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Abstract 

Developments in the field of optical sensing have seen the creation of a wide 

variety of new structures and materials. These include metamaterial sensors, 

which comprise of nanostructures with physical dimensions smaller than the 

wavelength of light. Two of the most widely researched metamaterial structures 

are the Split Ring Resonator (SRR) and fishnet. Both of these structures can be 

physically altered (in terms of geometry, material composition or periodicity) to 

exhibit plasmonic resonances at frequencies as far as the visible regime. The near-

infrared frequency range is of particular interest with regard to optical sensing as 

many molecular absorption bands can be found here. 

This thesis studies the effectiveness of different designs of optical sensors and the 

fabrication techniques used to produce them. By changing the dimensions and 

constituent metal of SRRs, their resonance response is analysed and parameters 

such as the Quality factor (Q-factor) obtained. The sensitivity of a single gap SRR 

to the presence of a thin film and localised block of Polymethyl methacrylate 

(PMMA) is experimentally measured. By changing the position of the localised 

PMMA block, it can be used as a material probe for the sensor, enabling the areas 

of greatest sensitivity to be determined. The sensitivity of the SRR is found to 

greatly depend on the polarisation of the incident electric field with respect to 

the structure, varying between 143 nm/RIU and 612 nm/RIU when PMMA is 

positioned at the gap in the ring. Complementary simulations offer additional 

insight into the behaviour of the structure at a range of frequencies. In addition 

to plasmonic structures, the fabrication and characterisation of a polymer 

photonic biosensor is also studied. This sensor utilises a distributed Bragg reflector 

(DBR) cavity adjacent to a rib waveguide to create a narrow stop-band that can 

potentially be used in the sensing of specifically targeted biological analytes. 

For optical sensors to make a transition from research environment to commercial 

application, the costly fabrication techniques associated with the research and 

development of nanostructures need to be avoided. Nanoimprint lithography (NIL) 

offers multiple benefits in terms of cost, fabrication time and the patterning of 

large areas and is well suited to the commercial sector. NIL has been extensively 

used throughout the work detailed in this thesis to pattern SRRs, fishnets and 

polymer sensors.  
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1.1 An introduction to metamaterials 

The derivation of the word “metamaterial” helps offer some brief insight into 

their characteristics and functionality. The prefix “meta” originally comes from 

the Greek for “after” or “beyond”. With time the meaning of the word has 

developed to denote a change in or development to the discipline or entity 

appended to it. Examples include metaphysics and metaphilosophy. Applying this 

meaning to “materials”, one can sensibly come to the conclusion that 

metamaterials offer something different to conventional materials that is beyond 

their typical capabilities. 

Metamaterials are synthetic materials consisting of manmade micro and nanoscale 

structures designed to interact in a specific way with incident light. These 

structures, which can take a variety of different shapes and configurations, have 

smaller dimensions than the wavelength of light and respond to it in a way unlike 

any naturally occurring material. These irregular responses can include, but are 

not limited to, a negative index of refraction [1], superlensing to achieve 

resolution beyond the diffraction limit [2], electromagnetic cloaking [3] and 

enhanced absorption [4]. Metamaterial applications (and potential applications) 

utilise these features for use with optical sensors, antennas, high resolution 

imaging and absorbers amongst others. 

Metamaterials consist of an array specially arranged structures, each fabricated 

using conventional materials that are comprised of elements and the atoms within 

them. These structures, sometimes referred to as “artificial molecules” or “meta-

atoms”, interact or control incident electromagnetic waves. The response of or 

change in the electromagnetic waves is dependent on the shape of the artificial 

molecule, its size, its constituent elements as well as their periodic arrangement 

and proximity to each other or indeed other materials or structures. Therefore by 

altering these parameters the electromagnetic response can be adapted, or 

“tuned”, as desired. In this way, these artificial molecules can be thought of as 

acting in a similar sense to the atoms in natural materials [5]. With the artificial 

molecules smaller in dimension than the wavelength of incident light, the 

metamaterial can be considered as effectively a homogeneous material. The 

relationship between the size and shape of metamaterials and their response gives 



Chapter 1  3 
 
rise to the importance of fabrication techniques and the need to manufacture 

increasingly small or complicated structures. 

1. 2 Fundamental principles of electromagnetics 

As a field of optoelectronics that can be described using classical electromagnetic 

theory (as opposed to quantum theory), metamaterials can be understood by 

applying Maxwell’s equations. These equations set out the relationship between 

the electric and magnetic field components of an electromagnetic wave. Visible, 

near-infrared and mid-infrared light is of course a particular frequency range of 

the electromagnetic spectrum.  When solved in the frequency domain, when the 

fields oscillate harmonically in time with angular frequency ω, they can be written 

as: 

∇  × 𝐸(𝑟) =  −𝑗𝜔𝐵(𝑟)     (1.1) 

∇  × 𝐻(𝑟) =  𝑗𝜔𝐷(𝑟) + 𝐽(𝑟)     (1.2) 

∇  ∙ 𝐷(𝑟) =  𝜌(𝑟)      (1.3) 

∇  ∙ 𝐵(𝑟) =  0       (1.4) 

E denotes the electric field vector, H the magnetic field vector, D the electric flux 

density, ρ the scalar charge density, J the current density vector and B the 

magnetic flux density. When written in the above form, all of the above quantities 

are independent of time and are functions of space (r) only. As well as a real 

component the solutions also have a complex part, signified by j. Maxwell’s 

equations can be applied, in various forms and with supplementary constitutive 

relations, to metamaterials and solved to calculate their electromagnetic 

response. Constitutive relations govern how the electric and magnetic flux relate 

to the electric and magnetic field respectively. In an isotopic medium (one in 

which the electromagnetic response is independent of the field vector direction), 

the constitutive relationships for both D and B are: 
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𝐷 = 𝜀𝐸       (1.5) 

𝐵 = 𝜇𝐻       (1.6) 

Where ε is the electric permittivity and μ is the magnetic permeability. In this 

linear, isotropic example the permittivity is a scalar quantity that signifies the 

extent of the electric flux that exists per unit charge in a given medium. The 

permeability can be viewed as the magnetic equivalent of ε, denoting the response 

of the magnetic flux of a material to the magnetic field. When expressed as a 

function of frequency, both ε and μ can have real and imaginary components. 

The electric permeability defines the response of a material to the electric field 

and can be expressed as 

𝜀 = 𝜀𝑟𝜀0       (1.7) 

where εr is the relative permittivity of the material and ε0 is the permittivity of 

free space. Likewise the magnetic permeability defines the material response to 

the magnetic field and is expressed as 

𝜇 = 𝜇𝑟𝜇0       (1.8) 

where μr is the relative permeability of the material and μ0 is the permeability of 

free space.  

1.2.1 Refractive index  

Both the permittivity and permeability of a material are intrinsic in determining 

its refractive index. The refractive index, sometimes referred to as RI, the index 

of refraction and denoted by “n”, is the ratio of the phase velocity of an 

electromagnetic wave in a vacuum and the phase velocity of the same wave 

propagating in a given medium. All materials whether naturally occurring or 

synthetic have an associated refractive index. The refractive index can be denoted 

by 

𝑛 =  
𝑐

𝑣
        (1.9) 
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Where n is the refractive index, c is the phase velocity of the electromagnetic 

wave in a vacuum and v is the velocity of the wave in a given medium. For this 

reason a vacuum has an n value of 1. For convenience this is regularly assumed to 

be the refractive index of air. The RI of a material is dependent on its optical 

density (not to be confused with physical density) which determines the velocity 

at which the electromagnetic wave propagates through it. The optical density of 

a medium concerns the ease at which an electromagnetic wave can propagate 

without hindrance from the atoms that form the said material. The unrelated 

physical density is simply the ratio of physical mass to volume. A wave will 

propagate with a slower velocity through a highly optically dense material than a 

material that is less optically dense.  

The refractive index of a medium does not remain constant but changes depending 

on the wavelength of the incident wave. The extent of which n changes with λ is 

governed by the particular material the wave is interacting with. This change in n 

is brought about by the relationship  

𝑐 =  𝜆 × 𝑓        (1.10) 

with c representing the speed of the propagating wave, λ the wavelength and f 

the frequency. As previously stated ε and μ are vitally important in determining n 

and in an isotropic medium are related by [5] 

𝑛 = √𝜀𝑟𝜇𝑟       (1.11) 

where the symbols have their usual meanings. By including the complex imaginary 

parts of ε and μ we can derive a complex value of n, with both real and imaginary 

components. 

𝜀 =  𝜀′ + 𝑗𝜀′′       (1.12) 

𝜇 =  𝜇′ + 𝑗𝜇′′       (1.13) 

and considering equation 1.11, 

𝑛 = 𝑛′ + 𝑗𝑛′′       (1.14) 



Chapter 1  6 
 
The real part of the refractive index, n’, indicates the magnitude by which the 

phase velocity of light is decreased when compared with a vacuum. The imaginary 

part of n denotes the optical extinction, or losses, associated with the medium 

and is used to produce a figure of merit (FOM), a dimensionless number derived 

from the ratio of the component governing the ease at which the wave can 

propagate (real part) and the optical extinction of the medium (imaginary part). 

𝐹𝑂𝑀 =
𝑅𝑒(𝑛)

𝐼𝑚(𝑛)
       (1.15) 

1.2.2 Negative refractive index  

All naturally occurring materials have a refractive index real part that is positive, 

i.e. above zero. However metamaterials have the potential to exhibit a negative 

refractive index where n < 0. It should be stressed that it is not a conditional 

requirement that a medium has a negative refractive index in order to be termed 

a metamaterial, only that it has fabricated features that are smaller in dimension 

to the wavelength of incident radiation. The concept of a material exhibiting a 

negative refractive index was proposed by Victor Veselago, suggesting it as a result 

of the material possessing both a negative permittivity and permeability [7]. In 

his 1968 paper, Veselago gives four varying combinations with regard to positive 

and negative values of both ε and μ and discusses the significance of each. By 

defining four quadrants using an x and y axis, ε and μ can be categorised as either 

both positive, both negative, ε positive and μ negative or ε negative and μ positive. 

This can be seen in figure 1.1. The response (and indeed the strength of the 

response) depends not only on which of the four quadrants a material falls into, 

but also the ratio of the real parts of ε and μ to their respective complex 

components. 
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Figure 1.1: Diagram showing the four separate positive and negative combinations of both 
permittivity and permeability and the type of materials that exhibit those properties. The values 
of ε and μ can change with wavelength, meaning materials cannot always be confined to a single 
quadrant. 

Taking equations 1.11, 1.12 and 1.13 into consideration, a negative refractive 

index can be achieved if: 

𝜀′|𝜇| +  𝜇′|𝜀| ˂ 0      (1.16) 

Obeying this equation ensures a negative real part of the refractive index. If both 

ε΄ and μ΄ are less than zero (often termed “double negative”) the conditions for 

a negative real part of n will always be satisfied. However n΄ can still be negative 

if, as is the case in some metals, μ΄ is positive and ε΄ is sufficiently negative in 

value. In these circumstances the related FOM is generally smaller than that of 

double negative metamaterials. 

The refractive index, or more specifically a refractive index change, also 

determines the direction of wave propagation as well as its phase velocity. In a 

material with a negative refractive index real part, the phase velocity will travel 

directly against the propagating energy flow [2]. When a wave of light travels from 

one medium into another medium with a different refractive index, the wave 

direction will change as a result of refraction. Snell’s law, also known as the law 

of refraction, states that when light passes from one medium (1) to another (2): 

𝑠𝑖𝑛𝜃1

𝑠𝑖𝑛𝜃2
=  

𝑣1

𝑣2
=  

𝑛2

𝑛1
      (1.17) 
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where θ1 is the angle of incidence from the normal, θ2 is the refracted angle in 

relation to the normal, v is the phase velocity in the respective medium and n is 

the refractive index of the respective medium. Snell’s law can be applied to 

metamaterials as well as conventional positive index media. As figure 1.2 shows, 

when light passes from a low index medium (for example air, n = 1) into a higher 

index medium, it is refracts to the right of the normal. Replacing the high index 

medium with one with a negative index (n2 < 0) sees the light refract to the 

opposite of the normal. In such materials, where both ε and μ are less than zero, 

the phase velocity of the propagating wave is anti-parallel to the Poynting vector 

direction and the commonly cited “right-hand rule” (used to donate electric and 

magnetic field vectors) does not apply. For this reason media that exhibit a 

negative refractive index were termed as “left-handed” by Veslago [7]. They are 

also sometimes known as negative index materials (NIMs). Irrespective of whether 

n1 and n2 are positive or negative, the angle of refraction is determined by the 

magnitude of both n values and their combined ratio, as well of course as the 

angle of incidence, θ1. Snell’s law does not consider the presence of reflected 

light at the refractive index interface and the subsequent change in amplitude of 

the refracted wave. This can be explained using Fresnel equations. 

 

Figure 1.2: Light refracts differently when passing into a medium with a negative index compared 
to one with a positive index, although Snell’s law still applies in both cases.  

In the above left example of figure 1.2, light passes from one medium (with 

refractive index n1) to another medium (refractive index n2), where n1 < n2 but 

both are positive in magnitude. The example on the right shows light passing from 

medium with index n1 to a medium with index n3, where n3 is negative. The light 



Chapter 1  9 
 
in this latter example can be seen to refract “backwards”, i.e. at a negative angle 

(θ3) with respect to the normal. 

1.2.3 Total internal reflection & the critical angle 

It should be noted that depending on the refractive index contrast between two 

media, Snell’s law cannot be applied to all angles of incidence. Under certain 

circumstances under Snell’s law, when light passes from a high index medium to 

a medium with a lower index, a large angle of incidence would require the sine of 

the angle of refraction to be larger than 1. This is of course is an impossibility. 

Rather, when the light is incident upon the material interface at a large enough 

angle to the normal it is completely reflected within the high index medium. This 

is called “total internal reflection” (TIR). Light will only continue to be refracted 

into the low index medium when the incident light is at an angle less than what is 

termed the critical angle, θcrit, defined as 

𝜃𝑐𝑟𝑖𝑡 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑛2

𝑛1
)      (1.18) 

Light incident upon the boundary at the critical angle is refracted so that it travels 

along the interface between the two materials. Increasing the angle of incidence 

above the critical angle sees the occurrence of TIR. Total internal reflection is of 

particular importance in the propagation of light along a waveguide. To ensure 

losses are kept to a minimum and transmission is high, a significant contrast in the 

refractive index between both media is desirable. With a greater refractive index 

contrast the critical angle is reduced in value meaning less light is refracted and 

more light is confined to the waveguide, assuming light is primarily propagating 

parallel to the material boundary. 

1.3 Optical Magnetism 

Metamaterials are commonly fabricated using metals to construct the “meta-

atoms”, although recent studies have seen various nitrides be adopted as the 

constituent material [8,9]. All metamaterials investigated in this thesis utilise a 

metal in their construction. When an electromagnetic plane wave at optical 

wavelengths is incident upon a metamaterial, there is much greater coupling 

between the electric-field component of the light and the atoms of the 
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metamaterial structure than there is of the magnetic-field component. As a result 

the μ value of the constituent material (such as a metal) is close in magnitude to 

that of the free space value. This differs from the permittivity as the ε value of 

the constituent material is substantially different to that of ε in free space. 

Because of the differences in ε and μ values in constituent materials, the electric 

resonance is usually present at shorter wavelengths than the magnetic resonance. 

To achieve a negative refractive index and thus negative refraction, both an 

electric and magnetic response are required from the metamaterial. While some 

metals exhibit a negative ε value at optical frequencies, the magnetic response 

must be separately engineered. Therefore metamaterials must be designed in such 

a way that they produce a magnetic resonance when subjected to an 

electromagnetic wave. This is commonly achieved by creating a metamaterial 

structure that behaves in a similar fashion to an equivalent inductive-capacitive 

model, or LC oscillatory circuit. Fishnets, split ring resonators (SRRs) and 

asymmetric split ring resonators (A-SRRs) are each different metamaterial 

structures that are examined in latter chapters of this thesis.  

 

Figure 1.3: Single unit cell of a) a split ring resonator (SRR), b) an asymmetric-split ring resonator 
(A-SRR) and c) a single active layer fishnet. All three of the structures induce an inductance and 
capacitance when excited by an electromagnetic wave, creating a magnetic resonance. 

All three of the structures shown in figure 1.3 have a separate inductive and 

capacitive component that, when excited by an incident electromagnetic wave, 

produce a magnetic field that opposes the magnetic field of the incident wave. 

This diamagnetic response can be explained by Lenz’s Law, which states that the 

magnetic field of the induced current opposes the change in the applied field that 

produces it. 

𝜀 =  −
𝛿Ф𝐵

𝛿𝑡
       (1.19) 
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In equation 1.19, δФ𝐵 represents the change in magnetic flux. The negative sign 

of the magnetic flux indicates that it opposes the electric permittivity, ε. As a 

result the “LC oscillatory circuit” provides a magnetic resonance and can 

potentially produce a negative real part for μ, thus making a negative refractive 

index achievable. 

1.4 Plasmons & surface plasmon polaritons 

Metals each have an associated free electron gas that is caused by valence 

electrons being detached from the ions of the metal. Oscillations of these free 

electrons are called plasmons and occur at the plasma frequency, ωp, which is 

determined by the metal type. The presence of an incident electromagnetic wave 

can excite the plasmons, which will resonate at the plasma frequency while energy 

is lost due to the associated damping of the metal. The plasma frequency can be 

expressed as follows, 

𝜔𝑝 =
𝑛𝑒𝑒2

𝑚𝑒𝑓𝑓𝜀0
       (1.20) 

with ne defined as the electron density, e is the electron charge, meff is the 

effective mass of an electron and ε0 is the dielectric constant in vacuum. As well 

as the presence of plasmons in the bulk of the metal, additional surface plasmons 

(SP) also exist and reside at interfaces between the metal and a dielectric. As with 

“ordinary” plasmons, an oscillation in surface plasmons can be induced by an 

incident electromagnetic field. The interaction of surface plasmons with an 

incident light wave (photon) produces, if the resonant frequency of both 

components is the same, a surface plasmon polariton (SPP). Surface plasmon 

polaritons propagate in a given direction along the interface of the metal 

depending on the polarisation of the incident wave. The polarisation determines 

the orientation of the orthogonal electric and magnetic field components of the 

incident wave. 

The complex dielectric function defines the absorption properties of a metal and 

is expressed as: 

𝜀 = 𝜀1 + 𝑖𝜀2       (1.21) 
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In this complex function, ε is the dielectric constant and ε1 and ε2 are the real and 

imaginary components respectively. The Drude model, which describes the motion 

of electrons in a material, defines these components as [9]: 

𝜀1 = 1 −
𝜔𝑝

2

𝜔2+𝛾2      (1.22) 

𝜀2 =
𝜔𝑝

2𝛾

𝜔(𝜔2+𝛾2)
       (1.23) 

where ω is the frequency of the incident wave and γ is the collision frequency 

(also known as the damping constant). 

For metallic shapes and particles that are sufficiently small in size, such as in the 

nanometre scale, an incident electromagnetic field can interact with the free 

electrons in the metal to create an oscillation. The movement of electrons on the 

metal nanoparticle produces an electric dipole response and a resultant 

resonance. The frequency of this plasmonic resonance is dictated by the plasma 

frequency of the metal and the physical dimensions of the particle. 

1.5 Skin effect 

The skin effect of a metal describes the distribution of the current flow in the 

conductor. The current density is found to be greatest near the surface of the 

metal and decreases as the depth from the surface increases. It can be a 

significant factor in the resistance of a metallic structure, particularly at high 

frequencies when the skin depth is reduced. The skin depth (δ) in a metal can be 

calculated using equation 1.24 [11]. 

𝛿 =
1

√𝜋𝑓𝜇𝑟𝜇0𝜎
       (1.24) 

The frequency is denoted by f, µr is the relative permeability of the metal 

(assumed to be 1), µ0 is the permeability of free space and σ is the conductance. 

The electric field strength below the surface of a metal decreases exponentially 

with depth and can be found from equation 1.25 [12]. 
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|𝐸(𝑧)| = |𝐸0|𝑒−𝑧/𝛿      (1.25) 

where E0 is the electric field at the metal surface, z is the depth from the surface 

and δ is the skin depth of the metal.  

1.6 Optical Sensing 

There are many different methods in which a material can be characterised, or 

sensed, optically. Raman scattering, white light interferometry, Fourier transform 

spectroscopy and fluorescence spectroscopy are all optical platforms that enable 

the measurement of structures and devices [13]. However, the ability to sense a 

material very often depends on more than just the retrieval technique. 

