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Abstract

Metamaterials consist of repeating unit cells resulting in a homogeneous averaged electro-

magnetic (EM) response. Spatially varying EM properties can be created by introducing

variations within each unit cell. In this way gradient index (GRIN) metamaterials offer a

route to developing GRIN optics with larger refractive index (RI) gradients compared to

traditional GRIN optics. By altering the length scale of the features within the metamate-

rial, the lens can be designed to work in different parts of the EM spectrum opening up

new avenues for telecommunications and integrated optics.

The aim of this work was to investigate the use of two-photon polymerisation (TPP),

an additive manufacturing technique, to fabricate a GRIN metamaterial lens. The lens

was to work in the 1 µm − 2 µm wavelength region (corresponding to 150 THz − 300 THz)

necessitating the nanoscale feature sizes TPP provides. Compared to conventional nano-

fabrication techniques, TPP is a truly 3D fabrication process that can open up the design

space of metamaterial geometries.

Firstly, the line widths of a commercial resin, IP-L (Nanoscribe GmbH), at different

laser powers and scan speeds were measured by fabricating ascending scan arrays using

the commercial Nanoscribe GmbH Photonic Professional GT. By changing the laser dose,

the focal spot of the laser is changed which results in different cured line dimensions.

The minimum achievable line width determines the lowest wavelength the metamaterial

would work at. Whereas the range of line widths determines the amount by which the

metamaterial unit cells can be altered to produce the spatially varying properties. This

work found the maximum line width to be 561 nm ± 21 nm and the minimum to be

273 nm ± 32 nm, resulting in a range of 228 nm ± 53 nm.
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The capabilities of the TPP system were investigated by fabricating woodpile struc-

tures with different laser power parameters across the devices. Two different substrate

preparation techniques were compared, as well as fabricating structures with and with-

out frames for added structural stability. The initial investigation led to the design of the

metamaterial structure used in this work; the cylindrical fishnet. This structure is made

up of layers of concentric rings filled in by an increasing number of spokes in successive

rings. This results in a structure somewhat like a circularly deformed fishnet structure.

Analytical calculations were undertaken to estimate the RI based on the filling frac-

tion of the cylindrical lens structure for different line widths and number of spokes be-

tween each ring. A hyperbolic secant (sech) profile is normalised to the maximum and

minimum analytical RI results and different line width / number of spokes combinations

were selected which fall along this curve. Four lenses were designed in this way, and the

7 selected unit cells for each were simulated using finite element method modelling in

COMSOL to investigate the geometry dependent RI.

A rectangular cut out geometry was used to approximate the unit cells for simula-

tion to reduce computational requirements. The results were compared to the ideal sech

curve as well as the analytical RI calculations for both the full cylindrical fishnet and the

rectangular cut out. The analytical calculations for the rectangular cut out did not appear

to predict the simulated results better than the cylindrical fishnet analytical calculations.

Using the analytical and simulated RI results, the focal lengths of the four lenses were

predicted analytically. COMSOL simulations were used to investigate the focal length

and relative focal spot size for each of the four lenses for the ideal and simulated profiles.

Finally, proof of concepts lenses were fabricated highlighting the current capabilities of

TPP and further areas of research for fabrication.
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Chapter 1

Introduction

1.1 Motivation

One of the prime tools use by scientists for centuries is the optical lens. A curved surface

will focus light in a way dictated by its refractive index (RI), and as such their operation

is well understood. However, in the hunt for arbitrary control of electromagnetic radi-

ation, new approaches to optics are being discovered; one such discovery is that of the

metamaterial [1].

Metamaterials are deliberately designed structures that result in electromagnetic prop-

erties that are derived from the structure geometry rather than their constituent materi-

als alone [2]. The most widely known metamaterial response is that of the negative RI

whereby for a finite range of frequencies both the permittivity (ε) and permeability (µ)

are negative. This property resulted in the demonstration of “superlensing” [3]. In gen-

eral, metamaterials consist of repeated unit cells resulting in a homogeneous averaged

electromagnetic response. It is possible, however, to create spatially varying electromag-

netic properties by introducing variations within each unit cell [2]. In this way gradient

index (GRIN) metamaterials are presented as an approach to developing GRIN optics.
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1.2. Aims and Objectives 1. Introduction

GRIN optics as a subject dates from the 1850s and can be used in applications includ-

ing lensing and filtering [4]. By having an RI gradient that decreases radially from the

centre to the outer edge of an optical element, light can be focused in much the same way

as a conventional convex lens [5]. However, unlike conventional lenses, GRIN lenses are

flat leading to a reduction in spherical aberrations which decreases coupling losses, whilst

also saving space and allowing more compact optical systems [6]. GRIN lenses for optical

applications are currently limited in performance and design by available manufactur-

ing capabilities. By introducing metamaterial GRIN lenses a wider array of fabrication

technologies become available. In particular the additive manufacturing technique two-

photon polymerisation (TPP) is an interesting and valuable alternative.

TPP is a micro-structuring technique that draws structures in a photocurable resin

using a tightly focused laser. By focusing and ultrashort pulse excitation, a high power

density is achieved allowing polymerisation within regions smaller than the diffraction

limit. TPP allows the fabrication of structures of arbitrary geometry, since the cured pho-

topolymer is supported by the polymer bulk, with feature sizes close to 100 nm [7].

The contribution to knowledge of this thesis has been to show the novel manufacture

of graded index metamaterial lenses from two-photon polymerisation.

1.2 Aims and Objectives

The aim of this work was to produce a metamaterial GRIN lens to operate in the short

wave infrared waveband (1 µm - 2 µm). They key areas of this work are to understand

the feature size and geometry limitations of a commercial TPP system, to understand

how altering unit cell size and geometry change the resulting effective refractive index

of a metamaterial, and to investigate how the RI profile will affect the focal length of the

resulting lens.
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1.3. Thesis Outline 1. Introduction

This work can be broken down into three main tasks with their own objectives:

1. Two-Photon Polymerisation Characterisation:

• Measure the line widths of different laser doses using TPP to formulate a cata-

logue of achievable feature sizes.

• Investigate geometry changes using TPP processing parameters.

2. Metamaterial Unit Cell Characterisation:

• Conduct analytical calculations using effective medium theory to estimate the

metamaterial RI.

• Conduct computational simulations for selected unit cells to compare to ana-

lytical results.

3. GRIN Lens Design:

• Predict the focal length of the lens using analytical equation.

• Conduct computational simulations to understand how the ideal vs computa-

tional RI profile affects the focal length.

• Print proof of concept lenses to understand further fabrication considerations.

1.3 Thesis Outline

This thesis discusses all work relating to designing and creating a metamaterial gradient

index lens using two-photon polymerisation. The outline of the thesis is as follows:

Chapter 2 discusses the literature relevant to the three topics of this work. In sec-

tion 2.1, gradient index optics are discussed including what they are, what they are used

for and traditional fabrication methods. Section 2.2 discusses what metamaterials are and

how they are used, their working principles and how they are fabricated. Two-photon

polymerisation is discussed in section 2.3. This includes applications of TPP, the working

principles, and important considerations when using TPP for metamaterial fabrication.
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1.3. Thesis Outline 1. Introduction

Chapter 3, the feature sizes of a commercial resin IP-L are measured for different

TPP laser doses. A dose test is performed to find the workable range of the resin. A

common test pattern called an ascending scan array are used to measure the line widths

by fabricating the arrays at different laser doses. The line widths measured from SEM

images using image analysis software (ImageJ). Finally, the data is fit to the theoretical

equation for line width against laser power found in the literature.

Chapter 4 looks at the limitations of fabricating with TPP. Here, the structural fidelity

and adhesion to the substrate is investigated, as well as larger area printing. In addition,

structures are made by tuning the processing parameters across the structure in order to

create a spatial feature size gradient. The chapter finishes by presenting the cylindrical

fishnet structure that was used as the metamaterial lens in this work.

Chapter 5 investigates the effective refractive index of the metamaterial unit cells

of different geometries. Analytical calculations are presented for the cylindrical fishnet

structure from which 4 lenses are designed. Select unit cells are taken forward based on

the analytical results, and computational simulations are undertaken. The chapter also

provides detailed information about the parameter retrieval method used to convert from

simulated data to the effective RI.

In chapter 6, the results from chapter 5 are used to investigate the focal length of

the resulting lens. Analytical calculations are undertaken, followed by computational

simulations of the ideal and simulated RI profiles. Proof of concept lenses are printed and

further fabrication considerations are presented.

Finally, chapter 7 outlines the achievements and contributions of this work in the

context of current research, and suggests future work to be undertaken to further advance

this research.
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Chapter 2

Literature Review

2.1 Gradient Index Optics

Gradient index (GRIN) is a term used to describe an inhomogeneous medium with a

spatially varying refractive index (RI) [8]. This causes light to propagate along a curved

path as opposed to the rectilinear paths taken in conventional homogeous materials [9]

which is demonstrated in the diagram in figure 2.1. By choosing an appropriate RI profile,

GRIN media will act in the same manner as conventional optical components such as

lenses or a prism. Naturally occurring GRIN media exist where examples include that of

the human eye and the earth’s atmosphere. In the latter case, changes in air density due

to altitude or heat result in natural light bending phenomenon such as the mirage [8].

The field of GRIN optics has been studied for over 150 years and many different

analytic solutions have been published in this time [10]. One classic example is that of

James Clerk Maxwell’s fisheye lens. In 1850, Maxwell presented a spherically symmetric

material with a varying RI given by,

n(r) = a/(b2 + r2), (2.1)
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2.1. Gradient Index Optics 2. Literature Review

Figure 2.1: A diagram representing (a) the rectilinear ray paths in a plano-convex lens and
(b) the curved ray paths in a GRIN lens. Focal points and colour gradients are not to scale.

where a and b are constants and r is the radial distance.

Maxwell used geometrical optics to show that the ray paths through the material are

circles allowing perfect imaging between conjugate points on the surface of the sphere [11].

While this example uses a continuous medium between the object and image, Luneburg

modified the system to allow for discontinuities in the RI [12]. This spherically symmetric

structure performs perfect imaging between two given concentric spheres. In the clas-

sical Luneburg lens, any parallel rays passing through the lens will converge at a point

located on the surface of the lens. This is of particular importance for applications such

as integrated optics [8].

Another important analytic solution is that of the hyperbolic secant (sech) profile

presented by Fletcher in 1954 [13]. A radial RI profile given by,

n(r) = n0 sech (r/α) , (2.2)

produces sinusoidal rays for paths in the meridional plane such that repeated focal points

are produced along the optical axis. Once again r is the radial distance, α is the gradient

constant, and n0 is the RI at the centre. Wood showed these sinusoidal paths experimen-
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2.1.1. RI Profiles & Applications 2. Literature Review

tally in [14]. This result is of particular importance for commercial applications and is the

basis of the self-focusing lenses that are widely used within science and technology.

2.1.1 RI Profiles & Applications

There are three basic types of GRIN profiles as illustrated in figure 2.2; spherical, axial,

and radial. Spherical gradients, such as the Maxwell fisheye and Luneburg lenses, have

a symmetric RI around a point such that isoindicial surfaces are concentric spheres. The

equations governing ray propagation through spherical GRIN media are similar to those

for geodesic lenses [8].

Axial gradients have RIs that vary along the optical axis with only a small amount

of optical bending. Such gradients allow for the correction of monochromatic aberrations

rather than adding power to the lens. Sands showed that using an axial gradient is equiv-

alent to using an aspheric to correct for aberrations [15]. The main difference between

aspheric surfaces and axial gradients is that by using axial gradients the spherochroma-

tism of the lens can be modified due to the RI profile varying with wavelength. The

spherochromatism can be increased or decreased, depending upon the dispersion of the

GRIN material, independent of the monochromatic correction [9]. A number of lens de-

signs have made use of axial gradients, however the chromatic variation of the gradient

produces an advantage for photographic objectives and so, much of the work has focused

on this [16, 17].

Radial gradients also allow for aberration correction in addition to being able to mod-

ify the focal length. Achromatized singlets with flat surfaces can be created due to the

effects the dispersion of the GRIN material has on the paraxial chromatic aberration. In

addition, colour-corrected lenses can be created by using GRIN media with curved sur-

faces [9]. Commercially, the flat GRIN lens is an important example as there are a diverse

range of applications. GRIN rod lens arrays are used within the photocopying indus-

7



2.1.2. Fabrication Techniques & Limitations 2. Literature Review

Figure 2.2: A diagram representing the types of gradient index lenses where is (a)
spherical refractive index distribution decreasing from the core to the outer edge (as in
Maxwell’s fish-eye and Luneberg lenses), (b) axial refractive index distribution varying
along the optical axis, and (c) radial refractive index distribution decreasing from the cen-
tre to the outer edge (as in the Wood lens). Colour gradients are not to scale.

try [18], GRIN lenses can be used in medical endoscopes [19], they are used to focus light

when writing to and reading from CD systems [20]. They are also used in optical sensing

where intensity-modulated fibre-optic sensors employ GRIN lenses for improved cou-

pling efficiency [21]. GRIN lenses are useful for on- and off-axis imaging, collimation,

and focusing which are important for communications systems [8].

2.1.2 Fabrication Techniques & Limitations

GRIN optics are usually made from glasses or polymers and while there are numerous

fabrication techniques for these materials, the two important features of any technique

are the depth of the gradient and the magnitude of the RI change (∆n) [4]. For GRIN

glasses, the most common technique is the ion exchange process [9]. Gradients are created

by placing a glass containing a single valence ion into a molten salt bath, containing a

different ion to that in the glass, at temperatures between 400◦C to 600◦C. Over the course

of a few days the ions in the bath diffuse into the glass and exchange an ion of equal

valence. The resulting GRIN profiles are limited in shape and depth (∼10 mm) creating

∆n of ∼0.04, in addition, they suffer from large chromatic aberrations that are undesirable

for radial GRIN lenses [4].
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2.1.2. Fabrication Techniques & Limitations 2. Literature Review

The “ion stuffing” technique can create slightly larger ∆n compared to other tech-

niques presented here. Gradients are made by using an acid to dissolve out a soluble

phase of a phase separating glass leaving behind a glass sponge. This sponge is placed

in a bath where ions diffuse into the material; this process is stopped after a short time

leaving a gradient in the material. While ion stuffing can create gradients of ∆n = 0.04

with a gradient depth of ∼50 mm, only limited gradient profiles can be created [4] .

Neutron irradiation takes a boron-rich glass and bombards it with neutrons creating

a change in the boron leading to the RI change. This technique requires a large number

of neutrons and may not lead to a permanent gradient, also ∆n is limited to 0.02 with a

depth of 0.1 mm [22]. Chemical vapour deposition (CVD) has been used to create GRIN

fibres for telecommunications [23]. This process creates layers of slightly varying chemical

compositions of glass creating a structure of ∼2 cm. This is then drawn, creating layers

smaller than the wavelength of light meaning the gradient appears to be continuous but

is only ∆n = 0.01 across a depth of 0.1 mm.

GRIN polymer materials have been produced using two methods. The first creates

a gradient by exchanging one monomer for another monomer in a partially polymerised

material in much the same way as the ion exchange method [24]. The second uses partial

polymerisation where the monomer is differentially changed into a polymer using a UV

light source [25]. Whilst large areas of material can be produced along with arbitrary

gradient profiles, once again only small gradients of ∆n ∼0.03 are formed [4].

While Moore [4] suggests the area of the gradient region is important, with the aim

of creating GRIN components at the same length scale as conventional optics, smaller

optical components lend themselves well to the modern focus of integrated and compact

optical systems. However, it is clear that the above fabrication techniques are limited by

the small index variations achievable as well as the lack of control of the resulting index

profile. The small index variations in particular limit further miniaturisation due to the
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long propagation lengths needed to bring light to a focus. For this reason, interest turned

to using metamaterials for the development of GRIN optics [2].

2.2 Metamaterials

Metamaterials are artificially structured materials designed to have specific material prop-

erties arising from the geometry rather than the constituent materials alone [1]. Both

theoretical and experimental investigations for mechanical, acoustic and optical metama-

terials have been studied at length; here the focus is that of optical metamaterials. The

functional building block, or unit cell, is termed the “meta-atom” and it must have di-

mensions at or lower than the wavelength of incident light. With inhomogeneities at this

length scale, from the perspective of the energy source, the material is macroscopically

uniform meaning metamaterials are essentially materials rather than devices [26].

One of the oldest examples of a metamaterial is the Lycurgus Cup (figure 2.3). The

cup was made in the 4th-century AD of ruby glass with embedded gold nanoparticles,

such that it changes colour depending upon the surrounding lighting conditions [27].

This metamaterial artefact was created without a full understanding of the physics behind

it, and similarly within the scientific community structures with artificial electromagnetic

(EM) properties were studied before the term metamaterial was coined. Examples include

the “twisted-jute” creating a chiral effect [28] and periodic arrays of metallic wires [29],

spheres [30] or plates [31] that create artificial dielectrics.

There are three main papers that are considered to have laid the groundwork for

modern EM metamaterials research. Veselago’s paper on negative RI materials saw the

first step towards the area of modern metamaterials [33]. This paper presented the re-

quirement that both the permittivity and permeability must be negative in order to achieve

negative RI; a phenomenon that would see a ray at the interface between a positive and
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Figure 2.3: The Lycurgus Cup viewed in (a) reflected light and (b) transmitted light. Copy-
right the Trustees of the British Museum [32].

negative RI material refracted back in the original direction rather than continuing for-

ward at a new angle given by Snell’s law.

The existence of negative RI materials was proved experimentally by Smith et al.

in 2000 [34]. They observed negative refraction at the interface of their wedge-shaped

metamaterial which consisted of periodic array of copper split ring resonators (SRR) and

wires. This produced a region of attenuation in scattering as shown in figure 2.4.

The gap between novel metamaterials and applications was filled by Pendry’s work

on perfect lenses [3]. Pendry showed that a slab of negative RI material can focus a point-

like source of light to a point on the opposite side of the slab. All three of these papers

presented work on negative RI materials, and many early papers focused on negative RI

metamaterials working in the microwave regime due to ease of fabrication at cm/mm

length scales. However, metamaterial research has since expanded far beyond this. Tai-

loring the shape and size of the metamaterial’s unit cells, artificially tuning their compo-

sition and morphology, and placing inclusions in a predetermined manner are all ways to

achieve new and exciting ways of manipulating light [1]. In particular, this has opened

the door to applications such as cloaking [35], negative [36] or zero index [37] materials, in
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Figure 2.4: Resonance curve of a copper split ring resonator from Smith et al. [34]. Dimen-
sions c = 0.8 mm, d = 0.2 mm, and r = 1.5 mm. The resonance region is at ∼4.845 GHz.
Figure reproduced from [34].

addition to alternatives to conventional materials for optical absorbers [38], gratings [39],

sensors [40], and lenses [5, 41–47].

The metasurface is a widely used alternative approach for the creation of lenses. Gen-

erally, metasurface lenses are made from a spatially varying array of resonant microstruc-

tures causing a spatial gradient in their phase response [48]. This approach has enabled

the design and development of aberration-free flat optics [41], and sub-wavelength imag-

ing capabilities [42]. A theoretical demonstration by Memarzadeh et al., showed that by

making small spatial adjustments to their resonant structure, they could modulate the

phase lag between the structures across the device thus enabling them to focus light [43].

The Capasso group later experimentally demonstrated control over the amplitude and

phase of transmitted light using a pattern of V-shaped nano-antennas [44]. Figure 2.5

shows an example array from [44] along with their experimental set up and results of

testing the ordinary and anomalous refraction for six samples with different Γ (lateral pe-

riod). The results show that the sample with the smallest Γ, corresponds to the largest

phase gradient and the most efficient light scattering into the cross-polarized beams.
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Figure 2.5: Results of V-shaped nano-antennas from Yu et al. [44]. (A) Scanning electron
microscope image of an antenna array. The unit cell comprises of eight V-antennas, as
indicated in yellow, with a periodicity of Γ = 11 µm in the x-direction and 1.5 µm in y. (B)
Schematic experimental setup for y-polarised excitation (electric field normal to plane of
incidence). (C and D) Measured far-field intensity profiles of the refracted beams for y-
and x-polarised excitations respectively. The red and black curves are measured with and
without a polariser for six samples of different Γ. The red curves are magnified by a factor
of 2 for clarity, and the grey arrows indicate calculated angles of anomalous refraction.
Figure reproduced from [44].

An alternative approach is that of the GRIN metamaterial that seeks to change the

RI across the structure rather than the phase. Pinchuk et al. investigated negative GRIN

materials and their ability to focus light using analytical calculations as well as finite-

difference time-domain (FDTD) simulations [5]. They showed that a metallic film pierced

with equidistant holes of decreasing diameter towards the edges, focused light with focal

lengths dependant on the profile of the diameters. Paul et al. used arrays of annular slots
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with different radii to create a ∆n = 1.5 gradient across their lens for an operating range

of 1.2 THz to 1.4 THz [45]. Devlin et al. fabricated nano-pillar arrays of silicon rods with

varying diameter and compared four different RI profiles, showing that the Luneburg

profile provided a higher out-coupled intensity [46].

Interestingly, nano-pillar arrays are used in both GRIN metamaterial and metasur-

faces to a similar affect, with differences in the implementation. Both Devlin [46] and

Arbabi [47] create lenses by varying the diameter of silicon rods, however Devlin reduces

the diameter from the centre to the outer edge, whereas Arbabi has higher and lower di-

ameter pillars interspersed throughout the structure. One of the main drawbacks to the

metasurface approach is that relying on a resonant response introduces large chromatic

aberrations due to the accumulated phase dispersion of the light during propagation [49].

Whereas working in the effective regime by using GRIN metamaterials enables the cre-

ation of broadband lenses as the wavelength of interest is away from any resonances in

the structure.

2.2.1 Metamaterial Working Principles

Maxwell’s equations govern electromagnetic phenomena and describe the relationship

between fields, sources, and material properties [50]. Microscopically, atoms are arranged

in a periodic manner making up unit cells within the crystalline structure. Whilst the

electromagnetic field excites local dipoles within the atoms, the induced inhomogeneous

field is not felt on the macroscopic scale by the light. At this scale the detailed features

and responses of the underlying structure are averaged and from this ε and µ can be

calculated. The permittivity (ε) and permeability (µ) are two parameters that determine

the electromagnetic properties of a material and relate to the RI by,

n = n′ + in′′ =
√
εµ, (2.3)
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where n′ and n′′ are the real and imaginary components of the RI respectively and,

ε = ε′ + iε′′, (2.4)

µ = µ′ + iµ′′. (2.5)

The complex component arises due to energy absorption and the phase delay be-

tween the transmittance and reflectance of the light [1]. Since the underlying inhomo-

geneities of metamaterials are smaller than the wavelength of interest, the EM response

due to the metamaterial can also be averaged. In this case, effective parameters are depen-

dent on the properties of the composite materials, their filling factor and overall geometry.

The two most widely used approximation theories for obtaining effective parameters

are the Maxwell-Garnett theory (MGT) [51] and the Bruggeman effective medium theory

(EMT) [52]. These two theories are based upon different assumptions for the composite

structure and material properties. MGT assumes that inclusion particles are embedded in

a host material with a low filling fraction and well defined spherical shapes. This gives

rise to the equation for the effective permittivity ε as,

ε− εh
ε+ 2εh

= f
ε1 − εh
ε1 + 2εh

, (2.6)

where εh and ε1 the relative permittivity of the host medium and inclusion particles re-

spectively, and f is the volume filling fraction [51]. When there is no clear distinction

between what is the host material and what is the inclusions Bruggeman’s EMT becomes

useful. In this theory the two constituent materials are treated symmetrically overcom-

ing MGT’s restriction to low-f cases. In EMT, a host medium (εh) has two inclusions (ε1,

ε2) dispersed within it with volume filling fractions of f1 and f2. For the two inclusion

composite (equation 2.6) becomes,

ε− εh
ε+ 2εh

= f1
ε1 − εh
ε1 + 2εh

+ f2
ε2 − εh
ε2 + 2εh

. (2.7)

15



2.2.1. Metamaterial Working Principles 2. Literature Review

From this one can see that in a two phase composite where f1 + f2 = 1, the “host”

medium is the composite material itself so setting ε = εh the effective permittivity is given

by,

f1
ε1 − εh
ε1 + 2εh

+ f2
ε2 − εh
ε2 + 2εh

= 0, (2.8)

which is the expression first developed by Bruggeman in 1935 [52]. Equations 2.6 and

2.8 are both just analytical approximations for effective permittivity of a composite. An

approach known as the Bergman theory uses a set of spectral density functions as fit

functions to correlate with the geometry of the composite [53,54]. This method calculates

effective behaviour of the system and can distinguish between the influence of the geo-

metrical structure and that of the dielectric properties of the components. However the

mathematics behind this method is involved and so interested readers are referred to [53]

for further reading.

