples compared to equivalent devices (same 

materials, array periods, film thicknesses and hole fill-factors) made with e-

beam/wet-etching, showing similar spectral responses. 

 

 

Figure 99: Transmission spectra of laser-ablated EOT (dotted lines) arrays vs 

wet-etched (solid lines), constant fill-factor of 0.6, 3/40 nm Cr/Au film on calcium 

fluoride, transmittance normalised to the substrate 
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It can be seen in Figure 99, however, that for comparable array specifications, 

the laser-ablated devices exhibited lower peak transmittance and Q-factors than 

the equivalent e-beam/wet-etched devices.  Fabrication time for the laser-ablated 

devices was, however, of the order of minutes, compared to many hours for the 

e-beam fabricated devices.  A comparison of key device performance and 

fabrication metrics for both the methods is given in  Table 31. 

 

Table 31: Comparison of peak properties for EOT arrays made with different 

fabrication methods, wet-etching (WE) and laser ablation (LA) 

 

 

The reduced absolute transmission in the case of the laser fabricated devices  is 

likely attributable to stitching errors as shown in Figure 100.  “Stitching errors” is 

defined here as the hole position deviation from what was intended, giving non-

perfect square lattices.  This arose from the laser writer’s stage not resetting to 

the exact same x position after writing a row.  Refinements to the scanning 

process to eradicate such errors have since been implemented by IO-CSIC. 
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Figure 100: Scanning-electron microscope image of a typical laser fabricated 

EOT array, showing stitching errors between adjacent rows 

 

6.1.2.2. Non-Square Arrays 

 

The laser ablation method was also used to fabricate a range of non-square EOT 

arrays, with a view to exploring polarisation sensitivity in such arrays.  Using 40 

nm Au films with 3 nm Cr adhesive layers on 1 mm BaF2 substrates (BaF2 

selected to allow transmission at longer wavelengths than CaF2 permits), 

examples are shown of hexagonal arrays in Figure 101 

 

 

Figure 101: SEM images of hexagonal arrays fabricated via laser ablation, with 

low and high pulse intensities respectively giving (a) smaller and (b) larger holes 

 

and of rectangular arrays in Figure 102. 
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Figure 102: SEM images of rectangular arrays (with px=3 µm and py=6 µm) 

fabricated via laser ablation, with (a) identical holes and (b) alternating hole sizes 

along the rows.  Note that issues of stitching errors had been resolved by the time 

these arrays had been fabricated. 

 

FTIR spectra were taken of these devices, using a linear polariser to demonstrate 

the inherent polarisation dependence predicted in the simulations shown in 

Sections 5.2.1 and 5.2.2.  Figure 103 shows this polarisation dependence for the 

hexagonal arrays shown in Figure 101, while Figure 104 shows it for the 

rectangular arrays of Figure 102.  Each run has the array transmission normalised 

to all components but the array itself, negating their absorption.  For non-

polarised (no pol) runs this was just the substrate, for polarised (Ex and Ey) runs, 

this also included the polariser. 

 

 

Figure 103: FTIR spectra of hexagonal arrays without linear polariser and under 

various incident polarisation conditions 
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With the small-hole hexagonal array, the no pol run clearly shows components of 

both the Ex and Ey polarisation main peaks, visible to a smaller extent in the large-

hole array.  While both cases differ from the simulations featured in Section 5.2.1 

by showing main peak separation (though keeping the same general shape), 

secondary peak and minima features appear to have good overlap, which is 

consistent with the simulated examples of hexagonal arrays.  This could 

potentially be attributed to manufacturing imperfections, such as slight deviations 

from exactly circular hole shape or hexagonal spacing. 

 

 

Figure 104: FTIR spectra of rectangular arrays without linear polariser and under 

various incident polarisation conditions (also including mean of Ex and Ey) 

 

For the rectangular arrays, the features seen in Section 5.2.2 simulations are 

seen clearly, the Ex (parallel to short-pitch) polarisation giving a “bluer”, broader 

and shorter peak and the Ey (parallel to long-pitch) polarisation a “redder”, 

sharper and taller peak.  As with the hexagonal arrays, the no pol run shows a 

combination of features of the spectra from both polarisations (notice coinciding 

minima and secondary peaks), with feature height almost an average of the two 

polarised runs’ spectra. 

 

One point to consider is the absorption of the linear polariser, as shown in Figure 

105 its transmittance being between around ~20-25% for the wavelength range. 
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Figure 105: Transmittance of linear polariser used, orientations corresponding to 

those used for the array measurements 

 

For comparative purposes, spectra for the measurements shown in Figure 103 

and Figure 104 are also shown here in Figure 106 and Figure 107 respectively, 

but this time with all measurements normalised to the 1 mm BaF2 substrate alone. 

 

 

Figure 106: FTIR spectra of hexagonal arrays, all measurements normalised to 

the substrate alone 
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Figure 107: FTIR spectra of rectangular arrays, all measurements normalised to 

the substrate alone 

 

6.2. Phase-Change EOT Devices 

 

6.2.1. PCM Optical Data Obtained Through Ellipsometry 

 

In order to properly design and optimise EOT-PCM based tunable filters, and to 

understand and analyse their experimental performance, it is important to know 

the optical properties (n and k) for the PCM used.  To that end, the optical 

properties of the PCMs used here, GST-225 and GST-326, were obtained via 

ellipsometry for both the visible-NIR range and the MWIR range. 

 

The vis-NIR measurement samples used 50 nm thick as-deposited layers on 

oxidised silicon substrates with an 8 nm Si3N4 capping layer.  A 103 nm layer of 

Si3N4 was also deposited on a separate oxidised silicon substrate, it and a blank 

substrate provided reference data for measurements of the whole devices. 
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Figure 108: Measured GST PCM (a) n and (b) k in visible-NIR range 

 

Figure 108 shows the resulting n and k values in the visible-NIR range.  It can be 

seen that the GST-225 films show a slightly larger change in n between 

amorphous and crystalline states than for the GST-326 sample over most of the 

wavelength range shown here, while GST-326 shows a smaller extinction 

coefficient in both states.  The values shown in Figure 108 are similar, though not 

identical, to previously published literature values (see example in Figure 109). 