Plasmonic and metamaterial sensors [14] are one way of aiding the detection of 

analytes (a substance or chemical being studied) in a sample. Bragg grating and 

photonic crystal sensors are amongst many other types [15]. However irrespective 

of the type of sensor being characterised, certain concepts can be applied to 

gauge the effectiveness of the sensor in the detection of analytes [16]. The first 

of these concepts is the sensor’s ability to detect an analyte and the minimum 

quantity of analyte that can be sensed. Generally, the smaller the quantity of 

analyte that is detected the more desirable the sensor as it demonstrates high 

sensitivity to the presence of small quantities. Similarly the sensor should be able 

to provide a good signal to noise ratio (SNR), irrespective of the amount of analyte 

present. Failure on this factor risks limiting the accuracy of the sensor and falsely 

“sensing” a spectral feature. If a sensor does not possess an adequate spectral 

resolution so that, for example, a narrowband or weak molecular feature cannot 

be detected then inaccurate results can also be produced. The optical sensor must 

also be precise and have a high level of repeatability, in that it can provide the 

same output with the same conditions applied for a suitable number of 

measurements or given time. Finally, it is useful for a sensor to be able to react 

in response to particular conditions of the analyte and not just as a binary sensing 

mechanism. These conditions could, depending on the analyte, include quantity, 

temperature and concentration. A sensor that can detect changes in these or other 

variables widens its potential application. 
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1.7 Aims and objectives 

The principle objective of this thesis is to investigate the ability and functionality 

of certain optical sensors at near-infrared (and to a lesser extent visible) 

wavelengths. This includes the manufacture of sensors using techniques that 

enable them to be used in a commercial environment and not solely in a research 

environment. The aims include: 

 Quick and inexpensive production of optical sensors and resonators over 

large surface areas, while maintaining a high quality of fabrication. 

 Experimental study of optical sensitivity to particular analytes. 

 Determination of areas of high sensitivity in split ring resonator sensors 

using experimental techniques to verify (or otherwise) simulated 

behaviour. 

 Develop new and novel fabrication techniques using nanoimprint 

lithography to produce plasmonic and polymer sensors. 

 Development of nanoimprint technique for the production of polymer 

waveguides and distributed Bragg reflectors (DBR) for optical biosensing. 

1.8 Chapter conclusions 

This chapter has introduced basic principles that contribute to the understanding 

of the research work detailed in this thesis. This includes an overview of 

electromagnetics, classical optics, plasmonics and optical sensing. Additional 

background information is included in subsequent chapters. The defining 

characteristics of metamaterials are discussed as well as concepts that determine 

their behaviour, such as the plasma frequency of a metal and the skin effect. 

Desirable properties of optical sensors are also given and the aims and objectives 

of this thesis are stated.  
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2.1 Introduction 

With fabrication and characterisation forming a significant proportion of the work 

reported in this thesis, this chapter will explain much of the background 

information regarding the lithography techniques and measurement arrangements 

used. A detailed description of the specific fabrication process used in producing 

each of the structures studied is contained in the respective chapters. Likewise 

measurement techniques used in characterising each structure is also included in 

each relevant chapter. However this section will explain many of the fundamental 

principles for the fabrication and characterisation procedures used. 

Two nanofabrication techniques are employed to pattern the structures studied 

throughout this thesis: electron-beam lithography (EBL) and nanoimprint 

lithography (NIL). There are numerous advantages and disadvantages associated 

with both techniques and these too will be discussed.  

2.2 Electron-beam lithography 

Electron-beam lithography, or e-beam lithography, is a patterning technique that 

involves scanning a beam of electrons onto an electron sensitive polymer called 

an e-beam resist. The direction and movement of this electron beam is 

determined by a complicated arrangement of lenses, beam deflectors and 

apertures that both focus the beam onto the e-beam resist and control its motion. 

The e-beam resist is patterned by its exposure to the electron beam, replicating 

a design input electronically. The University of Glasgow primarily uses a Vistec 

Vector Beam 6 ultra-high resolution, extra-wide field (UHR-EWF) electron-beam 

lithography tool, housed in the James Watt Nanofabrication Centre (JWNC). All 

samples in this thesis patterned using EBL were exposed using this tool. 

EBL is particularly desirable in the fabrication of structures with very small feature 

sizes (<100 nm). The Vistec VB6 tool has the capability of producing an electron-

beam with a 4 nm wide spot size and minimum resolution of 0.5 nm at either 50 

or 100 kV. This is a particular advantage when fabricating metamaterials with 

features smaller than the wavelength of incident light. 
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There are a number of factors that determine the quality of a pattern exposed in 

e-beam resist. The electron-beam spot size, exposure dose and beam step size 

(BSS) are all variable parameters from the EBL tool that have a profound effect 

on the quality of the exposure. Reduced beam spot sizes (such as 4 nm) are almost 

certainly required to pattern small features while the exposure dose (measured in 

µC/cm2) determines the charge applied by electrons and the extent of area of 

resist that they expose. The beam step size is a measure of the period (physical 

distance) between each exposure of electrons. If this period is too small in value 

the pattern can be “over-exposed” while too large a period can see the resist 

“under-exposed”. In both cases quality will be reduced and the pattern may not 

resemble the desired design. 

Consideration must also be given to the e-beam resist and the consequences this 

has on the exposure. In all cases regarding the work discussed in this thesis, resists 

were spin coated onto a substrate. As well as the type of resist used, the spin-

speed, acceleration and spin duration are all factors in determining the final 

thickness of the resist film. Resists can also be diluted with a solvent to acquire a 

reduced thickness. Thinner resist films are commonly utilised when very small 

features are required to be patterned. Reduced spin speeds, or highly viscous 

resists can result in the presence of a non-uniform film, typified by “beads” (an 

increased thickness) at the edge of the substrate. For this reason the physical 

dimensions of the substrate may also be a consideration in achieving a desirable 

resist film. 

2.2.1 Electron-beam resists 

E-beam resists can generally be categorised into one of two groups: negative tone 

and positive tone. Areas of negative tone resist that are exposed to electrons 

remain present after being chemically developed while areas of resist not exposed 

are removed, leaving the written pattern in the resist. Conversely positive tone 

resists are chemically weakened when exposed and therefore removed when 

developed, with non-exposed regions remaining. This concept is shown in figure 

2.1. 
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Figure 2.1: Ideal positive and negative resist profiles following exposure and development. 

When a positive tone resist is exposed to an electron beam the polymer bonds are 

broken (polymer chain scission) and made susceptible to removal by chemical 

developer. With a negative tone resist the effect is opposite. Energy from the 

electrons cross-links polymer chains making them resilient against a developer. 

Two e-beam resists are used in the entirety of this thesis: Polymethyl 

methacrylate (PMMA) and Hydrogen silsesquioxane (HSQ). PMMA is used as a 

positive tone e-beam resist and HSQ is used as a negative resist. PMMA is, amongst 

other things, used to pattern substrates that are subjected to metallisation and a 

process termed “lift-off”. This involves clearing areas of the PMMA resist by way 

of exposure and development and then depositing a layer (or layers) of metal. 

Metal deposited within the areas removed of resist adhere to the substrate while 

the remainder of the metal sits on top of the PMMA. Placing the sample in warm 

acetone removes the PMMA from the substrate as well as the metal on top of it, 

leaving metal structures in the exposed regions. This is shown in figure 2.2. With 

this “lift-off” fabrication technique it is desirable, if not necessary, to have a non-

vertical, undercut PMMA sidewall profile before metal is deposited. This ensures 

that as metal is deposited, such as by way of evaporation, it does not adhere to 

the PMMA sidewalls of the pattern. This enables acetone to infiltrate the resist 

and remove unwanted metal. An undercut in the PMMA sidewall is achieved by 

spin-coating a bilayer of PMMA with two different molecular weights. By spinning 

PMMA with a low molecular weight onto the substrate, baking it so that it hardens, 

then spinning PMMA with a higher molecular weight on top, an undercut can be 

produced following exposure and development. This is caused by the low 

molecular weight PMMA being more susceptible to polymer chain scission than the 

PMMA with a higher molecular weight. With more of the bottom layer of PMMA 

removed than from the top layer, an overhang creates an undercut profile while 

acting as a mask for deposited metal. 
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Figure 2.2: Undercut profile of a developed PMMA bilayer. The undercut in the bottom layer of 
resist allows metal to be deposited without it adhering to the resist sidewall. 

As a negative tone resist, HSQ is commonly used for different fabrication processes 

than PMMA. The nature of the pattern being written and its fill factor (ratio of 

written areas to un-written areas of resist) often determine which electron-beam 

resist is most suitable. HSQ exhibits a higher dry-etch selectivity ratio to PMMA, 

meaning that it is more resilient to etch processes and acts as a better etch mask 

[17].  

2.2.2 Proximity effect 

The behaviour of electrons in the electron-beam changes significantly when they 

interact with the e-beam resist. Electrons can be applied with an accelerating 

voltage up to 100 Kv when fired from the electron-gun of the lithography tool. 

When these high energy electrons strike an electron-sensitive polymer in a low-

pressure chamber under vacuum, their trajectory and velocity change rapidly. 

Furthermore, their mean free path in the polymer exceeds the thickness of the 

resist on top of the substrate. Upon incidence with the resist, electrons can suffer 

from forward scattering [18,19]. This inelastic collision involves electrons from 

the beam colliding with electrons already present in the resist, thus transferring 

energy to them. These secondary electrons can then propagate in differing 

directions through the resist and expose a larger area than where the beam was 

incident, creating a pear-shaped distribution in the resist [18]. Electrons that 

penetrate the depth of the resist and interact with the substrate undergo an 

elastic collision. In this instance the negatively charged electrons collide with 

positively charged nuclei, causing the electrons to scatter in a broad range of 

directions. This unwanted extra exposure from the backscattered electrons is 

termed the proximity effect, in that it is determined by the density of electron-

beam exposure over a given area. The behaviour of forward scattered and 

backscattered electrons in e-beam resist on a substrate is shown in figure 2.3. 
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Figure 2.3: Diagram showing the presence of forward scattered electrons and backscattered 
electrons in the resist and substrate. 

With forward scattered and backscattered electrons exposing an enlarged area of 

resist, the patterns produced may differ from the original design. This is 

particularly the case for small features or for structures requiring exposures with 

a very short periodicity. For example if 10% of a given area of resist is exposed 

using an electron-beam, the presence of forward scattered electrons and 

backscattered electrons will be less than if 50% of the area is exposed. The shape 

of the pattern being written can also effect the concentration of and distribution 

of forward scattered and backscattered electrons. 

The negative consequences of the proximity effect, namely overexposure, a 

reduction in the resolution and an increase in the pattern size, can be limited 

using proximity correction software. This software fractures the pattern design 

into a range of component shapes and varies the exposure dose applied to each 

depending on the geometry of the shape and surrounding exposure density. 

Optimisation of the electron-beam parameters (such as dose, beam spot size and 

accelerating voltage) and the electron-beam resist (such as thickness and dilution, 

if any) can also help reduce defects caused by the proximity effect. 

2.3 Nano-imprint lithography 

In comparison to EBL, nano-imprint lithography (NIL) uses a stamp to make 

physical contact with the sample being patterned in order to define the desired 

design [20,21]. The sample being patterned by the stamp will be referred to as 

the “target sample” throughout this thesis. Whereas EBL uses software to control 

a series of magnets and lenses that determine the exposure pattern, NIL uses a 
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stamp with a three dimensional profile of the desired pattern. NIL stamps can be 

made using a variety of materials, with silicon and fused silica being common 

[22,23]. A diagram showing the nanoimprint lithography process is shown in 

figure 2.4. The non-uniform surface of the stamp means that when it is pressed 

into a resist or polymer on the target sample, an impression of the stamp is made. 

After separating the stamp from the target sample the imprinted pattern can be 

used for the purposes of metallisation or etching in the same way as used for 

samples patterned by EBL. As the patterned polymer is physically displaced during 

imprinting, unlike EBL no chemical development of the polymer is required. 

However, compression of areas of polymer in contact with the stamp leave a 

residual layer that must be removed if metal is required to be deposited onto the 

substrate. This residual layer can be removed by etching the polymer before 

depositing metal. In most scenarios the stamp can be re-used after imprinting to 

pattern other samples. 

 

Figure 2.4: Diagram showing a typical nanoimprint lithography process. 

The imprinting process can commonly be categorised into one of two types: 

thermal imprinting or ultra-violet (UV) imprinting. With thermal imprinting, heat 

is applied to the stamp, target sample or both in order to improve the flow of the 

polymer so that it can fully infiltrate the deeper or narrower regions of the stamp. 

Ultraviolet aided imprinting uses a UV curable polymer that is exposed to UV light 

during imprinting to achieve the same effect. Under this latter technique, either 

the stamp or target sample must by transparent in order for UV light to expose 

the polymer. 

There are a number of considerations to be made in relation to nano-imprinting. 

The viscosity of the polymer used can limit the imprint depth of the stamp and 

hamper its filtration into small features of the stamp, resulting in a degradation 

in the quality of the imprinted structure. The imprint force applied to the stamp 
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is also an important parameter in NIL. Imprinting into highly viscous polymers or 

strong materials is likely to require a higher imprint force than if a low viscosity 

material is used. This requires the substrates of the stamp and target sample to 

be suitably strong, either by selecting an adequate material or increasing the 

substrate thickness to reduce the likelihood of it breaking. 

For the work contained in this thesis, two nanoimprinting tools were used. For the 

fabrication of structures using thermal NIL an Obducat Nanoimprinter was used 

and is shown in figure 2.5. In work where the required imprint pressure was 

greater than the capability of the Obducat tool (30 bar), a Specac hydraulic press 

with a maximum imprint force of 15 Tons was utilised. This latter scenario covers 

fabrication contained in chapter 5. 

 

Figure 2.5: Picture of an Obducat Nanoimprinter used for thermal imprinting. The key component 
parts of the tool are indicated. 

In order to pattern using the Obducat Nanoimprinter, shown above, both the 

stamp and target substrate are placed on a single loading arm, which is then 

moved into position above a hydraulic arm. The hydraulic arm is raised to secure 

the loading arm into place beneath a flexible imprinting plate. Nitrogen gas is 

then pumped into a chamber above the imprinting plate, pushing it down onto the 

stamp and thus imprinting onto the target substrate. The imprint force can be 

varied by changing the pressure of the nitrogen gas. A heating filament is 

contained within the wafer loading arms and a thermocouple enables control of 

their temperature.  
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2.4 Comparison of lithographies 

There are of course advantages and disadvantages to both electron beam and 

nano-imprint lithography and these usually determine their application in both 

research and commercial environments. A comparison of EBL and NIL is made in 

table 2.1. 

 

Table 2.1: A comparison of the advantages and drawbacks of electron-beam and nano-imprint 
lithography. 

While EBL may be beneficial in a research environment, where fabrication is often 

performed on cleaved substrates rather than complete wafers or other substrates 

of equivalent size, it is not viable in the mass production of nanotechnologies. 

Patterning using EBL is slow and time consuming, particularly for small, intricate 

shapes, and the patterning time is proportional to the area being written. 

Nanoimprint lithography however enables large areas to be patterned 

simultaneously and quickly at a comparatively low cost. Although fabrication of 

nano-imprint stamps typically requires EBL and etching processes, the stamps can 

often be re-used, either on different target samples or sequentially on the same 

sample. This latter example is termed “step-and-repeat” nano-imprinting and is 

a technique that enables the patterning of large areas without the need for large, 

expensive stamps. Where mass production of a patterned material or substrate is 

required, roll-to-roll imprinting can be used [24]. This method involves feeding a 

substrate through a rotating cylindrical feed that has the pattern required to be 

imprinted on its surface. Although fast and inexpensive, this technique is not 
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suitable for all fabrication processes, particularly where, for example, critical 

alignment between layers is required. 

For metamaterials and optical sensors to realistically be used in a commercial 

setting, a move away from electron-beam lithography as a patterning technique 

must be made. Much of the work detailed in subsequent chapters attempts to 

show that nanoimprint lithography can be a viable alternative to EBL, not just for 

commercial practices but also in terms of research and development. 

2.5 Dry etching 

In order to create the three dimensional profile required of nano-imprint stamps 

and to remove the residual polymer layer present following imprinting, dry etch 

processes are required. Dry etching is the removal of specific materials on a 

sample through use of various gases. This differs from wet etching which etches 

substances by immersing them in liquid chemicals. Dry etch techniques use 

plasmas containing certain gasses that react with a sample material and remove 

them from the wafer or thin film. The reactive gases used are dependent on the 

material being etched. Silicon etches for example typically use a sulphur 

hexafluoride and oxygen (SF6/O2) plasma. Certain parameters used in the creation 

of the plasma-gas mixture, such as the tool chamber pressure, bias voltage and 

gas flow rate, can be altered to increase or decrease the etch rate of the material. 

More aggressive etches, such as those that are characterised by a high gas flow 

rate or high bias voltage, can be useful in etching materials at a faster rate. This 

is often utilised when a deep etch, typically removing many microns of a material, 

is required. 

There are a variety of dry etch processing techniques, including reactive ion 

etching (RIE) etching and inductively coupled plasma (ICP) etching. Both RIE and 

ICP processes utilise reactive gasses in plasma to etch selective materials. An 

alternative method to RIE and ICP dry etching is focused ion beam (FIB) milling of 

a material. FIB etches use a focused beam of ions operated at high currents to 

bombard the sample material and sputter atoms from the substrate, essentially 

scribing an etch pattern. In RIE systems, a diagram of which is shown in figure 2.5, 

reactive gasses are pumped into a chamber containing two electrodes, one at the 

top and the other at the bottom. A strong radio frequency (RF) electromagnetic 
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field is applied via the two electrodes and thereby accelerating the electrons in 

the gas in a unilateral direction. This ionizes the gas molecules and creates 

plasma. The free electrons can be removed through a grounding plate, such as the 

chamber wall. With negatively charged electrons removed from the plasma there 

now exists a greater concentration of positive ions. The plasma contains ions, such 

as fluorine or chlorine ions – depending on the reactive gas input. While the 

electrons in the chamber move at great speed, the much heavier ions drift towards 

the negatively charged bottom electrode. It is on this electrode that the wafers 

being etched are placed. When they collide with the wafer the ions react 

chemically with the material as well as physically removing atoms due to 

bombardment. This latter occurrence increases in frequency as the kinetic energy 

of the ions is increased. Free radical atoms present in the plasma also contribute 

to the etching of the wafer. As a result of the applied electromagnetic field, the 

ions move in a linearly downward direction. This can produce anisotropic sidewall 

profiles that do not exhibit the undercut or angled sidewalls seen as a result of 

wet chemical etching. 

 

Figure 2.6: A schematic showing the operation of a RIE system in which ions are directed laterally 
towards a wafer by an applied electromagnetic field. 

In order to etch selective regions of a sample rather than its entirety, a mask must 

be present to shield areas not to be removed. This mask must be made from a 

material that is more resilient to the etch gas than the substrate. 

2.6 Experimental measurement techniques 

As with fabrication techniques, specific measurement details and procedures are 

stated in the relevant chapters. This section will describe in detail the two 
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spectroscopy techniques most frequently used in the bulk of the work contained 

in this thesis. These are Fourier transform infrared spectroscopy (FTIR) and 

monochromator scanning spectroscopy. Both of these spectroscopy techniques can 

be used to obtain reflection and transmission spectra from a specimen. However 

the method used to produce and detect each spectrum differs. 

2.6.1 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy is a technique that can be used to 

measure a sample’s ability to absorb light over a wide range of frequencies. A 

broadband light source produces the light frequency spectrum to be measured. 

This light is collimated and shone upon a beamsplitter, which splits the light into 

two rays and directs both rays to two different mirrors. This forms an arrangement 

known as a Michelson interferometer. Of these two mirrors one is stationary and 

has a constant path length from the beamsplitter while the other is movable in 

the plane perpendicular to its reflective surface, altering the path length. The 

difference between the optical path length for the stationary mirror and the 

movable mirror is called the retardation. Varying the retardation changes the 

wave interference at the point where both beams recombine at the beamsplitter. 

The beams are both partially transmitted and partially reflected, with one beam 

returning towards the light source while the other is incident upon the sample 

being measured and the detector. Changes in intensity in the output beam, due 

to constructive and destructive interference, are a function of the optical path 

difference. For example displacement of the moveable mirror by a distance of λ/4 

changes the optical path length by λ/2. This results in the two beams being 180 ̊ 

out of phase when they recombine and produces destructive interference. A plot 

of the intensity measured by the detector is known as an interferogram. This 

interferogram is processed by applying a Fourier transform function to produce a 

reflection or transmission spectrum with respect to frequency. 
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Figure 2.7: A diagram of a Michelson interferometer for use in FTIR spectroscopy. 