These effective parameters can be experimentally retrieved in a number of ways

and rely on measuring the magnitude and phase of the reflected and transmitted light

through the sample. The metamaterial is considered as a uniform planar slab of material

so that when illuminated by light only the reflectance R and transmittance T are con-

sidered, ignoring scattering and diffusion processes [1]. In the infrared frequency range

fourier transform infrared spectroscopy (FTIR) is a useful tool for measuring T and R. This

method is a fast process with a better signal-to-noise ratio compared to dispersive spec-

trometers. It is also important to extract phase data from the transmitted and reflected

light which can be achieved using ellipsometry. This method measures the change in the

polarisation state of the reflected light and is able to provide frequency-dependent phase

information without using home-made apparatus [1].

Extracting the effective parameters of metamaterials from experimental data requires

the determination of four variables due to ε and µ being complex quantities. Extracting

these values from experimental data was first investigated in [55] which provided two
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equations for the RI and the impedance Z,

cos(nkd) =
1− r2 + t2

2t
(2.9)

Z =±
[
(1 + r)2 − t2

(1− r)2 − t2

] 1
2

, (2.10)

where k = 2π/λ0 is the wave vector, d is the thickness of the metamaterial layer, t is the

normalised transmission coefficient and is equivalent to the conventional t multiplied by

exp(ikd), and r is the complex reflection coefficient. These equations are obtained using

a summation based on the Fresnel equations. Following constraints outlined in [55], the

real and imaginary parts of the above equations are solved and the complex values of

Z and n are obtained then, by using ε = n/Z and µ = nZ, the effective parameters are

retrieved. Further considerations should be made when the metamaterial is adhered to a

substrate layer so that equations 2.9 and 2.10 become,

cos(nkd) =
1− r2 + nst

2

[(ns + 1) + r(ns − 1)]t
(2.11)

Z =
i[(r + 1)− t cos(nkd)]

nst sin(nkd)
, (2.12)

where ns is the refractive index of the substrate [1]. [56] provides a general retrieval proce-

dure for multilayer systems which is useful for this work for measuring these parameters

with the presence of a substrate.

The effective parameters can also be obtained from computational simulations of

the metamaterial. Several different electromagnetic approaches are used including finite-

element methods (FEM), finite-difference time-domain (FDTD) methods, and the method

of moments (MoM). MoM (or boundary element method) is a frequency-domain method

for performing EM simulations. It is performed by solving linear partial differential equa-

tions (PDEs) and only requires the surface to be meshed (discretised) providing a compu-
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tational advantage over other methods. However, it is mostly suited to dealing with linear

problems and piecewise homogeneous materials [57].

FDTD is a common method for solving EM problems that have some time depen-

dence and works well for a wide range of frequencies and simulating non-linear mate-

rials. FDTD works by solving Maxwell’s equations on a mesh and computes the electric

and magnetic fields at different points on the grid. However, the time-domain discreti-

sation introduces a numerical dispersion error affecting the simulation accuracy with a

higher error accumulation over time, especially for high frequencies [57].

FEM is a popular approach to solving PDEs in general and is well suited for multi-

physics problems. It involves applying a mesh to an object and approximating the so-

lution to the governing equations of each individual element of that mesh, such that the

resulting expressions give a system of algebraic equations to be solved. Unlike numerical

techniques based upon finite difference or volume methods, FEM can easily capture com-

plex geometries, particularly where boundaries have corners, at a cost of slightly more

mathematical effort. In addition, since FEM is usually employed on the frequency do-

main and so there is no dispersion error like with FDTD [57].

There are plenty of commercial software packages available for simulating meta-

materials, including COMSOL Multiphysics, CST Microwave Studio, RSoft FullWAVE,

amongst others. For a review of the different solvers on the market readers are referred

to [58]. Simulation results must also undergo a parameter retrieval process to convert

from T and R data to Z and n; approaches for this will be discussed in detail in chapter 5.

2.2.2 Fabrication Methods

There are a number of well-established techniques used to fabricate micro/nano-structures

that can be employed for fabricating optical metamaterials. Whilst photolithography is
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a dominant process in many industries, even the state-of-the-art 193 nm technology can-

not produce the required feature sizes needed for optical metamaterial fabrication [1].

Instead of using UV light a collimated beam of X-rays can be used to pattern a resist

through a mask [59]. Since the wavelength of light is much shorter, X-ray lithography has

an increased lateral resolution and has produced feature sizes smaller than 30 nm [60].

However, the size of the features on the mask directly translate to the size of the pattern

since X-rays cannot be focused by optics. This means in order to produce small features

the mask must be equally as small. In addition the membrane of the mask must be very

thin and they are made from expensive materials and so it is the cost of mask production

limiting large scale metamaterial production via X-ray lithography [61].

The most widely used metamaterial fabrication technique is electron beam lithogra-

phy (EBL). EBL is a maskless lithographic technique that uses a focused beam of elec-

trons to form patterns on a photoresist [62]. This technique is widely implemented due

to its high processing reliability, patterning flexibility, and high resolution enabling sub

10 nm feature sizes [36, 63, 64]. Despite being a 2D technique, EBL has been used to fab-

ricate 3D metamaterials by creating more stacks during the EBL process. The number of

stacks achievable is limited by the high aspect ratio which leads to challenges in the lift-

off procedure and increased sidewall roughness [65]. Since the method is step-by-step it

requires additional process development and careful alignment between the layers which

increases the fabrication time making EBL a costly and low throughput technique [1, 65].

Focused-ion beam (FIB) milling can also be used to fabricate metamaterials. This

technique uses a focused beam of gallium ions to sputter atoms from the surface or to

implant gallium atoms into the surface. Due to its sputtering capability it is used as a

micro-machining tool and with a spot size of 10 nm can be used to fabricate optical meta-

materials. FIB has been used to fabricate split-ring resonators with feature sizes of 75 nm

across a 16×16 µm2 pattern (figure 2.6) in as little as 20 minutes [66].
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Figure 2.6: Scanning electron microscope image of array of split-ring resonators fabricated
by FIB writing. Figure reproduced from [66].

FIB milling has also been used to fabricate 3D metamaterials where an alternating

stack of metal and dielectric layers are evaporated onto a substrate and FIB milling used

on the stack to form the pattern [26]. However, FIB milling is a destructive process and

can lead to contamination of the metamaterial by the implantation of gallium ions causing

deviations from the theoretical operation of the metamaterial; as such FIB is used mostly

for rapid prototyping of metamaterials [1].

While EBL and FIB can be use to fabricate 3D metamaterials in the optical regime,

they are limited in terms of structural height and geometrical complexity. Making full

use of the novel properties provided by optical metamaterials requires a move from pla-

nar patterns to 3D nanostructures. As such, the use of additive manufacturing (AM) for

metamaterials is of considerable interest, allowing control over multiple length scales,

within a single step process, while exploiting new geometrical and design freedoms [67].

Of particular interest for optical metamaterials is two-photon polymerisation (TPP) as it

produces nanoscale features.
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2.3 Two-Photon Polymerisation

Two-photon polymerisation (TPP) is an AM technique that can be used to create struc-

tures with feature sizes around 100 nm [68]. Just like other AM techniques, TPP allows

arbitrary 3D structures to be created from computer aided design (CAD) models [69]. As

discussed in the previous section conventional lithographic techniques offer a higher res-

olution but they are limited to producing high-aspect ratio 2D structures with a relatively

low throughput [68].

After Maruo’s successful fabrication of 3D structures via TPP in 1997, a wide range

of applications were suggested for this technology [70]. The fabrication Micro-Electro-

Mechanical Systems (MEMs), by TPP has been widely investigated. Examples include

microtweezers [71], microturbines [72], and optically driven pumps [73]. TPP has also

been used to fabricate compact multi-lens objectives [74]. These lenses of ∼100 µm have

resolutions of up to 500 lp mm−1 showing good optical quality for imaging applications

such as endoscopic instruments. In [75] coupling elements were fabricated by TPP on

the end of optical fibres and demonstrated coupling efficiencies up to 88% between edge-

emitting lasers and single mode fibres.

TPP is also widely used to fabricate metamaterial and photonic crystal (PC) struc-

tures. The most well known pattern is the woodpile structure, as shown in figure 2.7

Figure 2.7: Scanning electron microscope images of TPP woodpiles fabricated in resin SU-
8. Figure reproduced from [76].
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which can generate optical bandgaps [76]. Yet it is structures like spiral PCs which truly

highlight the design freedoms that AM provides over conventional manufacturing tech-

niques [76, 77]. Chiral PCs are able to create bandgaps with a low RI contrast [78]. They

have a higher mechanical stability than laterally disconnected structures [79], further-

more, a bi-chiral PC (figure 2.8) demonstrated lower directional dependency compared

with uniaxial structures [78].

In [80], TPP is used to create voids in a positive tone photoresist which are filled

with gold using electroplating. Since the RI contrast between the gold and polymer is

sufficiently high there is no need to remove the photoresist. However, the structure design

scope is limited to what can allow gold filling, making this technique 2.5D rather than 3D.

Elongated split-ring resonators were fabricated in [81] by creating TPP scaffolds and using

silver chemical vapour deposition thus creating a high quality magnetic metamaterial at

the NIR frequency.

TPP GRIN lens structures have been used for infrared concentration which is an at-

tractive solution to increase the photometric performance of sensors by concentrating the

Figure 2.8: Scanning electron microscope images of TPP bi-chiral photonic crystals,
demonstrating the geometrical freedoms TPP affords. (a) Top views of TPP structures
with different chiral “handedness” and (b) oblique view of a right/left-handed TPP struc-
ture. Figure reproduced from [78].
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light into a small area. Moughames et al. [82] fabricated a fishnet GRIN lens (volume

1.5λ3) with air gaps from λ/20 to λ/8 to concentrate mid-infrared light (λ = 5 µm). The

GRIN lens, shown in figure 2.9, fabricated in this experiment achieved an intensity in-

crease of up to 2.5 times. During this experiment, a home-made tri-acrylate polymer was

used to fabricate the metamaterial structure, but they hypothesised that by using higher

refractive index material like silicon, high-quality GRIN lenses could be realised.

Figure 2.9: Scanning electron microscope images of metamaterial fishnet light concen-
trator fabricated by TPP. (a) Top view of concentrator designed for 10.4 µm wavelength
integrated in a polymer block and (b) top view of concentrator designed for 5.6 µm. Fig-
ure reproduced from [82].

2.3.1 TPP Working Principles

TPP is based on photopolymerisation whereby two photons are absorbed by a photo ini-

tiator (PI) enabling the movement of an electron from its ground state to its excited state.

This mechanism is known as two-photon absorption and was first described in [83]. This

work numerically predicted that two photons can be absorbed through a virtual state,

changing the electronic state of the atom or molecule. Two-photon absorption (TPA) is

the fundamental process of TPP and is one process under the umbrella of multiphoton

processes [84].

TPA works by simultaneous excitation where the first photon moves the electron to

a virtual state which has a lifetime of 10−15 s. Only if a second photon arrives within

this lifetime will it be absorbed [7]. The photons must have energy half of that of the
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Figure 2.10: Fundamentals of two-photon polymerisation generated by a focused laser
beam. Two near-IR photons are required to excite the electron from the ground to the
excited state where as only one photon of UV light would be required. Lasers are pulsed
to allow the two photons to arrive within 10−15 s. The NIR beam is focused into the
polymer where curing occurs only at the focal point of the laser. TPA is non-linear and is
related to the square of the laser intensity.

energy gap, corresponding to near-infrared (NIR) radiation, and light intensities must be

sufficiently high to ensure the second photon arrives within the lifetime of the virtual

state. Figure 2.10 shows the mechanism for TPA as compared to single photon absorption

using UV light.

The development high power density monochromatic laser sources enabled the fab-

rication of microstructures via TPA [85]. Ti:sapphire lasers are widely used for TPP since

they produce an ultrahigh peak power with short pulse widths of ∼100 fs making them

capable of inducing TPA. Additionally, their central wavelength is ∼800 nm allowing easy

control of the polymerisation threshold [7]. By using a high NA objective lens to focus the

laser into a photocurable resin, a photon density profile is formed with constant total

number of photons at every cross-section (figure 2.10). The number of absorbed photons

in TPA is defined by,
dI

dz
= δ · I2, (2.13)

where δ is the material dependent TPA cross-section and I is the incident light inten-
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sity [84]. Due to this, it is only at the focal point of the beam that the NIR light will

be absorbed leading to high spatial resolution that is below the diffraction limit of the

light [70]. Moreover, since the resin is transparent to NIR light, structures that are out-of-

focus have little effect on the attenuation of the laser beam meaning it is not necessary to

stack 2D layers making TPP a true 3D patterning technique.

When the laser is focused into a liquid-state resin, the photosensitiser chromophore

used to enhance two-photon activation is excited by the absorption of two photons and

then emits UV-fluorescent light. This light is then absorbed by PIs which generates rad-

icals (initiation). These radicals then react with monomers or oligomers which go on to

produce monomer radicals, which then expand in a chain reaction (propagation) until

two radicals meet (termination). This process, known as free radical polymerisation, is

described by,

initiation : S
hv,hv−−−→ S∗ · · · I−→ I∗ → R· (2.14)

propagation : R· +M → RM · M−→ RMM · · · → RM ·
n (2.15)

termination : RM ·
n +RM ·

n → RMn+mR (2.16)

which show the interactions of the photosensitiser (S), PI (I), radical (R·) and the monomer

(M ), where S∗ and I∗ are the excited states of the photosensitiser and PI respectively [7].

Cationic photopolymerisation also exists, sharing the same structure as free-radical poly-

merisation however the PI generates a cation as a result of energy absorption [69].

Resins used in TPP are made up of two key components which are the PI and the

monomer; however other components can be introduced such as polymerisation inhibitors,

solvents to assist in casting, and filler polymers to increase viscosity [86]. Initial work

surrounding TPP made use of commercially available UV photopolymers such as ure-

thane acrylates and epoxies. These photopolymers were developed for macro-scale 3D

parts, and although they allow the precise fabrication of microstructures, they are unsuit-
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able for photonics applications due to insufficient mechanical and chemical properties.

Therefore several materials, including inorganic-organic hybric polymers, biopolymers,

photoresits and hybrid polymers containing metal ions have been developed for mul-

tiphoton fabrication [70]. Details on specific developments and considerations around

GRIN metamaterials will be outlined in the following subsection.

2.3.2 TPP Considerations for Metamaterials

There are several key issues and considerations surrounding the fabrication of GRIN

metamaterials using TPP. Firstly, since the feature sizes need to be much smaller than the

target wavelength range, often quoted betweeen λ/4 and λ/10, achieving smaller feature

sizes will allow a metamaterial to operate in the visible or NIR wavelength range. Sec-

ondly, the dimensional accuracy of the structures is important since any deviation from

the design will change the functionality of the device. Finally, the processing efficiency

should be considered as a means of high volume, or large structure fabrication since the

metamaterials fabricated may need to be several mm in overall size (106 times larger than

the feature size). These areas can be improved by looking at the TPP process or by altering

the materials used in fabrication.

Resolution & feature size

A lot of research has been undertaken to improve the resolution of TPP due to competi-

tion with other high resolution nanofabrication processes such as EBL and FIB lithogra-

phy [87]. Resolution is often used interchangeably with “feature size” in the literature;

formally the resolution is the minimum spacing of two adjacent yet separated structures,

and feature size refers to the size of isolated structures [88]. Whilst both play an impor-

tant role in the fabrication of metamaterials, this section will mostly focus on reducing the

feature size.
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The feature sizes of TPP depend upon the voxel (3D pixel) dimensions which are

dictated by both the laser spot shape and material parameters. The following equations

are derived from Gaussian optics,

D = ω0

√√√√ln

(
I20 tβτν

Ith

)
(2.17)

L =
2zR
n

√√√√exp

[
1

2

(
D ·NA

λ

)2]
− 1, (2.18)

where D is the voxel diameter in the horizontal plane and L is the voxel height. I0 is the

intensity at the focal point center, t is the exposure time, β is the material sensitivity/reac-

tivity coefficient, τ is the laser pulse duration, ν is the repetition rate, Ith is the threshold

intensity, n is the RI and zR is the Rayleigh length [89]. Finally, ω0 is the beam waist given

by,

ω0 = 0.61
λ

NA

√
ln 2

2
, (2.19)

where λ is the wavelength of the laser light, NA is the numerical aperture of the objective

lens as defined in [90].

Equations 2.17 and 2.18 show that the voxel dimensions can be minimised by opti-

mising the laser dose, i.e. laser scan speed and power, however this has an often quoted

limitation of 100 nm [87]. Despite this, sub-100 nm structures have been achieved by

changing certain material properties, as suggested by the β term in the above equations.

For instance highly sensitive PIs can be used to lower the threshold intensity and expo-

sure time necessary for polymerisation. A lower intensity threshold decreases the region

of initial radical generation, and a short exposure time decreases the number and diffu-

sion of these radicals, both of which lead to smaller voxel dimensions [87]. This method

has been used to demonstrate lateral sizes of 80 nm [91].

Radical quenchers have also been introduced into photo curable resins which have
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enabled voxel sizes down to 65 nm [92] and line patterns of 95 nm wide [93]. It is im-

portant to note that this method could result in an increase in laser threshold which con-

tributes to larger voxel sizes. Additionally, an increase in radical quenchers could result

in shorter polymer chain lengths leading to structures with a low molecular weight. This

affects the mechanical strength of the structure and could lead to distortions during de-

velopment [93]. Any distortions would affect the optical quality of a metamaterial and so

this method of feature size reduction may be undesirable in metamaterial fabrication.

Another way to improve the resolution is to use metal-polymer nanocomposites

which are processed through simultaneous polymerisation and reduction. In [94] line

widths of 78 nm were achieved by adding gold salt to PETA resin. It is thought that

the energy required for gold salt reduction lowers the effective energy available for poly-

merisation thus narrowing the portion of the laser beam that is above the polymersiation

threshold [95]. However, the addition of metal-salts will change the optical properties of

the resin, and in particular its RI [96]. Understanding how the RI of the resin is altered is

paramount to the effective design of any metamaterials using these nanocomposites.

As a final consideration, voxel size can be reduced by altering the TPP set up and

introducing additional processing techniques. Once such technique is to couple TPP with

stimulated emission depletion (STED) microscopy. In STED, molecules in the excited state

are brought back to the ground state through stimulated emission. STED-lithography

systems, such as that shown in figure 2.11, use two lasers to write a structure [84].

A pulsed excitation laser excites the PIs for polymerisation, in the same way as for

TPP, and a second deactivation laser locally inhibits the polymerisation ability of the PIs

by forcing energy emission. The deactivation laser is shaped using a phase plate to change

the Gaussian distribution to a donut-shaped mode which has zero intensity along the

optical axis. By overlapping the two lasers, polymerisation can be restricted to only the

central region of the excitation laser spot thus reducing the voxel size further [97]. Using
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Figure 2.11: Example set up of STED-lithography using two lasers: TPA at 780 nm and
depletion at 532 nm. PH are pin holes for mode purification, PM is a 2π spiral phase plate
to create a donut beam, APD is an avalance photodiode used to monitor the back-reflected
beams to ensure correct beam overlap and DC are dichroic mirrors. Diagram reproduced
from [84].

this method, features have been written with line widths of 65 nm for a 810 nm excitation

laser [97] and 55 nm for a 780 nm excitation laser [88]; the depletion laser was 532 nm in

both cases.

Dimensional accuracy

A major limitation in TPP is the polymer shrinkage exhibited during the development

process. This will affect the overall geometry, so that the metamaterial may no longer

work as intended. For example, deformations can prevent the formation of band gaps in

PCs [84]. Sun et al. proposed a shape precompensation method to overcome the mate-

rial dependent shrinkage rate, which is an experimentally measurable constant [98]. For

their woodpile structures, they found a lateral linear shrinkage rate of 2%/µm which is

normal to the substrate surface. This shrinkage is due to the tensile stress induced by

photopolymerisation gradually being released from the substrate adhered bottom layer.
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The anticipated shape and size disparity was compensated for in the structure design

phase, the result of which can be seen in figure 2.12. Several papers have also demon-

strated shrinkage compensation in the design phase by introducing a solid support frame

around the structure perimeter leading to increased mechanical stability. In this way, lat-

tice distortions are limited only to the boarder zones of the structure [99].

Other solutions are to develop low-shrinkage materials for use in TPP. Polymerisa-

tion shrinkage can be explained on the basis of the degree of conversion obtained in the

structure which is based on the initial monomeric reactive group concentration. There-

fore, lower shrinkage can be obtained by using monomers with higher molar mass and

lower degrees of functionality. Introducing ethoxy groups to multifunctional monomers

will reduce shrinkage as the concentration of double bonds drops significantly with in-

Figure 2.12: SEM images of woodpile structures where (a) has no precompensation ex-
hibiting a shrinkage of 2%/µm and (c) showing a nearly cubic woodpile with precom-
pensation accounting for this shrinkage. (b) and (d) show (a) and (c) respectively from
different angles, where (d) is the highlighted region from (c) rotated by 90◦. Image repro-
duced from [98].
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creasing molecular weight. Additionally, methacrylates are known to shrink less than

acrylates as they have a lower conversion resulting from lower reactivity and higher poly-

mer rigidity [100]. Nonlinear Optical (NLO) silica sol-gel is a material that attracted in-

terest due to its stability and low cost. Farsari et al. [101] used a photosensitive sol-gel

material containing “NLO chromophore disperse red 1” and produced woodpile struc-

tures with very little shrinkage or distortion. This is due to the shrinkage occuring during

the preparation process, so that when polymerised no molecules are released so there is

very little shrinkage to cause distortion.

Altering the development procedure may also be a way to combat shrinkage. Usu-

ally the sample will be developed in solvent and then transferred to a rinsing liquid then

removed and dried. However, capillary forces as the developer solvent and rinsing liq-

uids evaporate can lead to unwanted shrinkage. In [102] instead of removing the sample

from the developer, a percentage of the developer was removed and replaced by the rins-

ing liquid, this was repeated three times separated by a 10 minute residence time. Whilst

still in the bath, the sample was exposed to UV light before being rinsed and dried. Their

work found that this method reduced shrinkage from 30% to 10%, however it is a longer

and more involved process than the basic development procedure.

Fabrication efficiency

The speed of TPP depends on many physical and material parameters however to provide

a rough example using a commercial Nanoscribe GmbH Professional GT system, a wood-

pile structure of 1 mm×1 mm×20 µm with a log spacing of 1 µm and 20 layers would take

approximately 30 minutes in galvo mode at a rate of 10 mm s−1. This does not include

stop/start time for the lines and movement of the stage for stitching. Whereas, if piezo

mode were used it would take over 2 days [103]. Two main ways of increasing fabrica-

tion speed are through the creation of custom PIs and introducing multiple spot parallel
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processing.

The PI is an important component of the resin used in TPA. Several factors including

its δ value, quantum yield Φr, initiation velocity, and solubility are important in determin-

ing how suitable the PI is for TPP. Many groups use PIs that are commercially available

however there is considerable research surrounding the design and synthesis of new PIs

with increased δ [70]. PIs developed with high δ tend to sacrifice Φr and initiation veloc-

ity values, however even if these values were to decrease by an order of magnitude, δ can

be increased by several orders of magnitude through good molecular designs. Therefore,

increasing δ is usually the preferred route to increasing TPP efficiency [104].

In order to increase the δ of free radical PIs, work has centred around molecules

composed of a conjugated central region flanked by electron-donating (D) or -accepting

(A) groups. δ values as high as 1250 GM have been synthesised using configurations such

as D-π-D, D-π-A-π-D, and A-π-D-π-D where π is a conjugated bridge [105]. This value

is high compared to 20 GM which is the typical value for commercial compounds [106].

Increasing δ not only speeds up the photopolymerisation process, but also allows lower

laser powers to be used which is sure to increase the fabrication efficiency of TPP.

One strategy looking to improve TPP throughput is the use of a microlens array

(MLA) [107]. The method uses an array of microlenses arranged in a periodic pattern

on a transparent substrate which converts the collimated beam into multiple focus spots

allowing parallel processing. Since the laser power is divided across several hundred

spots the initial laser pulse energy is amplified to preserve the energy needed for TPP.

Despite this compensation, the uniformity of laser intensity delivered across each lens

needs to be addressed. Figure 2.13 shows how the voxel size changes for a single-shot

exposure from the centre to outer edge of the array [107]. However, in this current form,

the reduction in size from the central to the outer region could be the basis for fabricating

GRIN metamaterials.

32



2.3.2. TPP Considerations for Metamaterials 2. Literature Review

Figure 2.13: SEM images of a voxel array produced with a single shot laser dose. The
pattern shows clear differences between the outer and inner voxels. Image reproduced
from [107].