 

 

Figure 109: GST PCM (a) n and (b) k in visible-SWIR range, from [72] 

 

As already pointed out in Section 3.3.1, variation in n and k data obtained by 

different groups for notionally the same PCM composition is common, due no 
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doubt to differences in deposition processes and/or slight variations in deposited 

compositions. 

 

Figure 110 shows the MWIR psi and delta values (obtained as previously 

mentioned from ellipsometry measurements made by collaborators at UNCC in 

the USA).  As-deposited (amorphous) PCM layer thicknesses were 355 nm for 

GST-225 and 387 nm for GST-326, deposited on single-surface-polished SiO2 

substrates with an 8 mm capping layer of Si3N4 to prevent oxidisation under 

heating.  A 103 nm layer of Si3N4 was also deposited onto an oxidised silicon 

substrate to provide a reference for the barrier layer, with oxidised Si and SiO2 

substrates provided too for the same purpose. 

 

 

Figure 110: Psi and delta values obtained via mid-long infrared range ellipsometry 

of PCM samples, with example model fittings overlaid. 

 

The n and k values derived from model fitting are shown in Figure 111, it is 

observed that the change in GST-225 refractive index n is significantly larger than 

that of GST-326 across the entire wavelength range, also with smaller extinction 

coefficient k values than for the GST-326 samples.   
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Figure 111: Measured GST PCM (a) n and (b) k in mid-long infrared range 

 

This contrasts with values presented in [72] (shown in Figure 112), where GST-

326 was observed to produce a greater change in n across the MWIR range with 

consistently lower k. 

 

 

Figure 112: GST PCM (a) n and (b) k in mid-long infrared range, from [55] 

 

As already mentioned, differences in reported n and k values for notionally 

identical PCMs most likely arise due to difference in deposition conditions 

(leading e.g. to different film densities) and/or differences in deposited film 

compositions.  The compositions of films deposited here (and of the sputtering 

targets), was thus carried out to check for any deviation of composition from the 
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desired composition.  The material compositions were measured via EDS 

analysis (as seen in Error! Reference source not found.) with a few 

measurements each taken of both the sputtering targets (approximately 5 nm 

thick) and 100 nm-thick films deposited on oxidised silicon substrates. 

 

 

Figure 113: (a) SEM image of GST-225 target area measured via EDS, (b) EDS 

data plot and (c) samples mounted for EDS measurements in machine. 

 

The visible peaks for the elements that make up GST PCMs are shown in Table 

32.  The Ge peaks are obviously isolated from any others, and while the Sb and 

Te peaks are quite close together (170 eV apart) they are still distinct, the 127 eV 

energy resolution sufficient to separate them. 

 

Table 32: Positions of element emission peak observed for in-house EDS 

measurements of GST PCM samples [105]. 

 

 

The expected/desired target and film compositions are shown in Table 33Error! 

Reference source not found., with the EDS measured values in Table 34Error! 

Reference source not found.. 
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Table 33: Expected compositions of GST PCMs 

 

 

Table 34: Calculated percentages of GST PCM elements in sputtering targets 

deposited films.  Any elements not featured in the PCM (e.g. from substrate, 

barrier and capping layers) are not included in the total. 

 

 

The GST-225 target shows a very close match to the expected values, with the 

maximum variation being just over 2 atomic %, and probably within the 

uncertainty of the EDS measurement itself.  The variation in quantities of 

elements between the measured and expected values for GST-326 target was 

larger, up to 5-6 atomic %. 

 

n.b. Measured compositions are given to accuracy of 0.1 %, as displayed by 

software as shown in Figure 113Error! Reference source not found. (b). 

 

A similar story is seen with the deposited films, very similar quantities of Ge and 

Sb for GST-225 and relative quantities also very close to that expected.  The 

relative quantities of Ge and Sb for the GST-326 sample are different however, 

with proportions very close to 3 and 2 parts respectively rather than 2 and 1, so 

that the film composition more closely resembles GST-325 than GST-326,   Even 

taking into account the uncertainty of the EDS measurements (typically around 2 

%), it would seem that our GST-326 samples do not in fact have exactly that 
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composition, and this could explain the differences seen in our n and k data for 

GST-326 as opposed to published values.  Several factors could explain the 

differences, from target degradation and oxidisation (although all sputtering runs 

involve cleaning the target for a few minutes before depositions) and the 

possibility of the different elements in the target being deposited at different rates. 

 

6.2.2. Mid/Long-IR Tuneable Filters 

 

 

Figure 114: Schematic cross-section of a phase-change EOT device, showing (a) 

a schematic of how the PCM layer covers the metal film and fills the array holes 

and (b) a cross-section SEM image of a fabricated device, trench etched out with 

focused ion beam milling. 

 

The basic structure used to realise EOT-based tuneable bandpass optical filters 

is shown in Figure 114.  To prevent inter-diffusion of GST and gold, devices with 

an 8 nm Si3N4 barrier between the gold and PCM layer were also fabricated.  All 

devices were also capped with 8 nm Si3N4 layers to prevent degradation upon 

heating (Si3N4 layers not shown in Figure 114). 

 

The as-deposited PCM layers were always in the amorphous phase. 

Crystallisation, to induce shifting of the optical transmission peak, was achieved 

by heating devices on a hotplate for a range of temperatures and times. 

 

Exemplar results are given in Figure 115, where measured and simulated 

transmission spectra for two devices having EOT arrays with 4 μm pitches and 

different PCM types (GST-225 and GST-326) are shown.  The devices were 
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fabricated using e-beam lithography and wet-etching, and PCM layers 

crystallised by heating on hot plates until no further wavelength shift of the peak 

was observed.  Plots are normalised to the peak transmittance in the amorphous 

state, to give better comparisons of the changes in transmittance between the 

difference devices and types of runs. 