The results from all FTIR measurements reported in the following chapters were 

performed on a Bruker Vertex FTIR with a Hyperion microscope attached. A 

mercury-cadmium-telluride (HgCdTe, MCT) direct bandgap photo-detector was 

integrated within the microscope and used to obtain transmission and reflection 

spectra. Liquid nitrogen is used to cool the detector and keep it at an operational 

temperature. For near infra-red measurements, classed as between 900 nm and 

5000 nm, a calcium-fluoride (CaF2) beamsplitter was used. Measurements that 

extended into mid-infrared wavelengths (range 1.25 µm to 16 µm) used a 

potassium-bromide (KBr) beamspitter. A series of software controlled mirrors 

were used to change the beam path of the light. Transmission measurements 

passed light through the sample from its underside to the MCT detector located 

above the top surface. Reflection measurement shone light onto the top surface 

of the sample and measured the light reflected back. In both reflection and 

transmission measurements light was incident on the sample at normal incidence. 

For experiments requiring TE and TM modes to be produced separately, a zinc-

selenide (ZnSe) polariser was placed in the beam path directly in front of (before) 

the sample. 

In order to acquire a reflection or transmission spectrum from a sample a 

background spectrum must first be taken. Depending on the sample being 

characterised what quantifies the background may differ. With respect to the FTIR 

results contained in this thesis, a sheet of un-patterned metal (gold or silver) was 

used as a background for reflection measurements involving metallic structures 

on a substrate. For a background spectrum for transmission measurements the 

light was passed through the transparent substrate and measured. Following 
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measurement of the background, the sample spectrum is obtained. In this instance 

the fabricated pattern is measured using the same reflection and transmission 

arrangement as described for the background. The final reflection or transmission 

spectrum is a ratio of the sample spectrum and the background spectrum. It is 

imperative that the polarisation and area being measured are identical for 

measurement of both the background and sample. Changes to either can result in 

the production of an inaccurate spectrum. For example, if a planar sheet of gold 

is measured as a reflection background and is twice the area of the measured 

metal structure array on the sample, the amount of reflected light will be 

disproportionately high in the background spectrum. In this circumstance the 

intensity of any features from the sample would be reduced in amplitude from 

their true value. Atmospheric features such as H2O and CO2 will also be more 

accurately displayed if the background spectrum and sample spectrum are 

measured under the same atmospheric conditions. 

There are numerous advantages to FTIR spectroscopy that make it an attractive 

option in the optical measurement of devices and structures. As data from the 

entire spectral range (within the capabilities of the light source and detector) is 

measured simultaneously, spectra can be obtained quickly. This is unlike 

monochromator scanning spectroscopy. A short measurement time has particular 

appeal with regard to sensing applications in industry or, for example, front-line 

medical care. Secondly, simultaneous measurement of a spectrum provides an 

improved signal to noise ratio (SNR) compared to dispersive measurement 

techniques. This is because of the Fellgett advantage, which specifies that systems 

in which noise is primarily attributed to that of the detector can yield an 

improvement in the SNR if the measured signal is multiplexed rather than obtained 

sequentially [25]. As there is no dispersive element to an FTIR system, such as 

gratings and optical slits, there is little restriction in the amount of light that is 

incident upon the measured sample. This is known as Jacquinot’s advantage. The 

slits and gratings present in a monochromator scanning system attenuate the 

infrared light used for measurement. One of FTIR spectroscopy’s greatest 

advantages however is its resolution capability. Spectral resolutions of 4cm-1 are 

typical, with higher resolutions also available. For a dispersive monochromator to 

achieve the same resolution, the entrance and exit slits would need to be 

extremely narrow. 
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Conversely, there are a number of considerations that should be made with regard 

to the limitations of FTIR spectroscopy. FTIR systems produce an interferogram to 

which a Fourier transform function is applied to create a spectrum. They do not 

directly measure spectra. By obtaining an interferogram of the light source 

(background measurement) followed by an interferogram of light transmitted 

through or reflected off of a sample, an absorption spectra as a function of 

wavenumber can be produced by conversion using a fast Fourier transform (FFT) 

algorithm. Therefore the accuracy of the spectrum produced is significantly 

dependant on the Fourier transform. Secondly, as a spectrum is obtained 

simultaneously noise (such as source noise, shot noise) is applied across the entire 

wavelength range, rather than being confined to a single wavelength as would be 

the case in a dispersive system. However, it should be noted that detector noise 

limiting features can be applied to negate this problem. 

2.6.2 Monochromator scanning spectroscopy 

Unlike an FTIR system, a monochromator based scanning spectrometer obtains the 

reflection or transmission from a sample by increasing the wavelength of the 

incident light sequentially and measuring the response. Measuring using this 

technique requires a different a different set of equipment and arrangement to 

that of FTIR spectroscopy. Primarily, a monochromator is needed to produce a 

single wavelength of light from an input broadband light source. A common 

monochromator arrangement, and the one used for experimental work contained 

in this thesis, is the Czerny–Turner setup. For work at visible and near-infrared 

frequencies, a tungsten white light lamp was used as the broadband light source. 

In the Czerny–Turner arrangement, the broadband light is input to the 

monochromator through a narrow entrance slit. This slit is placed at the focal 

point of a concaved mirror positioned opposite, which acts as a collimator. The 

collimated light, in which the rays are ideally parallel and do not disperse with 

distance, is directed towards a series of gratings that can be rotated by computer 

control. The grating diffracts the collimated light, with the diffraction dependant 

on the angle of the gratings with respect to the collimator. The diffracted light is 

then directed to a second mirror which refocuses it at an exit slit. At this exit slit, 

the spectral range of the dispersed light is incident upon the plates that define 

the slit. However only light of a given wavelength (determined by the grating pitch 

and their angle relative to the beam-path) will pass through the slit and be output. 
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The width of the slits (gap) determines the wavelength range of output light, i.e. 

the spectral resolution. 

As the gratings in the monochromator are slowly rotated, the wavelength of light 

that passes through the exit slit changes. Therefore, with the proper computer 

control, a spectrum of light can be produced over a period of time by the 

monochromator. For the purposes of measurement, light output from the 

monochromator is passed through an optical chopper, a device that periodically 

interrupts the light beam through use of a rotating wheel. The chopper interrupts 

the light at a fixed rate depending on the rotation speed of the wheel and the 

periodicity of the slots on it. It is directly connected to a lock-in amplifier, which 

also receives the output signal from the photodetector. This experimental setup 

is shown in a diagram contained in figure 2.7. A microscope is used to focus the 

modulated light from the optical chopper onto the sample being characterised 

before being detected by the photodectector. All visible range measurements 

used a silicon photodiode with a wavelength detection range of 400 nm to 

1000 nm. 

Figure 2.8: Diagram of the experimental setup used for measuring samples with under a scanning 
monochromator and lock-in amplifier configuration. 

The frequency at which the light is modulated by the optical chopper is used as a 

reference signal by the lock-in amplifier. With this signal as an input, the lock-in 

amplifier can amplify solely parts of the signal from the photodiode that are 

modulated at the same frequency, i.e. light that has passed through the optical 

chopper. In doing so background noise can be substantially reduced and the signal 

to noise ratio significantly improved. This amplified signal is then processed by a 

digitiser and input to a controlling computer which, using software, can plot the 

light intensity against the wavelength of incident light (based on the position of 

the gratings in the monochromator). 
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Unlike FTIR spectroscopy, the monochromator scanning method directly measures 

a reflection or transmission spectrum from a sample and does not apply a 

mathematical transform function to it. The spectral range of measurement can be 

varied by changing the pitch of the gratings within the monochromator, provided 

that the light source produces a sufficiently broad wavelength spectrum. The 

photodiode detector must also be compatible with the spectral range output from 

the monochromator, with a number of materials with suitable bandgaps available 

for this purpose. Despite these advantages, a significant drawback to this 

spectroscopy technique is the increased time required to measure a sample, 

making it unattractive for industrial and front-end applications. 

2.7 Finite-difference time-domain modelling 

All simulations regarding work reported in this thesis utilised Lumerical FDTD 

(Finite-difference time-domain) Solutions software to model the fabricated 

structures. FDTD modelling is a grid-based numerical technique that employs 

Maxwell’s equations, which are dependant to time and in partial differential form, 

to simulate the behaviour of a structure over a given frequency range. Rather than 

applying Maxwell’s equations continuously across the model to be simulated, they 

are applied discretely using space and time partial derivative approximations. This 

creates multiple finite-difference equations that can be solved in turn to give the 

electric field and magnetic field components for a volume of space within the 

simulation grid. When repeated and the finite-difference equations throughout 

the entire simulation grid have been solved, the results can be complied to show 

the calculated electromagnetic field behaviour across the entire structure over a 

range of wavelengths. 

In order for the discrete approximations of Maxwell’s equations to be solved the 

material properties of each component part of the model must be specified. This 

can be achieved in one of two ways. Either the permittivity and permeability of 

each material can be input or a modelling function can be applied to approximate 

the electromagnetic behaviour. As FDTD simulations are performed over a range 

of frequencies, it is essential that the permeability and permittivity (and therefore 

refractive index) values for each material are wavelength dependant in order to 

give accurate and reliable results. Mathematical models, such as Lorentz, Drude 

and Debye, can be applied to a material in order to approximate its dispersive 
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behaviour in the absence of raw material data. In these instances alternative 

material data, such as the plasma frequency and damping (collision) frequency, 

may be used to help provide an approximation [26]. Throughout the simulations 

performed in the subsequent chapters, in which an array of periodic structures 

are illuminated, a plane wave light source was used. FDTD modelling does however 

allow for alternative sources to be used if required, including a single point light 

source or an applied electrical field. 

Using the FDTD method to model structures has a number of advantages. As a 

broad range of frequencies are applied to the model and simulated 

simultaneously, FDTD is particularly useful in modelling structures that exhibit a 

broadband response. Furthermore, if the resonant frequency of a structure is 

unknown, the FDTD method can be used to simulate all feasible frequencies to 

efficiently find the resonance. This can save a significant amount of time if a 

model is simulated in advance of any fabrication work, as in most circumstances 

the simulation process can be completed in a shorter time than the fabrication. 

As the structure is simulated using a simulation grid of physical space, the 

electromagnetic response at a given point of the structure can be obtained. 

Refinement of the simulation grid, i.e. increasing the resolution of the model, can 

result in the behaviour of smaller features being more accurately portrayed. The 

fact that the simulation is performed in the time domain means that the 

electromagnetic behaviour of a structure (or specific parts of a structure) can be 

displayed my means of an animation. This is not only a useful visual representation 

of the model, but can help verify that the simulation is operating as expected. 

2.8 Chapter Summary 

This chapter provides background information relating to the fabrication and 

measurement techniques used in the work covered. Many of the concepts 

discussed, such as the proximity effect and the fundamental principles of FTIR 

spectroscopy, are important in understanding the limitations in fabricating 

metamaterials with very small features (particularly below 100 nm) and the means 

in which experimental results are obtained, respectively. Similarly an overview of 

the FDTD modelling technique provides reasons as to why this method is used in 

simulating the metamaterials and optical sensors. The strengths and weaknesses 

of electron-beam and nanoimprint lithographies are also compared. This presents 
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important basis for much of the work described in subsequent chapters, namely a 

requirement for metamaterials and other optical sensors to be produced cheaply 

and efficiently if they are to be used outside of a research environment.  
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High resolution small-scale split ring resonators 

fabricated by nanoimprint lithography 
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Abstract 

Split ring resonators (SRRs) were amongst the first metamaterial structures to be 

intensely studied and they continue to be researched still. They can take a variety 

of forms but commonly resemble a “rectangular U” shape and are fabricated using 

either gold or aluminium. Reducing the size of an SRR increases the resonant 

frequency of the structure up until the point of saturation, at which the resonance 

will no longer shift irrespective of the SRR dimensions. 

The principle aim of the work in this chapter was to fabricate SRRs that would 

experimentally demonstrate the resonance shift saturation for very small-scale, 

structures (sub 100 nm) with high quality features. This would be performed using 

a novel nanoimprint lithography technique rather than conventional electron-

beam lithography. The benefits and disadvantages of this NIL method would be 

assessed by comparing with small-scale SRRs fabricated by EBL. 

3. 1 Introduction 

3.2.1 The split ring resonator 

Since their inception [27,28] and initial investigation into producing negative 

refractive indices [29-31], the split ring resonator has been one of the most widely 

investigated metamaterial structures. As intimated in the previous chapter their 

shape, a variation of a “rectangular U” or “circular C” (as shown in figure 3.1) 

geometry, enables them to exhibit an electromagnetic effects that are not seen 

in naturally occurring materials. When light is incident on the SRR, the electrons 

present in the metal of the structure oscillate, creating an electromagnetic 

response.  This response can be altered by changing the size and shape of the SRR. 

The arms of the SRR create a physical gap that introduces a capacitive element to 

the structure while the wire that connects both arms can be considered as acting 

like a single coil inductor. This enables the SRR to be thought of as an LC 

equivalent circuit. 
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Figure 3.1: Diagrams of two split ring resonator shapes. Both the “U-shaped” (a) and “C-shaped” 
(b) SRRs have an intrinsic capacitance and inductance. 

When the electric field component of an incident electromagnetic wave spans 

across the gap of the SRR, it couples with the capacitance and creates a current 

that flows around the structure. This current generates a magnetic field in the 

metallic structure and creates an electromagnetic, LC resonance [32] that 

interacts with the incident electromagnetic wave. This LC resonance can be 

written as: 

𝜔0 =
1

√𝐿𝐶
        (3.1) 

For a “U-shaped” SRR, Tretyakov adds additional terms to this equation [33]. 

𝜔0 =  
1

√(𝐿+ 𝐿𝑎𝑑𝑑)(𝐶+𝐶𝑎𝑑𝑑)
       (3.2) 

where 

𝐿𝑎𝑑𝑑 =
𝑙𝑒𝑓𝑓

𝜀0𝑤ℎ𝜔𝑝
2       (3.3) 

where leff is the effective conductor length, 𝜀0is the permittivity of free space, w 

is the SRR width, h is the height and 𝜔𝑝 is the plasma frequency of the metal. The 

effective conductor (or ring) length, is approximated as leff = (π/2)l, where l is the 

total physical length of the metal. The additional capacitance, Cadd, is given by: 

𝐶𝑎𝑑𝑑 =  
𝜀0𝜀𝑟𝑤ℎ

𝑙𝑒𝑓𝑓
        (3.4) 

where 𝜀𝑟is the relative permittivity. The L and C components are approximated 

using the round loop inductance and parallel-plate capacitance respectively: 
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𝐿 ≈ 𝜇0
𝑙²

ℎ
        (3.5) 

𝐶 ≈  𝜀0𝜀𝑐
𝑤ℎ

𝛿
        (3.6) 

Where εc is the dielectric constant of the substrate and the gap width is denoted 

by δ.  

 

Figure 3.2: a) An annotated diagram of an SRR, showing the arm width (w), gap (δ), structure 
height (h) and effective conductor length (l). In this example each of the three wires that create 
the “U shaped” SRR is of length 1/3, as l/3 equals 2w+ δ. The orientation of the magnetic (B) and 
electric (E) fields are shown for both transverse electric (TE) and transverse magnetic (TM) mode. 
b) An equivalent circuit of the SRR. 

As shown in figure 3.2, the orientation of the electric (E) and magnetic (B) fields 

of the incident electromagnetic wave are significant with regard to the response 

of the SRR. For the SRR structures discussed in this chapter, under transverse 

electric (TE) mode the electric field component couples with the capacitance of 

the SRR gap, creating a circulating current and resultant magnetic response from 

the inductive “wire” of the structure. In transverse magnetic (TM) mode, the 

electric field cannot couple to the SRR gap, preventing current from circulating 

around the structure and generating a magnetic response. Under this condition, 

the only response is a plasmon resonance, created by the incident wave exciting 

plasmons in the constituent metal of the SRR. This plasmon resonance is also 

observed under TE conditions. As will be discussed in subsequent chapters, the 

definition of TE and TM modes is dependent on the geometry of the metamaterial. 
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3.1.2 - Shifting the LC resonance to shorter wavelengths 

There has been a significant effort to shift the resonance of metamaterials to ever 

shorter wavelengths, particularly into the visible range [34-36]. This is in part 

because no naturally occurring materials offer magnetic properties as these high 

frequencies. The LC resonance has been shown to be dependent on the physical 

dimensions of the SRR, with the capacitance and inductance proportional to the 

size of the structure. Therefore the LC resonant wavelength can be deemed to 

shift proportionally with the size of the SRR. However scaling the dimensions of 

an SRR to shift the LC resonance to shorter wavelengths can only remain relevant 

while the constituent metal behaves as such. As shown in equation 3.3 the plasma 

frequency of a metal becomes an increasingly dominant component as the 

dimensions of an SRR get ever smaller. At high frequencies (short wavelengths) 

such as at the visible regime, the kinetic energy of the electrons in the metal 

reduces the ability to generate a current loop in the SRR [37], thus hampering the 

magnetic response. For this reason the resonant wavelength will reach a limit at 

which scaling the SRR to smaller dimensions will fail to shift it to shorter 

wavelengths. Constructing a split ring using a metal that possesses higher plasma 

frequency can help push the LC resonance towards or into the visible range. Gold 

for example has a plasma frequency, ωp, of 2175 THz whereas aluminium exhibits 

ωp = 3750 THz. Fabricating an SRR using Al rather than Au will reduce the additional 

inductance (Ladd) and shift the LC resonance to a shorter wavelength [36]. 

Zhou et al [37] theoretically proposed a SRR structure with four “capacitive gaps”, 

or “cuts” in 2005 that exhibits a resonance at shorter wavelengths than single gap 

SRRs. However this proposed structure offers significant challenges in terms of 

fabrication due to extremely small feature sizes. 

The substrate material on which the SRRs sit also has significant influence on the 

resonant wavelength of the structure. Silicon for example has a refractive index 

real part of 3.78 and extinction coefficient of 0.012 at 700 nm [38] compared to 

silica which has an n value of 1.45 and a negligible extinction coefficient at the 

same wavelength. SRRs fabricated on substrates with a comparatively low 

refractive index exhibit an LC resonance at shorter wavelengths compared to SRRs 

on a substrate with a higher n value, assuming the geometry and constituent metal 

of the structures has not changed [36]. The refractive index of a silicon substrate 

can also be modified at wavelengths below the electronic band-gap of silicon (1.1 
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µm) by exciting electron-hole pairs [39]. This can feasibly reduce the magnitude 

of resonant peaks (LC and plasmon) from the metamaterial. 

3.2 Design and fabrication 

3.2.1 SRR design 

Three SRR designs were created (figure 3.3) for fabrication using NIL with the aim 

of resonating as close to the resonance saturation limit as possible. This saturation 

point can be found when a reduction in the SRR dimensions does not yield an 

increase in the resonant frequency.  

 

Figure 3.3: Schematic of SRRs designed for fabrication using NIL. The metal thickness in all cases 
is 15 nm. 

Assuming the structure is lossless and ignoring the effect of the plasma frequency 

of the metal, the idealised resonant wavelength can be found using equation 3.2 

and converting the value from frequency to wavelength (λ = c/f). The idealised 

resonant wavelength was calculated to be 593 nm, 474 nm and 355 nm for SRRs of 

size (2w+ δ) 100 nm, 80 nm and 60 nm respectively. As silicon substrates are used 

to support the SRRs the dielectric constant of Si (11.68) was used in the 

calculations. The limiting effect of the plasma frequency in structures with such 

small dimensions means that the actual resonant wavelengths will be longer and 

will not scale linearly. 

An SRR design was also created for fabrication using electron-beam lithography. 

This array of SRRs would enable a comparison to be made between the two 

lithography techniques in terms of feature size and quality as well as between 

their spectral responses. For these SRRs the aluminium thickness was increased 

from 15 nm to 50 nm to produce an improved effective conductor and, 

consequently, a sharper resonance. To counter the proximity effect, the SRR 

design was deliberately reduced in dimension, as shown in figure 3.4. By exposing 
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the electron-beam resist (PMMA) at these dimensions, the final fabricated 

structure would more closely resemble an SRR with the sizes seen in figure 3.3. 

 

Figure 3.4: SRR dimensions as patterned in PMMA using EBL. All dimensions are reduced in size to 
counter the increase in size caused by the proximity effect. 