Material Considerations

A lot of work has focused on creating resins with higher RIs. This was driven by photonic

crystal research, as in order to produce a full band gap an RI difference of 2 is needed

between the material and the surrounding air [70]. Higher RI materials are also impor-

tant for metamaterial structures due to the part the materials play on achievable effective

parameters. A number of methods have been used to increase the RI including the devel-

opment of high RI monomers [108]. A less complicated approach is to dope commercially

available resins with high RI particles since by using EMT the mixture can be considered

of a single materials with effective material properties [50]. Duan et al. demonstrated the

generation of titanium dioxide (TiO2) nanoparticles in the 3D structure and presence of

PBG using TiO2-doped resin [109]. However, care must be taken to use materials that are

transparent at the intended wavelength of operation or if not, introduce effects useful to

the operation of the metamaterial.

It is also possible to use TPP to produce a negative mould and to backfill the structure

with materials of higher RI and subsequently remove the original structure [70]. Shir et
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al. created inverse Silicon woodpile structures by coating a TPP woodpile structure with

a layer of Al2O3 using chemical vapour deposition (CVD) and layers of Silicon using

atomic layer deposition (ALD) [110]. The polymer (SU-8) and Al2O3 were subsequently

removed using Hydrofluoric acid resulting in an Si inverse woodpile structure which

demonstrated a complete bandgap. Challenges with this method are due to the number of

post-fabrication steps increasing production time, while also magnifying any distortions

in the polymer structure leading to non-uniform surfaces.

Another material consideration is the ability to print multi-material structures. Meta-

materials with 3 or more materials often have improved properties for the desired func-

tionality. In [111, 112] subsequent polymerisation was used to create a network of high

and low dielectric packets. Structures relating to material one are printed and devel-

oped, then the second material is deposited and further fabrication was carried out. This

method suffers from low accuracy due to the multiple stages of samples alignment and

development.

Efforts have also been made to fabricate metal-dielectric structures using TPP for vis-

ible metamaterials and PCs. One example being the simultaneous photopolymerisation

and reduction discussed previously for line width reduction [94]. Askari [113] combined

optical trapping with multi-photon polymerisation to create polymer fishnet structures

with particles arranged inside the gaps. The set up can be used to position a wide num-

ber of particles provided their RI is higher than that of the photoresist. The fabrication

speed is limited by the trapping force generated by the optical trap, so to increase fabrica-

tion speeds a diffractive optical element (DOE) was used to produce 7 traps in a hexagon

pattern allowing an increase in fabrication speeds. The accuracy of the particle deposition

is controlled by the focal spot of the polymerisation laser; by reducing the spot size less

polymer is used to fix the transported particle in place reducing any movement of the

particle during polymer solidification.
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A hybrid TPP and laser induced transfer (LIT) system by Kuznetov et al. [114] al-

lows high quality spherical nanoparticles to be deposited onto specific areas of a design.

The particles change their shape according to the receiver structure allowing different de-

signs to be realised. One limitation is that a femtosecond laser is used for both LIT and

photopolymerisation so the LIT process cannot be done in the presence of photoresist.

Therefore, this is a sequential process with increased fabrication times, but may be an

acceptable compromise to be able to realise metal/polymer structures at the nanoscale.

While these show promise towards multi-material TPP, all of the examples increase the

already large fabrication times prohibiting large scale manufacture.

2.4 Summary & Gap In the Knowledge

Gradient index optics are important for a wide range of applications but have been lim-

ited by the technologies available to fabricate GRIN materials [8]. GRIN lenses with larger

RI gradients will reduce the focal length of the component and allow further miniaturisa-

tion over conventional optics which are particularly useful for integrated optical systems.

A lot of research has been undertaken to assess the use of metamaterial structures that

work as GRIN optics [2]. Since metamaterials have electromagnetic properties that are

controlled by the underlying geometrical structure rather than just their material con-

stituents, the hope is to create larger RI gradients and arbitrary GRIN profiles [1].

Ordinarily, metamaterials are fabricated using techniques such as EBL and FIB milling [62,

66]. However, the geometrical design space is limited for these processes, and as such

TPP is suggested an alternative to GRIN metamaterial fabrication. TPP is an AM tech-

nique capable of fabricating arbitrary 3D structures [69] and has already been used in

metamaterial fabrication intended for the IR range [81, 82]. Moughames et al. showed

the ability to “collect”, or focus, light with a TPP GRIN metamaterial structure, however

future research would need to assess any imaging qualities of such lenses [82].
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This work aims to be a comprehensive investigation into the use of TPP for creating

a broadband GRIN metamaterial lens. TPP offers the geometrical flexibility that is crucial

in creating the small changes in each unit cell required to create the RI gradient. Whilst

there are many challenges to overcome including the minimum feature sizes and polymer

shrinkage, TPP offers the ability to create micro-structured lenses with mm overall size.

2.5 Thesis Methodology

This work used a commercial TPP system (Nanoscribe GmbH Photonic Professional GT)

to assess the fabrication of GRIN metamaterials using TPP. The material used is IP-L

which is a proprietary Nanoscribe resin formulated specifically for polymerisation at

780 nm wavelength. This allowed the assessment of TPP GRIN metamaterials using al-

ready in the market systems and materials.

Firstly, this work looked to create a catalogue of achievable feature sizes of IP-L at

different laser doses so that feature size gradients across a GRIN structure could be con-

troled. An ascending scan test pattern [115] was fabricated at different laser doses and

imaged via SEM. The images were processed in ImageJ [116] and a bounding box anal-

ysis provided the line dimensions; the resulting data was analysed using MATLAB. The

results were fit to the theoretical equation (equation 2.17) presented in section 2.3.2 to

discuss the ability to predict line widths for doses not experimentally tested.

Following this, work was undertaken to look at the practicalities of printing gradient

structures with TPP. This included looking at ways to control shrinkage by implement-

ing stabilising frames, and by improving structure adhesion by silanizing the glass sub-

strates. Woodpile structures were printed with feature size gradients by altering the laser

dose across the structure to understand how this affects stability. Using the information

gathered, a “cylindrical fishnet” geometry was imagined for use as the metamaterial as it

36



2.5. Thesis Methodology 2. Literature Review

provided several ways to alter the geometry to produce a gradient.

Using the feature size catalogue found from the ascending scan samples, and with

the cylindrical fishnet structure chosen, the next work package looked at simulating the

structure to understand the RI achievable for different geometries. Analytical calculations

using the Maxwell-Garnet theory [51] were undertaken where the fill fraction was based

on the achievable line widths. The results were fit to four hyperbolic secant profiles that

were normalised to different maximum and minimum RI values, and the closest matching

unit cells along a discretised curve were selected. The selected unit cells were simulated in

COMSOL for a greater understanding of how the geometry affects the RI. This provided

a list of achievable effective RI values for different unit cell geometries.

Finally, using these effective RI results a simple 2D lens simulation was set up in

COMSOL to understand how the RI profile, smooth verses discrete regions, affects the

focal length and focal spot size of the resulting cylindrical lens. Example structures with

these theoretical RI gradients were printed providing further insight into future improve-

ments needed for printing GRIN lenses using TPP.
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Chapter 3

Feature Size Characterisation

3.1 Introduction to Line Width Measurements

The aim of the work presented in this chapter is to understand the range of feature sizes

obtainable for a commercial TPP resin, IP-L. The minimum feature size determines the

minimum wavelength of operation for the metamaterial lens. For TPP, the feature sizes,

specifically line width and height, depend on the material being used as well as the laser

parameters while printing. As shown in equations 2.17 and 2.18 the laser power (LP) and

scan speed (SS) have an effect on the resulting line widths and line height; the combination

of these two parameters is referred to as the laser dose [7]. A dose test was undertaken to

find a range of laser power and scan speed combinations that produce well polymerised

structures. A test pattern was printed at each dose combination and the resulting line

widths measured. This chapter also investigates the theoretical line width model based

on equation 2.17 which would allow the prediction of line width for a particular dose

without experimental measurements. The main outcome of this chapter is the catalogue

of line width measurements which were used to design the metamaterial lens in chapter 5.
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3.2 Measurement Methodology

3.2.1 Fabrication using Nanoscribe TPP System

A commercial TPP setup (Nanoscribe GmbH Photonic Professional GT) was used to fab-

ricate the structures in this work. The system uses a 780 nm fibre laser with an 80 MHz

repetition rate and 120 fs pulse duration. An oil immersion objective lens (1.4 NA, 63X,

190 µm WD) was used to focus the laser beam. Structures were written in galvo mode

where the laser beam is moved relative to the sample using a high speed XY galvo-scanner

and a piezo stage moves the sample in the z-direction.

The structures were designed in DeScribe, the print preparation software for the

Nanoscribe, resulting in a .gwl file. Print files can be created by either importing an STL

file or a design can be programmed in DeScribe using General Writing Language (GWL).

The first method is useful for larger solid structures, where features are bigger than the

line width, as it is sliced into layers with a set hatching distance and orientation between

each scan line. However, this method falls short for creating structures from single scan

lines, as lines not oriented in the direction of the scan path are split into segments break-

ing continuity. This work made use of GWL programming, where laser coordinate data

is defined by mathematical functions, allowing for more complex designs and also giving

the ability to change laser parameters across the structure.

The substrate used is a 22 mm × 22 mm glass coverslip with a thickness of 0.16 mm.

The coverslip is washed in Acetone (VWR Chemicals, UK) followed by 2-propanol (Sigma-

Aldrich, Dorset UK) and then blow dried in air; this is the base procedure recommended

by Nanoscribe. After the substrate is prepared, it was then secured to the sample holder

using tape where a drop of Zeiss ImmersolTM 518F was applied to the centre of one side

and the IP-L resin (Nanoscribe, Germany; previously known as IP-L 780) was drop-cast on

the other. This resin is a negative-tone resist optimised for TPP, and of the available resins
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at the start of this project it offered the smallest feature sizes of the Nanoscribe library,

and the lowest shrinkage. Following this, the sample holder was placed into the Nano-

scribe for writing and the previously prepared .gwl file is loaded. Post writing, samples

were developed in propylene glycol monomethyl ether acetate (PGMEA; Sigma-Aldrich,

Dorset UK) for 20 minutes and cleaned in 2-propanol for a further 2 minutes then blow

dried in air.

Images of samples were taken using either an optical microscope (Nikon Eclipse

LV100ND) or Scanning Electron Microscopy (SEM). For SEM, samples were sputter coated

with 10 nm of iridium to create a conductive surface ready for imaging at 15 kV using a

JEOL 7100F FEG-SEM. Files were saved in .tiff format to ensure high fidelity of the data.

3.2.2 Resin Dose Test

A dose test is performed to find the workable range of the resin (IP-L). A range of scan

speeds between 10 µm s−1 to 100 000 µm s−1 were investigated, where the scan speed

increased linearly over a logarithmic scale. To perform the dose test 3 arrays of woodpile

structures with a rod spacing 0.9 µm and a layer offset of 0.5 µm were printed at powers

between 10% − 120% in 5% intervals for each of the chosen scan speeds. The arrays were

printed in different runs to account for fabrication variations resulting in an incorrect

result (e.g dust in the resin causing an explosion where the dose would otherwise be

fine). The resulting structures were visually inspected using SEM to find the power range

for each scan speed where “good” structures were produced; specifically well-formed

structures with no micro-explosions or inconsistencies.

It should be noted that the Nanoscribe system uses percentages when programming

the laser power. The system is calibrated to 50 mW output at 100% power, where an

acousto-optic modulator (AOM) controls the power output through the system. Powers

above 100% are possible by increasing the power scaling of the machine, but there is
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still an upper limit which can change over time as the laser ages. Therefore, to ensure

longevity power scaling was set to 1.2 in this work, allowing a maximum power of 120%

or 60 mW.

3.2.3 Line Width Measurement and Analysis

Ascending Scan Test Pattern

The popular “ascending scan” method was employed to create a pattern to measure the

line widths of IP-L. In this method, lines are printed with increasing offset from the sub-

strate as demonstrated in figure 3.1. Since the laser focal point is elliptical, lines adhere

to the substrate at smaller offsets but fall off at larger offsets due to the smaller surface

area at the tip. Adhered lines allow the measurement of the line width, while fallen lines

should fall and adhere to the surface allowing the measurement of line height.

The need for multiple lines arises from the uncertainty when finding the interface

between the substrate and the resin. The Nanoscribe is set to find the interface at the

Figure 3.1: Visualisation of ascending scan array where lines are fabricated at increasing
offset from the surface of the substrate. The lines are spaced 2 µm apart in the y-direction
to minimise potential overlap of fallen lines.
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midway point of the voxel, where it should be the thickest and therefore allow good ad-

hesion. Increasing the offset allows for the true widest point of the voxel to be uncovered

providing an accurate line width measurement. Each ascending scan set consists of 8,

2 µm long lines where the offset from the substrate is increased in 0.1 µm steps for scan

speeds under 20 000 µm s−1, and in 0.025 µm steps for scan speeds greater than or equal

to 20 000 µm s−1. This difference was to account for the shorter voxel height at the higher

scan speeds as initial studies found only lines at the first offset were adhered to the sub-

strate in this speed region.

For each of the acceptable dose combinations found in section 3.2.2, an array of lines

is created by repeating the ascending scan pattern 5 times to assess repeatability within

the sample. The interface was found at the start of each repeat to account for any variation

in the substrate between each line set. Five samples were made in different runs and on

different days to assess the run-to-run repeatability of the line widths. The samples were

prepared for SEM as per section 3.2.1 and an image was taken of every array of lines

across the five samples corresponding to 465 images. Images were taken across multiple

days making sure a single sample was imaged in one sitting so as not to cause variations

within a single data set.

Data Extraction & Analysis

The simplicity of the ascending scan arrays means line widths can be measured easily

using image processing techniques in order to speed up the analysis process. ImageJ

was used to extract the line width data from the SEM images of the ascending scan ar-

rays [116]. A macro was created to batch process all ascending scan images. First the

images were cropped to remove the SEM parameter information, converted to 8-bit, and

a median filter with a radius of 2 was applied to remove random noise. Following this,

the Huang white auto threshold was used, chosen after trying all thresholding methods
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within ImageJ and visually inspecting which provided consistent results across multiple

images. Lines were then analysed by applying the “Oriented Bounding Box” analysis

from the MorphoLibJ plugin [117], and the data was exported in .xlsx format. The full

macro can be found in appendix A.

MATLAB was used for statistical analysis of the data by importing the .xlsx file. The

results from the bounding box analysis provided the x and y location of the centre of

each box, along with the box length and width. THe position and dimensions were out-

put in pixels and were converted into nanometers for analysis. Images were taken at a

magnification of 5500 to allow for a whole array to fit in one image; this corresponded to

17 nm per pixel. Fabricated lines had a length of 2 µm; values with a box length larger

than 2.5 µm and smaller than 1.5 µm were removed from the data set and assumed to be

non-line artefacts.

Lines that had fallen were removed from the data by calculating the median of the

remaining lines and removing lines outside of 3 times the median average distance from

the median [118]. The bounding box coordinate data was then used to sort the lines into

their position on the array to enable the comparison of lines at the same z-offset. Finally,

the line width for each array was taken as the mean of the row with the highest offset with

as many of the 5 lines present as possible. The weighted mean and standard deviation is

used to combine the line widths from each of the 5 samples, and the pooled standard

deviation is used to look at variations within a single sample.

Fitting Line Width Data to Theory

An investigation into the theoretical fit of the line width vs power for each scan speed

was then undertaken. Understanding the relationship between the line widths and the

laser parameters is useful for predicting line widths for a particular dose without having

to experimentally test that combination specifically. The following section looks to fit the
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experimental data to the theoretical fit given by equation 2.17, MATLAB’s curve fitting

toolbox was used to fit the data to the custom equation for line width given by,

D = ω0

√
ln
(Pτν

Sa

)
, (3.1)

where ω0 is the beam waist given by equation 2.19, P is the laser power in mW, τ = 100 fs

is the laser pulse duration, ν = 80 MHz is the repetition rate, S is the scan speed in µm s−1

and a is the fitting parameter which has grouped the other parameters in equation 2.17 so

that a = β/Ith; representing the ratio of the material coefficient and threshold intensity.

In order to avoid a complex result, and thus a failed curve fit, the following upper

limit was applied to the fit,

aupper <
Pτν

S
, (3.2)

and the lower limit was set to 0. This is physically justified since the power and speed

combination must be larger than the threshold intensity in order to initiate polymerisation

to begin with. The results of the individual fits were compared to a single optimised fit

using the nlinfit function from MATLAB’s Statistics and Machine Learning Toolbox.

3.3 Results

3.3.1 Dose Test Results

If the laser dose is too low, corresponding to low power and fast scan speeds, polymeri-

sation is not (fully) initiated resulting in either no structure forming, or an inconsistent

structure that is not self-supporting (figure 3.2a). Whereas, if the dose is too high (high

power and slow scan speeds) micro-explosions occur in the resin (figure 3.2c). A “good”

dose will result in consistent fabrication as in figure 3.2b. A dose was considered accept-

able where 2 or more of the structures at a particular dose produced “good” structures.
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Figure 3.2: Example woodpiles printed for the dose test where (a) is underexposed
demonstrating the inconsistencies, (b) is a good dose showing a well polymerised and
consistent structure, and (c) is overexposed and shows remnants of micro-explosions.

Figure 3.3 shows a map of the resulting dose regions where the corresponding power

in milliwatts is also shown for ease of conversion (100% = 50 mW). The blue (ticks) show

the workable range of the resin; these power and speed combinations were used for the

ascending scan samples and are summarised in table 3.1.
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Figure 3.3: Dose region map for IP-L resin. The grey (circles) are where underexposure
occurs, the blue (ticks) are the workable doses, and the orange (crosses) represent regions
of overexposure.

Table 3.1: Table showing the laser scan speeds and their corresponding laser powers pro-
ducing good structures as defined from Figure 3.2. These powers cover the blue (ticks)
region from Figure 3.3. Steps for the laser powers are 2.5 mW and 5% for each unit.
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3.3.2 Ascending Scan Measurements

Figure 3.4a shows an SEM image of an example array (SS = 50 µm s−1 & LP = 7.5 mW)

where each column is a repeat of the ascending scan pattern for that dose, with the z-

offset increasing from the lower to the upper lines. It was intended that line heights

could be measured using the lines that had fallen over. However, as shown in the image,

these lines would often scatter across the substrate during the development process rather

than falling in place making it difficult to measure both line width and height with any

consistency. Due to this, the maximum offset was limited to 0.7 µm (0.2 µm for scan

speeds ≥ 20 000 µm s−1), corresponding to 8 lines total, to reduce the number of fallen

lines scattering across the substrate, and the study was limited to measuring line widths.

An example array after image processing is shown in figure 3.4b demonstrating the

results of the thresholding as well as showing the calculated bounding box around each

feature. The numbers are auto-generated and provide a tag to each feature extracted

by the software. These tags are not always in numerical order as they appear on the

substrate and so a method was employed to sort the data into their respective position on

the substrate as previously discussed in section 3.2.3.

Figure 3.4: Example ascending scan array for SS = 50 µm s−1 & LP = 7.5 mW where (a) is
the raw SEM image and (b) shows the array post image processing to the same scale. The
line widths were taken as the width of the bounding boxes as shown in green.
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Figure 3.5: Achievable line widths for the 13 selected laser scan speeds for their respec-
tive laser power regions. The smallest line width is 273 nm ± 32 nm and the largest is
561 nm ± 21 nm. The general trend of increasing line width with increasing laser power
is apparent, as well as decreasing line width with increasing scan speed. Large error bars
and scattered data are due to experimental inconsistencies. Results are comparable to the
study conducted by Guney et al. [115].

Figure 3.5 shows the line widths as a function of laser power for each scan speed. As

expected the line width increases with increasing power and decreases with increasing

scan speed; relating to increasing and decreasing laser dose respectively. The maximum

line width was found to be 561 nm ± 21 nm for a dose combination of SS = 10 µm s−1 &

LP = 12.5 mW and the minimum was 273 nm ± 32 nm for SS = 50 µm s−1 & LP = 5 mW.

These results make up the catalogue of achievable line widths which were used in the

analytical effective refractive index calculations as discussed in section 5.2.1.

It is clear from the error bars in figure 3.5 that there is generally a large uncertainty on

the line width values. Table 3.2 summarises the in-run (across a single sample) and run-

48



3.3.2. Ascending Scan Measurements 3. Feature Size Characterisation

Table 3.2: A table showing the pooled standard deviation of line widths for each of the five
samples as well as the run-to-run variation representing the standard deviation across all
five samples.

Figure 3.6: Examples of line imperfections (a) overgrowth due to laser acceleration at the
left hand edge, (b) bowing where adhesion to the substrate occurs after curing and (c)
debris such as dust or other particulates left over from various points in the fabrication
process. In the example in (c), the line width is increased due to undissolved uncured
resin in the region.

to-run (across all samples) pooled standard deviations indicating the repeatability of the

results. Line imperfections, such as those demonstrated in figure 3.6 will have an effect

on the line width results. In addition, daily differences in SEM set up will affect the focus

of the image affecting the bounding box analysis. Figure 3.7 shows images of the same

ascending scan array (SS = 10 000 µm s−1 & LP = 35 mW) taken on two separate occasions.

The processed image for the top row of lines is shown above their respective raw images.

The average width of the top row of lines was 442 nm ± 17 nm and 391 nm ± 17 nm for

(a) and (b) respectively representing a 3 pixel difference.

The oriented bounding box analysis was used to measure line dimensions to account

for any lines not falling perfectly along the x-axis. This is an improvement compared to

using the in-built bounding box analysis in ImageJ as widths are artificially increased
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Figure 3.7: SEM images of the SS = 10 000 µm s−1 & LP = 35 mW array on the same sample
taken on different days. The black strip shows the top row of lines for the image below
after image processing.

if the line is on the diagonal. By way of example, for figure 3.7(a) using the in-built

bounding box the line width average for the top row is 459 nm ± 17 nm compared to

442 nm ± 17 nm for the oriented bounding box (representing 17 nm or 1 pixel difference).

For figure 3.7(b) the difference is 34 nm or 2 pixels (425 nm ± 17 nm and 391 nm ± 17 nm

for in-built and oriented bounding boxes respectively). The larger difference between

bounding box methods for (b) is likely due to differences in aligning the sample within

the SEM itself. While the array shown here had relatively few misaligned lines other

arrays were more apparent in their diagonality, whether due to alignment of the SEM

image, or simply due to differences while printing.

3.3.3 Fitting Line Width Data

Figures 3.8 and 3.9 show the line width results and theoretical fit for each scan speed data

set, along with their corresponding fit parameter (a) and coefficient of determination (R2)

to indicate goodness of fit. It is clear that the fits, and thus the theoretical equation, are

not accurately describing the dataset. However, there seems to be an improvement in the

fit with increasing scan speed shown by the increasing R2 value.
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Figure 3.8: Line width against laser power with associated theoretical fit for the lowest
6 scan speeds. Annotations show fit parameter, a, and the R2 for each of the tested scan
speeds. The fit improves as the scan speed increases, although uncertainty in the line
width measurements appears to be larger for higher scan speeds.
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Figure 3.9: Line width against laser power with associated theoretical fit for the highest 7
scan speeds. Annotations as in figure 3.8.
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To further demonstrate the inaccuracy of the theoretical fit, figure 3.10 shows the

fitting parameter a and the R2 value with respect to the log of the scan speed. The decrease

in the size of the error bars for a and the increase in the R2 value show an improved fit as

the scan speed increases. The final fit coefficient data point does not have an associated

error as it was defined by the bounds of the fit given by equation 3.2, additionally a cannot

go below 0 for any of the scan speeds. Physically, a should have the same value for all

scan speeds as it is only dependent on material parameters. Yet, while the plot shows

a decrease in a towards the higher scan speeds, the large uncertainty on the first 4 data

points indicates that there may be more factors to consider within the theoretical equation

(equation 2.17). This will be discussed further in section 3.4.3.
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Figure 3.10: Blue (crosses): Fitting coefficient, a = β/Ith, against the log of the laser scan
speed. The fitting parameter appears to decrease from the lowest to highest scan speed
however there is a large uncertainty on the lower 4 scan speeds meaning this trend may
not be accurate. Orange (circles): Coefficient of determination, R2 against log of the scan
speed. There is a clear increase in the goodness of fit for the higher scan speeds. These
data indicate that the theoretical equation may not be taking into account physical phe-
nomenon more apparent in the lower scan speed region.
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Further work looked at using an optimisation algorithm to find the single best fit

value across the whole data sets since a should be the same for all scan speeds. Using the

nlinfit function in MATLAB a was found to be a = (2.0315 ± 0.3411)×10−8 mW2s µm−1.