 

 

Figure 115: Transmission spectra of measurements vs simulations (using optical 

data from [55]) of wet-etched phase-change EOT devices in 40 nm Au films on 

CaF2, with (a) 70 nm GST-225 (crystallised by heating for 3 minutes on 150°C 

hotplate, using 1 minute intervals) and (b) 100 nm GST-326 (crystallised by 

heating for 5 minutes on 300°C hotplate, shortest time tested and no change 

observed after further heating) 

 

The simulated results shown in Figure 115 use published n and k values taken 

from Michel et al. [55] (see Figure 112).  Good agreement between simulation 

and experiment is seen with the GST (both 225 and 326) in the amorphous state, 

but the simulated results show a larger than experimentally observed 

transmission peak shift upon crystallisation, in addition to a greater drop in 

absolute transmittance. 

 

Figure 116 shows the same experimental results as Figure 115, but with the 

simulations using the experimentally obtained n and k data for both GST-225 and 

GST-326.  Better agreement between experiment and simulation is now 

apparent, in particular in relation to the absolute transmittance value for the 

crystalline case, but also in the wavelength shift (though for the GST-225 case 
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the simulated data still overestimates the amount of shift obtained).  Note that the 

narrower peaks (thus smaller peak transmittances and higher Q-factors) of the 

GST-326 devices is a result of them having a smaller fill-factors of 0.48 rather 

than the 0.64 of the GST-225 device. 

 

Key performance metrics (transmittance, Q-factor, peak-shift etc.) for the results 

shown in Figure 115 and Figure 116 are given in Tables 24, 25, 26 and 27. 

 

 

Figure 116: Transmission spectra of measurements vs simulations (using optical 

data obtained by ellipsometry) of wet-etched phase-change EOT devices in 40 

nm Au films on CaF2, with (a) 70 nm GST-225 and (b) 100 nm GST-326 

 

Table 35: Performance metrics of wet-etched phase-change EOT device with 

70 nm GST-225 layer shown in Figure 115 and Figure 116 
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Table 36: Peak shift properties of wet-etched phase-change EOT device with 70 

nm GST-225 layer shown in Figure 115 and Figure 116  

 

 

Table 37: Performance metrics of wet-etched phase-change EOT device with 

100 nm GST-326 layer shown in Figure 115 and Figure 116 

 

 

Table 38: Peak shift properties of wet-etched phase-change EOT device with 

100 nm GST-326 layer shown in Figure 115 and Figure 116  

 

 

6.2.3. Visible-NIR Tuneable Filters 

 

For the realisation of visible-NIR tuneable filters, thin layers of GST-225 were 

deposited onto the silicon based and calcium fluoride-based disc arrays (of the 

type shown previously in Figure 91).  An 8 nm thick S3iN4 barrier layer to prevent 

inter-diffusion between GST layer and the metal disc array was also deposited 

(the issue of inter-diffusion is discussed in detail in Section 6.3).  The resulting 

experimental reflectance spectra, shown in Figure 117 (a), indicate that the peak 
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position is effectively shifted by the application of a 15 nm later of amorphous 

GST-225, but (unlike the simulations in Section 5.4.3) there is little change in 

wavelength upon PCM crystallisation (for 1 hour on a 300°C hotplate) and peak 

definition is largely lost.  Similar effects were observed with the device made for 

working in transmission (Figure 117 (b)).  The reasons for the lack of shift of the 

transmission peak and the general loss of optical performance upon 

crystallisation of the GST layer are not clear, and further work in this would be 

needed to ascertain such reasons. 

 

 

Figure 117: Exemplar reflection and transmission spectra for ‘inverse-design’ 

visible-NIR disc arrays with 15 nm of GST-225 PCM and 8 nm barrier and capping 

layers.  (a) Reflectance spectra of a 400 nm pitch disc array with d=0.5p on 

oxidised silicon and (b) transmittance spectra of 350 nm pitch disc array with 

d=0.25p on calcium fluoride 

 

6.2.4. Laser-Processed Devices 

 

An example of the measured transmission spectrum of an EOT array made via 

layer ablation and then coated with 100 nm layer of GST-326 is shown in Figure 

118, where it is also compared to simulations made assuming  a “perfect” hole 

array with equivalent 3.95 µm pitch and fill factor of 0.61 (measured by AFM).  

Crystallisation was done by heating the device for 2 minutes on a 300°C hotplate. 

 

The differences in experimental and simulated peak transmittance values (shown 

in Table 39 and Table 40) can likely be at least partly attributed to the stitching 

errors present at the time using this fabrication method.  It can also be seen in 
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Figure 118 that (in contrast to the wet-etched devices) a larger shift in peak 

position is measured than was simulated.  Interestingly, there is evidence of 

secondary peak in the measured spectrum, that does coincide in position more 

closely with the simulated results.  It is possible, therefore, that there are 

variations in the regularity of the laser-written hole pattern, and this in turn leads 

to differences between simulated and measured spectra. 

 

 

Figure 118: Measured and simulated transmission spectra (simulated using 

optical data obtained by ellipsometry) of laser-ablated phase-change EOT device 

in 40 nm Au film on CaF2, with 100 nm GST-326 layer, simulated fill factor of 0.61 

 

Table 39: Key performance metrics of laser-ablated phase-change EOT device 

with 100 nm GST-326 layer, extracted from Figure 118 
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Table 40: Peak shift properties of laser-ablated phase-change EOT device with 

100 nm GST-326 layer, extracted from  Figure 118 

 

 

6.3. Investigation of Au/PCM Diffusion Effects 

 

6.3.1. Investigation of Diffusion in Phase-Change EOT Devices 

 

A persistent issue with combining phase-change materials and EOT arrays  is 

that commonly used plasmonic metals can readily diffuse into PCMs upon 

heating [106].  In practice, this means that an EOT array in a gold film will continue 

showing a well-defined transmission peak when a layer of GST-225 has been 

initially applied (assuming deposited at non-elevated temperatures), unless 

mitigation processes (e.g. the application of a barrier layer) are applied the 

spectral features (peaks) degrade as the sample is heated to crystallised it.  This 

is most likely due, as reported in [106], to inter-diffusion of the Au and GST layers 

and the formation of gold-tellurides. 