3.2.2 Fabrication of SRRs using NIL 

Two separate samples must be fabricated to produce the SRR array. A nano-

imprint stamp is required to physically define the SRR patterns in a polymer mask. 

This latter sample, which is patterned by the stamp, will be referred to as the 

“target sample” throughout this thesis. Fabrication by NIL was performed as 

follows. 

1. A polished silicon substrate is cleaned in ultrasonic bath using acetone, 

methanol and isopropanol (IPA). 

2. 80 nm hydrogen silsesquioxane (HSQ) diluted at a ratio of 1:3 with methyl 

isobutyl ketone (MIBK) and is spin coated onto the silicon and baked on a 

hotplate for 5 minutes at 95 ⁰C. 

3. The sample is patterned using a Vistec VB6 ultra-high resolution e-beam 

lithography writer. 

4. The HSQ is developed in a temperature controlled environment using 

tetramethylammonium hydroxide (TMAH) at 23 ⁰C for 30 seconds. It is then 

rinsed thoroughly in reverse osmosis (RO) water and IPA. 

5. Post development, the stamp is hard baked in a furnace at 600 ⁰C for 3 

hours. 
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6. The sample is treated in a hydrophobic, non-stick coating solution of F13-

OTCS ((Tridecafluoro-1,1,2,2-tetrahydrooctyl)-Trichlorosilane) and 

heptane (ratio 1:100) for 10 minutes. It is again rinsed in RO water and IPA. 

7. 2.5 % 2010 polymethyl methacrylate (PMMA) is spin coated on the silicon 

target sample and baked for 30 mins at 180⁰C, giving a thickness of 60 nm. 

8. The stamp is imprinted into the PMMA on the target sample for 5 minutes 

at a pressure of 25 Pa and temperature of 180 ⁰C using an Obducat 

Nanoimprinter. 

9. After the stamp is released the thin residual layer of PMMA that remains in 

the imprinted regions is removed by an anisotropic oxygen reactive ion etch 

(RIE). 

15 nm Al is then evaporated onto the target sample before excess metal is lifted-

off by placing the sample in warm acetone. The sample is then rinsed clean in RO 

water and IPA. The stamp is cleaned using acetone before it is re-used. 

 

Figure 3.5: Scanning electron micrographs taken during the fabrication process. a) SRRs formed 
of HSQ with structural width, 2w + δ = 60 nm, b) The stamp shown at a tilted angle, c) The PMMA 
layer on the target sample following imprinting and showing SRR profiles depressed into the thin 
film. 

The HSQ and MIBK solution is only spun to a thickness of 80 nm to enable the 

patterning of very small features on the stamp, namely the narrow arms of the 

SRR. As a result of the HSQ layer being so thin and no etching being performed on 

the silicon stamp, the PMMA layer being imprinted into is also required to be thin. 

In this instance it is 60 nm thick. Furthermore, as there is only one layer of PMMA 

on the target sample that is etched anisotropically to remove residual resist on 

the substrate, no undercut is present in the resist profile. This lateral sidewall 

profile of the thin PMMA layer limits the maximum thickness of metal as it will 
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gradually collect on the imprinted sidewall during deposition and make lift-off in 

acetone difficult. This concept is visualised in figure 3.6. 

 
Figure 3.6: Diagram showing the limitations of depositing increased thicknesses of metal with 
vertical sidewalls and no undercut. Metal build-up on the sidewalls prevents acetone infiltrating 
the PMMA and lifting-off. 

With this fabrication method, using the patterned HSQ to imprint into the target 

sample rather than an etched stamp represents a novel, “etch-free” technique to 

patterning small-scale features. Etching features on a stamp can result in tapered 

or non-lateral sidewalls that can enlarge the dimensions of the imprinted pattern 

and, consequently, the optical response. It should be noted that SRRs fabricated 

using tilted NIL [40] and a NIL-ion milling technique [41] have also been reported. 

3.2.3 Fabrication of SRRs using electron-beam lithography 

To gauge the effectiveness of SRRs fabricated by NIL, SRRs were also fabricated 

by conventional electron-beam lithography. This allows both sets of split rings to 

be compared with regard to the quality of their fabrication and their optical 

behaviour. Aluminium was deposited at a thickness of 50 nm so that the effect of 

a thicker metal (increase in h, figure 3.2) could be seen. The fabrication of SRRs 

using EBL was performed as follows. 

1. A polished silicon substrate is cleaned in ultrasonic bath using acetone, 

methanol and isopropanol (IPA). 

2. An 80 nm thick layer of 2.5% 2041 PMMA is spun onto the substrate and 

baked at 180 ⁰C for 30 minutes. 

3. A second, 40 nm thick layer of 2.5% 2010 PMMA is spun on top to create a 

bi-layer. The sample is baked for 16 hours. 
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4. The sample is patterned by electron-beam lithography. 

5. Resist development is performed using IPA and RO water (at a ratio of 7:3 

respectively) for 30 seconds at a temperature of 23 ⁰C. 

6. 50 nm aluminium is deposited by evaporation. 

7. Excess metal and remaining resist is removed by lift-off, by placing the 

sample in warm acetone. The sample is rinsed in RO water. 

3.2.4 Simulations 

The dimensions of the fabricated structures were measured using a scanning 

electron microscope and used to create a 3D model of the SRRs using Lumerical 

FDTD solutions software. A single unit-cell of the SRR structure was illuminated 

using a plane wave source with firstly TE and latterly TM polarisation of the wave 

at normal incidence (as defined in figure 3.2). The wave source was given a 

wavelength range from 500 nm to 1000 nm, the same as used for experimental 

measurements. A periodic boundary condition was applied to the area surrounding 

the structure to replicate the periodicity of the SRRs in the fabricated array in 

both the x and y axes. A mesh size of 3 nm was used for the FDTD simulation 

region. The wavelength dependant real and imaginary components of the 

refractive index of silicon were taken using data experimentally measured by Palik 

[42] and applied to the model substrate. The silicon was assumed to be semi-

infinite for simulation purposes. The dielectric properties of the Al metal were 

produced using a Lorentz-Drude model with plasma and collision (damping) 

frequencies. A perfectly matched layer (PML) was imposed on the material edges 

within the simulation region to remove unwanted reflections at the boundaries. 

The Lorentz-Drude model uses the plasma frequency (ωp) and a damping constant 

(γ) associated with a given material to calculate the relative permittivity and 

permeability. Equations for the calculation of a material’s relative ε and µ are 

given in equations 3.7 and 3.8 respectively [43]. 

𝜀𝑟(𝜔) = 1 −
𝜔𝑝,𝑒

2

𝜔2−𝜔0,𝑒
2 +𝑖𝛾𝑒𝜔

      (3.7) 
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µ𝑟(𝜔) = 1 −
𝜔𝑝,𝑚

2

𝜔2−𝜔0,𝑚
2 +𝑖𝛾𝑚𝜔

      (3.8) 

For both equations 3.7 and 3.8 the resonant frequency is denoted by ω0 and the 

electric and magnetic responses are represented by the subscripts e and m 

respectively. 

3.3 Results 

3.3.1 SRRs fabricated by NIL 

Figure 3.5 shows micrographs obtained by SEM of the nanoimprint stamps and the 

fabricated SRRs and compares the change in dimensions between them. It was 

found that following imprinting and subsequent metal deposition the arm width 

(w) and total structural width (2w+ δ) of the Al SRRs increased slightly from the 

HSQ stamp. This divergence from the dimensions of the imprinting stamp was 

typically 10 nm or less. Potential explanations for this expansion could include 

lateral movement of the stamp during separation from the target substrate, 

etching of the residual layer of PMMA and the comparatively large granularity size 

of aluminium compared to metals such as gold and silver. The deviance in the 

fabricated dimensions of the SRRs from the original designs is also quantified in 

figure 3.7. The total area of the imprinted array, as defined by the stamp, is 

5 mm2.  

Due to the absence of an undercut in the imprinted PMMA layer, it was found that 

only very thin layers of metal could be deposited for lift-off in acetone to be 

successful. With a total PMMA thickness of 50 nm following the etching of the 

residual PMMA, metal deposited at a thickness of more than 20 nm was found not 

to lift-off in acetone. This remained the case despite the sample being subjected 

to an increased time in acetone and ultrasonic agitation. An increase in the 

quantity of metal deposited served to raise the likelihood of it collecting on the 

PMMA sidewalls and preventing the infiltration of solvent for its removal. 
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Figure 3.7: Design and micrographs showing differences between NIL stamp patterned with HSQ 
and fabricated metal SRRs. Feature sizes of the fabricated structures are also given. In all instances 
the white scale bar represents 200 nm. 

Reflection measurements of both TE and TM polarisations were taken using the 

monochromator and lock-in amplifier with Si detector setup described in chapter 

2, figure 2.8 and are shown in figure 3.8 alongside simulated spectra. 

Measurements were obtained with both incident and reflected light at normal 

incidence using a 10x objective lens with a numerical aperture of 0.25. Incident 

light is collimated by the monochromator.  Resonant peaks are experimentally 

measured at 855 nm, 840 nm and 830 nm for SRRs with widths (2w+ δ) 110 nm, 90 

nm and 70 nm respectively. A plasmonic peak is visible experimentally at a 

constant 630 nm with TE polarised light incident. 
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Figure 3.8: Experimental and simulated reflection spectra for SRRs of width (a) 110 nm, (b) 90 nm 
and (c) 70 nm. An SEM image of part of the respective SRR array is also shown. The reflectance 
from experimental measurements is given in arbitrary units (A.U.) while simulated spectra are 
normalised to show a fraction of absolute reflectivity.  
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There is very close agreement between the experimental and simulated reflection 

measurements. LC resonance peaks are seen at 860 nm, 852 nm and 843 nm for 

SRRs with structural width 110 nm, 90 nm and 70 nm respectively. In all cases two 

peaks are prominent when the electric field of the incident light couples across 

the gap of the SRR (TE mode). With incident light polarised in TM mode, no 

significant spectral features are observed. Under TM conditions the electric field 

fails to couple across the gap that separates the two “arms” of the SRR. As a result 

a current loop cannot form within the structure and the LC resonance fails to 

materialise, resulting in a featureless response at the respective wavelength. 

Because of the limitations in increasing the thickness of the SRRs, the amplitude 

of the LC peaks is inhibited by the 20 nm aluminium which behaves as a diluted 

metal. This means that the physical dimensions of the structures confines the 

mobility of electrons in the metal, preventing them in behaving as they would in 

a bulk metal and thus affecting the amplitude of the LC response. As these 

measurements are taken in the visible and near-infrared range, the incident light 

is below the electronic band-gap of silicon and therefore excites electron-hole 

pairs in the substrate, reducing the magnitude of spectral peaks. The plasmonic 

peak and the LC resonance peak in the simulated spectra appear sharper than the 

experimental counterpart. This can largely be attributed to imperfections in the 

fabricated structures, such as enlargement and distortion of features. The small 

fluctuations in the experimental measurements are caused by systematic noise 

from the monochromator, microscope and lock-in amplifier spectrometer rig. This 

could perhaps be reduced by measuring a larger area of SRRs to improve the signal-

to-noise ratio (SNR). 

Although the reflectance of the TE and TM spectra shown in each of the individual 

plots of figure 3.8 are comparable, it should be highlighted that the reflection 

scale is given as an arbitrary unit (A.U). This is because transmission 

measurements required to obtain a percentage reflection value were unable to be 

taken. It should also be noted that both experimental and simulated spectra have 

a “false zero”, i.e. the value at the origin does not represent zero reflection. 

As the change in resonant wavelength is small between the three SRR dimensions, 

the shift is shown in greater detail in figure 3.9. 
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Figure 3.9: Reflection spectra of the fabricated and simulated SRRs showing the LC resonance in 
greater detail. A moving averaged line of the experimental measurements is shown in black to 
distinguish the response from systematic noise.  (a) Experimental measurement for 70 nm 
structure, (b) simulated spectra for 70 nm SRR, (c) Experimental spectra from 90 nm SRR, (d) 
simulated measurements for 90 nm model, (e) experimental measurement from 110 nm SRR, (f) 
simulated measurement for 110 nm structure. 

The effects brought about by the losses associated with a resonator, such as the 

SRRs discussed in this thesis, can be quantified in terms of a dimensionless number 

called the Quality factor, or Q-factor. These effects are usually exhibited 

spectrally by a damping of the LC resonance peak, including a broadening of the 

peak and a decrease in its amplitude. The Q-factor is calculated by the following 

equation: 

𝑄 =
𝜔𝑟

𝐹𝑊𝐻𝑀
        (3.9) 

where ωr is the resonant wavelength and FWHM is the full-width half maximum. 

The FWHM can be described as the bandwidth of the peak at half of the maximum 

amplitude. The Q-factor of the SRRs fabricated by NIL is found to be approximately 

11.1. This compares to a Q-factor of 8.45 for the simulated SRRs. Study of the 

measured spectra shows that the comparatively broad plasmonic peak at 650 nm 

in TE mode narrows the bandwidth of the LC resonance, giving a deceptively high 

Q-factor. 
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As the width of the SRR from outer arm to outer arm (2w+ δ) is a defining property 

in determining the resonant wavelength of the structure, a plot showing the 

measured LC peak wavelength against the physical size of the SRR is displayed in 

figure 3.10. As already discussed the ability for the resonant wavelength to scale 

linearly with the physical dimensions of the SRR begins to breakdown as the 

structures become increasingly small. Fabricating the SRRs on a lower index 

substrate such as fused silica has been shown to shift the LC resonant wavelength 

of SRRs into the visible range. In Lahiri’s 2010 paper [36], the fabrication of similar 

sized SRRs, made using EBL, on a fused silica substrate were shown to produce an 

LC resonance between 500 nm and 700 nm in wavelength. 

Imprinting SRRs into PMMA on a fused silica substrate was rigorously tested. Using 

the same method as described, a silicon stamp with SRRs patterned in HSQ was 

imprinted into a 60 nm PMMA layer, but in this instance on top of a 1 mm thick, 

polished fused silica substrate. Despite the success in using silicon as a target 

substrate, silica failed to yield the same results. Imprinted patterns in this 

instance exhibited poor definition in the form of rounded edges and an increase 

in dimension. A possible cause of this failure is the difference in the thermal 

conductivity, k, between silicon and fused quartz. The thermal conductivity 

denotes how heat is transferred through a given material and is measured in Watts 

per metre Kelvin (Wm-1K-1). Thermal NIL requires that the polymer being imprinted 

into is heated in order to reduce its viscosity and aid its flow around the stamp or 

mould. A reduced polymer heat can result in patterns failing to be properly 

defined as well as non-vertical sidewalls. Silicon has a thermal conductivity of k = 

149 Wm-1K-1 whereas fused quartz exhibits k = 1.3 Wm-1K-1, meaning heat can 

transfer through silicon at a greater rate than in fused quartz. In addition to the 

silicon substrate having a much higher thermal conductivity to the fused quartz 

substrate, the Si target substrate has a thickness of 500 µm compared to the 1 mm 

thick quartz. The Obducat Nanoimprinter used in fabrication only provides heat 

from beneath the target sample and not from the direction of the imprinted stamp 

positioned on top. Although 15 nm of Al was deposited onto the patterned PMMA 

on quartz (again following an etch of the residual PMMA layer), metal lift-off was 

repeatedly unsuccessful. This suggests a continuous film of Al was present and 

prevented acetone from removing the PMMA layer.  Recreating the structures 

shown at ever smaller dimensions on a silicon substrate introduces multiple 
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fabrication problems and, even if achieved, will not significantly increase the 

resonant frequency [34,37]. 

 

Figure 3.10: LC resonance wavelength against the total width of the SRRs. 

3.3.2 SRRs fabricated by EBL 

The SRR array fabricated by electron-beam lithography was measured using the 

same method as was used for the SRRs fabricated by NIL. A micrograph of the 

fabricated metamaterial is shown in figure 3.11. It is observed that the structural 

similarity to the original design is not as close as seen with the previously used NIL 

stamp and consequent SRRs. Furthermore the SRRs exhibit less uniformity, often 

differing in size and shape, and a broadening of the “wire” that connects both 

arms. The total width of each SRR was found to be approximately 90 nm with an 

average gap between the two arms of 30 nm. As a result of the deviance from the 

original design the periodicity of the SRRs in both the x and y axis is approximately 

two and a half times (rather than double) the width of the structure. 

   

Figure 3.11: Micrographs of the SRRs fabricated by electron-beam lithography. (a) Four SRRs, 
showing the lack of uniformity from structure-to-structure, (b) A single SRR with total width 90 nm. 

The experimental reflection measurement of the array (figure 3.12) shows a broad 

resonance under TE mode at approximately 850 nm. Although broad, with a FWHM 

of around 150 nm, the LC peak is much more prominent than seen for the SRR 
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made by NIL. This is because of the increase in the metal thickness used from the 

nanoimprinted SRRs, from 15 nm to 50 nm Al. The Q-factor is calculated as 5.66. 

It should be remembered that the reflection scale is given in arbitrary units, 

meaning a direct comparison of the measured amplitude of the peaks obtained 

from the NIL fabricated and EBL fabricated structures cannot be done accurately. 

However reflection measurements from the EBL fabricated structures show a 

stronger LC resonance than plasmon resonance, likely due in part to the increased 

metal thickness. A shift in the plasmon resonance is also noted, from 630 nm to 

approximately 560 nm. This shift can be caused by combined changes in the 

dimensions of the structures and their periodicity [43].   

 

Figure 3.12: Reflection measurement for 90 nm wide SRR fabricated by EBL with 50 nm thick Al. 

3.4 Discussion 

It is observed from the reflection measurements taken of the SRRs made using NIL 

(figure 3.9) that, although small, there continues to be a measureable shift in the 

LC resonance between the three SRR designs. The shift in the resonant wavelength 

decreases as the total width of the SRRs are reduced from 110 nm to 90 nm and 

finally to 70 nm. It is reasonable to presume that any further reduction in the 

dimension of the SRRs would fail to significantly reduce the resonant wavelength. 

Furthermore, successfully fabricating SRRs with smaller features than shown in 

this chapter becomes increasingly more difficult due to lithography limitations. 

Fabrication of small-scale SRRs on a lower index substrate such as fused silica 

would reduce the resonant wavelength but the saturation effect due to the 

mobility of electrons in the metal would still be inhibitive. 
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The inability to deposit metal at thicknesses greater than 15 nm reduces the 

amplitude of the LC resonant peak. Comparison of the SRRs fabricated by NIL with 

those made using EBL shows that Al 50 nm thick produces a distinct LC resonance 

peak that is more prominent than the plasmon peak. This is despite the structural 

quality (uniformity and definition of features) not being as good as seen with the 

imprinted SRRs. There does not appear to be any significant difference between 

the LC resonance bandwidths of either set of resonators and the resonant 

wavelength is also unchanged. 

3.5 Chapter conclusions 

Small-scale “U-shaped” SRR have been fabricated by NIL and measured both 

experimentally and by simulation. The SRRs were found to be of dimensions that 

were close to the theoretical saturation limits that prevent a reduction in the 

resonant wavelength. This work in this chapter demonstrates a nano-imprint 

technique that enables the fabrication of small-scale SRRs with a minimum feature 

size of 20 nm. Using patterned HSQ resist to imprint represents a novel stamp 

production technique that does not require any etching of the substrate. This 

method could be used to imprint other designs and patterns with sub-100 nm 

features. SRRs fabricated by imprinting were compared with equivalent structures 

made using EBL. There were no significant differences in the resonant wavelength 

or peak bandwidth. It was found that the maximum metal thickness was inhibited 

by the NIL process, resulting in a resonant peak amplitude lower than seen with 

SRRs made by EBL.  
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Chapter 4 

Optical detection of organic materials using SRRs 
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4.1 Introduction 

It has been shown in chapter 2 that split ring resonators can be used to produce 

electromagnetic resonances at given wavelengths by changing the dimensions of 

the structure, namely the width or diameter. By “tuning” these resonances to the 

same resonant wavelength of a given material or molecule, the molecular 

resonance can be significantly enhanced. Using SRRs, and indeed other structures 

that produce a plasmonic resonance, to examine the spectroscopic behaviour of a 

wide variety of substances of interest is an increasingly important application of 

metamaterials [44-50]. This use as an optical sensor makes metamaterials of ever 

increasing interest to commercial ventures. By locating a material or organic 

compound at certain strategic regions within close proximity to a SRR it is possible 

to increase the resonant absorption of a phonon resonance. Designing and 

manufacturing a split ring resonator that is characterised as being highly sensitive 

makes it possible to enhance the molecular resonance of even very tiny quantities 

of a substance. This has advantages in the fields of security, defence and 

healthcare. 