The uncertainty associated with this value is large compared to the value itself. In addi-

tion, the value of a is still bound by the the upper limit given by equation 3.2, which across

all scan speeds is bound further by the lowest aupper limit, i.e aupper = 1.34×10−8 mW2s µm−1

for SS = 100 000 µm s−1. This upper limit is not within the uncertainty of the a result from

the optimisation algorithm.

3.4 Discussion

3.4.1 Resin Dose Region

Multiple dose tests should be undertaken as on the day differences can cause a discrep-

ancy in where the dose boundaries exist. Dust or bubbles in the resin can cause micro ex-

plosions where the dose would otherwise be acceptable, thus lowering the upper power

boundary. These issues could be reduced by setting up the TPP within a clean room

environment to reduce air particulates or by filtering the resin before use. Nanoscribe

have recently started selling resin in syringes with the aim of reducing the number of air

bubbles formed during deposition, this should also reduce or even eliminate particulates

entering the resin tube as there is no top facing opening to collect dust.

The lower power boundary exists as more of a phased state between insufficient en-

ergy and a good dose. It is clear when polymerisation has not been initiated as there is no

structure present at that point in the array. However, there is a point where there is a high

enough dose to cause polymerisation, but the structures formed are inconsistent. The ex-

ample in figure 3.2(a) shows that polymerisation has occurred, but many of the logs in the

structure have fused together. One explanation for this is that the voxel height is shorter
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at lower doses, so the overlap, and thus the adhesion, between the layers will be reduced.

This will create loose lines in the structure that are freely able to move towards each other

under capillary attraction. This region has been excluded from the accepted dose region

in this work, however it is clear that structures can be formed here but would rely on the

specific geometry that is to be printed.

Following on from that last point, usually dose tests are performed with the structure

that is planned to be printed. This is because the hatching and slicing distances (line spac-

ing and layer offset) affect the dose in a particular region due to proximity effects [119].

A more densely packed structure will have the accepted dose region shifted towards the

lower power regions, whereas the region for a highly spaced structure will be shifted

towards the higher power regions. As will be shown in chapter 4, the metamaterial struc-

ture used in this work is a cylindrical fishnet structure, with varying numbers of spokes

between each ring. This changes the density of the structure, as required to alter the re-

fractive index, and so the dose region is likely to be different depending on the number of

spokes in the structure. As such a new dose test was undertaken to tweak any boundaries

for each spoke variation; results will be shared in chapter 4.3.3.

3.4.2 Line Width Study

The methodology used in this section was based on methods presented by Guney et

al. [115] to allow for comparisons between this thesis and their work. The results in fig-

ure 3.5 can be compared to the line width vs laser power results presented in figure 3

in [115]. Both works have shown the expected trend of increasing line width with in-

creasing laser power, and decreasing line width with increasing scan speed. Data points

in both works are somewhat scattered with anomalies in the trend present for most scan

speeds. The actual line width values themselves are not directly comparable due to using

two different resins (IP-L verses IP-Dip), in addition to having different lab conditions
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and image analysis techniques; both works used ImageJ but specific filtering and mea-

surement algorithms are not discussed in [115].

The data in figure 3.5 shows a large overlap between the first 5 scan speeds. This is

likely due to line dimension saturation where the monomer and/or photo-initiator con-

centration drops around the volume of the focal spot where polymerisation is confined.

Yet it is unlikely to be at complete saturation since the increased exposure time may lead

to micro-explosions in the photoresist before this point. This is the result of rapid temper-

ature increases due to photo-ionization in the photoresist [120].

Line width variations within a single print are usually due to inhomogeneities within

the photoresist, and variations in the laser power and scan speed. The laser power is

controlled by an AOM, therefore AOM voltage fluctuations will affect the power at any

given point and thus alter the resulting line width. Generally, it seems that there is a

larger uncertainty in the data for faster scan speeds demonstrating the trade-off between

writing time and precision [115].

Other in-run variations include imperfections in the lines themselves leading to in-

accuracies with the bounding box analysis. Figure 3.6 shows three types of line imper-

fections: overgrowth, bowing, and debris. Lines are fabricated from left to right, as such

the overgrowth is likely due to extra exposure at the start of the line where the laser is

not yet at speed. Bowing is likely due to a lack of initial adhesion to the substrate leading

to the line shifting within the resin or development solution before settling. This lack of

initial adhesion may occur due to localised height differences in the substrate. Debris en-

compasses various forms of dust or other particulates left over from various points in the

fabrication process landing on or near the line inhibiting accurate bounding box analysis.

In figure 3.6c the line width is increased due to undissolved resin in that region. While it

is difficult to control for these imperfections, averaging over more lines would reduce the

affect they have on the overall dataset, however this will increase the time taken to run
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the study.

Run-to-run variations are more important when setting the expected line dimension

uncertainty. Laser power and scan speed calibration are performed automatically be-

fore each run which introduces uncertainty as the algorithm will find the substrate/resin

interface at slightly different position each time. In addition, day-to-day variances in

lab conditions, namely temperature and humidity, will have an effect on the resin caus-

ing variances during polymerisation. During one week of tracking these variations were

measured as ± 0.2◦C and ± 4.5%. While these are small differences, they do not account

for the changing seasons which, in terms of temperature, were noticeable as a lab user.

Further tracking of humidity and temperature over the seasons should be undertaken to

see if implementing improved environment controls are required.

When setting up the SEM, finding the focus, as well as correcting beam alignment

and astigmatism are user-controlled so naturally vary each time. For the example shown

in figure 3.7 an additional reason for difference in line dimensions for the same array

could be due to degradation of the array as the electron beam will have been focused

on that spot longer than when just taking a single image. Since only a single example

was investigated the 3 pixel (51 nm) difference may not be representative of the expected

variation between measurements.

The pooled standard deviation results presented in table 3.2 are much smaller than

the equivalent results discussed in Guney et al. [115]. Their in-run deviation for line width

was found to be 42.2 nm and the run-to-run was 49.6 nm for lines printed on an identical

Nanoscribe system in the resin IP-Dip. Differences are likely due to using a different

system with its own environmental fluctuations, as well as likely differences in image

processing techniques. The run-to-run SD determined in this thesis of 26 nm is 10% of the

minimum line width, therefore an investigation into how much of an affect this has on

the properties of the metamaterial should be undertaken in future work.
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Finally, the study was limited to measuring line widths only as these dictate the

working wavelength region of the metamaterial. However, line heights are important

to understand to ensure a good overlap between layers for adhesion. Additionally, a mis-

match in heights, due to altering the dose, across different regions in a GRIN metamaterial

structure would need to be accounted for in the design. Therefore, ways in which to accu-

rately measure the line height should be considered in the future. One suggestion could

be to fabricate a structure with several layers and use optical profilometry to measure the

overall height, as in Bunea et al. [121]. Using this, combined with the number of layers

and layer offset, the height of each layer can be calculated; note however that many addi-

tional uncertainties are likely to be introduced with this method. In chapter 4 the use of

silanized slides to improve adhesion of the fallen lines was investigated and the results

presented.

3.4.3 Theoretical Line Width Fit

The results in figures 3.8 and 3.9 show that the theoretical line width equation (equa-

tion 2.17) overestimates the line width for lower powers and underestimates line widths

for higher powers. While a single optimised fitting parameter was investigated, mathe-

matically a is limited by the lowest value equation 3.1 can take across all scan speeds to

avoid complex results.

Additionally, the large uncertainties on the results in figure 3.10 indicate that the

theoretical equation may not be taking into account physical phenomenon present at the

lower scan speeds. In particular, rapid temperature increases due to photo-ionization may

be altering the line widths considerably in this region [120]. Indeed, across the literature

where many papers present line width results in this lower scan speed range, the data

deviates from the theory [90, 122–125]. Many of these papers present the data and the

line of best fit, however none discuss the goodness of fit, even when the theoretical line is
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clearly not describing the dataset well as was found in this thesis.

Of particular note is Shukla et al. where their work focused on simultaneous poly-

merisation and photoreduction [124]. They present line width against laser power results

for lines of both Resin (SU-8) and Resin/Metal (SU-8/Au) fabricated at a laser scan speed

of 50 µm s−1; figure 2 from [124]. Their measurements were taken from confocal transmis-

sion images of lines still supported by the uncured polymer. The levelling off of line width

at low powers would indicate a limitation in the measurement technique since theoreti-

cally line width should keep reducing until the dose is insufficient for polymerisation.

Nonetheless, after excluding these data points, the theoretical equation fits their polymer-

only data with the same trend as found in this thesis; overestimating at the lower powers

and underestimating at the higher powers. In the absence of error bars, it is unclear to

what degree the theoretical equation fits their data, however from visual inspection it

looks to be a better fit compared to the equivalent in this work for SS = 50 µm s−1 shown

in figure 3.8; likely explained by the difference in resin.

For the Polymer/Gold results in [124] the same pattern is less apparent. While the

data point for 50 mW is below the fit line, the next three data points seem to follow the

reverse trend whereby the theory is underestimating at the lower power region and over-

estimating at the higher power. With only four data points and no uncertainties it is

difficult to form conclusions of fit to such a complicated function. However, since both

polymerisation and photoreduction occurs, it is unlikely to follow the same pattern as the

polymerisation-only process due to the additional physical mechanisms in play. This will

require further investigation if simultaneous photopolymerisation and photoreduction is

used to reduce the minimum line width in future work related to this thesis [94].

Liu et al. present line width against stage speed (equivalent to scan speed where

the stage is moved relative to the laser focal spot instead) results in figure 4 in [125].

Speeds were between 5 µm s−1 to 40 µm s−1 and once again their experimental data
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deviates widely from the theoretical line in this range. In particular, their 10 mW power

fit produces an asymptote towards zero between two data points which is not addressed

in the paper. Liu et al. [125] present a single fitting parameter C ′
th = I ′th/βτν (parameters

are the same as in equation 2.17) with a value of C ′
th = (5.74 ± 0.86)×10−5 mW2s µm−5.

It is not stated how this value was obtained, although it is assumed to be the average the

individual fits. Much like in this work, it is likely that using a single fitting parameter

across each data set caused the ln term to go negative and thus produced a complex result

invalidating the line width prediction.

One way to by-pass the derivation of a full physics model of line dimensions is to

develop an empirical model. Guney et al. [115] report on a semi-empirical analytic model

through simulations of the focal spot and fitting on their experimental line width and

height data. Their simulation was used to generate an initial line dimension where the

polymerisation reaction begins, which increases until the final dimension is reached at

the end of the polymerisation reaction. They then use a mixture of general form equations

with power and scan speed dependence, and physical relationships (such as the radical

chain polymerisation rate) to generate general equations with model coefficients obtained

by fitting their line width and line height for the Nanoscribe resin IP-Dip. The model was

able to estimate line dimensions to within one standard deviation of the average value in

86% of cases over a wide range of dose combinations. Future work should look at finding

equivalent equations for IP-L, this has not been undertaken in this work as there appear

to be some minor steps missing from the methodology in [115] which will require further

investigation.

3.5 Summary

• The dose region producing “good” (i.e well polymerised, stable) structures for IP-L

has been found across a wide range of scan speeds and laser powers.
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• A catalogue of achievable line widths was created where the maximum line width

was found to be 561 nm ± 21 nm for a dose combination of SS = 10 µm s−1 &

LP = 12.5 mW and the minimum was 273 nm ± 32 nm for SS = 50 µm s−1 &

LP = 5 mW.

• The run-to-run standard deviation of the line width results was found to be 26 nm.

However, tests will need to be undertaken to assess the affect these variations would

have on the properties of the metamaterial.

• The line width against laser power data for each scan speed was fit to the theoretical

equation. The fitting parameter representing the ratio of the material coefficient and

threshold intensity was found for each of the different scan speeds. The theoreti-

cal equation does not fit the data well and other methods of line width prediction

should be investigated in future work.

• These results show the ability to manipulate the line dimensions using the printing

parameters which is the suggested method for altering the metamaterial unit cells

within the lens. However, line height should be investigated again in the future

in order to fabricate a lens with a consistent height between each refractive index

region.

Overall, this chapter has achieved its aim of creating a catalogue of achievable line

widths for different fabrication doses. These values were used in the analytical calcu-

lations in chapter 5. Altering the line width changes the filling fraction of the structure

which will contribute towards changing the refractive index of the metamaterial. The

next chapter presents work assessing the current capabilities of the commercial TPP sys-

tem with respect to fidelity to the design, structural stability, and creating feature size

gradients.
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Chapter 4

TPP Fabrication Capabilities

4.1 Introduction to TPP Fabrication Capabilities

The aim of this chapter was to assess the capabilities and viability of TPP for fabricating

gradient metamaterial structures. As discussed in chapter 2, there are several issues and

considerations when fabricating using TPP. Here, initial work towards controlling shrink-

age, increasing substrate adhesion, and printing larger areas are considered. Following

on from this, an investigation is undertaken into how to implement feature size gradients

across a structure. By altering the feature sizes, the properties of the metamaterial can

be tuned to a particular value at arbitrary points in the structure. This would allow for a

single structural print file to be used and only the laser power and scan speed would need

updating to create new gradients, rather than creating a whole new file each time, thus

streamlining the design and fabrication process. To investigate this, gradient woodpile

structures were fabricated where the laser parameters were changed both between dif-

ferent scan lines and along a single scan line. Finally, using the knowledge gained from

practical use of the system, a metamaterial geometry is suggested for the GRIN lens.
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4.2 TPP Exploration Methodology

4.2.1 Fabrication Considerations

Section 2.3.2 discussed TPP limitations that are of particular importance to consider when

fabricating metamaterials. In particular, shrinkage and structural deformation will alter

the geometry of the metamaterial and thus have an affect on its resulting properties. Addi-

tional considerations include limits on the size of the metamaterial that can be fabricated;

important if you want a large area lens. This section presents the methodologies used to

investigate shrinkage and large area fabrication based on a practical understanding of the

process.

Controlling Shrinkage and Improving Adhesion

Two methods of controlling shrinkage are implemented and compared: creating a frame

around the main structure, and using silanized glass substrates. With the frame imple-

mentation, the idea is to contain any shrinkage to the outer edges of the frame and to

provide a support to the structure of interest. To minimise extra fabrication time, rather

than a solid frame, a fishnet structure is fabricated at SS = 10 000 µm s−1 and LP = 25 mW

with 0.5 µm spacing between each line. A fishnet structure is demonstrated in figure 2.9

and is so called due to its resemblance to fishnets used in the fishing industry.

Two .gwl files were made, one with a square cut out in the central region and one

with a circle cut out, this is where the main structure will be fabricated. The structures

have been programmed in such a way that the size of the central region can be changed

with a single parameter, making it adaptable to many different structure sizes. Woodpile

structures are also fabricated at SS = 10 000 µm s−1 and LP = 25 mW with and without the

frames in order to compare the results. For each layer, the frame area is printed first for

the main structure layer to be embedded into.
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The second method is to use silanized glass slides in order to increase the adhesion to

the substrate as this will affect the structural stability. As such, the use of silanized slides

was compared to slides prepared as outlined in chapter 3. Silanization functionalises the

surface of the glass to promote better adhesion to the substrate while printing [126]. Slides

were prepared on behalf of the author using the following silanization process:

1. Treat slide with oxygen plasma for 10 minutes

2. Soak in a solution of 8 mL 3-(Trimethoxysilyl)propyl methacrylate and 400 mL dry

Toluene at 50◦C for 2 hours

3. Wash twice in Acetone

4. Dry under vacuum at 35◦C.

Forming a solid structural foundation should have a positive affect on the structure

as further layers are polymerised. The same woodpile structures both with and with-

out frames are printed as a point of comparison. Additionally, the ascending scan array

test pattern from chapter 3 was printed to see if the improved adhesion will allow the

measurement of line heights.

Large Area Fabrication

When using the 63X objective on the Nanoscribe, as described in section 3.2.1, fabrication

is limited to a circular region with diameter d = 200 µm. Creating structures larger than

this requires splitting the structure and moving the stage to fabricate each area in succes-

sion; this is known as stitching. When importing a CAD model, the splitting is guided

through DeScribe, where settings such as block size, wall angle, and stitching overlap are

chosen. However, since the metamaterial is not a solid block of material but will be made

from multiple individual scan lines which are generated from programming rather than
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created from CAD, it is up to the user to define such settings within the code to ensure the

lines in each area overlap. Initial work looking at the accuracy of stitching single lines to-

gether has been undertaken here. Four woodpile structures were fabricated next to each

other in succession to create a larger structure. Woodpiles were also made where each

layer was written in one go with the aim of increasing adhesion between each segment.

4.2.2 Geometry Alteration by Process Variation

Initial geometry alteration work focused on the woodpile structure, which consist of lay-

ers of logs offset by 90◦ each layer with a 1
2 pitch horizontal offset every 2 layers, as illus-

trated in figure 4.1. Firstly, four types of woodpiles are fabricated at SS = 10 000 µm s−1

and the power is different for each log in the structure. Each woodpile is as follows: (1)

power increasing from 15 mW to 35 mW and decreasing back to 15 mW in steps of 1 mW

for both x and y oriented layers, (2) the same power profile as (1) but only for x oriented

lines, y oriented lines are fabricated at 25 mW, (3) power increasing from 15 mW to 35 mW

in steps of 0.5 mW for each log in both the x and y oriented layers, and (4) the same power

profile as (3) but only for the x oriented layer, y oriented lines are fabricated at 25 mW.

Figure 4.1: A schematic of the common woodpile structure which consists of layers of logs
in alternating orientations. Every two layers, there is a 1

2 pitch offset in the layers. Where
the pitch is defined here as d and is the spacing between the logs. A unit cell consists of 4
layers as labelled on the diagram with c being the unit cell height. Additionally, w is the
width of each logs which in this work corresponds to the line width.
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Next, changing the power along a single scan line is investigated and can be achieved

by two methods. The first is using an inbuilt Nanoscribe function by defining a 4th col-

umn in the coordinate value array which sets the power at the line’s starting and finishing

coordinate. For example,

0 0 0 30

10 0 0 50

creates a 10 µm line along the x-direction where the power increases linearly from 30%

at the starting coordinate (x=y=z=0), to 50% by the time it reaches the end coordinate

(x=10, y=z=0). The second method is to manually change the power by dividing the

line into sections and defining the power for each section using the LaserPower function.

This second route enables a user defined power profile for the laser. Both single layers of

lines and woodpile structures are fabricated using both methods. The 4th column linear

power change is from 20 mW to 35 mW along each line in the structure, and the user

defined line-segmentation method uses a hyperbolic secant power profile with a 35 mW

maximum power at the centre, decreasing to 20 mW at the edges.

4.2.3 Metamaterial Geometry

While TPP can theoretically be used to fabricate arbitrary 3D structures, design consid-

erations must be met in order to create a structurally sound and repeatable geometry. A

metamaterial geometry was designed based on the outcomes of the work in this chapter.

A circular structure was designed with the aim of reducing the stresses built up during

fabrication to combat shrinkage without the need for a frame.

Each layer of the structure consists of an array of concentric rings with a number of

spokes between each ring as illustrated in figure 4.2. It could be likened to a cylindrical

fishnet and will be referred to as such in this work. Similar structures have been reported
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Figure 4.2: A rendering of the cylindrical fishnet structure.

for metamaterials working in the microwave regime [127–129]. More importantly, the

cylindrical structure will serve as a point of comparison to traditional rod GRIN lenses

with regards to its focal length, which will be explored in chapter 6.

The cylindrical fishnet structure provides multiple ways to alter the geometry across

the device including; changing the line width of the rings/spokes by altering the laser

dose, changing the number of spokes within a particular region, and changing the length

of the spokes (corresponding to the gap between each ring). To assess the suitability

of the structure for fabrication using TPP, a non-graded cylindrical fishnet structure is

fabricated. Next, demonstrations of the different unit cells are made by changing the

spoke length, or by changing the laser power, for different densities of spokes. Then, a

new dose test was performed to confirm or update the dose region found in chapter 3.

Finally, a single layer concentric ring pattern with a 422 µm diameter was fabricated as a

first attempt at stitching this structure to create larger areas.
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4.3 Results

4.3.1 TPP Fabrication Investigation

Improving Structural Stability

Figure 4.3 is an SEM image of 10 woodpile structures. The top row shows woodpiles with

a frame with increasing length from left to right, and the bottom shows woodpiles without

a frame for the corresponding woodpile lengths. The slight charging (bright regions)

around the outer edge of all of the structures provides an indication of the degree of

shrinkage in the structure. This appears to be confined to the outer edges of the structure

as expected. However, there is an apparent bulging around the inner edges of the frames

which increases with increasing frame/woodpile length.

Figure 4.4 shows the same woodpile test structure printed on a silanized glass slide.

Once again the brighter edges are an indication of the deformity around the outer edges.

For the silanized slides, there is no bulging on the inner edges of the frame as with the

glass slides. This indicates that the combination of silanized slides and the implementa-

Figure 4.3: SEM image of woodpile arrays of increasing side length (10 µm to 30 µm
in steps of 5 µm) printed onto a glass coverslip where the top row has a 5 µm boarder
implemented.
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Figure 4.4: SEM image of woodpile arrays of increasing side length (10 µm to 30 µm in
steps of 5 µm) printed onto a silanized glass coverslip where the top row has a 5 µm
boarder implemented.

tion of frames would improve structural fidelity of the resulting prints.

The average percentage decrease in woodpile side length compared to the designed

side length was found from figures 4.3 and 4.4. A line ruler in ImageJ was used to measure

the size lengths manually. Table 4.1 shows the results of the overall percentage decrease

in side length across woopiles of all side lengths, as well as the average percentage de-

crease in the x- and y-dimensions separately. Overall the shrinkage is less for the silanized

substrate compared to the untreated glass substrate with a maximum difference of 3.8

Table 4.1: A table showing the average percentage decrease in structure size from the de-
signed woodpile size length to the fabricated structures for the two substrate preparation
techniques, for woodpiles with and without frames.

69



4.3.1. TPP Fabrication Investigation 4. TPP Fabrication Capabilities

percentage points between framed woodpiles measured in the y-direction.

Figure 4.5 shows the outcome of using silanized slides for two arrays of the ascending

scan pattern. In the first, the lines clearly fall and adhere “in place”, but the majority of

the arrays were as in the second image (figure 4.5b) where, whilst the lines had adhered

better than for the non-treated substrates, they were still bunched up and scattered.

Figure 4.5: SEM image of ascending scan arrays printed on a silanized substrate for (a)
SS = 50000 µm s−1 and LP = 45 mW showing good adhesion of fallen lines, and (b)
SS = 10 µm s−1 and LP = 12.5 mW showing scattered but well adhered lines.

Stitching

Figure 4.6 shows two woodpile structures, (a) where each block is fabricated at once be-

fore moving to the next block, and (b) where each area in a layer is fabricated before

moving to the next layer. The lack of bonding between each block is evident in figure 4.6a

and further reiterated in figure 4.6c which shows a magnified image of the central region

of the woodpile. The second woodpile in figure 4.6b, and the magnification in figure 4.6c,

shows improved homogeneity with seams that are much less visible.
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Figure 4.6: SEM images of (a) individual blocks of woodpiles fabricated subsequently, (b)
a stitched woodpile where a layer was stitched together in one go, (c) magnified central
region for the woodpile in (a), and (d) magnified central region for the woodpile in (b).
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4.3.2 Geometry Alteration by Process Variation

Figure 4.7 shows layers of x-oriented lines with the two power profiles described in sec-

tion 4.2.2. Figure 4.8 shows optical images of woodpiles where either x- or both x- and

y-oriented layers are fabricated with these power profiles.

Figure 4.7: SEM images of x-oriented layers for the two power profiles with (a) LP in-
creasing from 15 mW to 35 mW in 0.5 mW increments and (b) LP increasing from 15 mW
to 35 mW back to 15 mW in 1 mW increments. Lines are fabricated at SS = 10 000 µm s−1.

Figure 4.8: Woodpiles printed at SS = 10 000 µm s−1 where each line is written at a differ-
ent LP. The black annotations show the linear power profile for each layer. For (b) and (d)
only the x-oriented lines have a power change, y-oriented lines are fabricated at 25 mW.
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Figure 4.9 shows the implementation of changing power along a single scan line.

In figure 4.9a the line widths are changed using the 4th column method as discussed in

section 4.2.2. Lines increase in width from left to right corresponding to lower to higher

power. The resulting samples that was produced using a hyperbolic secant power profile

is shown in figure 4.9b where the line width increases towards the centre and decreases

again. There is a 0.1 µm overlap between the segments to create a more continuous line

compared without the overlap as shown in figure 4.10.

Figure 4.9: SEM images of gradient power lines fabricated at a scan speed of
10 000 µm s−1. In (a) LP along the line increases from 20 mW to 35 mW using the in-
build function. (b) LP is user defined hyperbolic secant profile with a minimum power of
20 mW rising to 35 mW and lowering back to 20 mW.