 

A typical example of the degradation induced by such diffusion in EOT filter 

devices is shown in Figure 119: they were heated for 1-minute intervals with 

temperatures increased if no change was observed, total of 4 mins at 150°C, 2 

mins at 175°C, 3 mins at 200°C and 5 mins at 225°C.  The start and end results 

are shown in Figure 119, with such degradation being irreversible.  Evidence of 

gold diffusion can be seen in the optical microscope images shown in Figure 120, 

the annealed version of the sample having a definite gold colour. 
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Figure 119: Transmission spectrum of 4 um-pitch EOT array in 3/40 nm Cr/Au 

film with a 70 nm GST-225 layer.  There was no barrier layer between the gold 

and the GST (though there was an 8 nm Si3N4 capping layer).  The transmission 

peak almost completely degraded upon heating. 

 

 

Figure 120: Optical microscope images of phase-change EOT arrays (a) before 

and (b) after heating, showing evidence of gold diffusion 

 

The use of alternative, less diffusion-prone, materials for the EOT film is one 

possible approach to alleviate the above described diffusion issues (e.g. titanium 

nitride having been demonstrated to work in plasmonic devices [107], [108]).  

However, a simpler solution is to instead implement the use of a barrier layer 

between the metal and PCM layers. 

 

A thin layer of silicon nitride (Si3N4, the same material used here for capping PCM 

layers to prevent oxidisation) is known to provide useful barrier properties [106], 

the use of an 8 nm S3iN4 layer in the EOT devices of this thesis was explored.  It 
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is not expected this layer would have any detrimental effects on the transmission 

spectrum of the basic EOT array.  This was confirmed by measuring the spectrum 

of a gold EOT array both before and after the barrier layer deposition, as shown 

in Figure 121. 

 

 

Figure 121: Transmission spectra of 4 um-pitch EOT device in 5/90 nm Cr/Au film 

on CaF2 substrate both before (grey line) and after (yellow) line the deposition of 

an 8 nm Si3N4 layer on top of the gold layer.  

 

In practice, the barrier layers were added during the same PVD session as the 

PCM and capping layers were deposited, maximising cleanliness (no chance for 

contaminants to be introduced between layers) and reducing fabrication time: film 

thicknesses were measured by fabrication of separate test samples (PMMA dots 

on blank silicon substrates) to also reduce the risk of contaminating the EOT 

devices.  These factors make determining the individual layer thicknesses difficult 

(can only measure total thickness with an AFM or profiler), necessitating accurate 

calibration runs of the individual material and careful monitoring of the run 

parameters during deposition sessions. 

 

6.3.2. TEM imaging of Diffusing Layers in Reflection Cavities 

 

To explore the issue of inter-diffusion of gold and PCMs in more detail, samples 

for cross-sectional analysis by TEM were also fabricated.  These were not EOT 

devices, but simple reflection cavities that were easy to fabricate (requiring no 

lithographic patterning) while at the same time having specific optical resonances 

that might be expected to be adversely affected by gold-PCM inter-diffusion. 
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n.b. All TEM imaging and analysis was carried out by Dr. Geoff West at the 

Warwick Manufacturing Group in the University of Warwick. 

 

Specifically, the devices prepared for TEM imaging were unpatterned films on 

oxidised silicon substrates, a 3/40 nm Cr/Au metal film deposited via thermal 

evaporation and layers of GST-225 and 8 nm silicon nitride via physical vapour 

deposition.  The starting thickness of GST-225 used was 20 nm, in the region of 

what would be suitable for devices working in the UV-NIR regime (see sections 

above regarding disc arrays).  

 

After deposition, some of the samples were heated on a 300°C hotplate for 1 

hour, after which they looked vastly different to the naked eye (between with 

barrier/no barrier), similar to Figure 120.  TEM cross-sectional imaging was 

carried out on samples before and after heating, and revealed stark differences, 

as shown in Figure 122.  The sample without the S3iN4 barrier layer has no 

perceptible separation between the regions that were originally gold and GST-

225, the former having been completely assimilated into the latter.  The sample 

with the barrier layer, on the other hand, does show a clear distinction between 

the two regions, separated by the barrier layer. 

 

 

Figure 122: Cross-section TEM images of diffusion test samples using 20 nm 

GST-225 PCM both (a) without and (b) with S3iN4 barrier layers, alongside 

schematic diagrams illustrating the layer structure  
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This analysis is supported by energy-dispersive x-ray spectroscopy (EDS) 

chemical linescan measurements, Figure 123 showing the combined EDS maps 

of the cavities with 20 nm GST layers, with the position of the EDS linescans in 

the slice superimposed.  

 

 

Figure 123: EDS maps of 20 nm-thick GST diffusion test samples, with (a) no 

barrier layer and (b) 8 nm Si3N4 barrier, with position “zero” points (where the 

deposited layers meet the substrate) indicated 

 

The EDS linescan plots (showing elemental composition against position in slice) 

are shown in Figure 124 and Figure 125, respectively without and with the barrier 

layers.  As indicated by Figure 122, the sample without the barrier layer (in Figure 

124) shows that there is significant overlap of the gold/chromium layer with the 

components of the GST layer, the tellurium component in particular showing 

strong affinity for assimilation. 

 

Figure 125 shows the linescans for the sample with a barrier layer, confirming 

that the presence of said barrier layer keeps the materials concerned isolated in 

their respective layers. 
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Figure 124: EDS scans of 20 nm PCM diffusion sample without a barrier layer 
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Figure 125: EDS scans of 20 nm PCM diffusion sample with a barrier layer 
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It was also desired to investigate whether diffusion would persist as a problem 

when the film thickness was substantially increased.  Test samples were 

therefore made with identical specifications as previously, but for a 220 nm GST-

225 layer in lieu of 20 nm.   Cross-section TEM imaging as shown in Figure 126 

shows that the metal and PCM layers remain visually distinct after heating (again 

at 300oC for 1 hour), even without the barriers.  A thin layer is, however, visible 

between the metal and GST film, indicating that diffusion is still occurring but with 

proportionally limited penetration into this much thicker PCM layer. 