This chapter will study the means in which split ring resonators (and their various 

geometries) can be used to sense organic materials. In particular the sensitivity 

of numerous regions of a SRR are researched to experimentally distinguish the 

positions most advantageous for optical sensing; the so called “hot-spots” [51], 

areas where the electric field is strong in the structure.  This is achieved by 

optically measuring the reflection spectra of SRRs designed to exhibit resonance 

at a close wavelength to that of the carbonyl bond resonance present in PMMA 

that is localised at positions physically near or on the SRR. Commonly these hot-

spots are distinguished using computer modelling of an SRR structure [52-54]. 

4.1.1 Molecular spectroscopy 

Characterising a substance using optical spectroscopy to quantify its presence and 

properties can offer a number of advantages when compared to alternative 

methods used, such as chemical sensing [55]. Firstly, the spectrometers widely 

commercially available can typically measure a wide frequency range, from visible 

or near infra-red frequencies up to terahertz range. This wide spectral range 

covers the resonance and absorption frequencies of a multitude of organic 
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compounds and substances, particularly in the infra-red region [56,57]. Secondly, 

in most instances characterising a material using optical spectroscopy, either by 

reflection or transmission, is non-invasive and does not damage or alter the 

substance under examination. This may not be the case if the material is photo-

sensitive. Perhaps one of the greatest advantages of sensing using spectroscopy 

from a commercial perspective is that it measurements can be obtained quickly 

and at low cost. 

As will be shown later in this and the subsequent chapter the absorption peaks 

from H2O and CO2 present in the surrounding atmosphere are detectable by FTIR 

– present near 6 μm (and other broad wavelength ranges) and 4.25 μm 

respectively. Examining a substance that has molecular resonance or absorption 

at the same wavelength as atmospheric features can make characterisation 

difficult, particularly if the response from the molecule is not enhanced. This 

interference can be minimised by purging the atmosphere surrounding the sample 

and FTIR spectrometer with an inert gas such as nitrogen or argon. 

4.1.2 The effects of SRR geometries on optical response 

The previous chapter has shown the optical response of small-scale “U-shaped” 

SRRs and discussed the limitations in reducing their dimensions. Although shifting 

the resonance to ever shorter wavelengths becomes increasingly difficult, 

modifying the geometry of the basic “U-shaped” single split ring resonator can 

produce an optical response that yields certain advantages, particularly with 

respect to sensing. However for the purpose of optical sensing, in which the 

molecular resonance of a particular substance is enhanced to make it more easily 

detectable, it is important that a metamaterial exhibits a high quality factor. This 

ensures that only the molecular resonance of the substance of interest is enhanced 

but other molecules that resonate at nearby frequencies are not enhanced. 

Furthermore the application of a detectable substance to a metamaterial shifts 

the wavelength of the plasmonic, owing to the refractive index change. This will 

be demonstrated later in this chapter. A resonance shift can be more easily 

detected with a sharp, narrow transmission or reflection peak than a broadband 

peak with low amplitude. 
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Introducing asymmetry into the split ring structure has been shown to increase the 

quality factor of the peaks generated by optical stimulus and introduce new 

resonance modes [45,58]. These asymmetric-split ring resonators (A-SRRs), shown 

in figure 4.1, are characterised by having two splits (gaps) in the ring resonator. 

This additional capacitive element and the presence of two separate arcs of 

differing length (and therefore differing inductance) produce two resonances 

compared to the single peak exhibited by single-gap SRRs. With the electric field 

strength strongest at the ends of the arcs of a SRR, the asymmetry of the double 

split structure leads to the generation of plasmonic resonances that are enhanced 

by the end of the neighbouring arc. 

 

Figure 4.1: A model of an A-SRR structure. 

As with the single-split, symmetric SRR, the optical response of the A-SRR is 

dependent on the polarisation of incident light. In order for two distinct 

resonances to be produced (one from each arm of the A-SRR) the electric field 

vector must run parallel to the length of the metal arcs. Under this transverse 

electric condition, each arm of the structure produces a plasmonic resonance and 

their close proximity to one another results in a phase change at either side of the 

top and bottom gaps. Depending on the level of asymmetry in the structure, under 

transverse magnetic conditions a current loop cannot easily circulate around the 

structure due to the inability for electric field coupling across the gaps between 

the arcs. This results in peaks with greatly reduced amplitude (if at all) to those 

seen under transverse electric polarised light, where the electric field is 

orientated along the length of each individual metal arc, perpendicular to the 

gap. When comparing with single-gap SRRs, the definition of TE and TM modes for 
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A-SRRs can, in simplistic terms, be thought of as a 90⁰ rotation of the electric 

field. 

It should be noted at this point that A-SRRs also exhibit a hidden resonance in 

which the optical electric field is distributed within the A-SRR structure. This is 

commonly referred to as the “trapped mode” and exists at the trough between 

the two resonance peaks shown in reflection measurements in figure 4.2. It is also 

noted in this figure that two peaks with a reduced amplitude are visible under TM 

incident light. This is a result of minor “leakage” of the TE mode through the 

polariser which induces a weak current in the structure. The magnitude of the 

unpolarised light transmitted through the polariser compared to the transmitted 

polarised light can be determined by the degree of polarisation (DOP), where a 

DOP of 100% indicates a perfectly polarised wave and a DOP of 0% indicates an 

unpolarised wave. Depending on the DOP, a partially polarised wave will create a 

superposition of the polarised and unpolarised components. 

 

Figure 4.2: Reflection spectra from an A-SRR from both TE and TM polarised incident light with 
SEM of A-SRR inset. The scale bar represents 1 µm. 

Similarly to SRRs, the resonant wavelength of the asymmetric ring structures shifts 

proportionally with dimensions, as the inductive and capacitive values are 

changed. This shift in resonant wavelength can be seen in figure 4.3, in which the 



Chapter 4  58 
 
resonance of the CO2 absorption band at 4.25 µm is progressively enhanced by 

varying the diameter of A-SRRs. When the resonant wavelength of the A-SRR 

matches that of the CO2 absorption band the reflection signal can be seen to 

increase significantly in amplitude. 

 

Figure 4.3: Enhancement of the resonance of the CO2 absorption band. The resonance at 4.25 µm 
can be seen to increase in amplitude from a bare, unpatterned quartz substrate (blue) to slight 
amplification when positioned on the leading edge of a peak (green) to greater enhancement when 
tuned to the resonant peak of an A-SRR (red). 

Although A-SRRs can exhibit a greater quality factor than their SRR counterparts 

and have the added advantage of producing two plasmonic peaks in reflection and 

a trapped mode, this chapter will primarily focus on “C-shaped” single-gap SRRs. 

By localising PMMA at confined positions on or within close proximity to a SRR 

designed to resonate at a particular wavelength, it is possible to experimentally 

demonstrate the regions that exhibit the greatest sensitivity or, in other cases, a 

much reduced sensitivity. This PMMA localisation concept follows on from work by 

Zhang et al in which monolayers of octadecanthiol (ODT) covering the entirety of 

a SRR array are detected [59]. PMMA has previously been used, both in the form 

of thin films and localised blocks, to demonstrate the ability of A-SRRs in detecting 

the molecular Fano resonance of organic materials [60]. 

The “C-shaped” single-gap SRRs that are investigated in this chapter have been 

designed to resonate in the mid-infrared and have a small (in comparison to the 
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ring structure) 150 nm gap to improve resonant coupling between the ends of the 

arc. 

4.2 Detection of PMMA 

PMMA has several benefits as an analyte in optical sensing. It exhibits a C=O 

stretching band of ester known as the carbonyl bond [61] that absorbs at 5.75 µm, 

as shown in figure 4.4. The near infra-red and mid infra-red wavelength range is 

of great interest for the optical sensing of a variety of molecules and organic 

compounds. PMMA’s function as an electron-beam resist also makes it particularly 

useful for the purpose of localisation. It can, depending on the molecular weight, 

be spun on a substrate at a wide range of thicknesses by varying the spin speed. 

Furthermore, as PMMA is a positive electron-beam resist, it can be patterned to 

leave localised blocks by exposing the regions that are to be removed. This 

“inverted” method of writing patterns in PMMA is time consuming and not 

reproducible on a large scale, but it does enable the accurate positioning of an 

organic compound in small quantities and at small dimensions. PMMA can be used 

as a negative resist if written using extremely large doses [62]. However although 

this would make the localisation process simpler, exposing PMMA at such high 

doses breaks the free carbonyl bond at 5.75 µm and diminishes its usefulness as 

an analyte [62]. 

 

Figure 4.4: Reflectance spectrum of 100 nm PMMA on fused silica. 
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The carbonyl group is common to numerous organic compounds, including ketone 

and ester, and is characterised by a carbon atom double bonded to an oxygen 

atom, shown in figure 4.5. The positive carbon atom is susceptible to attack from 

negatively charged ions (nucleophiles). Under such circumstances the double bond 

between the carbon atom and oxygen atom is broken and a water molecule is 

removed. 

 

Figure 4.5: The carbonyl group, exhibiting a double bond between the carbon and oxygen atoms 
and single bond to molecules A and B. 

Figure 4.4 also shows numerous features other than the carbonyl bond at 5.75 µm. 

The two peaks near 3.3 µm are attributed to the C-H bond stretching of CH2 and 

CH3 [63]. A sharp peak visible at 4.25 µm is caused by the presence of CO2 in the 

surrounding atmosphere. Small, narrowband troughs between 2.5 µm and 3 µm 

and 5 µm and 7 µm are indicative of the presence of H2O. This chapter will focus 

on the enhancement of the most prominent feature obtained spectroscopically 

from the PMMA, the free carbonyl bond at 5.75 µm. Table 4.1 lists the molecular 

vibration and absorption features that are found from PMMA [63,64]. 

 

Table 4.1: List of molecular vibrations and absorptions exhibited by PMMA and the wavelength at 
which their presence is visible. 

Using PMMA as an analyte and inversely exposing it to leave blocks of the substance 

at positions of interest on or near a SRR enable it to act as a probe of the 

metamaterial. By designing and fabricating SRRs to resonate at approximately the 
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same wavelength as the carbonyl absorption band at 5.75 µm, the optical 

reflection response of the PMMA can be detected. By localising the PMMA into 

small, square blocks and positioning it in different locations of interest, the 

response from each location can be measured to determine the regions of the SRR 

that offer the greatest sensitivity. This can be quantified and used to indicate the 

metamaterial’s ability to function as a sensor of organic compounds. 

4.3 Fabrication and simulation 

SRRs were designed and fabricated as shown in figure 4.6. Localised PMMA blocks 

150 nm by 150 nm were placed in regions of particular interest, namely the “hot 

spots” and “cold spots”, which are discussed later in this chapter. The periodicity 

of the SRR array was 3.1 µm in both the x and y axis, twice the diameter of the 

structure. 

 

Figure 4.6: SRR geometry and polarisations used and regions of particular interest for probing 
using PMMA. 

4.3.1 Fabrication 

Fabrication of the split rings with localised PMMA involves a number of additional 

steps when compared to the SRRs fabricated by EBL in chapter 2. Firstly, a series 

of metal alignment markers must be fabricated onto the substrate to act as a 

constant positional reference for all subsequent patterning. Fused quartz, SiO2, 

was chosen to act as a substrate due to its refractive index being significantly 

lower than silicon, approximately 1.45 for SiO2 [65] compared to 3.42 for Si [66]. 

This comparatively low index substrate shifts the resonance of an SRR of given 

dimensions to shorter wavelengths than would be seen if fabricated on Si or 

another high index material. This simplifies the fabrication of the SRRs and the 
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subsequent localisation of PMMA as the dimensions of the structures are larger 

than would be necessary if made on Si. 

The fabrication and localisation process is performed as follows and is shown in 

figure 4.7. As, unlike Si, fused quartz is non-conductive, a thin 6 nm charge 

dissipation layer of Al is deposited on top of the electron-beam resist in advance 

of each EBL exposure. This Al layer is removed after exposure but before 

development using Microposit CD-26 developer. 

1. Alignment markers are exposed using EBL and then deposited with 10 nm 

Ti and 100 nm Au. 

2. The SRR structures are fabricated in the way as described in chapter 2 using 

EBL, only aligned with respect to the Au markers.  10 nm Ti and 100 nm Au 

are used as the constituent metals. 

3. A 100 nm thick layer of single type PMMA (4% 2010) is spun onto the sample. 

As PMMA is a positive electron-beam resist, the regions of PMMA that are to 

be removed are exposed. Therefore only the areas that will become 

localised PMMA blocks are not exposed. This makes the pattern particularly 

sensitive to the electron-beam proximity effect. The PMMA is developed 

using a mixture of IPA and RO water at a ratio of 7:3. 
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Figure 4.7: Fabrication process used in localising PMMA on or near SRRs. (a) Ti/Au markers are 
patterned and deposited on the silica substrate, (b) The SRRs are exposed in proximity to the 
markers and metal deposited, (c) A 100 nm PMMA layer is spun on the sample (d) The PMMA is 
exposed to leave the localised block in the required position, again using the markers as a 
reference. 

4.3.2 Simulation 

The SRR structures with localised PMMA were simulated by Henrique Vilhena and 

Scott McMeekin of Glasgow Caledonian University using Lumerical FDTD software. 

A single unit-cell of the SRR was created and periodic boundary conditions with 

perfectly matched layers applied. The Ti and Au metal layers, the SiO2 substrate 

and PMMA were modelled using the complex refractive index data from Palik [67]. 

A plane wave source with a wavelength range from 3 μm to 16 μm was applied to 

the top face of the unit-cell and the reflectance measured. Field plots showing 

the simulated electric field behaviour of the structure (Ez component) were also 

obtained. 
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4.4 Measurement and results 

All optical experimental measurements were taken using the FTIR set-up 

described in chapter 1. Only measurements taken using TE polarised light (with 

the electric field coupled across the SRR gap) are shown in the remainder of this 

section. 

4.4.1 Response of SRRs without the presence of PMMA 

Before examining the optical response from SRRs with PMMA, the SRRs without 

any analyte applied were first measured and simulated. The experimental and 

simulated reflection spectra for the SRRs over a broad wavelength range and for 

TE and TM incident polarisations (defined in figure 4.6) are shown in figure 4.8.

 

Figure 4.8: Experimental (top) and simulated (bottom) spectra of the SRRs for the E-field both 
parallel (TE) and perpendicular (TM) to the gap of the SRR. 
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The presence of atmospheric CO2 is seen in the experimental measurements at 

4.25 μm. Both experimental and simulated spectra show a strong, broad peak at 

9 μm for both polarisations. This is attributed to the fused silica substrate [68]. 

With incident light polarised in TM mode, experimental and simulated spectra 

both show a strong resonance at approximately 5.25 μm. For TE polarised light, a 

peak is visible at 4 μm from the experimental measurement and 4.2 μm from the 

simulated measurement. Although it should be noted that the strength of 

reflectance in all cases is given using arbitrary units (A.U.), the amplitudes of 

peaks in the experimental TE spectrum can be directly compared to those of the 

experimental TM spectrum. Similarly the amplitudes of the simulated spectra can 

be compared with each other. In order for a comparison between the amplitudes 

of an experimental and simulated spectrum, normalisation would have to be 

performed. The amplitude of the experimental peak at 4 μm appears to be lower 

in relation to the amplitude of the equivalent peak seen at 4.2 μm from the 

simulations, when comparing with the resonance at 5.25 μm in TM mode. This can 

jointly be explained by imperfections in fabrication and in characterisation, such 

as the accuracy of polarisation angle with respect to the array of SRRs. Accuracy 

of polarisation may also explain why the peak at 5.25 μm can be seen, albeit at a 

much reduced amplitude, in the experimental TE measurement but not the 

simulated TE spectrum. The effect of the polarisation angle of the incident 

electric field on similar (but more asymmetric) single gap SRRs has been studied 

by Chen et al [69]. 

A broadband resonance is also visible at longer wavelengths for TE polarisation at 

13.6 μm in experimental measurements and 14 μm in the simulated spectrum. To 

gain an understanding of the behaviour of the SRRs at each of these peaks, field 

plots were produced from the simulations to show the electric field distribution 

in the structure. Figure 4.9 shows the electric near-field of the structure at various 

wavelengths, corresponding to the peaks seen in simulated reflection spectra. The 

field plot associated with the resonance at 14 μm shows the electric field largely 

confined to the regions near the gap of the split ring. It suggests, due to this 

confinement as well as the difference in polarity at the ends of the metal 

(indicative of a dipole), that this is the fundamental mode, often termed the LC 

resonance [70]. It is noted that this resonant peak is only present when the electric 
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field of the incident wave is parallel to the x-axis of the model, i.e. when it 

couples across the gap of the SRR. 

 

 

 

 

Figure 4.9: Field plots of the electric field distribution at different resonant wavelengths. 

A field plot of the structure taken at 4.2 μm under TE conditions shows what 

appears to be a higher order mode of the one exhibited at 14 μm. As well as the 

change in polarity of the electric field across the gap, a second similar feature is 

seen across the arm of the SRR but with a lower field strength. With TM 

polarisation the electric field distribution changes dramatically and polarity is 

seen to be the same in sign at both ends of the gap in the SRR. A change in sign is 

instead exhibited along the y-axis between the metal near the gap and the bottom 

region of the split-ring structure. Using these field plots the physical areas of 

greatest sensitivity to an analyte can be predicted. It is noted that a number of 

distinct “cold spots”, areas where the electric field strength is near zero, are 

present for both polarisations and at each studied resonance. 

Because of the presence of the carbonyl bond absorption feature at 5.75 μm, the 

bulk of the work contained in this chapter will focus on the two resonances at 

near infra-red wavelengths - 4 μm (experimental) under TE polarised light and 

5.25 under a TM polarised incident wave. 
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4.4.2 Sensitivity of SRRs with 100 nm thick PMMA film 

SRRs completely covered in a 100 nm thick layer of PMMA were examined as a 

precursor to SRRs with localised PMMA. The optical reflection from the SRRs in 

this instance, shown in figure 4.10, displays a shift in the resonant wavelength, 

from 5.23 μm without the presence of PMMA to 5.65 μm. This represents a shift in 

resonant wavelength of 420 nm and is seen in both the experimental and simulated 

spectra. The carbonyl bond absorption feature is clearly visible at 5.75 μm in the 

form of a trough. The quantity of PMMA present on the SRR results in significant 

absorption at 5.75 µm, caused by the electric field circulating the SRR being 

absorbed by the PMMA and resulting in a sharp spectral trough. This is particularly 

evident for measurements taken using TM polarisation, in which the strong, broad 

resonance at 5.25 µm is close to the carbonyl bond absorption wavelength. 

It was found that introducing PMMA into the simulation model created unnatural 

artefacts below 4 µm wavelength that distorted the reflection spectra. For this 

reason experimental focus is given for the range 3 µm to 7 µm while simulated 

spectra are shown between 4 µm and 7 µm.  

 

Figure 4.10: Reflection measurements (experimental and simulated) of the SRRs with (a) and (b) 
TM polarised light and (c) and (d) TE polarised light with a 100 nm film of PMMA on top. 
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With PMMA spun on top of the SRR array and a subsequent shift in resonance visible 

by optical measurement, the sensitivity of the SRRs can be calculated for a PMMA 

thickness of 100 nm. The sensitivity, denoted by s, is defined by the equation 

𝑠 =  
Δ𝜆

Δn
 𝑛𝑚/𝑅𝐼𝑈 

where Δλ is the shift in the resonant wavelength of the SRR and Δn is the change 

in the refractive index. The sensitivity is quantified in terms of nanometers per 

Refractive Index Unit (nm/RIU). 

The sensitivity of the SRR with a 100 nm film of PMMA spun on top can be 

quantified from the resonant wavelength shift seen in figure 4.10. For the 

experimental plasmonic resonance under TM conditions, 

𝑠 =  
5560 − 5250

1.49 − 1
  

𝑠 =  632.65 𝑛𝑚/𝑅𝐼𝑈 

With a TE mode incident upon the SRRs, the resonant shift in wavelength is 

measured as 4330 nm – 3950 nm = 380 nm, giving a sensitivity of 775.51 nm/RIU. 

This sensitivity value of 775 nm/RIU compares favourably to that of values quoted 

for photonic crystal resonators used with microfluidics (s = 480 nm/RIU) [71] and 

polarisation independent, fourfold SRRs arranged in a symmetric pattern 

(s = 636 nm/RIU) [72]. It should be noted that the photonic crystal resonator cited 

above uses ethanol as an analyte while the fourfold SRR sensor utilises ZEP 

electron-beam resist. A-SRRs have been shown to experimentally exhibit 

sensitivities as high as 1230 nm/RIU using 215 nm thick PMMA as an analyte [60]. 