Full woodpile structures are fabricated out of the layer types shown above (linearly

increasing power and the hyperbolic secant power profile) and the resulting samples are

shown in figure 4.11. Figure 4.11a shows a brighter patch in the lower left corner corre-

sponding to the section with the smallest line widths. Finally figure 4.11b shows a dark

circular patch in the central region of the woodpile where the lines are at their widest.
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Figure 4.10: Optical images of user defined hyperbolic secant power profile for (a) x- and
(b) y-oriented lines with no segment overlap.

Figure 4.11: SEM images of woodpiles fabricated at a scan speed of 10 000 µm s−1 with
different power profiles along them. In (a) LP along the line increases from 20 mW to
35 mW using the inbuilt function. (b) LP is user defined hyperbolic secant profile with a
minimum power of 20 mW rising to 35 mW and lowering back to 20 mW.
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4.3.3 Cylindrical Fishnet Metamaterial

Non-graded Cylindrical Fishnet

Figure 4.12 shows the first attempt at fabricating a 200 µm diameter 5-layer cylindrical

fishnet structure printed at SS = 10 000 µm s−1 and LP = 25 mW. The structure is generally

repeatable, however some prints suffered from separation between the rings. Figure 4.13

demonstrates this for both an unframed and a framed structure printed with the same

parameters. Figure 4.13c is a magnified image of the outlined region in figure 4.13b, which

shows misalignment of the spokes and rings in the region.

Figure 4.12: SEM image of a non-graded 5-layer cylindrical fishnet structure with diame-
ter d = 200 µm, 1 µm spoke length, 8 starting spokes, with 0.7 µm layer spacing.
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Figure 4.13: Cylindrical fishnet structures with diameter d = 200 µm, 1 µm spoke length,
8 starting spokes, and 5 layers with 0.7 µm layer spacing. (a) Without a frame, and (b)
with a frame. Separation between the rings is present on both structures. (c) shows a
magnified image of the outlined region in (b).
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Cylindrical Fishnet Unit Cells

Figure 4.14 shows the unit cell variation achievable by changing the spoke length and the

number of starting spokes. Similarly, figure 4.15 shows the geometry variation caused by

changing the number of spokes as well as the laser power. This figure shows the need

for the updated dose test as discussed in chapter 3 as the final 4 unit cells on the top row

show micro-explosions caused by overexposure. In both figures, the unit cells consist of

6 layers with 0.7 µm layer spacing and are fabricated at SS = 10 000 µm s−1.

Figure 4.14: Cylindrical fishnet unit cells fabricated at SS = 10 000 µm s−1 and LP = 25 mW.
Each column corresponds to the number of spokes in the central region, and each row is
the length of the spokes, corresponding to the gap between the rings.
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Updated Dose Test

A new dose test was undertaken for the cylindrical fishnet structure of different spoke

densities for all dose combinations outlined in chapter 3. After examining the structures,

it was found that for the most part, the dose regions from chapter 3 were the same for

the new structure. However, 17 combinations of scan speed, laser power and number of

starting spokes were found to no longer produce good structures. Table 4.2 shows these

combinations where the dose produced either underexposed (U) or overexposed (O) for

that particular number of spokes. These combinations were removed from the analytical

refractive index calculations in chapter 5.

Table 4.2: Table showing which scan speed, laser power, and number of spokes combina-
tion produced either underexposed (U) or overexposed (O) cylindrical fishnet structures.

Stitched Cylindrical Fishnet

Figure 4.16 shows an initial attempt at stitching a single layer concentric ring pattern with

a 422 µm diameter. Each area is clearly visible and figure 4.16b shows the extent of the

gaps between each segment for the lower right quadrant.
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Figure 4.16: A single layer of a 422 µm diameter stitched concentric ring pattern, fabri-
cated at SS = 10000 µm s−1 and LP = 25 mW. (a) Shows the full structure, and (b) is a
magnification of the lower right quadrant.

4.4 Discussion

4.4.1 Fabrication Discussion

Shrinkage and Adhesion

The shrinkage results presented in table 4.1 show the difference in shrinkage between

woodpiles with and without supporting frames printed on non-treated and treated glass

substrates. The results show that the shrinkage is less for the silanized substrate com-

pared to the untreated glass substrate with a maximum difference of 3.8 percentage points

between framed woodpiles in the y-dimension. Additionally, there appears to be a dif-

ference in shrinkage between the x- and y-dimensions by as much as 1 percentage point,

though the results are generally within 1 standard deviation of each other. The small-

est difference between the two dimensions was for framed woodpiles on the silanized
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substrate with a 0.2 percentage point difference.

The shrinkage results show that the non-framed woodpiles appear to have less shrink-

age for both samples compared to the framed woodpiles. The difference between framed

and non-framed woodpiles is smaller for structures on the silanized substrate, since the

silanized substrate appears to have addressed the bulging present in the inner edge of

the framed structures on the non-treated substrate. While the numerical results make

it appear that the frames have not helped to reduce shrinkage, the measurements taken

did not account for the overlap between the woodpile and the frame. The outer edge

of the woodpile is encompassed by the inner edge of the frame so that when measur-

ing the side lengths there is a line width amount of discrepancy at each end. Looking at

figures 4.3 & 4.4 there is clearly much less deformation in the woodpile structure itself

with individual logs appearing evenly spaced throughout compared to the non-framed

woodpiles where the outer edges have deformed due to shrinkage.

Overall these results show that frames are a viable strategy for reducing the shrink-

age during development as shrinkage is contained to the outer edge of the frames rather

than affecting the structure of interest. However, using a frame will increase both the fab-

rication time and the size of the structure. The impact on fabrication time can be reduced

by printing the frame at higher scan speed than used here. Although, to keep frame stabil-

ity the rod spacing will need be reduced to account for the smaller line dimensions. This

means more lines would need to be fabricated to cover the same area potentially negating

the faster speed.

The figures also suggest there is room to reduce the size of the frame while still con-

taining the shrinkage which will reduce surplus fabrication time. A future investigation

would be to look at the minimum frame needed to control shrinkage for different sized

structures. The figures here show that the 5 µm extra border was suitable for the four

woodpile sizes tested, however larger structures may need more support.
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Issues may arise from frames implemented around stitched structures as it is likely

misalignment at the joints will reduce the stability the frames afford. Changing from a

fishnet-type structure to a solid block would reduce any alignment issues, once again

with the trade off of additional fabrication time.

The use of silanized slides allowed for a more stable structure foundation and pro-

duced frames without the bulging of the inner edge. Since the woodpiles without the

frames on the silanized substrate still showed signs of shrinkage, combining the two

methods (frames and silanized slides) would be a simple way to reduce shrinkage for

woodpile structures, with the trade off of increased slide preparation time.

As previously discussed in chapter 2, other ways to control shrinkage include pre-

compensation for a known shrinkage rate within the design [98], by using resins with a

higher molecular weight [100], or by carefully controlling the development process [102].

A potential avenue of investigation is to UV cure the structure while in the isopropanol

bath to increase the tensile strength of the structure to reduce shrinkage. Oakdale et al.

UV cured their structures with UV-A 365 nm light for 10 minutes while in a bath of iso-

propanol and 0.5 wt% Irgacure 651 and found dramatically improved visual results and

a 50% increase in young’s modulus [130]. Importantly, this curing step does not affect the

as-printed feature sizes. To reduce the surface tension during the drying process, Maruo

et al. use supercritical CO2 drying and showed no collapse in their nanopillar array com-

pared to air drying [131]. These would be further avenues of investigation if shrinkage

proves to be a major barrier to metamaterial functionality.

Finally, the example ascending scan array in figure 4.5 shows improved adhesion of

the fallen lines for both arrays. For figure 4.5a the lines have fallen in place and would

allow simple measurement of line height through an automated process such as that out-

lined in section 3.2.3. For scattered arrays, such as in figure 4.5b, the line heights could

still be measured by hand since it is clear that those lines belong to that particular ar-
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ray compared to prior investigations where they are scattered across the whole substrate.

However, the lines have scattered on top of the lower offset lines hindering line width

measurements and so other methods of line height measurement should still be sought.

Stitching

The stitching investigation showed that fabricating each block in succession produces

visible seams, as per figure 4.6a & reffig:stitchingc. Imprecision in the stage movements,

along with any strut movement within the uncured resin lead to misalignment when fab-

ricating the next block. Since the blocks are not well adhered, when the stresses from poly-

merisation are released during development, deformities occur. Fabricating a full stitched

layer in one go, as in figure 4.6b, produces less visible seams compared with printing each

woodpile block individually, with the trade off of increased fabrication times due to ad-

ditional movement phases within the print.

Stage movements are a large contributor to the inaccuracies when stitching. In Buena

et al. they discuss changing the NA of the objective to alter the writing field to reduce the

necessity of stitching [121]. However, they note that there is a trade off between writing

field and line dimensions. Therefore, when small feature sizes (100 nm − 200 nm) are

needed they suggest working on optimising the stitching process using the 63X/1.4 NA

lens. The stage repeatability of the Nanoscribe system is given as <1.5µm which an order

of magnitude larger than the features needing to be aligned. This could be addressed

by hardware and/or software upgrades, however upgrades such as a higher precision

mechanical stage would be difficult to realise with a commercial system. Nanoscribe

have recently introduced their Nanoguide online support system with useful advice for

users. In their article regarding stage movements and stitching they recommend adding a

backlash correction of 50 µm to take up the slack of the stage as it changes directions. This

is an avenue of further investigation for this work when larger area lenses are required.

83



4.4.2. Geometry Alteration Investigation 4. TPP Fabrication Capabilities

Nanoscribe have also recently launched their large feature set printing which uses

a 10X objective to enable printing within a single 1 mm diameter area of structures up

to 8 mm in height [132] removing the need for stitching most structures. However, this

method requires the use of a new resin, IP-Q, which has a 12:1 voxel height to width ra-

tio which is less suited to single line printing, in addition to having a larger voxel width

which would increase the operational wavelength of the metamaterial. Other stitching

methods could be used, such as Oakdale et al. who employed an interdigitated stitching

method for woodpile structures [133]. A set of blocks with twice the desired pitch are fab-

ricated next to each other, then blocks with a 0.5× dimensional offset were printed within

the first set of blocks so that the stitching seams were completely enveloped producing

more mechanically sound structures.

4.4.2 Geometry Alteration Investigation

In Figure 4.7 the lines clearly increase in width with increasing power as expected. The

resulting shapes of the woodpiles in figure 4.8 are in line with expectations based on how

line widths change with laser dose. Figure 4.8a shows a shape that bulges towards the

central points on the perimeter where the power is higher and thus the line widths are

bigger, this is also shown in figure 4.8b. In figure 4.8c and d the woodpiles taper towards

the end where lines are fabricated with the lowest powers.

In figure 4.9b, it seems that the user defined power profile did not reach its minimum

value at the end point as the final segment on the right is not as thin as the first segment

on the left. Upon further investigation of the print file, the DeScribe rendering shows that

the profile along the line is shifted so that the maximum is not in the central segment.

Therefore, this issue should be fixed with more careful programming that accounts for

there needing to be an equal number of steps up as there are down.

A segment overlap was implemented in figure 4.9b to improve continuity of the line
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compared with figure 4.10. In this figure, the x-oriented lines show clear divisions due to

the rounded edges of the lines; these edges are due to the elliptical nature of the voxel.

Yet, the separation is less pronounced in the y-oriented lines compared with the x-oriented

lines. This may be due to differences in movement accuracies of the galvo-scanner in the

two directions. A further investigation to allow a more thorough understanding of these

differences would allow for more accurate precompensation in the design.

Despite the segment overlap in figure 4.9b, the different segments are still clearly

visible due to the size mismatch of the voxels. Splitting the lines into smaller increments

would allow for a smoother profile, however for metamaterial applications the length

need only be as small as the unit cell size to avoid unnecessary processing.

The woodpiles in figure 4.11 have shapes in line with the power profiles imple-

mented. In figure 4.11a, the woodpile tapers in the bottom left corner where the power is

lower. And in figure 4.11b the tapering is around the whole outer edge, with a bulging

centre where the larger line widths are. It should be noted that for figures 4.8 & 4.11 there

is some uncertainty in the overall shape of the structure due to any shrinkage that would

have occurred. A frame was not used here so as not to interfere with any alterations due

to the power profiles.

While the woodpile structure is not the focus of this work, gradient woodpiles are

useful within the field of electromagnetics research [134]. Nonetheless, the results in this

section showed that TPP can create gradient structures by altering the laser parameters to

alter the feature sizes.

4.4.3 Cylindrical Fishnet Discussion

The cylindrical fishnet structure was designed based on the results from the previous sec-

tions in this chapter. A circular structure was likely to be more resilient to the stresses re-
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leased during development thus reducing the amount of shrinkage, however a pattern of

concentric rings alone would collapse in on itself. Therefore, the spokes between the rings

were added for stability. Initial calculations for a structure with 8 starting spokes and a

line width of 500 nm showed that increasing the number of spokes between each succes-

sive ring by N ± 2 (where N = 8) held the filling fraction constant across the structure.

The specific number of spokes to increase by varied ring-to-ring, and may also depend

on the line width and number of starting spokes. Therefore, the decision was made to

simplify the process to just increase by the number of starting spokes between each ring

instead of calculating the specific increase between each ring for each dose and starting

spoke combination.

The cylindrical fishnet in figure 4.12 shows good structural fidelity with little to no

deformation during development. However, as shown in figure 4.13, there can sometimes

be issues of separation within the print. A frame was used to see if this eliminated the

problem but as per figure 4.13b it did not. The magnified image in figure 4.13c shows

misalignment of the spokes and rings, whereby the centre of the spokes sits on a ring,

rather than being attached to a ring at each end. This appears to get worse at the outer

edge of the structure, and for spokes that are on a diagonal rather than a horizontal or

vertical path.

For each layer in the structure, all rings are printed from the centre to the outer edge,

followed by the spokes again starting at the centre. The separation may be due to inac-

curacies realigning the laser to the centre of the structure causing increased misalignment

from the centre outwards. Another reason may be warping as the number of layers in-

creases, causing the rings to deviate from their programmed position. One way to fix this

may be to change the scan pattern so that the spokes and rings are written in an alter-

nating pattern rather than each at once. However, this will likely increase the fabrication

time.
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The cylindrical fishnet structure provides multiple ways to alter the geometry across

the device including; changing the line width of the rings/spokes, changing the num-

ber of spokes within a particular region, and changing the length of the spokes (corre-

sponding to the gap between each ring). Figures 4.14 & 4.15 show the geometry variation

achievable by changing each of these parameters. The lower fill fraction resulting from

longer spokes, fewer dividing spokes, and smaller line widths, should result in a lower

RI, whereas a higher fill fraction would result in a higher RI. Of course, the geometry

itself will also play a role in the resulting effective refractive index, values of which will

be explored in chapter 5. Finally, while changing the spoke length is a legitimate strategy

for altering the refractive index, it presents continuity issues in the structure if the gap

between the rings means that there is not a discrete number of rings within the size of

the RI region. As such, the spoke length / ring spacing is set at 1 µm, chosen so that

both the cured lines and gap spacings are smaller than the operational wavelength while

maintaining resolvability.

Figure 4.16 shows the stitched single layer of concentric rings as a first step towards

a stitched cylindrical fishnet. As previously discussed, the stage movement inaccuracies

present a large barrier to a homogeneous stitched structure. The patch work pattern is

due to differences in finding the interface in each block so that an interface may be found

lower into the substrate than a previous section resulting in height differences across the

structure. This may cause issues when building upwards such that the second layer may

not completely adhere to the first if the spacing between the layers is too large resulting in

an unstable structure. Additionally, this is just a pattern of concentric rings, and building

further out, as well as programming the spokes is a mathematical challenge for the pro-

gramming of the structure which must be overcome for printing larger area cylindrical

fishnet structures.
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4.5 Summary

• The combination of frames for support and silanized glass slides for improved ad-

hesion resulted in less shrinkage for woodpile structures.

• The silanized slides promoted better adhesion of fallen lines for the ascending scan

pattern, however further methods of measuring line height should be sought as the

scatter of the lines still prohibited both line width and height measurements.

• Stitching a whole layer in one go creates a more homogeneous structure than print-

ing a full block at a time, with the trade off of increased fabrication time.

• The geometry of a structure fabricated by TPP can be altered by changing the laser

scan speed and laser power. This can be done by changing the power between each

line, or along a single scan line with either the in-built linear function or with a user

defined power profile.

• The designed cylindrical fishnet structure shows less shrinkage compared to equiv-

alently size woodpile structures with the benefit of multiple ways to alter the unit

cell to change the RI. In addition, the cylindrical fishnet can be easily compared to

traditional GRIN rod lenses for focal length analysis.

The main outcome of this chapter was an understanding of the structural fidelity

and repeatability of structures fabricated by TPP. Since both a commercial system and

resin were used there were limitations in what could be altered to address the problems

exhibited surrounding stitching errors and shrinkage. In the future, the use of a home

built system may be of interest to allow more control over the printing process, in addition

to formulating a custom resin designed to combat shrinkage. The main results that have

been taken forward is the design of the cylindrical fishnet structure which will be used as

the basis for calculations and simulations in chapter 5, and the updated dose region (and

thus available line widths) for this structure.
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Chapter 5

Metamaterial Unit Cell

Characterisation

5.1 Introduction to Unit Cell Characterisation

In order to design the GRIN lens, the effective RI (neff) of the unit cell (UC) should be

known for each geometrical variation. In this chapter, analytical calculations are con-

ducted using the Maxwell-Garnet theory [51] for cylindrical fishnet UCs, and a rectangu-

lar cut-out approximation, with different line widths and spoke distances. The analytical

calculations are used to select a number of UCs to simulate in COMSOL allowing an un-

derstanding of how the geometry affects neff also. The analytical and simulated results

are compared to the ideal stepped hyperbolic secant profile [13]. The main outcome of

this chapter is a list of achievable neff values for different UC geometries.
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5.2 Unit Cell Investigation Methodology

5.2.1 Analytical Calculations

A common approximation theory for effective optical parameters is the Maxwell-Garnett

theory (MGT) [1] where the Maxwell-Garnett equation is given by,

(ε− εh)

(ε+ 2εh)
= ff

(ε1 − εh)

(ε1 + 2εh)
, (5.1)

where ε is the effective permittivity of the composite material, ff is the filling fraction, εh=1

is the relative permittivity of air and ε1 = n2
1 = 1.4922 is the relative permittivity of the IP-

L at λ =1500 nm as in [135]. The geometry is a circular UC representing the cylindrical

fishnet structure used in this work (figure 5.1a).

(a) (b)

Figure 5.1: (a) A rendering of the cylindrical fishnet structure (r = 20 µm for illustrative
purposes). (b) Approximated rectangular cut out UC. L is the spoke length, dspokes is the
distance between adjacent spokes (defined in appendix B.2), and W is the line width.
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A 2D matrix of neff values is created by rearranging equation 5.1 for
√
ε and varying

the fill fraction by changing the line width (W) and the number of starting spokes (S). The

line width values are imported from the results in the study outlined in chapter 3. The

spoke length, corresponding to the gap between each ring, is set to L = 1 µm. Finally,

the number of starting spokes is varied between S = 2 to 10, and the number of spokes is

increased by that same amount between each successive ring (as previously discussed in

section 4.4.3).

The fill fraction is equal to the cross-sectional area of resin normalised to the full UC

area. For the first UC type the area is a circle of diameter d = 200 nm corresponding to

the largest print area possible in the TPP set up. The cross sectional area of the cylindrical

fishnet lens is worked out using the calculation outlined in appendix B.1.

Using the analytical neff data set, four different hyperbolic secant (sech) profiles were

created, corresponding to the four lenses to be investigated in chapter 6. For lens 1, the

sech curve is normalised so that the maximum value corresponds to a solid block of resin

(n = 1.492) and the minimum value is the smallest value in the data set. Lens 2 normalises

the sech curve to the maximum and minimum values from the data set as calculated.

Lens 3 changes the line width only and holds the “starting spokes” constant, and lens 4

changes the number of spokes in each region holding the line width constant. As such,

for these last two lenses the data set was searched for the number of spokes (lens 3), or the

line width value (lens 4), that provided the greatest difference in refractive index when

changing the other parameter.

Following normalisation, one half of each sech curve is discretised into 7 values and

the data set is searched for the closest matching value for each discrete region. Where two

combinations produced the same result, the faster scan speed was chosen with increased

fabrication efficiency in mind. The 4 sets of UCs were then taken forward to simulate in

COMSOL.
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The COMSOL simulations make use of a simplified geometry which is a rectangular

UC with a rectangle cut out, shown in figure 5.1b, which is an approximation to the air

region between two spokes. The analytical calculations are run again, using the area

calculation for this geometry shown in appendix B.2. The RI values corresponding to the

prior selected UCs are found to allow comparison between the two analytical results and

the simulations.

5.2.2 Simulation and Retrieval Method

The COMSOL simulations are undertaken to get a more accurate representation of the

effective RI compared to analytical calculations alone. However, care must be taken to

ensure both the computational model and the parameter retrieval process are correct so

that the results are trustworthy. Appendix C highlights the validation methods, where

a uniform dielectric slab was simulated to ensure the retrieved RI is constant across the

frequency range simulated. This section of work presents the final methods used to gather

the UC results.

The COMSOL Model

While there are many electromagnetic field solvers on the market which can and have

been used to simulate metamaterials, COMSOL was used in this work based on existing

licence availability. The simulation was based on a webinar hosted by COMSOL [136].

Figure 5.2 shows the domains and boundary conditions applied to the model. The cen-

tral grey chequered region contains the structure under investigation with the rest of the

simulation domain being filled with air.

Floquet-periodic boundary conditions (PBCs) are used to simulate an infinite ma-

terial and/or 2D array of UCs. The PBCs are set up so that opposing faces are paired
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as source and destination boundaries. This enables the physics-controlled meshing se-

quence to create identical surface meshes on the paired boundaries. All simulations used

the “extremely fine” mesh setting to minimise errors across the simulation domain. The

port boundary conditions are placed on the outside boundaries of the simulation domain

to automatically determine the transmission (S21) and reflection (S11) coefficients for each

frequency. The excitation is turned on in the upper port and has a power of Pin = 1 [W]

and a linearly polarised electric field of E0 = 1 x̄ [V/m]. The bottom port is the listener

port where the radiation is absorbed (excitation turned off). These ports are periodic,

diffraction order and orthogonal polarization ports, representing plane waves propagat-

ing in the direction of the diffraction orders with respect to the Floquet periodicity.

Figure 5.2: COMSOL boundary conditions. Blue stripes are the periodic ports exciting
a wave travelling from top to bottom (indicated by black arrow). Orange shaded is the
Floquet periodic boundary condition applied in pairs to opposing vertical faces. The grey
chequered central region is the rectangular cut out geometry with IP-L material definition
n = 1.492 [135], ε = n2 and µ = 1. There is a 3λmax gap between the ports and the structure
surfaces which is filled with air, and the thickness of the structure is 1 µm.
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Parameter Retrieval Method

To obtain the effective parameters of the metamaterial, a parameter retrieval process is

used on the transmission and reflection results from either computational or numeri-

cal calculations. The majority of papers in the literature use either the Smith [137] or

Chen [138] retrieval methods. This work is based on the Chen method which will be

described here.

For a plane wave at normal incidence on a homogeneous material slab of thickness

d, S11 is equal to the reflection coefficient, and S21 is related to the transmission coefficient

T by S21 = Teikd where k is the wave number of the incident wave in free space. The

S-parameters relate to the refractive index and the impedance by,

S11 =
Z(1− ei2nkd)

1−Z2ei2nkd
(5.2a)

S21 =
(1−Z2)einkd

1−Z2ei2nkd
(5.2b)

where Z = z − 1/z + 1. By inverting these equations the following is obtained,

z = ±

√
(1 + S11)2 − S2

21

(1− S11)2 − S2
21

(5.3a)

einkd = X ± i
√

1−X2, (5.3b)

where X = 1/2S21(1− S2
11 + S2

21), allowing the calculation of z and n. As this work deals

with a passive medium the signs are determined by the following requirements,

z′ ≥ 0 (5.4a)

n′′ ≥ 0 (5.4b)

where (·)′ and (·)′′ denote the real and imaginary part operators. The refractive index is
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determined from equation 5.3b as,

n =
1

kd

{[
[ln(einkd)]′′ + 2πm

]
− i
[
ln(einkd)

]′} (5.5)

where m is an integer value related to the branch index of n′ arising due to the logarithmic

function; resolving this will be discussed shortly.

It is common to determine z and n independently using equations 5.3a & 5.3b along

with requirements the equations 5.4a & 5.4b. However, this may lead to issues when z′

and n′′ are close to zero as small perturbations in the S-parameters lead to unreliability in

applying the sign requirements. Therefore, the relationship between z and n should be

used to determine the signs.