 

 

Figure 126: Cross-sectional TEM images of diffusion test samples using 220 nm 

GST-225 PCM both (a) without and (b) with barrier layers, alongside schematic 

diagrams illustrating layer composition 

 

Figure 127 shows the combined EDS maps of the thicker-PCM samples, with the 

different elements coloured-in and the profile of the EDS linescans indicated. 
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Figure 127: EDS maps of 220 nm-thick PCM diffusion test samples, with (a) no 

barrier layer and (b) 8 nm Si3N4 barrier, with position “zero” points (where the 

deposited layers meet the substrate) indicated 

 

Figure 128 and Figure 129 plot the EDS results for the samples without and with 

a barrier respectively.  When without, there is overlap between regions where 

gold and GST components are detected, indicating mixing in the same manner 

as shown for the 20 nm thickness samples seen in Figure 124, with gold being 

detected in significant concentration well beyond 20 nm past the metal/PCM 

interface.  As shown in Figure 125, elements of the barrier layer show up as sharp 

spikes separating the film and PCM elements. 

 

More elements are shown in the 220 nm PCM devices, these include: 

 

• Nitrogen, from the Si3N4 barrier and capping layers 

 

• Aluminium, likely background from the instrument chamber 

 

• Platinum, from the conductive coating applied for FIB milling 

 

• Oxygen, in the oxide layer of the Si substrates but also apparently in the 

Si3N4 barrier/capping layers, possibly a result of cross-contamination 
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Figure 128: EDS scans of 220 nm PCM diffusion sample without a barrier layer 
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Figure 129: EDS scans of 220 nm PCM diffusion sample with a barrier layer 
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6.3.3. Optical Response of Reflection Cavities 

 

The same devices prepared for the TEM analysis also served as reflection 

cavities for optical measurements, the positions of dips in the reflectance spectra 

dependant of the PCM refractive index and layer thickness of material on top of 

the metal film.  Calculations and COMSOL simulations were used to determine 

the suitable PCM thicknesses to enable spectral measurements within the 

capabilities of the available optical test equipment, with a 20 nm GST-225 layer 

providing resonance features (in both the amorphous and crystalline states) 

within the 200-1600 nm wavelength range of the JASCO MSV-5300 and the 220 

nm PCM layer samples within the range of the Bruker Vertex 80v FTIR. 

 

Measurements were taken of the devices as-deposited with an amorphous PCM 

layer, after half an hour of heating at 300°C and then another half-hour (also at 

300°C) to observe if the spectra had changed (and if the devices had reached 

their end-states).  After optical measurements were concluded these same 

samples were processed for TEM imaging. 

 

The samples with 20 nm thick GST-225 layers show a definite redshift in position 

of the reflection dip for the amorphous state upon application of the barrier layer, 

likely due to the increase in thickness of material above the gold film.  Upon 

crystallisation the dip is preserved for the sample with the barrier layer, but 

completely disappears for the sample without a barrier, as shown in Figure 130. 
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Figure 130: Microspectrometer measurements of reflection cavities with 20 nm 

GST-225 PCM layers (solid lines) and simulations of equivalent devices (without 

factoring in PCM diffusion for no-barrier structure) in COMSOL (dashed lines) 

 

The spectra of the samples with 220 nm thick GST-225 layers seen in Figure 131 

also show a redshift with the application of a barrier layer, but in this case the 

reflection dips are preserved even after the heating.  The difference in peak 

position, with and without barrier layers, could be as a result of the PCM layer 

effectively becoming thinner in the latter case, as the material closest to the gold 

layer has been contaminated by the diffusing metal. 
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Figure 131: FTIR reflectance measurements of reflection cavities with 220 nm 

GST-225 PCM layers (solid lines) and simulations of equivalent devices (without 

factoring in PCM diffusion for no-barrier structure) in COMSOL (dashed lines) 

 

6.4. Chapter Summary 

 

In this chapter, actively-tunable phase-change EOT metasurface bandpass filters 

working in the mid-wave infrared range were successfully designed, modelled, 

fabricated and tested, using both GST-225 and GST-326 PCMs.  The PCM 

optical properties differed from those expected from the literature, but using 

optical data gathered from films deposited in-house resulted in good agreement 

between simulated and measured device transmittance spectra.  Tuneable filters 

of this type may well find application in areas such as multispectral sensing and 

imaging, potentially providing much-reduced size and complexity compared to 

conventional multispectral sensing approaches.  Brief tests were made of a form 

of inverse-design EOT arrays (disks as opposed to holes) for operation in the 

visible-NIR regime, and while the application of GST-225 PCM layers 

demonstrated visible peak shifting, further experimentation is required to deliver 
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proper tuneable filter operation in this case.   It must be noted that although the 

devices featured here were switched from amorphous to crystalline states by 

heating on a hotplate with no provision for resetting back to amorphous states. 

Other recent work, carried out contemporaneously with the work of this thesis, 

has demonstrated the switching of similar EOT devices to those reported here 

across multiple switching cycles [32], using 1.8 μm pitch hex arrays coated with 

GST-225 that was shifted between states (as-deposited amorphous to crystalline 

and back to amorphous) via laser heating. 

 

As an alternative to the slow process of e-beam lithography and wet-etching, a 

viable method for scaling-up of the fabrication of EOT arrays using a “single-step” 

ultrafast laser-ablation process was also demonstrated.  Comparable 

transmission spectra to wet-etched arrays of the same dimensions were 

achieved, and the technique was demonstrated to be capable of creating not only 

square but also hexagonal and rectangular arrays, which allowed for 

demonstration of polarisation-dependent transmittance behaviour. 

 

Finally, the importance of a protective barrier layer between the gold and GST-

225 layers was demonstrated, without which the heating of the device will result 

in the inter-diffusion of these two materials in areas where they are in direct 

contact.  This was shown by both an example phase-change EOT array device 

and multiple unpatterned reflection cavities made specifically for testing this 

effect, which were TEM-imaged, EDS-scanned and also measured for 

reflectance with FTIR spectroscopy. 