This enhancement can be attributed to the strength of the electric field present 

at the gaps of the asymmetric split ring structure as well as the increased quantity 

of analyte. 

The sensitivity value obtained from the simulated spectra is found to be 

612 nm/RIU for an incident TM mode and 551 nm/RIU for a TE incident mode. 



Chapter 4  69 
 
With 100 nm of PMMA coating the SRRs, the electric field at near-field can be seen 

to exhibit a reduced magnitude in comparison to the field strength exhibited by 

the SRRs without any PMMA present. This is shown in figure 4.11. This decrease in 

strength is caused by the PMMA layer on top of the SRRs absorbing part of the 

electric field. 

 

Figure 4.11: Electric field with TM incident mode with (a) just the SRR and (b) the SRR with a 
100 nm PMMA film on top. 

4.4.2 Localised PMMA (TM polarisation) 

The results shown in this section study the SRR with localised PMMA with the 

electric field of the incident light orientated parallel to the y-axis, giving 

resonance at 5.25 µm. As the localised PMMA is significantly smaller in quantity, 

irrespective of its position, the shift in the SRR resonant wavelength will be less 

than the shift observed with a 100 nm PMMA coating. In all cases discussed 

henceforth the localised PMMA block is 150 nm by 150 nm with a thickness of 

100 nm. Figure 4.12 shows the reflection spectrum obtained both experimentally 

and by simulation with the localised PMMA block positioned at the gap of the SRR. 

This will be termed this the primary hot-spot, owing to it being the location of the 

greatest electric field strength. A micrograph of the PMMA between the ends of 

the arc is shown inset. 

The resonant wavelength of the SRRs is experimentally shown to shift to 5.32 µm 

with PMMA localised at the gap from the initial wavelength of 5.25 µm. This shift 

gives the SRR a sensitivity of 142.85 nm/RIU with the PMMA block localised at the 

gap. 
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𝑠 =  
5320 − 5250

1.49 − 1
= 142.85 𝑛𝑚/𝑅𝐼𝑈 

 

 

Figure 4.12: Reflection spectrum of the SRRs with PMMA localised at the gap (red) and of the SRRs 
without PMMA present (blue). Experimental spectra are shown top with simulated beneath. An 
image of the PMMA localised at the gap is inset. 
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From the simulation shown in figure 4.12 the shift in resonant wavelength is 

measured as 25 nm, giving a sensitivity value of 51.02. The absorption trough 

caused by the carbonyl bond is clearly visible at 5.75 µm in both the experimental 

and simulated spectra. However it is noted that the additional features of PMMA 

in the mid infra-red, listed in table 4.1, are not visible on either spectrum. Their 

presence is faintly visible in the experimental measurement of figure 4.10, in 

which the entire SRR array is coated with PMMA. This can be attributed to there 

being a much greater quantity of PMMA present and is why the absorption due to 

the carbonyl bond is so prominent in comparison to the localised PMMA block.  

The calculated sensitivity of the SRRs with the PMMA is shown to substantially 

reduce with the PMMA localised at the gap of the SRR compared to a 100 nm thin 

film being deposited across the entire SRR array. This is despite the SRR gap being 

the optimal region for sensing due to the high electric field strength at both ends 

of the SRR arc [59]. 

The simulated electric field plots indicate a secondary hot spot at the bottom of 

the SRR, shown in figure 4.9. Reflection measurements of PMMA localised at this 

position (figure 4.13) show enhancement of the carbonyl bond at 5.75 µm, but 

very little shift in the resonant wavelength. The enhancement of the carbonyl 

bond is less pronounced as when the PMMA is localised in the gap of the SRR. The 

shift, Δλ, is found to be merely 10 nm for experimental measurements and 20 nm 

for simulated measurements. A sensitivity value of 20.41 is calculated for the 

experimental reflection and 40.81 for the simulated model. These factors indicate 

that despite there being a strong electric field at the bottom of the SRR arc and 

enhancement of the carbonyl bond absorption, the secondary hot-spot does not 

possess the same qualities desired for sensing as the primary hot-spot. This can 

perhaps be explained by the analyte, in this instance PMMA, having to reside on 

top of the metal SRR structure whereas it is placed on the substrate between the 

arc of the structure at the primary hot-spot. It should be remembered that the 

PMMA in all instances is spun to a thickness of 100 nm and the SRRs are comprised 

of 10 nm Ti and 100 nm Au.  
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Figure 4.13: Reflection spectrum of the SRRs with PMMA localised on the bottom portion of the 
arc (red) and of the SRRs without PMMA present (blue). Experimental spectra are shown top with 
simulated beneath. An image of the localised PMMA is inset. 

To help gauge the effect of placing the PMMA at a hot-spot on top of the metal 

rather than within the SRR gap, a PMMA block was localised on one of the ends of 

the metal arc. The resultant reflection spectra and SEM micrograph can be seen 

in figure 4.14. Simulations of this configuration were not performed. 
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Figure 4.14: Reflection spectrum of the SRRs with PMMA localised on the end of the arc (red) and 
of the SRRs without PMMA present (blue). 

An 80 nm shift in the resonant wavelength is observed experimentally. This gives 

a sensitivity of 163.27 nm/RIU, higher than observed for the secondary hot-spot 

but lower than when the PMMA is placed at the gap. The carbonyl bond absorbance 

at 5.75 µm is barely enhanced in comparison to when placed at the other two hot-

spots. It is noted from the image taken by SEM however that approximately 50% 

of the PMMA block is located off of the metal and is instead on the fused quartz 

substrate. 

Cold-spots, by definition, are areas on or near the SRR in which the electric field 

activity is at a minimum or even non-existent. At these regions enhancement of 

the organic compound’s spectroscopic features cannot occur as there is no 

electromagnetic interaction between the SRR and the analyte. Consequently the 

resultant reflection spectrum fails to detect the small quantity of PMMA present, 

exhibiting no shift or enhancement of a particular molecule 

Figure 4.15 shows the reflection spectra obtained with the PMMA block localised 

on the right cold-spot of the SRR (at 90 ̊ to the “y axis”). In this instance there is 

no discernible influence on the spectrum from that of the SRRs without PMMA 

present. As there is neither enhancement of the carbonyl bond feature nor, 

importantly, any shift in the wavelength of resonance, the sensitivity of the SRR 
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with PMMA localised to this cold-spot position can be said to be nil. This was found 

to be the case for both experimental and simulated results. 

 

 

Figure 4.15: Reflection spectrum of the SRRs with PMMA localised on the “on-arc” cold-spot (red). 
SRRs without PMMA are shown in blue. Experimental spectra are shown top with simulated 
beneath. An image of the localised PMMA is inset. 

Positioning the PMMA in the centre of the SRR, a region identified from field 

plots as exhibiting a very weak electric field, was found to give a similar 

reflection spectrum, with no resonance shift and very little enhancement, as 

displayed in figure 4.16. 
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Figure 4.16: Reflection spectrum of the SRRs with PMMA localised in the centre of the SRR (red) 
and SRRs without PMMA (blue). Experimental spectra are shown top with simulated beneath. An 
image of the localised PMMA is inset. 

4.4.3 Localised PMMA (TE polarisation) 

The results shown in this section all show the response of the SRR with localised 

PMMA when the electric-field is orientated across the gap of the structure, parallel 

to the x-axis. Field plots of this configuration (figure 4.9) show that the electric 

field is strongest immediately at the split in the ring resonator. 
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Figure 4.17: Reflection spectra of the SRRs under TE polarisation, with PMMA localised in the gap 
of the SRR (red) and SRRs without PMMA (blue). An image of the localised PMMA is inset. 

With the PMMA block positioned within the gap of the SRR, the sensitivity is 

experimentally calculated to be 612.24 nm/RIU. This compares to 183.67 nm/RIU 

for PMMA in the same position but with TM polarised incident light. Measurements 

of SRRs with PMMA localised on the bottom arm of the structure (six o’clock 
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position) are shown in figure 4.18. Under this configuration there is no shift in the 

resonant wavelength or enhancement of the carbonyl bond absorption feature for 

either experimental or simulated spectra. This was also found to be the case when 

PMMA was localised in the centre of the SRR, also shown in figure 4.18. The lack 

of close proximity to an area of high electric field, identified in the field plots, 

can account for this. 

 
 
 
 
 
 
 
 

 

   

Figure 4.18: Experimental and simulated reflection spectra for PMMA localised at the bottom of 
the SRR (6 o’clock position)(left) and at the centre cold-spot (right). 
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Reflection spectra with PMMA localised at the three o’clock position on the SRR 

are shown in figure 4.19. Unlike the spectra obtained with PMMA positioned in the 

centre cold-spot and at the bottom of the split-ring, a small shift in the resonant 

wavelength of 160 nm is exhibited experimentally. An experimental sensitivity of 

326.53 nm/RIU is calculated in this instance. This PMMA position has been termed 

a “hot-spot” at the resonant wavelength shown. 

 

 

Figure 4.19: Experimental and simulated spectra with PMMA located at the three o’clock position 
on the SRR with a TE incident mode. 
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As with measurements taken using TM polarisation, the SRR was found to be 

sensitive to the presence of PMMA located at the end of the arm of the structure 

when a TE polarised mode was incident (figure 4.20). As with figure 4.14, 

simulations were not performed for this configuration. 

 

Figure 4.20: Experimental spectrum of SRRs with PMMA positioned at the end of the metal arm, 
under TE polarisation. 

A resonant peak wavelength shift of 190 nm was measured with PMMA present on 

the arm of the SRR. This produces a sensitivity of 387.76 nm/RIU. 

4.4.4 Comparison of regions of sensitivity 

The shifts in the resonant wavelength and resultant sensitivity values obtained by 

experimental and simulated methods are compiled in table 4.2. Unsurprisingly the 

greatest sensitivity is obtained when the SRR array is covered in a 100 nm thin 

film of PMMA and the electric field of the incident light is orientated across the 

gap of the SRR (s = 775.51 nm/RIU). However experimentally determining the 

areas of the SRR unit cell that offer the greatest sensitivity can only be found by 

probing confined regions with the PMMA analyte. In doing this, the gap between 

both ends of the arc is shown to be the most sensitive region of the SRR, with 

s = 612.24 nm/RIU. This is despite the localised PMMA accounting for 

approximately 2.34% the volume of the thin PMMA film that coats the SRR array. 

The secondary hot-spot, positioned on the arc beneath the gap, was found not to 
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shift the wavelength of resonance, although enhancement of the spectral 

absorption feature at 5.75 µm is observed under TM conditions. Placing the PMMA 

on the gold arc at the gap offers a shift in resonance and a maximum sensitivity 

of 387.78 nm/RIU, below that calculated for PMMA in the gap region. 

The values obtained from SRRs covered with a 100 nm film of PMMA can be 

compared with similar (but not identical) experimental work involving both 

symmetric and asymmetric double split ring resonators [45,60]. In this work, Lahiri 

et al fabricate circular, symmetric SRRs with two gaps (and not one, as here) and 

gradually introduce greater asymmetry in the structures by changing the length of 

one of the two arcs. A 100 nm thin film of PMMA is then applied. For the 

symmetrical structure a wavelength shift of 340 nm is reported (s = 694 nm/RIU) 

while the asymmetric structure exhibits a shift of 510 nm (s = 1041 nm/RIU). In 

these experiments the electric field was orientated parallel to the y-axis, 

equivalent to the results obtained in this chapter using TM polarisation in which 

the sensitivity is calculated as 633 nm/RIU for a 100 nm film of PMMA. This suggests 

that A-SRRs can offer an enhanced sensitivity to PMMA than single split, 

symmetrical SRRs. 
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Table 4.2: Calculated sensitivity for each of the hot-spots identified and for SRRs coated in 100 nm 
PMMA using experimental and simulated measurements. 
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4.5 Chapter Conclusions 

The work in this chapter has experimentally probed single-gap SRRS using localised 

PMMA and experimentally identified regions at which the electromagnetic 

sensitivity of the resonator is most prominent; the areas termed “hot-spots”. 

Experimental measurements have been verified with reflection measurements 

from simulated models, although further work is required in improving the 

agreement between experimental and simulated characterisation of the 

plasmonic resonance near 4 µm and sensitivity to PMMA. A change in the geometry 

of the SRR would enable plasmonic resonances to be shifted to other wavelengths, 

enabling better “tuning” to the carbonyl absorption feature at 5.75 µm. 

Enhancement of the carbonyl bond feature exhibited in PMMA was found to be 

strongest at the gap of the SRR and, to a lesser extent, at the end of the resonator 

arm. These regions produced the highest sensitivity of the analyte. Conversely, 

regions of the SRR where there is no enhancement or sensing of the PMMA were 

also identified. These “cold-spots” reside at areas of the structure where no 

electric field is present. Measurement and simulation over a broad wavelength 

range has shown multiple plasmonic resonances exist within the SRR structure. 

Experimental characterisation has shown that the sensitivity of the SRR is 

maximised when the incident electric field is orientated parallel to (across) the 

gap in the structure. 

Suggestions for future research and improvements in regard to the work detailed 

in this chapter can be found in chapter 7. 
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Chapter 5 

Nanoimprinted fishnets with nano-pillars 
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5.1 Introduction 

First fully envisaged in 2005 [73] and experimentally realised a year later 

[74,75,76], the fishnet structure is perhaps the most commonly cited 

metamaterial exhibiting a negative refractive index. The name fishnet is derived 

from the structure’s resemblance to a fishing net. Much research has gone into 

improving the optical performance of fishnets, with work undertaken in shifting 

the resonant wavelength (and negative index wavelength range) to the visible 

regime [77-79] and increasing the magnitude of the negative index [80-82]. Many 

applications have been proposed for negative-index metamaterials, such as 

imaging below the diffraction limit, Pendry’s “superlens” and enhanced antennae 

[83,84], but progress in realising many of these uses has been slow. This is in part 

because present metamaterials often operate at wavelengths far from where they 

could be deemed useful for application or may only function at a narrow 

wavelength range. Further to this, most metamaterials constructed for research 

purposes are fabricated using EBL which, as established in chapter 1, is a time 

consuming and costly lithographic technique. 

As previously discussed, nanoimprint lithography offers certain advantages over 

conventional electron-beam lithography. These advantages include large pattern 

areas, a shortened patterning time and reduced fabrication costs, all of which can 

contribute to moving metamaterials from a research environment towards 

practical applications. As well as the commercial benefits outlined above, the 

work detailed in chapter 3 shows that engineering and fabrication advantages also 

exist. These can have benefits in terms of the behaviour (optical, electrical or 

other) of materials. 

In continuation of the work in chapter 2 involving nanoimprint lithography to 

fabricate metamaterials, this chapter will demonstrate the ability to imprint 

directly into pre-deposited metal and dielectric layers to produce negative-index 

fishnets. These fishnet structures are estimated to exhibit optical characteristics 

comparable to those fabricated by conventional means. Furthermore plasmonic 

responses from nano-pillars, an artefact of the NIL process, are found at visible 

wavelengths. Comparison of experimental measurements show that the structures 

are non-reciprocal, resulting in certain features only being detected from either 

a reflection or a transmission measurement but not both. This potentially useful 
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feature could be used to enhance resonances of organic materials at different NIR 

wavelengths using a single metamaterial structure and measure them 

independently of each other. 

5.1.1 The metamaterial fishnet 

The metamaterial fishnet can best be physically described as an array of 

perpendicularly interlocking thin metal wires and tracks that are stacked on top 

of a dielectric layer that separates them from another set of parallel metal wires 

and tracks. An illustration is shown in figure 5.1. Typically, the metal tracks are 

larger in dimension to the narrower metal wires that run perpendicularly to them. 

The parallel tracks and parallel wires are separated by an array of holes, or 

apertures. A single active layer fishnet is composed of a tri-layer of metal, 

dielectric and metal. Additional subsequent layers of dielectric and metal can be 

stacked onto a single active layer to make it a “3D metamaterial”, i.e. one that 

exhibits multiple resonances in the x, y and z axes. 

 

Figure 5.1: The metamaterial fishnet. (a) a single active layer fishnet unit cell and (b) a unit cell 
of a 3D fishnet with 3 active layers. 

For an optimal optical response, the wide tracks of the fishnet are aligned parallel 

to the magnetic field vector of the incident EM wave and the narrower metal wires 

are orientated in the same direction as the respective electric field. This 

configuration allows for the creation of anti-symmetric currents in the metal 

tracks. The presence of a dielectric layer between the metal layers of the tracks 

enables the structure to act as an inductor and capacitor resonator, with a current 

loop flowing around the metal tracks (inductor) and dielectric (capacitor). This 

concept is shown in figure 5.2. Varying the dimensions of the metal-dielectric-

metal tracks, such as their width and the thickness of the dielectric gap, changes 
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the L and C component of the structure and, consequently, the resonant 

wavelength. At and near resonance, the magnetic response of these tracks enables 

a permeability negative in value to be achieved. The thinner metal wires that run 

parallel to the electric field component of the incident light act as a diluted metal 

with a comparably lower plasma frequency. This is in part because the free 

electrons are restricted by the physical dimensions of the metal wires, unlike in a 

bulk metal. The concept of “effective electron mass” should also be considered 

when discussing a decrease in the effective plasma frequency. As a consequence 

of Lenz’s law, the inductance of the metal wires acts to counter the rate of change 

in the current present. This results in the electrons in the metal wire behaving as 

if they had gained a significant amount of mass. An increase in the effective mass 

of the electrons reduces the effective plasma frequency, as equation 5.1 

demonstrates. 

𝜔𝑝
2 =

𝑛𝑒𝑒2

𝜀0𝑚
       (5.1) 

The plasma frequency is represented by ωp, ne is the number density of electrons, 

e is the electric charge, ε0 is the permittivity of free space and m is the effective 

mass of an electron. 

With the metal wires of the fishnet structure behaving as a diluted metal with a 

reduced plasma frequency, the effective permeability can be engineered to have 

a negative value. As two separate components of the structure are responsible for 

determining the permeability and permittivity, the values of μ and ε can be varied 

independently of one another by altering the physical dimensions of either the 

tracks or wires [81,85]. If both the permeability and permittivity are negative at 

the same wavelength range, the structure can be considered as a “double 

negative” metamaterial with a negative refractive index. In this instance a 

negative refractive index will likely be greater in magnitude than a fishnet with 

only the permeability or permittivity negative in value. It should be noted from 

chapter 1 that metals often exhibit a negative permittivity without any specific 

structural arrangement or classification as a metamaterial. 
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Figure 5.2: A cross sectional profile of a metal-dielectric-metal track showing the current flow 
induced by an incident EM wave. An equivalent LC circuit of the structure is also shown. 

5.1.2 3D bulk fishnets 

3D bulk fishnets offer significant advantages over single active layer fishnets. A 

bulk metamaterial can be considered as one in which the material properties 

converge to certain bulk properties when the structure is replicated on a given 

axis [80]. For example stacking multiple layers of metal and dielectric onto a 

fishnet pattern may result in coupling between each active layer. The extent of 

the coupling can depend on the gap between each metal layer (i.e. the thickness 

of the dielectric), the amount of asymmetry in the fishnet structure and of course 

the constituent material properties [86, 87]. If the dielectric is too thick, the 

interaction between the metal layers will be weak, resulting in limited 

enhancement of the material properties. However if the capacitive gap between 

each metal layer is optimised and sufficiently thin, coupling will be much stronger 

and produce lower losses, an increase in the magnitude of n and the FOM as well 

as a larger negative wavelength range [80]. The transmittance of a fishnet can 

also be increased by means of what is termed “extraordinary optical transmission” 

(EOT). This concept was first described in Ebbesen’s 1998 paper [88] which studied 

the transmission of light through periodic, sub-wavelength hole arrays in silver – a 

structure not unlike the metamaterial fishnet [89]. EOT can exhibit an 

enhancement in transmitted light due to the incident wave coupling to and 

exciting the surface plasmons present at the interface between a metal and 

insulator. In the case of the fishnet structures studied in this chapter, these 
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interfaces are between silver and air, silver and MgF2 and silver and PMMA. If the 

metal layer is sufficiently thin with regard to the incident wave, surface plasmons 

on both interfaces of the metal layer can couple to one another, hereby enabling 

the transmission of light. The current flow within each active layer of a fishnet 

can also contribute to an increase in optical transmission. As the current at each 

successive metal-dielectric interface is anti-symmetric (figure 5.2), it has been 

demonstrated that the consequent destructive interference reduces the internal 

losses and enhances overall transmission [80].  All of these factors result in 

significant advantages in stacking multiple metal-dielectric layers and converting 

a single-active layer fishnet into a 3D bulk fishnet with enhanced properties. 