In order to determine the correct sign of z there are two cases: (1) where |z′| ≥ δz

where equation 5.4a is applied, and (2) for |z′| < δz . In the second case, the sign of z

is determined so that n′′ is non-negative or equivalently |einkd| ≤ 1. Here, δz is a small

positive number and is set to δz = 0.1 in this work. Additionally, a new equation for n is

derived from equations 5.2a & 5.2b achieving,

einkd =
S21

1− S11
z−1
z+1

. (5.6)

This allows the sign ambiguity in equation 5.3b to be avoided since it can be proved

that only one sign of the imaginary part of equation 5.3b makes it equivalent to equa-

tion 5.6 [138].

The Chen method of resolving for the first branch requires a value of m to be found

for which,

|n′z′′| ≤ n′′z′. (5.7)

However, while Chen discussed the existence of a resonance band for which no value
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of m satisfies this relationship, there are other frequencies outside of the resonance band

for which m also cannot be found. As such, the Wang method [139] was used to resolve

the branching in this work. For the first branch,

m0 = Round
{
− 1

2π

[
ln(einkd)

]′′}
, (5.8)

where Round{·} is an operator that rounds its argument to the nearest integer value. The

argument is defined as V0 for simplicity. Having obtained the initial branch index and

using equation 5.5 to calculate n0, subsequent branch indices are found by,

Vi = − 1

2π
([ln(eini−1ki−1d]′′ − [ln(einikid]′′), (5.9a)

mi = Round{Vi}, (5.9b)

where i is the current branch being resolved at frequency fi. This ensures continuity of

the retrieved refractive index.

5.2.3 Computational Effective RI

Unit Cell Simulations

Simulating the full cylindrical fishnet structure was found to be too computationally ex-

pensive to run due to hardware limitations. As such, the simulations here use the rectan-

gular cut out geometry shown in figure 5.1b. The simulation approximates an infinite 2D

array of the rectangular cut out extruded to 1 µm depth, which is now a fishnet structure

proper rather than the cylindrical fishnet. The simulation is run for each of the selected

UCs for a frequency range between f = 100 THz to 300 THz in 1 THz steps with an “ex-

tremely fine” physics-controlled mesh. The results are saved in a text file to be imported

into MATLAB for the parameter retrieval process. A graphs of the real RI vs frequency

were plotted, allowing the identification of the effective region for the metamaterial for
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which the RI is constant. These simulation results are compared to the analytical results

to assess how well the analytical predicted the simulation results.

Rotation Study

Since the simplification in geometry now simulates a square array rather than the circular

cylindrical fishnet structure, an investigation is undertaken into how this might affect the

resulting RI of the unit cells. In particular, in the cylindrical fishnet structure, UCs are

rotated around the centre of the circle such that they will interact with linearly polarised

light in different ways. To investigate this further, three UCs are selected with differing

amounts of asymmetry, and linearly polarised light is rotated through 90◦ in steps of 0.01◦.

To do this, the electric field was changed to E0 = cosϕ x+ sinϕ y.

5.3 Results

5.3.1 Analytical Effective RI

The analytical effective RI results for the cylindrical fishnet structure are shown in fig-

ure 5.3. This is after the removal of the dose and spokes combinations presented in sec-

tion 4.3.3. The maximum RI is neff = 1.4613 for S = 10 and W = 548 nm (SS = 100 µm s−1 &

LP = 15 mW), and the minimum RI is neff = 1.1519 for S = 2 and W = 273 nm (SS = 50 µm s−1

& LP = 5 mW).

Figure 5.4 shows the resulting sech profiles and the RI for the selected UCs for each

lens using the analytical RI results. Table 5.1 summarises the selected UCs, where a UC

refers to a spoke and line width combination, for which 22 unique combinations were

selected. The table also shows the corresponding analytical refractive index for the rect-

angular cut out approximation for comparison.
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Figure 5.3: Analytical effective refractive index against line width for different numbers
of starting spokes.
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(a) Lens 1
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(b) Lens 2
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(c) Lens 3

-6 -4 -2 0 2 4 6
Steps From Centre

1.15

1.2

1.25

1.3

1.35

1.4

1.45

1.5

R
ef

ra
ct

iv
e 

In
d

ex

 ideal
 stepped
 selected

(d) Lens 4

Figure 5.4: (a) − (d) show the ideal and stepped RI profiles along the y axis in steps of
unit cell width, b. The corresponding RI values for the selected unit cells are shown also.
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Table 5.1: A table showing the selected unit cells (spokes and line width combination)
based on the analytically calculated effective refractive index values. The final column
indicates which unit cells are a repeat and need only be simulated once where the number
indicates which repeat it belongs to.

100



5.3.2. Computational Unit Cell RI Results 5. Metamaterial Unit Cell Characterisation

5.3.2 Computational Unit Cell RI Results

Figures 5.5 − 5.8 show the effective RI against frequency for each of the UCs relating to

a particular lens. While not used for these lenses, the retrieved dielectric slab RI is also

shown on figures for Lenses 2 − 4 for comparison. On each figure the effective regime is

clearly demonstrated by the continuous RI with a slight dispersion relation. This regime

has a nominal cut off at around 200 THz, although some UCs have regions of resonance

before that.

These figures also show the expected pattern of a decreasing UC RI with decreasing

fill fraction (the legends list the UCs from highest to lowest filling fraction). UCs with

smaller air gaps have a larger effective regime and smoother curves with fewer resonances

within the effective regime. Table 5.2 provides the analytical and simulated UC results

and the corresponding RI difference for that particular lens. Simulated results are taken

from the data set at f = 150 THz, as this is comfortably in the effective region for all four

lenses without being too close to any resonances.

Figure 5.9 shows the ideal (analytical) stepped RI profile for each of the four lenses

with the analytical and the simulated UC results for each region. The simulated results

are generally higher than expected at the outer edges, and closer to expected towards the

central region. Figure 5.10 shows this discrepancy with respect to the fill fraction, where

the simulated results are plotted with respect to the rectangular cut out fill fraction. For

lower fill fractions the RI is higher than expected, but higher fill fractions see an RI close

to predicted.
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Figure 5.5: Effective RI for Lens 1 unit cells where W is line width and S is number of
spokes
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Figure 5.6: Effective RI for Lens 2 unit cells where W is line width and S is number of
spokes (dielectric slab shown for comparison).
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Figure 5.7: Effective RI for Lens 3 unit cells where W is line width and S is number of
spokes (dielectric slab shown for comparison).
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Figure 5.8: Effective RI for Lens 4 unit cells where W is line width and S is number of
spokes (dielectric slab shown for comparison).
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Table 5.2: A table showing the analytical and simulated unit cell results and the corre-
sponding RI difference for each lens.
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(a) Lens 1
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(b) Lens 2
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(c) Lens 3
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Figure 5.9: (a) − (d) show a comparison between the ideal stepped profile, the analytical
results for the cylindrical fishnet and rectangular cut out approximation, and the simu-
lated results at f = 150 THz.
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Figure 5.10: RI with respect to the unit cell fill fraction for the analytical and the simulated
results.
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5.3.3 Rotation Study

The three UCs used for the rotation study are shown in figure 5.11a−5.11c with the RI

change against rotation angle shown in figure 5.11d. Table 5.3 shows the RI for ϕ = 0◦ and

ϕ = 90◦ at f = 150 THz. Figures 5.12− 5.14 show the electric field norm for each of the unit

cells for ϕ = 0◦ and ϕ = 90◦ at slices at 0 through the x,y, and z axis. The yellow regions

show where the wave is tightly confined.

(a) W 273 S 2 (b) W 501 S 7 (c) W 548 S 10
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Figure 5.11: (a)−(c) unit cells used for rotation study undertaken at 150 THz, with re-
trieved RI against rotation angle shown in (d).
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Table 5.3: RI at ϕ = 0◦ and ϕ = 90◦ for the three tested unit cells.
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(a) x = 0, ϕ = 0◦ (b) x = 0, ϕ = 90◦

(c) y = 0, ϕ = 0◦ (d) y = 0, ϕ = 90◦

(e) z = 0, ϕ = 0◦ (f) z = 0, ϕ = 90◦

Figure 5.12: Electric field normal for W 273 S 2 unit cell at f = 150 THz for slices through
x = 0, y = 0, and z = 0 for both ϕ = 0◦ and ϕ = 90◦.
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(a) x = 0, ϕ = 0◦ (b) x = 0, ϕ = 90◦

(c) y = 0, ϕ = 0◦ (d) y = 0, ϕ = 90◦

(e) z = 0, ϕ = 0◦ (f) z = 0, ϕ = 90◦

Figure 5.13: Electric field normal for W 548 S 10 unit cell at f = 150 THz for slices through
x = 0, y = 0, and z = 0 for both ϕ = 0◦ and ϕ = 90◦.
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(a) x = 0, ϕ = 0◦ (b) x = 0, ϕ = 90◦

(c) y = 0, ϕ = 0◦ (d) y = 0, ϕ = 90◦

(e) z = 0, ϕ = 0◦ (f) z = 0, ϕ = 90◦

Figure 5.14: Electric field normal for W 501 S 7 unit cell at f = 150 THz for slices through
x = 0, y = 0, and z = 0 for both ϕ = 0◦ and ϕ = 90◦.
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5.4 Discussion

5.4.1 Analytical RI Calculations

The analytical effective RI results in figure 5.3 are as expected; as the line width and num-

ber of spokes increases, the fill fraction increases thus the RI increases. While MGT does

not take into account the geometry of the metamaterial, these results provided a good

basis for narrowing down the scope of the COMSOL UC investigation. Finding closest

matching UCs for the four lenses designed in figure 5.4 narrowed down the 837 line width

and spokes combinations to a more reasonable 22 unique combinations (where three UCs

were shared across the lenses and thus only needed simulating once).

The lens profiles in figure 5.4 have the same y-axis scale for ease of comparison, and

are as expected based on how ∆n changes for each lens. Lens 1 has the highest ∆n at 0.340

and has a steeper gradient, while Lens 4 has the smallest at ∆n = 0.168 with the shallowest

slope. A smaller ∆n will increase the focal length of the resulting lenses, which will be

investigated further in chapter 6.

Lenses 1, 3 & 4 all repeat their maximum RI UC for the first step outwards as there

was not a lower closest matching value. This is likely to have an affect on the way the lens

works and requires further investigation. This could be resolved by filling in the gaps in

the range of achievable line width values, visible clearly in figure 5.3, particularly around

the 0.5 µm to 0.55 µm range for these higher RI values. This would require an exten-

sion to the study in chapter 3, either experimentally by creating ascending scan arrays at

more speed and power combinations, or by developing a suitable function to predict line

widths as discussed in section 3.3.3.

The mean absolute difference between the ideal and selected RI values across all four

lenses is 0.002±0.003 where the largest contribution is due to the re-selection of the max-

imum RI UC, where Lens 1 contributes a 0.012 difference for that first step out from the
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centre. Outside of this, Lens 4 has the largest selection differences with a mean differ-

ence of 0.005±0.003 across the UCs. These differences will alter the profile in the lens,

potentially affecting its operation which will be investigated further in chapter 6.

The analytical results for the rectangular cut out approximation are all smaller than

those for the cylindrical fishnet structure with a mean difference of −(0.004±0.001) (with

repeated UCs excluded). This will be due to the approximation breaking down towards

the central region of the cylindrical fishnet structure. In this region, the gaps between the

rings and spokes are more trapezoid, and thus create a denser structure. This limitation

will also be present in the simulation results.

Since MGT does not consider the geometry of the structure, one potential avenue

of investigation is deriving an analytical solution for the RI that takes into account the

cylindrical fishnet geometry. Zhang and Wu developed an EMT for anisotropic meta-

materials consisting of a rectangular array of elliptic cylinders [140]. Their analytical re-

sults found good agreement to simulated results for lower aspect and filling ratios, but at

higher aspect ratios and filling ratios the results deviated from simulations due to the lack

of inclusion of higher order angular momentum terms. While a new EMT would reduce

the heavy computational resource requirements, the time and mathematical expertise re-

quired to incorporate the complexities of the cylindrical fishnet structure may outweigh

the benefits provided.

5.4.2 Simulated RI Discussion

Unit Cells

The simulation results shown in figures 5.5−5.8 show some of the same characteristics

when compared to other fishnet structures in the literature. In [141] their Silicon fishnet

structure has a large resonance peak at ∼ 550 THz where the RI dips below zero after the
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peak. Similarly in this investigation, the RI is lower after a resonance, but no negative RIs

have been reached. One reason for this may be due to the larger RI of Silicon, leading to

larger differences at resonance overall. Figures 5.5−5.8 also showed the larger resonance

peaks (after 200 THz) shift towards higher frequencies with decreasing UC fill fraction.

Gaufillet et al. [142] showed similar results by decreasing the side length of square pillars

of TiO2. Their RI vs frequency plot showed resonance peaks that shift towards higher

frequencies for decreasing side length, which is equivalent to decreasing the fill fraction.

The resonances found in this work tend to be wider with larger UC asymmetry, par-

ticularly when the major axis is aligned with the direction of wave propagation. Looking

at appendix E, figures E.1− E.4 show the geometries of the UCs for each lens. The UCs

for Lens 1 (figure E.1), show that UC-E.1a (W 517 S 10) and UC-E.2b (W 523 S 10) are

asymmetric, but the major axis is aligned perpendicular to the wave propagation in the

x-direction. These two UCs have fewer resonances across the frequency range, where

resonances also occur at a higher frequency overall. In contrast, UC-E.1c (W 487 S 5), UC-

E.1d (W 374 S 4), and UC-E.1e (W 273 S 2) are all asymmetric with the major axis along

the x-axis, parallel to the propagating wave. These three UCs have resonances starting

from ∼170 THz repeating more frequently along the spectrum. In particular UC-E.1e no

longer has an effective regime at all after ∼190 THz.

This pattern is repeated for Lenses 2 and 4, where the asymmetric UCs with the major

axis parallel to the x-direction show more resonance regions starting at lower frequencies

compared to the other UCs in those lenses. For Lens 2 the specific UCs are UC-E.2f and

UC-E.2g corresponding to W 322 S 5 and W 273 S 2 respectively. For Lens 4 the specific

UCs are UC-E.4e and UC-E.4f corresponding to W 548 S 4 and W 548 S 2 respectively.

In all cases these are also the UCs with the lowest RI for that lens. Furthermore, Lens 3

has the smoothest group of plots (figure 5.7), and looking at the UCs (figure E.3), all are

asymmetric with their major axis in the y-direction. This is likely due to commensurability

effects where the waves peak in either the ring of material or in the air gap itself.
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An important consideration here, is that in the cylindrical fishnet structure these UCs

are oriented around a circular axis, therefore these resonance peaks are likely to be dif-

ferent when the UC is rotated 90◦ compared to their single orientation in this study. In

addition, as mentioned in section 5.4.1, this rectangular cut out approximation is less rep-

resentative of UCs towards the central region of the cylindrical fishnet structure. There-

fore, future work should look to solving the computational resource requirements to allow

simulations of the full cylindrical fishnet structure. This includes making use of symme-

tries in the structure to reduce the overall simulation domain, or increasing hardware

specifications.

The resonance peaks indicate which frequencies to avoid for lens operation, however

these results are limited by material definition within the COMSOL simulation. A single

RI value was used which is not indicative of the RI of the material across the full frequency

range. From [135], IP-L is shown to have a decreasing RI between λ = 1 µm to 1.5 µm

which should be accounted for in the model. In [143] the complex dielectric function of

IP-L was investigated across a spectral range of 1.67 µm to 40 µm, which found a weak

absorption feature at around 2.8 µm (107 THz). However, [143] used UV light to cure the

polymer rather than TPP and so the material properties may not be equivalent due to the

different degree of cure. To improve the simulation results presented in this thesis, a study

should be undertaken to obtain the complex optical properties of IP-L across the whole

frequency range used in this work, using a method such as spectroscopic ellipsometry as

in [135] and [143].

A further consideration is the changing RI with laser dose, as found in [144]. As

Lenses 1−3 make use of dose changes to alter the line widths, the material properties will

have slight differences between each RI region. One difficulty with directly measuring

the optical properties of a TPP material is that proximity affects [119] mean the slicing

and hatching parameters will also have an affect on material properties. This means the

creation of a bulk structure large enough to measure with ellipsometry will already have
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different optical properties compared to a single line of resin. Implementing the UV cur-

ing step for development from [130] discussed in chapter 4 may help to reduce any differ-

ences across dose region by creating a more uniform degree of cure across the structure.

The RI differences across the designed lenses are shown in table 5.2, showing the

expected decrease from Lens 1 to Lens 4. These results are smaller than expected based

on the analytical results (table 5.1), yet they are still larger than achievable with tradi-

tional GRIN optics [4]. The base material will have a large contribution to what is achiev-

able in terms of ∆n, therefore implementing a multimaterial TPP process, as discussed

in chapter 2, with a second higher RI material will enable larger RI contrasts. Another

method may be to include Germainium in the resin, which has a high RI (n = 4.0449 at λ

= 2 µm [145]) and is transparent in the infrared region. Malinauskas et al. [146] created a

hybrid germanium silicate material which was printed successfully using TPP. Yet, while

the material is transparent in the 400 nm−1600 nm spectral region, the material was found

to have an RI of only 1.581 at λ = 632 nm which will be smaller still in the RI region in-

vestigated in this work. This offers little benefit over other commercially available resins

offered by Nanoscribe, namely IP-n162 with an RI of 1.6016 at λ = 1000 nm [147].

Figure 5.9 shows the simulated results with respect to the designed lens profile, in

addition to the two sets of analytical results. Lens 3 is the closest to the expected profile

with little deviation from the ideal, with the analytical calculations predicting the UC RI

well. This is likely related to the orientation of the major axis with respect to the EM

radiation as previously discussed, and results may be different if the simulations were

to be run with a 90 degree rotation (discussed further in section 5.4.2). The other three

lenses show larger deviations from the ideal profile, where UCs at the outer edge (lower

RI) are further from the ideal profile compared to UCs at the centre of the lenses. This is

further demonstrated in figure 5.10, where the lower fill fraction UCs are generally further

away from the trend line. Once again these effects may be different with rotation of the

UCs, or by simulating the full cylindrical fishnet structure. Additionally, the rectangular
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cut out analytical results did not predict the simulated results better than the cylindrical

fishnet analytical results, despite being accurate to the actual fill fraction of the simulation

geometry.

Based on the limitations above and the discussion in appendix C, it is difficult to

say for sure the results presented in this section are representative of how the structure

will behave. Therefore, experimentally measuring the metamaterial will help to validate

the results if both show similar characteristics across the frequency range. Experimental

measurements can be undertaken with ellipsometry, which would require the fabrication

of a large area fishnet structure. The cylindrical fishnet itself can also be measured in this

way which would help eliminate the need for the computationally heavy simulations for

that structure.

Finally, there are experimental uncertainties to account for due to line width uncer-

tainties during fabrication. These uncertainties will alter the fill fraction and thus change

the resulting RI. These differences can be nominally accounted for by running simula-

tions at plus and minus the standard deviation of the experimental line widths. However

doing this for every UC would be time resource heavy and it may be more prudent to

investigate select UCs.

Unit Cell Rotation

The UC with the largest asymmetry (W 273 S 2) produced the largest RI difference when

rotated through 90◦, while the most symmetric UC (W 501 S 7) produced the smallest RI

difference. Figures 5.12 to 5.14 show the electric field for slices through the structure in

all three axes for the two different rotation angles. In all cases there is evidence of modal

resonances, shown by the bunching of the wave across the simulation region. Similar

modal patterns can be seen in figure 1 in [148] where the electric-field components of the

first 6 spatial modes for their rectangular core waveguide are presented.
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In figure 5.12 for UC W 273 S 2 the wave is strongly confined in the air gap for the

ϕ = 90◦ rotation, potentially explaining the lower RI at this angle due to the stronger

interaction in the lower RI material. Similarly in figure 5.13 for UC W 548 S 10 the wave is

tightly confined in the air gap for the ϕ = 0◦ rotation, once again potentially leading to the

lower RI. However, there are no clear differences in the field pattern between the rotation

angles for UC W 501 S 7 shown in figure 5.14 which is consistent with there being only a

small change in the RI between the two angles. The modal pattern swaps between x and

y slices for the different angles, however the wave is not tightly confined to one particular

material. The size of the air region for this UC is 0.406 µm × 0.499 µm giving length scales

of < λ/4. These results for UC W 501 S 7 suggest the metamaterial is truly working in the

effective regime for both polarisations.

It should be noted that the RI values for ϕ = 0◦ are lower than those calculated for

these UCs in the full UC study in table 5.2. This is likely due to the results of the full study

relying on the prior value for calculation (using equation 5.9b). Overall, these results

show a strong polarisation dependence particularly for more asymmetrical unit cells. This

is likely to affect the way the cylindrical fishnet structure operates further requiring the

need for an experimental investigation.

5.5 Summary

• The analytical results predicted a large RI difference of ∆n = 0.340 for a lens with

a solid material centre and decreasing the number of spokes/line width radially

outwards.

• Four lenses were designed based on a normalised sech curve and 7 unit cells were

selected for each lens to take forward to simulate in COMSOL. This narrowed down

the 837 line width and spokes combinations to a more reasonable 22 unique UC

combinations for simulation.
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• The simulated UC results showed the expected decrease in RI with decreasing fill

fraction, and the more asymmetrical UCs produced larger resonances when their

major axis was aligned with the direction of wave propagation.

• The simulations found a maximum RI difference of ∆n = 0.296, 0.044 lower than

predicted analytically. However, the more asymmetric UCs are strongly polariza-

tion dependent with the lowest fill fraction UC (W 273 S 2) reducing from n = 1.195

to n = 1.145 with a 90◦ rotation.

• An experimental investigation into the complex RI of the resin should be sought

to improve the reliability of the simulated results. Additionally, experimentally in-

vestigating the cylindrical fishnet structure would allow an understanding of how

the orientation of the UCs affect the resulting RI based on the strong polarisation

dependence.

This chapter has provided a list of achievable RI values for different unit cells by

undertaking frequency domain simulations across the 100 THz to 300 THz range. The

results have shown that there is an effective region between 1 THz − 1.5 THz where after

this there are frequent resonances for all unit cells. These results are used in the next

chapter where the RI values will be used to simulate the propagation of light within the

the designed lenses in order to find the focal length.
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Chapter 6

Lens Investigation and Fabrication

6.1 Introduction to Lens Investigation and Fabrication

Using the results from the previous three chapters, simulations of the four lenses are un-

dertaken in addition to fabricating proof of concept lenses. The focal length and spot size

of each lens is investigated through 2D COMSOL simulations using the ideal, simulated

and stepped RI profiles from the preceding chapter. These focal lengths dictate the length-

/height of the fabricated structure needed to bring light to a focus and are the figure of

merit (FoM) for this work. Proof of concept lenses are printed for each of the four lenses

using the fabrication parameters dictated by the selected line widths. The outcome of

this chapter is an understanding of what is currently achievable for a TPP metamaterial

lens as well as what still needs to be done to improve the fabrication of such a cylindrical

fishnet lens.
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6.2 Lens Design Methodology

6.2.1 Focal Length Calculations & Simulations

Using the sech RI profile from equation 2.2, the RI distribution constant α can be defined

as,

α =
1

r0
cosh−1

(
n0

nr0

)
, (6.1)

where n0 is the central (maximum) RI, nr0 is the outer (minimum) RI and r0 is the radius

of the lens. For a self-focusing lens, the focal length is defined as the quarter-pitch of the

sinusoidal wave within the medium [13] so that,

F = 2π/4α. (6.2)

The pitch is defined as the length it takes a ray to complete one sinusoidal period

while travelling in the lens. Using equations 6.1 & 6.2, the analytical focal length for each

of the four lenses was calculated based on the the ideal and simulated maximum and

minimum refractive index values as discovered in chapter 5. This provided the height of

fabrication needed in order to produce a lens with a back-plane focus.

COMSOL simulations were undertaken to investigate the resulting focal length fur-

ther. The model was based on the “Defining a Mapped Dielectric Distribution of a Ma-

terial” file provided by COMSOL [149]. Figure 6.1 shows the domains and boundary

conditions used within the model. This is a 2D model consisting of a rectangular region

defining the metamaterial lens (blue gradient) surrounded by a rectangular air domain

(white) bounded by a PML (orange stripes) on all sides. A Gaussian beam is modelled en-

tering from the left side using a surface current excitation at the interior boundary (black
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Figure 6.1: Schematic showing the COMSOL model domain. It consists of the metamate-
rial lens (blue gradient) in an air domain, surrounded by a PML (orange stripes), with a
Gaussian beam incident from the left inside boundary (black dashed).

dashed line) which is defined as,

Js0 = exp

(
−
(

y

w0

)2
)

(6.3)

where the beam waist at the boundary is w0 = 20 µm to ensure good coverage of the

lens. The excitation creates a wave propagating in both directions along the x-axis, so that

the PML perfectly absorbs the wave in the negative x-direction, and the lens diffracts the

wave moving in the positive x-direction. The RI distribution is defined along the y-axis

modifying equation 2.2 to a 2D distribution such that,

n(y) = n0 sech
( πy
2F

)
, (6.4)

which is then used as the user defined RI for the Wave Equation domain for the lens. The

model solves for the out-of-plane electric field and results in a plot of the electric field
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norm which is focused within the lens structure. This model does not use the deformed

geometry defined in the example file [149].