 

  



181 
 

7. Conclusions and Future Work 

 

Phase-change materials have opened up a wide variety of novel approaches to 

address new technological requirements, ranging from display solutions to 

computer memory, with room-temperature non-volatility and fast, dependable 

switching repeatability making them attractive solutions. 

 

This thesis has showed, in both theory and practice, how PCMs can be combined 

with EOT arrays to make phase-change EOT metasurface devices which can be 

used for tuneable filter systems, with applications including multispectral imaging 

and signal modulation.  A particular focus was made on the mid to long-wave 

infrared region (most often here around 2 to 12 µm), but EOT arrays for use in 

the near-infrared and even the visible region were also explored.  For the latter, 

an inverse-design approach was used, i.e. the EOT device using arrays sub-

wavelength diameter metal discs rather than sub-wavelength holes in a 

continuous metal film. 

 

The EOT effect was thoroughly examined via finite element simulation, to explore 

the impact of various array properties on the spectral transmission properties of 

devices: these included both geometric parameters (pitch, fill factor, film 

thicknesses etc.) and the materials used for the different components.  Changing 

a single parameter would generally affect multiple spectral properties, e.g. 

increasing array fill-factor would generally increase both the peak broadness and 

maximum transmittance, showing that array designs must be tailored to their 

specified applications to get the optimum balance of characteristics. 

 

Further simulations investigated the effect of adding of PCM layers in various 

deposition schemes, showing how the material must at the least cover the array 

holes to have any shifting effect.  Experimenting with the optical properties and 

dimensions of the PCM components showed how peak properties are affected 

by said changes, e.g. increasing the PCM thickness to get a larger wavelength 

shift would necessarily result in greater absorption. 

 

EOT arrays were fabricated in gold films using a variety of methods, specifically 

e-beam lithography and wet-etching, e-beam lithography and lift-off and a novel 
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“single-step” approach using laser ablation.  The transmission (and in appropriate 

cases reflection) spectra of the as-fabricated EOT arrays were measured using 

FTIR spectroscopy (and in some cases microspectrophotometry) and results 

compared to simulation, with very good agreement being obtained between the 

two in terms of key spectral features (absolute peak transmission, peak 

transmission wavelengths, peak Q-factors).  This demonstrates the high degree 

of accuracy achievable with simulation and the ability to fabricate devices that 

compare well with the “perfect” models.  The converse was also demonstrated, 

with imperfections resultant of moveable stage misalignments during some laser-

ablation tests being theorised as the reason for reduced transmission a model 

was made that attempted to replicate it.  While not as an accurate comparison as 

other simulations (only able to model a small section of an imperfect array), the 

hole mispositioning produced a similar effect to that with the measured devices. 

 

Having successfully designed and fabricated ‘bare’ EOT arrays, PCM layers, 

specifically GST-225 and GST-326, were deposited onto such arrays and 

successful control of spectral transmission peak wavelength was demonstrated 

by switching the phase-state of the PCM layer.  Specifically, tuneable bandpass 

filters for the MWIR regime were demonstrated using micron-scale array pitches 

(from 2-6.6 µm) in thin (40-100 nm) gold films coated with (70-100 nm thick) GST-

225 or GST-326 layers on transparent (up to ~13 µm) calcium/barium fluoride 

substrates.  Degrees of tuneability were obtained by application of 70-100 nm 

layers of GST-255 or GST-326 phase-change materials.  The effect of using the 

different PCMs (GST-225 and GST-326) on device transmission spectra was 

explored, with the degree of peak wavelength shifting and change in absolute 

transmission being shown, as expected, to be dependent on the differences 

between phase-states of the refractive index n and extinction coefficient k.  

Decent agreement with simulated device spectra was obtained, in particular 

when using PCM n and k data obtained for the actual films deposited in this work, 

rather than relying on literature values.  

 

Extending the concept of EOT-PCM-based devices to the THz region was also 

explored (in simulation) and showed that such devices might provide very useful 

modulation capabilities in this waveband, at least for GST-225 which, according 

to literature values, has a large extinction coefficient in its crystalline phase in this 
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region of the spectrum.  Spectral properties are affected in the same ways as the 

shorter wavelength devices when altering array geometry or material optical 

properties, of most interest is that increasing the PCM layer thickness also 

increases modulation depth/contrast ratio at the expense of absolute 

transmission efficiency.  Such modulators could, due to their relatively large 

feature sizes, be relatively inexpensive and easy to produce using the laser 

ablation method for fabrication of the EOT arrays. 

 

Finally, the work of the thesis confirmed the (often overlooked) potentially 

destructive effect of gold-PCM inter-diffusion on the performance of devices 

where such layers are in intimate contact.  Specifically, it was found that the EOT 

transmission peaks were almost completely suppressed, and tuneable filter 

functionality lost, on extended heating of the PCM layer.  It was also shown, as 

previously reported [106] that a thin protective barrier, in this case 8 nm of silicon 

nitride, can effectively prevent the inter-diffusion issues, so leading to retention of 

device transmission and spectral tuning properties on switching/heating of the 

PCM layer.  Detailed TEM analysis (on specially designed reflection cavity test 

samples) confirmed the high degree of inter-diffusion than occurs between the 

gold and PCM (specifically GST-225) layers, with samples showing complete 

merging of thin 20 nm GST layers with adjacent 40 nm thick gold layers after 

heating on a hotplate. 

 

The optical resonances in such samples were also demonstrated to be severely 

degraded after such heating: in contrast, cavity samples having much larger PCM 

film thicknesses (here 220 nm) largely retained their optical resonance properties, 

even after extended heating.  In such samples, TEM analysis showed that there 

was still substantial gold-PCM inter-diffusion, but it was limited in spatial extent 

such that a large portion of the PCM layer remained uncontaminated.  TEM cross-

sectional analysis also confirmed the effectiveness of a Si3N4 barrier layer in 

preventing inter-diffusion of the gold and PCM materials. 