From a practical perspective fishnets are fabricated on top of a supporting 

substrate. This substrate, often but in no way limited to silicon or glass [78-

80,90,91], can have a profound effect on the properties and response of the 

metamaterial. The substrate, often with a comparatively high refractive index 

compared to air, reduces the plasmonic coupling across the dielectric gap and 

consequently the magnetic resonance and material properties. It has however 

been shown that increasing the number of active layers in a fishnet can reduce 

the effect of the substrate [92]. By changing from a single active layer fishnet on 

a substrate to a substantial 3D bulk fishnet on a substrate the effective index has 

been shown to broaden from a modest negative trough to a wider negative region 

with n values greater in magnitude [80]. Furthermore, the negative index region 

can be seen to shift to shorter wavelengths as the number of active layers 

increases, up until the point of saturation when additional layers no longer 

improve the metamaterial properties. This shift and improvement in the 

magnitude of n can be attributed to the fact that with an increase in active layers, 

the currents induced by the plasmons at metal-dielectric interfaces are physically 

far removed from the substrate, reducing its effect. It is worth noting that it is 

not uncommon for theoretical papers that study fishnets not to consider the 

presence or influence of a substrate [93,94]. 

Increased symmetry between each active layer helps produce greater coupling 

while asymmetry, where layers are physically offset or different to each other, 

weakens any coupling between active layers. The asymmetry introduced by the 

presence of a substrate and angled sidewalls can introduce bi-anisotropic effects, 
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in which different reflectivities are produced when measuring at normal incidence 

the top and the bottom face of the sample. Furthermore, asymmetry in a fishnet 

structure can result in the rotation of incident polarisation. In this scenario, 

localised surface plasmons (LSPs) rotate around the apertures of the structure, 

generating “spinning” LSP modes [95]. As a result, the magnetic field of the 

incident wave causes electrical polarisation and the electrical field induces 

magnetic polarisation, a phenomena known as the magnetoelectric effect. Bi-

anisotropic effects can reduce the effective material properties and therefore it 

is best to consider the structural design and fabrication technique before 

construction of the fishnet. 

5.1.3 Common fabrication techniques 

Although a variety of fabrication techniques have been successfully used to create 

metamaterial fishnets there are perhaps two methods most commonly adopted. 

The first is EBL of a removable mask with subsequent metal and dielectric 

deposition and lift-off [78]. The second is focused ion beam (FIB) milling of a 

material stack [80]. Both have numerous advantages and disadvantages that are 

detailed in table 5.1. The primary disadvantage for both techniques is that they 

are slow and generally limit the area of which a pattern can feasibly be produced. 

FIB milling involves sequentially removing the alternating layers of metal and 

dielectric to define the fishnet pattern. This is not only a time consuming process 

but it also has the added disadvantage of producing tapered sidewalls in the 

metal-dielectric material stack and re-deposition of the milled material. This 

often sizeable asymmetry can be a source of bi-anisotropy and hamper the fishnets 

effectiveness. 

 

Table 5.1:  Advantages and disadvantages of EBL and FIB milling in fabricating fishnet structures. 
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Other than EBL and FIB, more novel techniques have been shown to be successful 

in creating fishnets. A number of studies have investigated the use of nano-imprint 

lithography (NIL) as a technique in fabricating fishnet [90, 95-98] and similar 

shaped metallic nano-hole arrays [99-101]. An adapted nanoimprint technique, 

termed “inking”, is of particular interest in the production of large area fishnets. 

With inking, the metal and dielectric layers are deposited on top of a series of 

protruding tracks and wires on a stamp before being detached for application 

elsewhere [98]. This latter technique in particular offers numerous benefits such 

as large pattern areas, re-usable stamps and detachable, movable fishnets that 

can be applied to another substrate or suspended in air. However, it also has the 

disadvantage of requiring lengthy cleaning of the stamp before it can be reused. 

5.1.4 Potential sensing applications 

Despite primarily being cited for their potential as a negative index metamaterial 

(NIM), work has also been reported on applying the fishnet structure, or similar 

variants, to sensing. This includes sensing gas molecules or analyte particles by 

means of absorption in an organic layer of a fishnet, hence changing the dielectric 

properties and producing an altered transmission spectrum [102-104]. The 

fabrication of fishnet operating at terahertz frequencies on a flexible 

polydimethylsiloxane (PDMS) substrate has also been suggested for use in sensing 

with microfluidics [105]. 

 

5.2 Fabrication 

The fabrication of the fishnet and nano-pillar structures was achieved using nano-

imprint lithography and a graphic illustrating this process is shown in figure 5.3. 

Previous studies have demonstrated the use of NIL or similar variants in patterning 

a mask for the subsequent deposition or etching of the metal and dielectric layers 

[90,98]. However the technique outlined in this chapter offers what can 

reasonably be described as a simpler and equally effective fabrication method, 

detailed below. 

1. A cleaved silicon carbide (SiC) stamp is cleaned and spun with hydrogen 

silesquioxane (HSQ). 
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2. Rectangular pillars are exposed in the HSQ by EBL and developed using 

tetramethylammonium hydroxide (TMAH). 

3. The patterned HSQ is given a post-development hard-bake in a furnace at 

650 ⁰C for 3 hours. 

4. The SiC is etched, using the HSQ as a mask, using inductively coupled 

plasma (ICP). This leaves SiC pillars 1 μm in height. The remaining HSQ is 

removed using buffered hydrofluoric (HF) acid etch – see figure 5.5 (a). 

5. The stamp is treated in a solution of heptane and F13-OTCS ((Tridecafluoro-

1,1,2,2-tetrahydrooctyl)-trichlorosilane) for 10 minutes and rinsed in RO 

water. This creates a non-stick, hydrophobic layer on the surface of the 

stamp. 

6. To prepare the target sample, 1 μm of PMMA is spin coated onto a clean 

fused silica substrate and baked for 15 minutes at 90 ⁰C. 

7. 30 nm of Ag, 50 nm of MgF2 and another 30 nm Ag are sequentially deposited 

on top of the PMMA by thermal evaporation. 

8. The SiC stamp is imprinted into the target sample using a Specac hydraulic 

press at room temperature and an imprint force of 1 tonne for 1 minute. 

An idealised model of the imprinted fishnet with pillars, detailing dimensions 

measured experimentally for structures A and B, can be seen in figure 5.4. In 

addition to the advantages previously listed regarding NIL, imprinting directly into 

a metal-dielectric-metal stack was found to create vertical sidewalls in the fishnet 

apertures. Tapered sidewalls are often a remnant feature of focussed ion beam 

(FIB) milling of a material stack [80]. The asymmetry caused by the tapering 

introduces bi-anisotropic effects in the material, typified by exhibiting electric 

polarisation in response to a magnetic field and vice-versa [86]. As a direct 

consequence the magnitude of any negative refractive index can be inhibited. For 

this reason it is important that the etched SiC pillars on the stamp have lateral, 

non-tapered sidewalls, as tapering would be replicated in the imprinted sample 

and structural dimensions would be enlarged. With regard to achieving fishnets 
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with vertical sidewalls to limit bi-anisotropic effects, imprinting directly into the 

material stack offers a distinct advantage over FIB milling.  

 

Figure 5.3: Graphic illustrating the direct nanoimprint process (not to scale). 

Thermal NIL usually sees the stamp or target sample being heated to reduce the 

viscosity of the polymer that is to be patterned. However it was found that doing 

so with this fabrication technique caused aided the flow of the PMMA and caused 

nano cracks to appear in the metal and dielectric layers. Imprinting into the Ag 

and MgF2 layers at room temperature prevented deformities of this kind arising. 

Silver is used in preference to gold because of its negative permittivity and lower 

associated optical losses [106]. At optical wavelengths, silver exhibits the lowest 

damping of all metals [107]. This however introduces a finite lifetime for the 

structure, as an oxide layer is known to grow on silver when it exposed to normal 

atmospheric conditions. The imprinted pattern area for each of structures A, B 

and C is 3 mm2. This compares well with fishnets exposed by conventional FIB or 

electron-beam methods, which are confined to much smaller areas, often in the 

order of hundreds of square microns. In addition to this the imprinting technique 

offers the ability to produce the structures at a reduced cost and time, with the 

potential of “step-and-repeat” imprinting conceivably increasing the patterned 

area further. 
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Figure 5.4: (a) Model (not to scale) of an ideal single unit cell of the fishnet with pillar structure 
after imprinting. Annotations are included for dimensions. The PMMA layer at its thickest, dt, is 
1000 nm. The imprinted depth of the pillars, di, is 300 nm for both designs A and B. The metal-
dielectric-metal tri-layer of Ag, MgF2 and Ag (tm-d-m) totals 110 nm in thickness (30 nm Ag, 50 nm 
MgF2, 30 nm Ag). Incident light for both reflection and transmission measurements is polarised as 
shown and denoted as TM (b) Table listing the measured dimensions from the fabricated samples 
for both structures. 

 

Figure 5.5: Micrographs of the nanoimprint stamp and fabricated structures taken by SEM. (a) 
Tilted profile of a SiC stamp showing etched pillars, (b) micrograph showing a large area of the 
fishnet and nano-pillar structure without any significant imperfections, (c) structure C as seen 
from normal incidence, (d) a tilted profile of a nano-pillar from structure C. 
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5.3 Results 

5.3.1 Measurements at infra-red wavelengths 

Optical measurements of the fabricated structures at infra-red frequencies were 

obtained using a Bruker Vertex Fourier transform infra-red (FTIR) spectrometer 

with accompanying Hyperion optical microscope and CaF beamsplitter. 

Reflectance measurements were taken by measuring the reflected light from the 

top of the fishnet. Transmission measurements were obtained by passing light 

through the supporting quartz substrate and measuring from above the fishnet. In 

both reflection and transmission measurements the incident light was polarised 

using a ZnSe crystal polariser. Reflection measurements were normalised using a 

30 nm thick sheet of unpatterned silver on a fused silica substrate as a background 

while transmission measurements were normalised using 1 mm thick fused silica 

with 1 μm of PMMA on top. Optical reflectance measurements at visible and near-

infrared wavelengths were obtained using the white-light, monochromator and 

SiGe detector and lock-in amplifier set-up described in chapter 2. As with the 

FTIR, measurements were normalised using a 30 nm sheet of unpatterned silver 

and taken at normal incidence above the top of the sample. 

Simulated modelling of the structures was undertaken to verify the response of 

the fishnet and nanopillar structures and estimate values for the refractive index 

and Q-factor [108]. A 3D, single-unit cell model of the structures was created using 

the dimensions measured from the fabricated patterns and associated material 

properties. Reflection and transmission spectra of the structures were obtained 

using finite difference time domain (FDTD) simulations, using Lumerical FDTD 

solutions software. The model was illuminated using a plane wave source with a 

wavelength range of 1000 nm to 4000 nm and the same polarisation as used for 

the experimental characterisation. A separate model of solely the fishnet 

structure (without the nano-pillars, PMMA and supporting substrate) was also 

simulated to help estimate the expected increase in magnitude of n and figure of 

merit (FOM, defined as Re(n)/Im(n)) in when the structure is suspended in air 

(background n = 1). This also helps further study of the effects the PMMA and 

nano-pillars has on transmission, reflection and n and FOM. All modelling and 

simulation work detailed in this chapter was undertaken by Saima I. Khan at the 

University of Glasgow. 
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Owing to demands on the processing capability of the modelling, simulations were 

only performed on structures A and B. Most of the work discussed in this chapter 

will focus on these two structures. A brief analysis of structure C is included 

towards the end of this chapter. 

Figure 5.6 Shows reflectance measurements from structures A and B taken using 

TM polarised light (denoted in figure 5.4), TE polarised light (90º rotation of TM 

orientation) and unpolarised incident light (DOP = 0%). Spectra obtained using 

unpolarised light are without any polarisation control in the optical beam path 

and use only the random electric and magnetic field polarisations produced by the 

light source. The resultant spectrum is a superposition of the two polarised 

spectra. It should be noted that the reflection is given in arbitrary units in this 

instance. 

 

Figure 5.6: Reflection spectra of structure (a) A and (b) for TM polarised, TE polarised and 
unpolarised incident light. Reflectance values are not normalised and are given in arbitrary units.  
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The reflectance spectra obtained from structure A exhibit a polarisation 

dependant trough at 1.45 μm. A similar polarisation dependant trough is observed 

at 1.88 μm for structure B. These troughs represent the “LC” resonance for each 

respective structure. With light polarised to produce an incident TM mode, an 

electric field is induced within the wide metal-dielectric-metal tracks of the 

fishnet. This results in a strong trough in the reflection measurements of the 

structure. When incident light is polarised to produce a TE mode and the electric 

field is aligned parallel to the wider tracks of the fishnet, a current loop cannot 

easily be induced within the structure. Therefore the capability for the structure 

to resonate is much reduced and a much weaker trough is exhibited as more of 

the incident light is simply reflected. Unpolarised light, in which the electric field 

orientation of incident radiation is not controlled, results in a more prominent 

trough in reflection measurements than light incident in TE mode but less 

prominent than light incident in TM mode. This owes to the proportion of 

unpolarised light that successfully induces a current loop in the structure and, 

consequently, produces a resonance. 

Reflection and transmission spectra obtained both experimentally and by way of 

simulation for structures A and B are shown in figure 5.7. Resonances are observed 

experimentally at 1.45 μm and 1.88 μm respectively, as the critical dimensions of 

the fishnet are increased in scale. A trough can be seen in the experimental 

transmission spectra at approximately 2.7 μm in both cases. This can be attributed 

to the excitation of the O-H stretch vibration at 2.7 μm in the fused silica 

substrate. Figure 5.8 shows the measured transmission spectra of a bare, 

unpatterned fused silica substrate of type used to support the fishnet and nano-

pillar structures. A prominent trough is present at the same wavelength range 

observed in the experimental transmission measurements of the fabricated 

structures. 
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Figure 5.7: Reflection and transmission spectra for both (a) structure A and (b) structure B. Solid 
lines show experimental measurements while dotted lines represent simulated spectra. Reflection 
spectra are shown in red and transmission spectra are represented in blue. A discontinuous y-axis 
is used to separate reflection and transmission spectra for clarity. A micrograph of the respective 
structure is included inset of the spectra, with a scale bar 2 μm long in both instances. The shaded 
yellow regions indicate the wavelength range at which the structure has a negative refractive 
index. 
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Figure 5.8: Experimental transmission spectra of an unpatterned, 1 mm thick fused quartz 
substrate without PMMA. It is the same type as used for measurements of the fabricated structures. 

The experimental transmission at negative index wavelengths has a maximum 

magnitude of 40% and 65% for structure A and B respectively. This can be explained 

by the larger aperture size exhibited in structure B. It should be remembered that 

the metal-dielectric-metal pillars that are displaced during the imprinting process 

still fill the area of the fishnet apertures, only they are situated below the fishnet 

in the PMMA. Therefore from a perspective normal to the fishnet the Ag-MgF2-Ag 

stack still covers the area of the structure in its entirety. Therefore light can 

feasibly be transmitted through the structure by two means. Firstly, light can pass 

through the sidewall of the PMMA between the fishnet and nano-pillars. The 

imprinted depth of the nano-pillars, i.e. the vertical distance between the top of 

the pillar and the bottom layer of the fishnet, will have a significant effect on the 

proportion of light that is able to be transmitted. Light can also be transmitted by 

extraordinary optical transmission, as described in section 5.1.2.  

It is observed from the reflection spectra of both structures A and B that at longer 

wavelengths the fishnet acts increasingly similar to a mirror, with reflectance 

tending towards 100% and the transmission decreasing. This can be attributed to 

the dimensions of the fishnet apertures which will significantly limit or prevent 

light at longer wavelengths from being transmitted. While there is close 

agreement between the experimental and simulated reflection and transmission 

spectra, features in the simulated spectra appear sharper than those measured 

experimentally. This not uncommon occurrence is largely the result of 

imperfections present in the fabricated structure, such as potential cracks in the 
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silver wires and tracks and rounded corners and non-uniform edges of the 

aperture. While attention is given to modelling the fabricated structures as closely 

as possible it is not feasible for all defects to be included in the simulations. The 

material properties, such as refractive index and FOM, of the structures discussed 

in this chapter are derived using the simulated model and not by experimental 

means. Therefore consideration should be given to the potential for material 

properties of the fabricated structures differing slightly from the modelled 

structures. 

Simulations of solely the fishnet portion of the structures, without the nano-

pillars, PMMA or supporting substrate were produced to gauge the potential 

effectiveness of the fabricated fishnet as a negative index metamaterial. The real 

and imaginary components of n and the respective FOM calculated from these 

simulations are shown in figure 5.9. Structure A exhibits a negative refractive 

index of maximum magnitude 4 at 1.48 μm while structure B exhibits an n value 

of -5 at 2.09 μm. The maximum FOM is calculated as 2.49 and 2.74 for the fishnets 

of structure A and structure B respectively. This compares closely to the negative 

index and figure of merit values reported in literature concerning single active 

layer fishnets (a tri-layer of metal-dielectric-metal) [77,80,98]. The fabrication of 

the fishnets in these instances is often time consuming and costly. This potentially 

gives the fishnets patterned by direct nanoimprint an added advantage; similar n 

and FOM values to comparable structures but created using a faster, cheaper and 

equally effective fabrication technique. It should however be noted that the 

values calculated by simulation in figure 5.9 assume that the fishnet is suspended 

in air (n=1) and are not supported on PMMA on a fused quartz substrate. The 

imprinted nano-pillars are in this instance not considered either. It should be 

remembered that this represents an idealised scenario, unless the fishnet has 

successfully been detached from the supporting substrate [98]. 
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Figure 5.9: Simulated measurements of the refractive index and FOM from the fishnet portion of 
the structures. (a) shows the real (black line) and imaginary (red line) components of n obtained 
from the fishnet of structure A and (b) shows the calculated FOM for the same structure. (c) and 
(d) are the respective results obtained from the fishnet of structure B. 

If the fishnet is supported on top of a substrate the respective optical properties, 

such as reflectance and transmittance and by connection n and FOM, will 

invariably be different than if the metamaterial were suspended in air. In the case 

of the structures reported in this chapter, there are a number of components that 

can contribute to an increase in optical losses and a decrease in the magnitude of 

n and FOM. Firstly, the fused silica substrate is a source for optical loss. The 

wavelength dependant refractive index of SiO2 means that while the material is 

transparent at visible frequencies, it becomes increasingly opaque towards the 

infra-red. The fabricated structures use a 1 mm thick fused silica substrate as it 

was found that thinner silica substrates could not withstand the high imprint 

forces required for patterning, thus adding to the optical losses. As shown in figure 

5.8 even when the bare, unpatterned substrate is measured transmission never 

rises above a maximum value of 80%. The 1 μm thick PMMA layer is another source 

for introducing losses to the fabricated structures, introducing physical 

discontinuities, an increase in n when compared to air (PMMA = 1.49 at NIR) and a 

refractive index change between the substrate and metamaterial. Although the 
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transmission of both structures A and B has been shown to be approximately 40% 

and 65% at resonance, the removal of the metal-dielectric-metal nano-pillars 

beneath the apertures of the fishnet should improve the transmission of the 

structures. 

Simulations of the entirety of structures A and B (substrate, PMMA, nano-pillars 

and fishnet) and not just the fishnet pattern help illustrate the effects that added 

asymmetry produce, as shown in figure 5.10. It is observed that there is a notable 

reduction in the magnitude of the negative refractive index at near resonant 

wavelength. The refractive index real part of structure A is computationally 

measured as -0.24 at 1.53 μm compared to -4 at 1.48 μm when just the fishnet 

portion of the structure is simulated. Similarly, structure B exhibits a refractive 

index real part of -0.7 at 2.35 μm as opposed to a value of -5 at 2.1 μm when 

modelling purely the fishnet. 

 

Figure 5.10: Real and imaginary values of n obtained from simulations modelling the entirety of 
structure B – substrate, PMMA, nano-pillars and fishnet – for structure (a) A and (b) B. 