The model is run for an r0 = 35 µm radius lens at f = 150 THz (λ = 2 µm). The length

of the lens is changed according to the focal length results for the corresponding radius

in table 6.1. Three different RI profiles are run for each lens; the ideal profile based on the

analytical cylindrical fishnet RI results, and a stepped and smoothed RI profile based on

the simulation results. For the ideal and smooth curves, equation 6.4 is used to create a

continuous curve based on the maximum and minimum RI values. A piecewise function

is used to define the stepped RI based on the simulated unit cell results.

For the smooth and stepped simulated RI profiles, the x-coordinate of the maximum

intensity value in the data set is found, which corresponds to the focal length. The inten-

sity values in y at this x-coordinate are plotted against their corresponding y-coordinates.

For the smoothed profile results, a Gaussian fit is applied to the data and from this the

1/e2 focal width is found.

6.2.2 Fabrication of Lenses

Four GRIN lens structures are produced based on the selected unit cells from section 5.3.1.

Each structure consists of 7 regions within which the necessary line width and number

of spokes is produced, figure 6.2 is a schematic for visualisation, annotated to show the

region boundaries. Each region is 5 µm in width and consists of 5 sets of rings and spokes,

so that the overall structure is 35 µm in radius. The layer spacing is 0.7 µm. Two sets of the

four lenses are produced; one set with 5 layers, and the second with the number of layers

equal to the focal length of the ideal analytical results (1 layer per micrometer). All struc-

tures are printed on a silanized glass slide using the procedure outlined in section 4.2.1.
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Figure 6.2: A rendering of a GRIN cylindrical fishnet structure where the density of spokes
is changed for each of the 7 discrete regions. In this example a region is 5 µm correspond-
ing to 5 ring/spoke pairs per region where the boundaries have been annotated with
black lines for visualisation.

6.3 Results

6.3.1 Focal Length and Spot Size

Table 6.1 shows the analytical focal length results for each lens based on two sets of RI

values. The analytical results use the cylindrical fishnet max and min RI for two different

lens radii, and the simulated results show the focal length for one lens radius. The r0 =

100 µm radius is based on the maximum printable area before stitching (as per chapter 4)

whereas the r0 = 35 µm radius was based on the chosen radius for the printed lenses. A

smaller ∆n results in a larger focal length.

Figures 6.3−6.6 show colour maps of the electric field intensity within the simulation

boundary, with the colour bars normalised to 840 Vm−1 across all plots. For the continu-
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ous RI profiles, a clear focal spot is produced, however this is not the case for the stepped

RI profiles.

Figure 6.7 shows the electric field intensity at the simulated focal position for the

smooth RI profile based on simulated unit cell results, and figure 6.8 shows the same

but for the stepped RI profile. The stepped profile produces a less defined focal spot

compared to the smooth profile. Table 6.2 provides the simulated focal lengths for the

smooth and stepped profiles, and the 1/e2 focal spot width for the smooth simulated

profile for each lens.

Table 6.1: Analytical focal length results for the maximum (n0) and minimum (nr) refrac-
tive indices for each lens. RI ideal is the maximum and minimum analytical RI results,
and RI simulated are the simulated results at 150 THz.

Table 6.2: Comparison of analytical (RI simulated) focal lengths (table 6.1), to the simu-
lated focal lengths for the smooth and stepped profiles. The 1/e2 spot size is included for
the smooth curve.
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(a) Ideal RI Profile (b) Ideal RI Profile at Focal Position

(c) Smoothed RI Profile (d) Smoothed RI Profile at Focal Position

(e) Stepped RI Profile

Figure 6.3: Lens 1 simulations.
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(a) Ideal RI Profile (b) Ideal RI Profile at Focal Position

(c) Smoothed RI Profile (d) Smoothed RI Profile at Focal Position

(e) Stepped RI Profile

Figure 6.4: Lens 2 simulations.
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(a) Ideal RI Profile (b) Ideal RI Profile at Focal Position

(c) Smoothed RI Profile (d) Smoothed RI Profile at Focal Position

(e) Stepped RI Profile

Figure 6.5: Lens 3 simulations.
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(a) Ideal RI Profile (b) Ideal RI Profile at Focal Position

(c) Smoothed RI Profile (d) Smoothed RI Profile at Focal Position

(e) Stepped RI Profile

Figure 6.6: Lens 4 simulations.
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(a) Lens 1 (b) Lens 2

(c) Lens 3 (d) Lens 4

Figure 6.7: (a) − (d) Electric field intensity across the focal position for the smoothed
simulated profile.
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(a) Lens 1 (b) Lens 2

(c) Lens 3 (d) Lens 4

Figure 6.8: (a) − (d) Electric field intensity across the focal position for the stepped simu-
lated profile.
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6.3.2 Fabricated Lenses

Table 6.3 shows the fabrication parameters used for each of the RI regions in the designed

lenses in addition to their corresponding ideal (discretised sech curve) and simulated RI

values for reference.

Table 6.3: Fabrication parameters for the unit cells in each of the designed lenses.
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Figure 6.9 shows SEM images of the four lenses fabricated with 5 layers. In (a) to (c)

some of the same issues discussed in chapter 4 are present, with regards to ring separa-

tion. In addition, the thinner and wider spaced regions at the edge of lenses 1 and 2 show

collapsing of the rings. Lens 4 however, only shows slight shrinkage in the outer most

ring and is otherwise the as designed structure.

Figure 6.9: (a) to (d) show 5-layer printed structures of Lenses 1 to 4 respectively.
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Figure 6.10 shows the four lenses printed with the number of layers equal to their

focal length. A frame was used with a view to aiding structural stability as verticality was

added. However, all structures have failed to print successfully. This was expected for

lenses 1 to 3 given the issues with the 5-layer structures, but while it has faired better, lens

4 is still no longer usable at this height.

Figure 6.10: (a) to (d) show framed printed structures of Lenses 1 to 4 respectively with
the number of layers equal to their respective focal lengths.
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6.4 Discussion

6.4.1 Focal Length and Spot Size

Figures 6.3−6.6 show the electric field intensity throughout the simulation domain for

Lenses 1 to 4. A magnified image of the focal spot is shown for the continuous curves ((b)

and (d) in each figure), and from these it is clear that the intensity decreases from Lens

1 to Lens 4 as the shade shifts from yellow to green. This is shown again in figure 6.7 as

the height of the Gaussian focal spot profile decreases from Lens 1 to Lens 4, while also

broadening at the base. The reduction in power for each lens profile is likely due to the

longer propagation lengths leading to more losses along the length of the structure.

The electric field intensity of the stepped profiles are shown in (e) of figures 6.3−6.6.

These colour maps show that the light is not brought to a clean focus, with diffraction evi-

dent throughout the structure, likely due to the large index steps between the boundaries

refracting the waves. Figure 6.8 shows the intensity distribution at the “focal length”

of these lenses once again demonstrating this diffraction. Comparing these to the focal

length profiles in figure 6.7, suggests that the RI profile needs to be smoother for optimum

functioning of the lens, and so more discrete regions should be added to have smaller RI

steps across the structure.

The analytical focal lengths in table 6.1 show numerically that the focal length will in-

crease with increasing lens radius, or decreasing ∆n. Table 6.2 shows that for the smooth

profile the focal length is larger than the analytical values. Lenses 1 to 3 have the same

difference in focal length (∆F) of 0.2 µm while Lens 4 is 0.6 µm larger. The difference here

may be due to how close the longest lens is to the boundary of the system, and any unin-

tended reflections at the PML may affect the result more than the other lenses. Creating

a larger air domain around all of the structures should avoid any unwanted reflections at

the edges.
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The focal lengths of the stepped profiles are very different from predicted, with Lens

1 being 16 µm larger than expected, while Lenses 2 to 4 have focal positions inside the

lens itself. Although these are the positions of the maximum intensity of the beam, it may

be inappropriate to treat them as true focal lengths for comparison.

A difference between analytical and simulated focal lengths is expected due to the

simulation taking into account the physical effects in the system, such as reflections, scat-

tering and using a Gaussian beam that interacts with the system rather than isolated rays.

In addition, the wavelength of the light will affect the pitch of the lens as that will deter-

mine how long (in space) it will take to complete one sinusoidal period.

Shrestha et al. present their work on dielectric metasurface lenses made from silicon

by EBL which operate in the 1.2 µm to 1.65 µm wavelength range [150]. Their “M1A”

lens has a diameter of 100 µm and an experimentally measured focal length of 200 µm

which is larger than the focal lengths found in this work. However, their “M3” lens also

with a diameter of 100 µm has a focal length of 30 µm which is considerably below what

can be attained by the GRIN metamaterial lens designed in this work. This suggests that a

metasurface approach may be more attractive for applications where the shortest possible

focal length is required.

The broadening of the Gaussian intensity plots shown in figure 6.7 is reflected in the

1/e2 focal spot size in table 6.2. Lens 1 provides the minimum beam width at 3.113 µm ±

0.009 µm which corresponds to 1.56λ. This is similar to the results obtained in [151] for

their metamaterial GRIN lens working at 1.3 THz. This quantity is important for coupling

into optical fibres, as careful mode matching between the focused beam and the fibre core

is needed to ensure maximum power transfer [152].

These results are a good guide for what is expected based on the RI gradients of the

designed lenses in terms of both an ideal continuous curve and the real world stepped

profile. However, a major limitation is that the simulation did not simulate the cylindrical
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fishnet metamaterial itself which, as discussed in the previous chapter, is likely to have

different responses to the wave at different positions. Therefore, creating a 3D simulation

of the structure will provide more accurate results overall. Additionally, the meshing of

the simulation domain will likely generate sources of error. An extra-fine physics con-

trolled mesh was used here, where COMSOL automatically calculates a mesh based on

the wavelengths involved in the simulation. A finer mesh may be created using a user-

defined mesh, which will increase the simulations times but allow a more accurate result.

Although simulations are a useful guide, they do not take into account real world

inefficiencies, or fabrication defects. Therefore, an experimental investigation should be

undertaken to understand the actual focal length of these lenses using a method and op-

tical set up such as the one outlined in [82]. However, there are a number of fabrication

considerations to overcome first which will be discussed in the next section.

6.4.2 GRIN Fabrication

The 5-layer printed structures for Lenses 1 to 3 had structural deformities as shown in

figure 6.9. For Lens 1, the gaps in the solid centre are likely due to the way the region was

fabricated. This central region was produced by scanning rings with a radius increase of

0.35 µm between each ring, at SS = 10 000 µm s−1 & LP = 25 mW. The gaps are likely due

to suboptimum spacing between the rings leading to a lack of adhesion. As a note, the

central region should be twice as large based on the analytical results as the solid region

was the closest match for the next step out also, this is a user programming error. The

next three discrete regions of Lens 1 are well made but there are clear height differences

between each section due to the differences in the laser dose between the regions (see

table 6.3).

The outer regions seem to have suffered from misalignment issues, where rings are

not evenly spaced, and there are overlaps between sections. The outermost RI region has
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collapsing ring walls, likely due to a lack of structural stability with how thin the line

widths are in that region. Lens 2 shows a similar issues, where the structure is deformed

in the outer two RI regions, especially at the interface between sections. This is likely due

to the large structural gradient between these two areas and may be resolved by having

more discrete regions to alleviate the stresses across the structure. However, to preserve

the focal length, the size of the regions should be smaller to ensure the RI gradient is not

reduced overall. This need for a smoother geometrical gradient goes well with the need

for a smoother RI gradient, as discussed in the previous section.

Lens 3 has ring separation issues in the outer regions, but generally the structure is

better that the previous two. Once again the height disparities in each region due to dose

differences is clear. In addition, there are misalignment issues and a lack of adhesion

along the joining seam of the rings. Rings are fabricated anticlockwise starting from the

3-o’clock position on the structure, which explains the gaps in the rings along that section.

Adding in more of an overlap may help reduce the visible seem in this region.

Lens 4 is well fabricated, with good interfacing throughout and no height mismatches

between the regions. This will be due to being fabricated at one laser dose, thus reducing

any stresses between RI regions. However, based on the previous results, this lens will

produce the smallest RI gradient, and thus need the longest focal length to bring light to a

focus. In addition, the results suggest less focal power at the focal position also. Therefore,

priority should be given to resolving the fabrication issues for the previous three lenses

in order to utilise the larger achievable RI gradients.

The issues with the fabricated lenses are amplified for the tall lenses shown in fig-

ure 6.10. Height mismatches within a single layer, warping, peeling and collapsing issues

will all be magnified as more layers are added. Therefore, failed prints were expected

for Lens 1 to 3, but since lens 4 had no issues at shorter heights, this indicates other is-

sues may be at play. In the oil-immersion configuration, the structure height is limited to
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<190 µm due to the working distance of the objective, yet all these structures are below

this height.

In Rovira et al. [153] they suggested that aberrations increase with height, especially

when focusing through a thick layer of cross linked photoresist. The almost conical shape

of the lenses shown in figure 6.10 is similar to that shown figure 6(c) in Rovira’s work.

Their suggestion is to use dip-in (DiLL) mode instead where the objective is lowered into

the resin itself and the structure printed downwards, similar to a conventional vat pho-

topolymerisation process. In this mode, structures can be printed with a height >300 µm.

This requires the use of a more viscous resin, for which many exist in Nanoscribe’s cat-

alogue, however this presents more challenges for developing small features. While the

transition from oil-immersion to DiLL was a natural progression in order to fabricate

larger area lenses that have larger focal lengths, changing resin will require the dose re-

gion and line width study conducted in chapter 3 to be repeated for the new resin.

Further work should look at the boundary where the number of layers starts to de-

grade the structure. The alignment of each layer will play a big part in structural stability

during the print. While TPP is generally a self-supporting process, the use of a more

viscous resin for DiLL mode may help reduce some of the walls collapsing during fabri-

cation.

6.5 Summary

• Focal lengths depend on the RI gradient of the lenses, where a larger radius with

the same RI difference will produce a longer focal length.

• Analytical and simulated focal lengths are similar for the smoothed profile with at

most a 0.6 µm difference between the two values.

• The stepped RI gradient with 7 discrete regions does not produce a well defined

139



6.5. Summary 6. Lens Investigation and Fabrication

focus for any of the four lenses, with diffraction evident throughout the structure.

• The focal spot sizes for the smoothed profile range from 1.6λ to 2.7λ.

• Lenses 1 to 3 showed structural issues when fabricated with only 5 layers, while

Lens 4 was as designed with only minor shrinkage on the outermost ring.

• All of the tall lenses were failed prints. While structures under 190 µm tall should be

possible to print, the increase in aberrations as the laser focused through the cured

polymer may be too much for such a structure.

This chapter has demonstrated how the size of the refractive index gradient affects

the resulting focal length of a GRIN metamaterial lens. The gradient should be as smooth

as possible across the structure to reduce unwanted reflections at each RI boundary. Im-

plementing a smoother RI profile by adding more discrete regions may also reduce fab-

rication errors as there will be fewer stresses in the structure at each interface. The main

outcome of this chapter has been to show the successful fabrication of a 5-layer GRIN

metamaterial structure (lens 4) with simulations to show it could achieve a focal length of

125 µm if fabrication difficulties are overcome to print a structure of this height.
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Chapter 7

Conclusions and Future Work

This thesis has presented experimental work undertaken to investigate the use of two-

photon polymerisation for fabricating metamaterial lenses. The first two results chapters

presented the work undertaken to assess the commercial TPP system used. The final two

results chapters were concerned with the metamaterial design and final proof of concept

lenses. This chapter will summarise the results obtained in each chapter and present the

future direction and potential applications for this work.

7.1 Summary

In chapter 3 the achievable feature sizes of a commercially available resin was investi-

gated. This involved performing a dose test, by changing the laser power and scan speed,

to find the workable range of the resin. Woodpile structures were printed and assessed

for whether they were under-polymerised, over-exposed, or just right. Using faster scan

speeds and lower powers results in under-polymerised structures, whereas slower scan

speeds and higher powers result in over-exposed structures, a region between these pro-

duces well polymerised structures. By altering the laser dose, one can control the result-
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ing line width of the features in the print. As expected the results showed that lower laser

doses produces smaller line widths, and higher laser doses produced larger widths. Work

in this chapter also looked at the theoretical fitting function for line width vs laser power

as discussed frequently in the literature. This work found that the theoretical fit overesti-

mates the line width for lower powers while underestimating for higher powers. Overall

this chapter found that altering the laser dose could provide a large range of line widths

as a means to creating gradient structures.

Chapter 4 was concerned with repeatability and accuracies of structures printed us-

ing TPP. Shrinkage and adhesion are important considerations as they will cause devi-

ations from the design and thus affect the performance of the structure. Frames can be

implemented to contain the shrinkage to within the frame region, leaving the structure

of interest intact. Using silanized glass slides promoted adhesion of the structure to the

substrate, providing a solid foundation and a reduction in shrinkage. The combination of

frames and silanized slides produced the best results. Further work looked at stitching

larger area structures together, but stitching errors remain a large obstacle to overcome.

Woodpile structures were fabricated by changing the laser power between scan lines,

and along individual scan lines. This produced structures with a geometry gradient and

provided proof of principle for creating a GRIN metamaterial in this way. The cylindrical

fishnet structure was suggested as the geometry to use in this work, due to the circular

nature producing less shrinkage creating a more faithful print compared to the design.

This allowed more ways to implement a gradient change, by also changing the number

of spokes in a region, as well as the length of the spokes/gap between the rings, although

only the former was investigated in this work. Overall, the cylindrical fishnet was a re-

producible structure, but there are alignment issues to consider when adding more layers.

The cylindrical fishnet structure was investigated for its use as a metamaterial in

chapter 5. Analytical calculations of the effective refractive index of the metamaterial al-
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lowed a surface understanding of the refractive index gradients achievable. Four lenses

were designed using different maximum and minimum RI values to normalise a hyper-

bolic secant curve, and 7 closest matching unit cells from each were selected to simulate

in COMSOL. The COMSOL simulations used a rectangular cut out approximation for the

geometry rather than the cylindrical fishnet. The simulations found that there is a strong

orientation dependency for this geometry where the orientation of the unit cell major axis

with respect to the propagating wave will affect the resonances and the resulting RI value.

Nonetheless, the unit cell simulation results found evidence of a large effective region for

which a lens could function over a large bandwidth.

Finally, chapter 6 calculated the expected focal lengths of the four designed lenses

using an analytical equation, and extracting the results from a 2D simulation. The focal

length will increase with decreasing refractive index gradient due to the longer length

needed to guide the light to a complete focus. However, with these longer lengths comes

a reduction in focal power and an increase in focal spot size due to losses while propa-

gating through the structure. A stepped RI profile using only 7 unit cells does not bring

light to a good focus due to excessive diffraction between the boundaries, therefore a

smoother profile with more unit cells should be used. This chapter also presented proof

of concept fabricated lenses which showed that from a fabrication perspective a smoother

RI gradient is also necessary to alleviate the stresses between the mismatched regions.

Lens 4 produced the as designed structure when printed with 5 layers, however all struc-

tures failed when printed with layers equal to their focal length showing room for further

development.

The aim of this work was to produce, using TPP, a metamaterial GRIN lens to oper-

ate in the 1 µm − 2 µm waveband. The results in chapter 5 have shown that GRIN lenses

made from the unit cells tested would be able to operate between 3 µm − 2 µm if partic-

ular regions of resonance are avoided. The fabrication of a TPP GRIN metamaterial was

demonstrated in chapter 6 and simulations predicted a focal length of 125 µm which is
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considerably less than the millimetre focal lengths achievable by traditional GRIN optics,

but on par or greater than that of other metamaterial lenses. The investigation into the

fabrication of metamaterials using TPP has indicated several key areas of improvement,

and the use of any such TPP GRIN metamaterial lenses are likely to stay within research

rather than commercial applications for the foreseeable future.

7.2 Future Direction

Before any of the lenses presented in this work (or otherwise) can be used commercially or

within other research areas, there are a number of considerations to be met. This section

presents three main areas of further research to be undertaken with respect to potential

applications.

The current glass substrate is an issue as refraction at the interface will alter the path

of the incoming rays. Further work could look to designing the lens to account for the

phase shift of the wave, as in [154]. However, a more pragmatic solution would be to

print directly onto the intended final object, such as on the end of a fibre [155]. This work

found silanized glass slides produced better structures, which is not possible for some

substrates, however silanized fibres can be produced [156]. For other substrates the use of

a lower shrinkage resin or by altering the development process, as discussed in chapter 4,

will remove the need for silanization. Alternative substrates will also necessitate the move

to dip-in mode where structures are printed downwards, away from the substrate, rather

than upwards with the light focused through it. This will require further work creating a

new line width catalogue for the new resin as undertaken in chapter 3. Furthermore, the

use of optical fibres as the printing substrate would require significant modifications to

the Nanoscribe machine in order to position the fibre correctly, potentially necessitating

the creation a home-build system.

A nominal frequency of 150 THz (λ = 2 µm), was chosen to investigate the lenses in
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this work, since this was away from the majority of resonances found from the simula-

tions. Recent work has looked at mid-infrared quantum systems [157], and since this is

not a widely used band, optical components working in this region are likely harder to

come by. Therefore, the lenses in this work could position themselves well for such appli-

cations. However, further unit cell simulations, or an experimental investigation should

be undertaken to understand how the cylindrical fishnet structure behaves in common

communications wavelength regions such as 1.5 µm and 1.3 µm. Though the results from

chapter 5 suggest these regions may be too close to resonances. Further work should once

again look at the resin used to enable smaller line widths to be created, pushing the region

of operation further towards shorter wavelengths.

The focal length of the lens is important to understand so that the lens length can be

tailored to different applications. In this work, a quarter-pitch lens was designed which

can be used to collimate a point source, or bring a collimated beam to a focus. A 0.23-

pitch lens will do the same with the focal length at a working distance from the surface

of the lens. Half-pitch lenses will create an inverted image on the back plane, of an object

on the entrance surface. Finally, a 0.29-pitch lens will focus a point source from one side

of the lens to the other, useful for coupling between fibres. Being able to freely alter the

height of the lens will enable all these functionalities to open up. Further work is needed

to produce good prints for these longer propagation lengths as discussed in chapter 6.

Additional work should look at experimentally investigating the spot size of the

lenses. The results in this work suggested that longer propagation lengths, resulting from

a shallower RI gradient, broadened the focal spot which could allow tailored mode match-

ing for more efficient coupling [152]. However, longer propagation lengths will lead to

more losses, so understanding the insertion losses of a coupling system will enable more

power to be delivered where it needs to go. This is of particular interest to the quantum

sensing field where preserving power across the system will enable lower power portable

devices [158].
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Appendix A

Line Width Extraction Macro

This appendix provides the ImageJ macro used to extract the line measurements of each

ascending scan array as discussed in section 3.2.3. The code can be pasted into the “batch

processing by macro” dialogue box where it will process all images from your input

folder, save the processed images to your output folder, and save the numerical results to

an excel document.

There are several changes you will need to make which are highlighted in bold.

Firstly, you may need to change the coordinates in “makeRectangle” so that the image

is cropped within your desired area. Secondly, be sure to update the file extensions of the

input images to match the file type of your images, here they are currently .tif. Next, you

will need to input your specific file path (FilePathResults) and the name (ResultsFile) of

the excel document you wish to save the results to. There is no need to create the excel

file before hand, it will be created automatically when the function is first called and then

auto-populated for each subsequent image. Finally when saving your images with the

“saveAs” command, update the file type (“Jpeg”) and extension (.jpg) you wish to use

along with the file path (FilePathImages). Note that wherever the macro says “filename”

this will be auto-populated from the name of your file and thus does not need changing.
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A. Line Width Extraction Macro

This work has used Fiji as the installation of ImageJ as it bundles a lot of plugins

required for scientific image analysis. For further help using Fiji see reference [159]. The

macro is as follows:

setBatchMode(false)
filename = getTitle();
dotIndex = indexOf(filename, “.”);
filename = substring(filename, 0, dotIndex);
makeRectangle(0, 0, 1280, 968);
run(“Crop”);
run(“8-bit”);
run(“Median...”, “radius=2”);
run(“Auto Threshold”, “method=Huang white”);
run(“Analyze Particles...”, “ display clear add”);
run(“ROIs to Label image”);
run(“Oriented Bounding Box”,“label=ROIs2Label_”+filename+“.tif . . .

show image=”+filename+“.tif”);
selectWindow(“Results”);
run(“Close”);
wait(1000);
Table.rename(“ROIs2Label_”+filename+“-OBox”,“Results”)
run(“Read and Write Excel”, “file=[C:/FilePathResults/ResultsFile.xlsx]”);
selectWindow(filename+“.tif”);
saveAs(“Jpeg”, “C:/FilePathImage/”+filename+“.jpg”);
wait(1000);
close(“*”);
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Appendix B

Fill Fraction Calculations

This appendix provides the area equations used in the analytical effective refractive index

calculations of this work. Section B.1 provides the area for the full cylindrical fishnet lens,

and Section B.2 provides the area for the simplified rectangular cut out approximation. At

the end of each section the MATLAB code is also provided to show full implementation

of the analytical calculations.