 

In terms of recommended future work, this could involve: 

 

• Investigation of the effects of partial crystallisation of the PCM layers of 

phase-change EOT devices, allowing for tuneable filters having multiple 
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peak transmission wavelengths within the extremes of those provided by 

fully amorphous and fully crystalline states.  This is in fact essential for 

multispectral sensing/imaging applications, which depend on having a 

significant “set” of filter configurations in order to work most effectively. 

 

• The development of a practicable in-situ heating method for switching of 

the PCM layers in an EOT device, the key desired property being  

compatibility with a device working in transmission.  Various in-situ heating 

methods using embedded electrical micro-heaters have already been 

demonstrated for various PCM-based devices [62], [63], [109], such 

concepts (whether plain metal layer or PIN-junction diode type heaters) 

could be extended to EOT-based devices. 

 

Plasmonic EOT devices have the inherent advantage of a metal layer 

being intrinsic to their structure, and this could be used to provide some 

kind of embedded heater, with exploratory simulations carried out in this 

thesis showing that such heaters should be able to provide the necessary 

heating and cooling requirements for successful PCM switching (though 

with rather high powers). 

 

Test devices were fabricated to investigate the electrical properties of thin 

films, one such shown in Figure 132 having five “strips” etched into a 40 

nm Au film on an oxidised silicon substrate, the design made to fit into an 

existing electrical testing setup.  While heating tests with this setup were 

not gotten around to, tests of a strip’s resistance with a multimeter 

produced the same ~1 Ω as predicted by COMSOL simulations. 
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Figure 132: Device fabricated to test electrical properties, red circle in the centre 

of strip 2 marking out an array. 

 

• Continued refinement of laser ablation as a method of array fabrication for 

large areas in short timescales.  While promising results were shown, the 

precision available with using electron beam-based techniques 

consistently produced larger peak transmission efficiencies and higher 

quality factor for equivalent devices, not to mention the ability to pattern 

smaller hole sizes than those using the laser ablation approach.  

Improvements in motorised stage positioning to make more “perfect” 

arrays would help on the former front, the latter could be tackled by using 

a system that can create laser beams with smaller spots. 

 

• Further exploration of the use of EOT-PCM based devices for modulator 

application in the THz region.  As discussed above, EOT-based devices 

might provide for simple, cost-effective to produce THz modulators, but 

further work in the characterisation of the optical properties of phase-

change materials in the THz range needs to be carried out, since currently 

very few compositions have been explored in this spectral range. 
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8. Appendices 

 

8.1. Simulation Mesh Configuration 

 

Increasing the fineness of the COMSOL mesh produces geometry closer to the 

real devices and should produce more accurate simulations, but this is at the 

expense of processing time as seen in Figure 133.  All the electromagnetic 

simulations in this thesis used swept meshes, a face at the top of the cell is 

extruded down and split into “slices”: while the fineness of the slices is significant 

(especially at the interfaces between materials) the example given here alters 

only the extruded face. 

 

Only the “Coarse” setting shown in this example produces a main peak of 

noticeably different height than the finer settings, and as fineness increases the 

unwanted oscillation seen in the secondary peak (4-5.5 μm) reduces, with very 

little difference between the “Fine” and “Finer” settings showing that the nearly-

doubled runtime doesn’t provide much benefit in this case. 

 

 

Figure 133: COMSOL swept mesh cross sections with fineness settings (4 μm 

array pitch with ff=0.5 in 40 nm Au on CaF2) with comparative run durations, 

alongside the models’ corresponding simulated transmittance spectra. 
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Another point to consider is the height of the cell, if the ports are too close to the 

device surface artefacts can become visible.  Figure 134  shows example EOT 

spectra where the only variable is the effective thickness of the air above and 

substrate below the array, the larger sizes split into more slices to keep the mesh 

fineness of these sections constant.  When the height is very small a peak with 

maximum transmittance greater than 1 is seen at ~4 μm, obviously an artefact, 

this diminishes as cell height increases until a shape is convereged upon.  A 

height of six array periods was used consistently for modelling, while this didn’t 

produce a significant difference in runtime compared to taller examples it helped 

prevent the geometry from becoming unweildy, making assigment of materials, 

ports and boundary conditions easier. 

 

 

Figure 134: Transmission spectra for COMSOL simulations of same basic model 

shown in Figure 133 (with “Fine” mesh setting) altering the height of the cell 

between transmitting and receiving ports (given as a multiple of the array period), 

small range inset to show anomalous peak at 4 μm in more detail). 

 

8.2. Fabrication Process Notes 

 

8.2.1. Metal Deposition with HHV Auto 306 Thermal Evaporator 

 

1. Remove any debris from evaporator chamber with vacuum cleaner and brush 

over all walls with acetone-soaked cleanroom wipe 
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2. Attach substrates to mounting block with Kapton™ tape, then load block into 

chamber 

3. Load chromium pellet for adhesive layer (if needed) and gold wire for main 

layer (~2 mm for every 10 nm, ~1 mm extra for safety and to allow for 

“cleaning”) into their respective boats, ensuring that the boat stage is 

positioned for the gold boat is to be heated 

4. Pump chamber down to base pressure of 2×10-6 Torr 

5. Ensure that shutter covering samples is closed, then turn on LT power and 

slowly increase voltage applied to gold boat to melt the pieces of wire 

(process is visible through the evaporator’s viewport in the door) then reduce 

voltage and turn off power 

6. Wait a few minutes to allow melted gold to be guaranteed solidified 

7. Rotate boat stage to position for heating chromium pellet boat 

8. Set the machine program to chromium, in order to give an accurate thickness 

readout 

9. Enable rotation of the sample block to ensure even coverage of metal on the 

devices 

10. Turn on LT power and slowly adjust voltage until a stable deposition rate 

between 0.5-1 Ȧ s-1 is achieved 

11. Allow a few nm thickness of chromium to show on the thickness readout prior 

to opening the shutter, cleaning the source metal before depositing on the 

sample 

12. Simultaneously open the shutter and zero the thickness readout 

13. Monitor the thickness readout, adjusting voltage if necessary to maintain a 

deposition rate between 0.5-1 Ȧ s-1 as the figure is prone to fluctuation 

14. When the desired thickness (typically 3-5 nm) is reached, close the shutter 

then slowly reduce the voltage before turning off LT power 

15. Rotate boat stage to position for heating gold boat 

16. Set the machine program to gold, in order to ensure an accurate thickness 

readout 

17. Repeat steps 9-13 but for gold of the necessary thickness (typically 40-100 

nm) 

18. Disable rotation of the sample block 

19. Allow the machine to cool for ~10 minutes before venting 

20. Vent and unload samples 
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8.2.2. Thickness-Check Sample Preparation 

 

1. Set a hotplate to 100°C 

2. Gently sonicate substrate in beaker of acetone for 10 minutes (80 kHz at 

lowest power with sweep enabled), then sonicate for further 10 minutes in 

beaker of isopropyl alcohol (IPA) at same settings 

3. Blow substrate dry with nitrogen gun 

4. Apply dots of 950K A6 PMMA to corners of substrate with a pipette 

5. Bake substrates on 100°C hotplate for 10 minutes 

 

8.2.3. Lithography and Wet-Etching 

 

1. Set a hotplate to 170°C 

2. Gently sonicate device (metalled substrate) in beaker of acetone for 10 

minutes (80 kHz at lowest power with sweep enabled), then sonicate for 

further 10 minutes in beaker of IPA at same settings 

3. Blow device dry with nitrogen gun 

4. Mount device on spinner stage and apply the vacuum to fix it in place 

5. Apply a few drops of 950K A4 PMMA to metalled surface of device, enough 

that it will be covered once spun 

6. Spin-coat the PMMA onto the device at 4,000 RPM until evenly distributed 

(~45 second program) 

7. Remove device from spinner and bake on 170°C hotplate for 2 minutes 

 

8. “Paint” 4 silver dots on edges of device (to aid focusing with e-beam) with 

toothpick-type stick 

9. Mount device on e-beam chuck with carbon tape and obtain positions of silver 

dots with computerised stage 

10. Insert chuck into its cassette and the cassette into e-beam loading chamber 

11. Pump down e-beam chamber to base pressure of 2.4×10-6 mbar or below 

12. Load chuck into writing chamber 

13. Fine-focus on silver dots 
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14. Write pattern with 10 nA beam current with appropriate dosage for feature 

size and PMMA layer thickness (dose of 10 for system used), increasing 

either factor giving larger feature sizes in a given time so less shape precision 

15. Unload chuck from writing chamber and vent machine 

 

16. Develop written pattern by submerging device for 30 seconds in 15:5:1 

solution of isopropyl alcohol (IPA), 4-methyl-2-pentanone (MKI) and methyl-

ethyl ketone (MEK), keeping device as still as possible 

17. Stop developing by submerging device for 1 minute in IPA 

18. Blow device dry with nitrogen gun 

 

19. Fill 3 glass beakers with deionised water (DI water)  

20. Half-fill 1 glass beaker with diluted gold etchant [110] (1 part to 7 parts DI 

water) that has been chilled in fridge (set to 3-5°C) 

21. Submerge device in etchant beaker and hold still for 15 seconds (for 40 nm 

Au film) to etch pattern, then quickly dip device into the 2 of the DI water 

beakers and leave it for 1 minute in the 3rd to stop the etching process 

22. Remove device from last DI water beaker and blow dry with nitrogen gun 

23. Wash out beakers with DI water, disposing of used etchant in appropriate 

vessel 

24. Repeat steps 19-23, but with device submerged in undiluted room-

temperature chromium etchant [111] for 10 seconds to etch the adhesive 

layer 

 

25. Soak device in warm acetone for at least 10 minutes to remove PMMA mask 

26. Wash device with IPA to remove any acetone residue 

27. Blow device dry with nitrogen gun 

 

8.2.4. Laser-Ablation 

 

1. Configure set up (as seen in Figure 24) using appropriate details as shown 

in Table 41 

2. Load device (metalled substrate) onto moveable stage 

3. Focus on device 

4. Write pattern 
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Table 41: Laser-ablation setup configuration details 

 

 

8.2.5. Sputtering with NanoPVD 

 

1. Vent chamber with argon gas 

2. Attach devices to sample plate 

3. Load 2” targets onto their respective guns and secure with metal rings 

4. Cover targets on guns with metal cowls 

5. Check resistance of cowls and rings with multimeter (grounded to chamber 

shell), former should be very low and latter very high (~0.1 Ω and ~1 MΩ 

respectively) 

6. Load sample plate onto rotating shaft on lid of chamber 

7. Pump down chamber to base pressure of 2×10-6 mbar 

8. Ensure that shutter is covering samples 

9. Enable argon gas flow 

 

Controlled variable is flow rate, normal working pressure of 5×10-3 mbar required 

typically ~1 sccm but higher rates (up to 30 sccm sometimes) often needed to 

strike plasma before reducing 

 

10. Select target and strike plasma (check visually with chamber window and 

readings on display) by setting the power 
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Testbourne™ GST-225 and GST-326 targets struck plasma at 15% RF power 

(22.5 W), which would then immediately be reduced to 10% (15 W).  Si3N4 target 

struck plasma at 50% RF power (75 W), deposited at this power also. 

 

11. Clean target for 3 minutes, keeping shutter closed, ensuring that plasma 

power and chamber pressure is stable at ~5×10-3 mbar 

12. Shut off power and then disable gas flow 

13. Let chamber be pumped for 15 minutes to cool and clear 

14. Enable sample plate rotation (10-20 RPM) 

15. Repeat steps 9-10 to produce stable plasma at ~5×10-3 mbar chamber 

pressure 

16. Open shutter for required deposition time (calculated by measuring rate with 

thickness check samples beforehand) 

 

Typically 2-2.5 nm per minute for GST targets at given powers (varied over time), 

consistently 1 nm per minute for Si3N4 

 

17. Close shutter 

18. Let chamber be pumped for 15 minutes to cool and clear 

19. Repeat steps 15-17 for each material deposition, changing to the necessary 

targets 

20. Disable sample plate rotation 

21. Vent chamber with argon 

22. Unload samples and targets 
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