B.1 Spoke-Ring Lens Area

This section outlines the area calculation for the cylindrical fishnet lens in order to calcu-

late the fill fraction, where W is the line width, L is the length of a spoke/the distance

between each ring and S is the number of starting spokes in the central circle. The total

area enclosing the cylindrical fishnhet structure is,

Atotal = π
(
R+

W

2

)2
,
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where R is the radius of the full spokes lens (100 µm). The area calculation is split into

two parts: calculating the area of the central ring and spokes followed by the area of all

subsequent rings and spokes.

B.1.1 Central Spokes Region

For the central region calculation,

Ainner_total = π
(
L+

W

2

)2
,

is the total area enclosing the central ring. To simplify the problem, the area of the empty

space between each spoke is calculated and subtracted from Ainner_total as shown in fig-

ure B.1. The following expressions are introduced:

a = W/2,

r1 = L− a,

where r1 is the length of the inner radius of annulus.

Figure B.1: Diagram of central region of cylindrical fishnet structure. Grey stripes shows
the area to be derived.
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Area of segment

Firstly it is necessary to recall the area of a segment of a circle subtended at the centre by

a given angle. Figure B.2 provides the relevant notation, where the angle is 2ϕ radians,

and the area of the relevant segment is area AXBC. The area is found from the area of the

sector ACBO upon subtraction of the area of the triangle AXBO. Area ACBO is given by,

AACBO =
πr1
2π

2ϕ = r2i ϕ.

The area of the triangle AXBO has area ABO given by,

AABO =
1

2
·AB ·XO =

1

2
· 2r1 sinϕ · r1 cosϕ = r21 sinϕ cosϕ.

Thus, the desired segment area is,

AAXBC = r21(ϕ− sinϕ cosϕ),

=
1

2
r21 (2ϕ− sin 2ϕ) .

Figure B.2: Diagram providing notation for area of segment derivation.

151
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Empty space between two spokes

Figure B.3 depicts two spokes of the structure separated by angle θ radians. The half circle

shown has a radius r1 which forms the inner edge of the structure annulus. The empty

space between the spokes is the shaded shape with area given by A1PA2F which is to be

derived.

Figure B.3: Diagram providing notation for derivation of empty space between two
spokes.

The construction OP is the bisector of angle θ. O is the centre of the circle from which

lines OA1 and OA2 connect to the intersections A1 and A2 of a side of the spoke with the

circle. Angle α and β are defined in the positions shown with respect to the constructions

OA so that,

α+ β = θ/2.

In addition, β is known from,

sinβ = a/r1.
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From the prior section, the area of the segment A1PA2T is,

AA1PA2T = r21(α− sinα cosα).

This area must be added to the triangle A1A2F, therefore the lengths TA2 and TF must

be defined. In the triangle TA2O we have,

TA2 = r1 sinα.

Now,

TF = TO − FO,

where TO is defined from triangle TA2O as,

TO = r1 cosα.

Angle ÔFM2 equals θ/2, hence in triangle OFM2 we have,

FO = a cosec θ/2,

so that TF can be defined by,

TF = r1 cosα− a cosec θ/2.
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Hence, area A1A2F is given by,

AA1A2F = 2× 1

2
TA× TF,

= r1 sinα (r1 cosα− a cosec θ/2) .

The total area of a single segment of empty space between two spokes is given by,

AA1PA2F = AA1A2F +AA1PA2T

= r1 sinα (r1 cosα− a cosec θ/2) + r21(α− sinα cosα),

= r21α = ar1 sinα cosec θ/2.

Eliminating α and β gives the explicit equation,

Asector =

(
r21

θ

2
+ a2 cot θ/2

)
−
(
r21 arcsin a/r1 + a

√
r21 − a2

)
.

For a full circle with S equally spaced spokes, the circle is divided in to S arcs each

separated by angle θ such that,

θ = 2π/S,

so that the total empty area is,

Aempty = S ×Asector,

unless θ ≤ 2β in which case Aempty = 0. Therefore the area of the central region Ainner is,

Ainner = Ainner_total −Aempty.
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Figure B.4: Diagram and definitions of the areas and lengths for the overlap between the
spokes (blue) and rings (orange). C represents the the centre of the overall structure.

B.1.2 Outer Rings and Spokes Calculation

The area of the rest of the spokes structure is calculated iteratively adding the area of

each new ring and set of intervening spokes to a cumulative area (Acumulative). Here, ri is

defined as the current ring radius which increases by L for each step, and Si is the current

number of spokes, increasing by S for each step. Each iteration starts by calculating the

area of the annulus between the current ring and the ring preceding it using,

Ainner_annulus = π
((

ri − a
)2

−
(
(ri − L) + a

)2)
,

where a was previously defined as W/2.

Following this, the area of a single spoke is calculated. While simplifying the calcula-

tion to a rectangle with an area of L×W would be appropriate for the outer regions of the

lens, non-negligible differences are created towards the central regions of the lens where

the overlaps are proportionally larger. Therefore, each spoke is modelled as a curved
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rectangle accounting for the overlap of the rings at each end of the spoke. Figure B.4

demonstrates the situation graphically, as well as defining the key parameters used for

the calculation.

To begin, the area of the upper semicircle is calculated by,

Asc_u =
1

2
r2i_sc_u × (2θsc_u − sin(2θsc_u)),

where,

ri_sc_u = R− a,

is the radius measured from the center of the spokes lens to the bottom of the current ring

and

2θsc_up = sin−1(
W

2ri_sc_u
),

is the angle of the circular segment with a chord length of W. The sagita of the upper

semicircle is given by,

SGsc_u = rsc_u −
√
r2i_sc_u − a2.

The same values are defined for the lower semicircle so that,

Asc_l =
1

2
r2i_sc_l × (2θsc_l − sin(2θsc_l)),

rsc_l = (ri − L) + a,

2θsc_l = sin−1(
W

2ri_sc_l
),

SGsc_l = ri_sc_l −
√

r2i_sc_l − a2.

After this, a new rectangle is defined as having side length ℓ given by,

ℓ = L− (a+ SGsc_u)− (a− SGsc_l),
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so that the area of a single spoke is given by,

Asingle_spoke = (ℓ×W ) +Asc_u −Asc_l,

and the area of all spokes for this iteration is,

Aall_spokes_i = Asingle_spoke × Si.

The following condition is then applied,

Ai =


Aring_i +Ainner_annulus Ainner_annulus ≤ Aall_spokes_i

Aring_i +Aall_spokes_i Aall_spokes_i < Ainner_annulus,

where the upper condition corresponds to overlapping spokes so that you need only add

the inner annulus area to the current ring annulus (Aring_i). Else, the area for this iteration

is the sum of the spokes area (Aall_spokes_i) and (Aring_i),

Aring_i = π((ri + a)2 − (ri − a)2).

This area is then added to the cumulative area until each ring/spokes pair is calcu-

lated leading to a final area calculation of,

Aspokes = Acumulative +Ainner.

This is then passed back into the main code for further calculations to work out the

fill fraction by dividing Aspokes by Atotal as defined at the beginning of this section. The

full code used to calculate the effective refractive index is as follows:

%% Maxwell Garnett Analytical Calculations for Refractive Index
%%
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% This code will calculate the analytical refractive index for a
range of line widths and starting spokes for the CYLINDRICAL
FISHNET lens.

clc; clear all; close all;

%% Define Parameters

% Loop Parameters
Lv = 1; % Ring Radius/voxel length
Sp = 2:1:10; % "starting" number of spokes
Wv = load('linewidthresults.mat'); % Line Width (nm)

% Lens parameters
diameter = 200;
radius = diameter/2;

% Material Properties
n_0 = 1.492;
eps_0 = n_0^2; % polymer
eps = 1; % air

%% Calculate Maxwell Garnet Neff %%

FFlens = zeros(size(Wv,1),size(Sp,2));

for i = 1:size(Sp,2)
for j = 1:size(Wv,1)

if isnan(Wv(j))
FFlens(j,i) = NaN;

else
UnitCellArea = pi*((radius+(Wv(j)/2))^2); %Circle
LensArea = spokesarea(Sp(i),Wv(j),Lv,radius);
FFlens(j,i) = LensArea/UnitCellArea;

end
end

end

MG_neff = MGT(eps_0,eps,FFlens);

%% Functions %%

function totalarea = spokesarea(S,W,L,radius)
% Area Calculation for Spokes Lens %

% Calculate Area of Central Region
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Area = pi*((L+(W/2)))^2; % Total area of central region
a = W/2;
ri = L-a;
theta = (2*pi)/S;
beta = asin(a/ri);
if theta <= 2*beta

empty = 0;
else

sector_area = (ri^2*(theta/2) + a^2*cot(theta/2)) - ...
(ri^2*asin(a/ri) + a*sqrt(ri^2 - a^2));

empty = (sector_area)*S;
end

Ainnerspokes = Area - empty;

% Calculate Area of Successive Rings
current_spokes = S*2;
Area_cum = 0;
for r = 2*L:L:radius %radii of each ring

inner_annulus_area = pi*((r - W/2)^2 - (r-L+W/2)^2);

% calculate area of single spoke
% upper semicircle
r_upper = r-(W/2);
angle_upper = asin(W/(2*r_upper));
area_upper = 0.5*r_upper^2*(2*angle_upper - sin(2*

angle_upper));
sagitta_upper = r_upper - sqrt(r_upper^2 - (W/2)^2);

% lower semicircle
r_lower = (r-L)+(W/2);
angle_lower = asin(W/(2*r_lower));
area_lower = 0.5*r_lower^2*(2*angle_lower - sin(2*

angle_lower));
sagitta_lower = r_lower - sqrt(r_lower^2 - (W/2)^2);

% enclosing rectangle length
distance_upper = (W/2) + sagitta_upper;
distance_lower = (W/2) - sagitta_lower;
adjusted_length = L - distance_upper - distance_lower;

% area spoke
single_spoke_area = (adjusted_length*W) + area_upper -
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area_lower;

% area total spokes
spokes_area = single_spoke_area*current_spokes;

% if spokes area > annulus area set area to add as
annulus

if inner_annulus_area <= spokes_area
annulus_area = pi*((r + W/2)^2 - (r_lower)^2);
Area_cum = Area_cum + annulus_area;

% if gaps between spokes, add spokes area + upper
ring area

else
ring_area = pi*((r+W/2)^2-(r-W/2)^2);
Area_cum = Area_cum + spokes_area + ring_area;

end
current_spokes = current_spokes+S;

end
totalarea = Area_cum + Ainnerspokes;

end

function n = MGT(epsi,epsh,FF)
% Maxwell Garnet Calculation %
bracket = (epsi - epsh) / (epsi + 2*epsh);
num = epsh.*(1 + 2.*FF.*bracket);
den = 1 - FF.*bracket;
epse = num./den;
n = sqrt(epse);

end

B.2 Rectangular Cut Out Area

This section outlines the area calculation for the rectangular cut out approximation. As

with the previous section W is the line width, L is the length of a spoke/the distance

between each ring and S is the number of starting spokes in the central circle. For this

approximation the unit cell is assumed to be at the outer edge of the corresponding cylin-
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drical fishnet with radius R (= 100 µm) so that:

Stotal = S × (R− L),

is the total number of spokes in the outer ring. Therefore the distance between each spoke

is,

dspokes =
2πR

Stotal
.

This gives the total area enclosing the unit cell as,

ATotal = L× dspokes,

and the area of the inner rectangle or air gap between each spoke is,

Aair = (L−W )× (dspokes −W ).

To calculate the area of the unit cell we apply the condition,

AUC =


Atotal Aair < 0

Atotal −Aair 0 ≤ Aair,

where Aair < 0 corresponds to overlapping spokes leading to a fill fraction of 1 as there is

no empty space. As before the fill fraction is then calculated as,

F = AUC/Atotal

ready to be used in Equation 5.1. The full MATLAB code is as follows:

%% Maxwell Garnett Analytical Calculations for Refractive Index
%%

% This code will calculate the analytical refractive index for a
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range of line widths and starting spokes for the RECTANGULAR
CUT OUT approximation.

clc; clear all; close all;

%% Define Parameters

% Loop Parameters
Lv = 1; % Ring Radius/voxel length
Sp = 2:1:10; % "starting" number of spokes
Wv = load('linewidthresults.mat'); % Line Width (nm)

% Lens parameters
diameter = 200;
radius = diameter/2;

% Material Properties
n_0 = 1.492;
eps_0 = n_0^2; % polymer
eps = 1; % air

%% Calculate Maxwell Garnet Neff %%

FF_square = zeros(size(Wv,1),size(Sp,2));

for i = 1:size(Sp,2)
for j = 1:size(Wv,1)

if isnan(Wv(j))
FF_square(j,i) = NaN;

else
FF_square(j,i) = square_ff(Sp(i),Wv(j),Lv,radius);

end
end

end

MG_neff = MGT(eps_0,eps,FFlens);

%% Functions

function fill_fraction = square_ff(S,W,L,radius)
% Fill Fraction for Square Cut Out %
no_spokes = S*(radius - L);
spoke_distance = (2*pi*radius)/no_spokes;
Outer_Square = L * spoke_distance;

Inner_Square = (L-W)*(spoke_distance - W);
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B.2. Rectangular Cut Out Area B. Fill Fraction Calculations

if Inner_Square < 0
area = Outer_Square;

else
area = Outer_Square - Inner_Square;

end

fill_fraction = area/Outer_Square;
end

function n = MGT(epsi,epsh,FF)
% Maxwell Garnet Calculation %
bracket = (epsi - epsh) / (epsi + 2*epsh);
num = epsh.*(1 + 2.*FF.*bracket);
den = 1 - FF.*bracket;
epse = num./den;
n = sqrt(epse);

end
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Appendix C

Simulation and Parameter Retrieval

Setup

This appendix presents an investigation into two different COMSOL simulation set ups,

using a dielectric slab to benchmark the correct parameter retrieval and simulation meth-

ods. A discussion is undertaken into considerations for the parameter retrieval method.

C.1 COMSOL Model Comparisons

Two simulations using the RF module were adapted from COMSOL documentation. The

first model (Sim 1) used the “Frequency Selective Surface” application file provided by

COMSOL [160], and the second (Sim 2) was based on a webinar hosted by COMSOL [136].

Figure C.1 show the domains and boundary conditions applied to each model. In both,

the central grey chequered region contains the structure under investigation with the rest

of the simulation domain being filled with air.

In each case, floquet-PBCs are used to simulate an infinite material and/or 2D array
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C.1. COMSOL Model Comparisons C. Simulation and Parameter Retrieval Setup

(a) (b)

Figure C.1: COMSOL simulation domain for (a) Sim 1 and (b) Sim 2. Blue stripes are the
periodic ports exciting a wave travelling from top to bottom (indicated by black arrow).
Orange shaded is the floquet periodic boundary condition applied in pairs to opposing
vertical faces. The grey chequered central region is the rectangular cut out geometry
with IP-L material definition n = 1.492 [135], ε = n2 and µ = 1. There is a 3λmax gap
between the ports and the structure surfaces which is filled with air, and the thickness of
the structure is T = 1 µm.

of unit cells. PBCs are set up so that opposing faces are paired as source and destina-

tion boundaries. This enables the physics-controlled meshing sequence to create identical

surface meshes on the paired boundaries. The port boundary conditions are placed ei-

ther on the interior boundaries of the perfectly matched layers (PMLs) (Sim 1), or on the

outside boundaries of the simulation domain (Sim 2). These automatically determine the

transmission (S21) and reflection (S11) coefficients for each frequency.

In Sim 1, since the ports are on an interior boundary the slit condition is applied. For

the example COMSOL provided, the combination of Domain-backed type slit port and

PMLs is used as higher order diffraction modes were not of interest. Whereas in Sim 2,
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C.1. COMSOL Model Comparisons C. Simulation and Parameter Retrieval Setup

there are no PMLs, and a Diffraction order port is auto-added for each diffraction order

and polarisation. A 1 µm×0.8 µm×1 µm (length, width, thickness) dielectric slab was

simulated using both models and the results are shown in figure C.2. Figure C.2a shows

the results of Sim 1 with a clear interference pattern in the results, whereas figure C.2b

shows a smoother line using Sim 2.
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Figure C.2: (a) and (b) show the retrieved RI for Sim 1 and Sim 2 respectively.

Figure C.3 shows how the interference pattern changes when changing the air gap

between the dielectric slab and the ports. The further away the port is from the surface of

the dielectric slab, the less pronounced the pattern. The results in table C.1 show that the

pattern is consistent with the theoretical interference equation,

2nd = pλp, (C.1)

where n is the slab RI, d is the gap between the port and the top face of the dielectric

slab, p is the order of reflection and λp is the wavelength of the interference. The slight

difference between the theoretical values and the actual values may be due to one of the

interfaces being into the dielectric rather than being a true reflective interface.
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(b) d = 3λmax
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(c) d = 4λmax
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(d) d = 5λmax

Figure C.3: (a) − (d) retrieved effective refractive index for the dielectric slab with differ-
ent distances, d, between the port and dielectric surface where λmax = 3 µm is set to the
smallest frequency used (fi = 100 THz).

Table C.1: Table comparing the theoretical interference frequency to the actual frequency
as shown in figure C.3.
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Figure C.4a and C.4b show how changing the width (W) and thickness (T) of the slab

affects the retrieved RI. The overall dimensions were 1 µm×W×1 µm and 1 µm×0.8 µm×T

respectively. The width of the slab did reduce the slope slightly for the two largest widths.

However, a single width will not be set for the full unit cell study as changing the width is

part of the investigation. Increasing the thickness of the slab does have a significant affect

on the slope of the results. This is likely due to reflections and phase differences within

the structure altering the overall results.
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Figure C.4: Retrieved RI for the dielectric slab for changing unit cell (a) width and (b)
thickness.

C.2 Parameter Retrieval: Branching

When simulating the dielectric slab with different thicknesses the branch selection method

using equation 5.8 did not always work. The value that is rounded to find the first branch

is given by,

V0 = − 1

2π

[
ln(einkd)

]′′
. (C.2)
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The calculated V0 value is presented in table C.2 for the 4 different slab thicknesses, in

addition to the selected branch by rounding this value, and the actual branch based on

trial an error in selecting the first value for m. Figure C.5 shows an example of how the

retrieved RI looks with different initial branch values, showing that for the T = 4 µm thick

slab is retrieved correctly for mi = 2 rather than the mi = 0 based on equation 5.8.

Table C.2: Results of the V0 values and selected and required initial branch indexes for
each of the slab thicknesses.
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Figure C.5: Retrieved RI for T = 4 µm thick dielectric slab for three different initial branch
values. Setting mi = 2 allows the slab to be correctly resolved.
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C.3. Conclusion C. Simulation and Parameter Retrieval Setup

C.3 Conclusion

The gradient of the slope for the retrieved RI for the dielectric slab is small (∼ 10−6),

therefore there are diminishing returns for simulating at larger thicknesses due to the

drastically increasing simulation times. Additionally, there is uncertainty surrounding

the branch selection for thicknesses larger than 1 µm. Therefore the main metamaterial

study used a thickness of 1 µm, which is can also be deemed the thickness of a unit cell

due to it being the approximate thickness of a single layer made using TPP. It is likely that

further tweaks need to be made to the simulation domains to ensure it is thickness invari-

ant, in addition to further investigating the branch selection method, where potentially

implementing a piecewise selection function is appropriate mathematically, but should

be confirmed physically.
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Appendix D

Parameter Retrieval Code

%%%%%%%%%%%%%%%% EFFECTIVE PARAMETER RETRIEVAL CODE
%%%%%%%%%%%%%%%

% This code can be used to retrieve the effective material
parameters from the s-parameters of a metamaterial.

%
% To use this code save the frequency, S11, S21, S11dB and S21dB

data in a single export from comsol. Change the file path to
your save location, change the file name to your file name.

%
% You will also need the thickness of your metamaterial (d), and

the thickness of any air/vacuum gaps between each port and the
metamaterial surface (prepad and postpad).

%
% The references used to create this work:
% Chen et al., "Robust method to retrieve the constitutive
% effective parameters of metamaterials", Phys. Rev. E, 70(1),

2004.
%
% Wang et al., "An improved approach to determine the branch
% index for retrieving the constitutive effective parameters
% of metamaterials", J. Electromagn. Waves Appl., 25(1), 2011

%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

clc; close all; clear all;
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D. Parameter Retrieval Code

%% % Load data %%%%

% Extract the data into their respective arrays
% 1) Be sure to note which order you saved the data in the comsol

file so the correct data is assigned to the correct variable.
% 2) The conjugate of S11 S21 is taken to account for sign

convetion of iwt between comsol and the retrieval method
% 3) The dB data has been imported to allow for plotting but is

not required for the parameter retrieval.

filepath = 'C:\YourFilePath\';
filename = 'YourFileName'

data = table2array(readtable([filepath,filename]));

f = data(1:5:end,:); % frequency data
S11= conj(data(2:5:end,:)); % S11
S21 = conj(data(3:5:end,:)); % S21

%% %% Parameter Retrieval %% %%

% Definitions
c = 299792458.0; % speed of light
k_0 = 2.0*pi*f/c; % wavenumber in vacuum

d = 0.000001; % thickness of metamaterial
prepad = ((6*(2.9979e8/100e12)+d)/2)-d/2;
postpad = prepad;

% Remove padding on both side of the metamaterial slab.
exp_prepad = exp(-1.0i*k_0*prepad);
exp_postpad = exp(-1.0i*k_0*postpad);
S11 = S11 .* exp_prepad.*exp_prepad;
S21 = S21 .* exp_prepad.*exp_postpad;

% %%% Calculate the impedance. %
z = sqrt(((1+S11).^2-S21.^2)./ ...

((1-S11).^2-S21.^2));

% Adjust the sign to make sure real part is positive.
z = z.*(real(z)>=0.0) - z.*(real(z)<0.0);

% Factors for ease of calculation later on.
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D. Parameter Retrieval Code

div = (z-1.0)./(z+1.0);
expink = S21./(1.0-S11.*div);
invkd = (k_0*d).^-1;
imlogexp = imag(log(expink));
relogexp = real(log(expink));

% Calculate the refractive index using branch selection criterion
%

% pre-allocate arrays.
n = zeros(size(f));
value = zeros(size(f));
branch = zeros(size(f));

% calculate first point.
value(1) = -imag(log(expink(1)))/(2*pi);
branch(1) = round(value(1));

n(1) = invkd(1)*((imlogexp(1)+2*pi*branch(1)) - 1.0i*relogexp(1))
;

% calculate following points.
for i = 2:length(n)

value(i) = (imlogexp(i-1)-imlogexp(i))/(2*pi);
branch(i) = round(value(i)) + branch(i-1);
n(i) = invkd(i)*((imlogexp(i)+2*pi*branch(i)) - 1.0i*relogexp

(i));
end

% Calculate eps and mu if required %
eps_eff = n./z;
mu_eff = n.*z;
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Appendix E

Unit Cells

(a) W 517 S 10 (b) W 427 S 10

(c) W 487 S 5 (d) W 374 S 4

(e) W 273 S 2

Figure E.1: Images of unit cells used in Lens 1.
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E. Unit Cells

(a) W 548 S 10 (b) W 523 S 10

(c) W 474 S 10 (d) W 501 S 7

(e) W 392 S 7 (f) W 332 S 5

(g) W 273 S 2

Figure E.2: Images of unit cells used in Lens 2.
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E. Unit Cells

(a) W 548 S 10 (b) W 504 S 10

(c) W 458 S 10 (d) W 399 S 10

(e) W 339 S 10 (f) W 273 S 10

Figure E.3: Images of unit cells used in Lens 3.
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E. Unit Cells

(a) W 548 S 10 (b) W 548 S 9

(c) W 548 S 8 (d) W 548 S 6

(e) W 548 S 4 (f) W 548 S 2

Figure E.4: Images of unit cells used in Lens 4.
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