The wavelength dependant values of n in figure 5.10 show a broader negative 

region than exhibited by just the fishnet in figure 5.9. The negative refractive 

index can be seen to increase in magnitude from -0.7 at resonance to -1.5 at 

3.35 μm. Discontinuities are also observed in the real component of n. These are 

potentially an artefact of the simulation model, which displays not only physical 

asymmetry but numerous material refractive indices and a large simulation region 

that together stretch the capabilities of the modelling software and hardware it 

runs on. These discontinuities however are not without precedent and are clearly 

visible in work concerning asymmetric fishnets previously reported by Koschny et 

al [109], Zhou et al [110] and others [111-113]. Chen et al [113] cites the 

sensitivity of the impedance (z) and by association the refractive index to small 

perturbations in the reflection and transmission, particularly when either R or T 
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are small in magnitude as factors in the appearance of these discontinuities. The 

volatility of the reflection and transmission coefficients is further increased by 

increased asymmetry and impedance mismatches [98,110]. The FOM for the as 

fabricated structure is not presented because discontinuities due to multiple 

refractive changes in the material make the calculation unreliable. Koschny et al 

[109] notes the effect of periodicity on these “unphysical” spectral anomalies and 

their prominence in metamaterials with a reduced translational symmetry in the 

direction of propagation.  

It was established by Shalaev et al in 2005 [114] that a periodic array of metal-

dielectric-metal nanorods, not unlike the nano-pillars discussed in this chapter, 

can exhibit a negative index of refraction. In this work Shalaev reports an n value 

of -0.3, which is in part achieved by optimising the nanorods dimensions and 

periodicity. It should be remembered that when using the NIL technique to 

produce fishnets, any optimisation of the pillar dimensions or periodicity will have 

a direct effect on the optimisation of the fishnet, as both are defined by the same 

nanoimprint stamp. Field plots of the structures at resonance (figure 5.11) show 

electromagnetic coupling between the fishnet and imprinted nano-pillars. It is 

observed that the electric field strength at the material interfaces at the aperture 

of the fishnet are stronger for structure A than they are for structure B. 

 
Figure 5.11: Field plots showing the electric field distribution in the fishnet, PMMA and nano-
pillars at their resonant wavelength. (a) A cross section of structure A (x-z plane) at 1.45 µm and 
(b) the respective plot obtained for structure B at 1.88 µm. An outline of the structure has been 
added to both plots for clarity and axis values are in microns. Light is polarised as indicated in 
figure 5.4. 

It is noted from the cross-sectional field plots that the electric field strength is 

strongest at the aperture edges of the MgF2 layer of the fishnet. Considering the 

LC equivalent model (figure 5.2) and the location of the electric field “hot-spots” 

for the SRR structures detailed in chapters 2 and 3, this is expected. The electric 
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field strength is also noted to be moderate in the MgF2 layer of the imprinted 

nano-pillar. The field plots also show that current flow on the top and bottom 

silver layers of the fishnet are out of phase, as illustrated in figure 5.2. It has been 

shown in the literature that the addition of a substrate, or other forms of 

increased asymmetry, weakens the plasmonic coupling across the dielectric gap 

between the metal layers [92]. While the behaviour of the plasmons is largely 

dependent on the characteristics of the dielectric and surrounding metal, the 

electromagnetic field can penetrate into a substrate or surrounding material, 

weakening the plasmonic coupling. 

It has been shown that adding more metal-dielectric layers to a fishnet, thus 

increasing the number of functional layers, reduces the effect of the substrate. 

This is explained as an increase in the number of functional layers results in the 

currents in the metal tracks being prevalent further away from the interface with 

the substrate. As the fishnet structures studied in this chapter contain only one 

functional layer, the presence of the PMMA and nano-pillars significantly inhibits 

the plasmonic coupling and the effectiveness of the structure operating as a NIM. 

The field plot shown in figure 5.12 displays the magnitude of the electric field 

distribution in a single unit cell of the fishnet of structure A within the top silver 

layer at the interface with air. This cross section is taken in the x-y plane at the 

0 µm position of the z-axis of figure 5.11. The distribution pattern shows a strong 

electromagnetic field along the wide tracks parallel to the long edge of the fishnet 

aperture, although it is noted that the variation between the weakest and 

strongest field strength is low. 

 
Figure 5.12: Electric field distribution of a single unit cell of the fishnet of structure A from a 
perspective of normal incidence (x-y plane). The top silver layer is in view with the fishnet 
aperture in the centre. An outline of the structure has been added to both plots for clarity and 
axis values are in microns. Light is polarised as shown in figure 5.4. 
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5.3.2 Measurements at visible wavelengths 

Experimental and simulated reflectance measurements at visible and NIR 

frequencies of both structure A and B were taken between 500 nm and 1000 nm 

and are shown in figure 5.13. Multiple broad peaks are exhibited in both plots, the 

most prominent of which are located at 585 nm and 700 nm for the experimental 

measurements of structure A and B respectively.  

 

Figure 5.13: Reflectance measurements of (a) structure A and (b) structure B at visible and near-
infrared wavelengths, 500 nm to 1000 nm. Experimental measurements are represented using a 
solid black line and simulated results are shown using a dashed red line. Incident light for the 
experimental measurements was unpolarised and the TE and TM measurements obtained from the 
simulation were averaged to give a comparable spectrum.  

The difference in the experimental peak positions seen in Figure 5.13 (a) and (b) 

can be attributed to the physical change in size between the nano-pillars of 

structure A and B. As previously indicated the nano-pillars of structure A have 

approximate dimensions 220 nm by 420 nm giving a surface area of 92400 nm2.  



Chapter 5  105 
 
Nano-pillars present on structure B have approximate dimensions 270 nm by 

590 nm resulting in a surface area of 159300 nm2. Brief analysis of the nano-pillar 

and fishnet dimensions detailed in figure 5.4 shows that structures A and B have 

approximately the same fill-factor, defined as the ratio of fishnet surface area to 

the nano-pillar area of a unit cell. This is calculated to be approximately 69% for 

structure A and 73% for structure B.  Although there is agreement between the 

experimental and simulated results with regard to the peak positions, it is noted 

that the spectra obtained from the simulated reflectance measurements are 

generally sharper and more distinct than those obtained experimentally. This 

feature is not uncommon when comparing experimental measurements with 

simulated ones. Reasons for the disparity may include physical imperfections 

present in the fabricated structures and artefacts from the simulated model, such 

as those resulting from the numerous refractive index changes, impedance 

mismatches and the highly asymmetric nature of the structure. 

5.3.3 Resonant wavelength shift with scaling of dimensions 

The experimental reflection and transmission spectra of structure C at infra-red 

wavelengths are displayed in figure 5.14. This structure has not been simulated as 

its increased dimensions and continued asymmetry consistently produced large 

and unstable simulations that were either unreliable or could not be adequately 

processed. For this reason simulated spectra, electromagnetic field plots and 

material properties such as refractive index and FOM have not been obtained. It 

is noted that the structure exhibits very low transmission below the resonant 

wavelength, as with structures A and B. Multiple features, particularly in the 

reflection spectrum, are also observed to be more prevalent than the other two 

structures. The LC resonance peak is present at 3.26 µm. The resonance trough 

seen in the reflection spectrum is less prominent than the ones observed for 

structures A and B. This could be attributed to the potential for a reduction in 

coupling or increased losses brought about by the presence of the PMMA and larger 

nano-pillars. The fill factor is calculated to be 62%, the lowest of the three 

fabricated structures. The resonant peak in the transmission spectrum coincides 

with the wavelength range at which atoms in CH2 groups exhibit the asymmetric 

stretching mode of PMMA. Most of the light obtained in acquiring the reflection 

spectrum is reflected off of the metal of the fishnet and pillars. It is unlikely that 

any significant amount of light is reflected off of the PMMA. For this reason the 
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absorption trough between 3.3 µm and 3.5 µm is only seen in the transmission 

spectrum, where light has directly passed through the fused silica substrate, PMMA 

and Ag-MgF2-Ag layers of the fishnet and nano-pillars. This brings about the 

potential for the fishnet and nano-pillar structure to enhance two separate 

resonances and for them to be measured independently. A material beneath the 

fishnet may be enhanced and measured by the transmission of light while a 

material placed on top of the fishnet could conceivably be enhanced by measuring 

the reflected light off the structure. This would of course be dependent on the 

separate wavelength positions of any reflection and transmission peak. The trough 

in transmission at 2.7 µm is due to the O-H stretch vibration in the fused silica 

substrate. The presence of water in the atmosphere results in the small, narrow-

band peaks seen most prominently in the reflection spectrum around 2.6 µm. 

Analysis of figure 5.14 suggests that the absorption of light in structure C is higher 

than structures A and B, particularly at shorter wavelengths. 

 

Figure 5.14: Measured reflection and transmission spectra obtained from structure C, with a 
micrograph of the structure inset. The scale bar represents 2 microns. 

A comparison of the experimental reflection and transmission spectrum of all 

three structures is displayed in figure 5.15 The LC resonant peaks from each 

structure have been marked on the respective spectrum. Measurements are shown 
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from 1 μm to 4 μm to account for the longer resonant wavelength of structure C. 

The reflection and transmission for structures A and B have been re-measured 

accordingly from the spectra displayed in figure 5.7. Both the resonant peak and 

the resonant trough can be seen to broaden as the resonant wavelength lengthens, 

i.e. as the structure is scaled to larger dimensions. With the resonant peak of 

structure C tuned, albeit unintentionally, to the wavelength of the molecular CH2 

asymmetric stretch vibration the feature is noticeably enhanced when compared 

to the transmission spectra of structures A and B. 

 

Figure 5.15: Comparison of structures A, B and C for (a) reflectance and (b) transmission spectra. 
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As the track width of the fishnet, wx in figure 5.4, can be considered the most 

important in dictating the resonant wavelength, figure 5.16 demonstrates the 

scaling relationship between these two values. It should of course be remembered 

that the window dimensions, constituent materials and surrounding conditions 

(such as the presence of a substrate or cladding) also contribute to the location 

of the LC resonance. 

 

Figure 5.16: The resonant wavelength plotted against the track width of structures A, B and C. 

The resonant wavelength can be seen to increase almost linearly with the fishnet 

track width for the three structures. There is only a very slight divergence, which 

can reasonably be attributed to fabrication imperfections and the variation in the 

ratio between the dimensions for the unit cell of each structure. At wavelengths 

shorter than the range considered in this chapter, the linear relationship between 

resonant frequency and fishnet dimensions would not be expected to continue. As 

with SRRs the plasma frequency of the constituent metal would become the 

dominant feature and prevent the resonance shifting to shorter wavelengths. 

5.4 Chapter conclusions 

The work contained in this chapter has demonstrated a successful and novel 

technique in the fabrication of metamaterial fishnets. The nanoimprint technique 
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employed removes the conventional requirement of etching or depositing multiple 

metal and dielectric layers with the aid of a mask. This not only simplifies the 

fabrication process but also enables large area metamaterials to be produced. The 

structural quality of the fabricated structures is comparable with that of 

conventional methods such as EBL and FIB milling. 

The fabricated structures have been simulated to estimate their material 

properties. The effect of the nano-pillars, an artefact from the direct NIL process, 

has also been studied. While the presence of these pillars and the supporting PMMA 

and substrate has been shown to decrease the n and FOM values of the fishnet, 

the transmission of light has been measured to a maximum value of 65%, present 

at resonance for structure B. Modelling of solely the fishnet portion of the 

structures has suggested that a refractive index of -5 and FOM of 2.74 can be 

achieved. These values are largely comparable with previously reported single 

active layer fishnets fabricated by EBL and FIB milling. Enhancement of the 

molecular CH2 asymmetric stretch vibration at 3.4 µm has been shown in the 

transmission spectrum of structure C, originating from the presence of PMMA 

beneath the fishnet. As this feature was not present in the reflectance spectrum, 

this introduces the possibility for the fishnet and nano-pillar structure to be used 

for sensing by means of enhancement. This may enable the molecular or atomic 

resonances of materials beneath the fishnet to be measured by transmission only, 

allowing for a separate resonance to be enhanced by placing a material on top of 

the fishnet and measuring the reflectance. 

The NIL technique demonstrated in this chapter can conceivably be adapted to 

imprint a large area of alternative designs directly into material stacks or, of 

course, a single metal layer. Additional ideas for future work involving this 

fabrication technique and improving the capability of the fishnet structures are 

included in chapter 7. 

Acknowledgement 

The author would like to acknowledge and thank Ms Saima Khan for the work 

undertaken in modelling and simulating the fishnet and nano-pillar structures and 

some of their individual constituent components. He is also grateful for the many 

discussions in relation to the fishnet structure.  



110 
 
 
 
 
 
 
 
 

Chapter 6 

Nanoimprinted polymer rib waveguides with 

photonic crystal biosensor  

 

  



Chapter 6  111 
 

Abstract 

This chapter focuses on the fabrication and performance of polymer photonic 

biosensors that were designed, completed and tested as part of the P3SENS 

European Consortium funded project. The development of these sensors, designed 

to be integrated onto a “lab-on-a-chip”, was contributed to by a number of 

project partners across Europe. This chapter will largely confine itself to the work 

performed in the University of Glasgow in fabricating the polymer sensor 

component of the chip and enhancing its performance. As part of this work, 

numerous methods were developed to ensure high quality waveguide and Bragg 

mirror structures could be produced using a high refractive index polymer. While 

the sensor studied in this chapter cannot be described as a metamaterial, there 

are numerous sensing concepts discussed that can be described as 

interdisciplinary. Nanoimprint lithography is again used as a fabrication technique 

to create the polymer sensors because of the potential for low manufacturing 

costs and reproducibility. 

6. 1 Introduction 

There are numerous requirements a biosensor must have if it is to be used in a 

healthcare environment. Firstly, and arguably most importantly, it must be 

reliable in detecting the analyte it is designed to sense. This not only means it 

should detect a certain concentration of a given analyte in a fluidic solution, but 

also that substances that are not of interest are not falsely detected. In addition 

to accuracy, a biosensor should function quickly in detecting analytes, particularly 

when time is a critical factor in treating a patient. From a practical and 

commercial perspective, the manufacture of sensors should be cheap, fast and 

reproducible, meaning each sensing chip functions in the same way irrespective 

of quantity made. 

The photonic biosensor described in this chapter was researched as part of the 

Polymer Photonic multiparametric biochemical SENSor for Point of car diagnostic 

(P3SENS) [115] project, which included a number of collaborating academic and 

commercial partners from across Europe. Each partner contributed a certain skill 

or capability to the project, with the University of Glasgow leading the design and 

fabrication of the nanoimprint stamps used to create the polymer sensor. The 
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main purpose of the project was to create a mass reproducible sensor that could 

be used in detecting certain analytes (in this instance proteins) that are common 

indicators of a cerebrovascular event, more commonly known as a stroke. These 

proteins are in part detected using a molecular binding technique that is a 

replication of the antigen and antibody binding mechanism found in nature. An 

antigen, also known as an antibody generator is, simply put, a molecule that is 

attracted to and binds to a specific antibody, provoking an immune response from 

the body. These proteins would be sourced from a blood plasma sample that is 

channelled to the sensor component of the chip using microfluidics. The basic 

concepts regarding the detection of particular proteins and the “lab-on-a-chip” 

design are discussed as background information, but the focus of this chapter is 

given to the operation and fabrication of the polymer biosensor, which is 

comprised of a waveguide and adjacent Bragg mirror cavity. 

6.1.1 Screening for cerebrovascular diseases 

Cerebrovascular events, more commonly referred to as strokes, are amongst the 

most common causes of permanent disability and death in adults worldwide. The 

likelihood for treatment to be effective is greatly enhanced when diagnosis is 

delivered as soon as possible after the stroke has occurred [116,117]. The most 

common type of stroke, an ischemic stroke, occurs when an artery in the brain 

becomes partially (transient ischemic attack, TIA) or entirely obstructed. This 

accounts for approximately 80% of strokes [118]. Haemorrhagic strokes are less 

common and occur when a cranial artery ruptures, which can lead to a build-up 

of pressure on parts of the brain or other blood vessels and subsequent damage. 

Currently strokes are commonly diagnosed by physical response tests of the 

patient and brain imaging scans. This is not only time consuming but, with regard 

to computer tomography (CT) and magnetic resonance imaging (MRI) scans, in 

many cases cost prohibitive. However the occurrence of a stroke produces an 

increase in the concentration of certain proteins in the bloodstream. No single 

protein has been demonstrated as a clear indicator for diagnosis of a stroke 

[119,120]. Rather a panel of specific proteins can yield a more accurate and 

trustworthy indication of the occurrence of a stroke. A total of six biomarkers – 

S100b, H-FABP, NSE, Troponinm BNP and CRP – were selected from the literature 

to be used as biomarkers [119,121-123]. Measuring the concentration of these 
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biomarkers in a given quantity of blood plasma can therefore give a decisive 

indication as to whether or not the brain has suffered from a cerebrovascular 

event and if it has, its severity.  

6.1.2 Lab-on-a-chip 

Certain single unit devices that can perform a number of functions are sometimes 

referred to as a “lab-on-a-chip”. These multiple functions are usually combined 

to create a sequential chain of tasks that enable a specific process to be 

completed. This can include, amongst other functions, the collection and storage 

of a particular substance, the separation of particular molecules from a fluidic 

sample or controlling the movement of targeted molecules. In this respect, the 

single chip performs the functions that would usually be undertaken in a 

laboratory, hence the name. 

The chip designed under the P3SENS project would be required to receive a blood 

plasma sample and channel it to a photonic sensor region, where the proteins of 

interest could be detected by spectroscopy. This would require an input and 

output interface in which laser light from an external source could be coupled to 

and from the sensor. The light output from the chip would then be analysed and 

compared to the original source beam for changes indicating the presence of the 

given proteins. This spectral comparison would be performed by a computer that 

is external but connected to the chip. To undertake these tasks, the chip can be 

thought of as three separate component parts, each of which performs a certain 

function. These three parts include a grating coupler and waveguide pattern for 

receiving and outputting light as well as controlling its propagation, a Bragg mirror 

sensor section and a microfluidic layer that channels the analyte over the sensor. 

This is shown in figure 6.1. 

As with many instruments and devices used in the medical profession, 

contamination and cleanliness are paramount concerns. Therefore the chip would 

need to be used as a consumable – to be disposed of after operation and never re-

used. This adds to the demand for the device to be manufactured en masse and 

at low cost. For this reason a polymer is selected to form the grating couplers, 

waveguides and Bragg mirror sensors and nanoimprint lithography used to define 
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the structures. This polymer layer is then attached to the plastic microfluidic and 

cladding layer. 

 

Figure 6.1: Conceptual diagram showing the component parts of the lab-on-a-chip and its 
operation with an external analysis system. 

6.2 Operation principles 

There are three components to the polymer sensor layer – grating couplers that 

enable the input and output of light to and from the device, rib waveguides to 

control light propagation and Bragg mirror cavities that are used in the sensing of 

analytes [123]. This section will look at the basic concepts for their functionality 

in turn. It should be noted that the detailed optical theory for each component is 

not covered here. 

6.2.1 Grating couplers 

Grating couplers are a series of periodic structures that are used to couple light 

into and out of a waveguide [124, 125]. The corrugated structure is used in place 

of simply focusing light directly into the end facet of a waveguide, also known as 

end-fire coupling. End-fire coupling requires very precise alignment of the 

incident light into the waveguide. Failure to adequately focus the light onto the 

waveguide facet, which in this instance has dimensions less than 1 micron in size, 

decreases the coupling efficiency, η, and reduces the likelihood of both light 

coupling to adjacent cavities or successfully propagating the length of the 

waveguide. The coupling efficiency can, in simple terms, be considered as the 

ratio of light coupled into the waveguide against the light incident on the facet. 
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𝜂 =
𝑃𝑤

𝑃𝑖𝑛
         (6.1) 

Where Pw is the optical power of light coupled into the waveguide and Pin is the 

power of the light incident on the facet or grating coupler. This can be displayed 

in terms of loss in decibels (dB). 

𝐿 = 10𝑙𝑜𝑔
𝑃𝑖𝑛

𝑃𝑤
        (6.2) 

The grating structures used for the biosensing chip are positioned directly on top 

of the guiding layer for propagation into the waveguides. This and the coupling 

concept are demonstrated in figure 6.2. The periodic grating can be considered 

as a periodic alteration of the permittivity with a spatial grating periodicity of Λ. 

Light, incident upon the gratings at an angle θinc, can either be reflected or 

transmitted by the grating coupler. Depending on the wavelength of the incident 

light, λ, and the periodicity, Λ, multiple modes will be diffracted at numerous 

angles. Assuming that the grating couplers are situated on top of the waveguide 

surface (which itself is exposed to air), these parameters are related in the 

following grating equation [126], 

𝑛𝑒𝑓𝑓 = 𝑛𝑎𝑖𝑟𝑠𝑖𝑛𝜃 + 𝑚 [
𝜆

Λ
]      (6.3) 

where neff is the effective index of the gratings and waveguide, θ is the coupling 

angle, m is the mode diffraction order, λ is the wavelength of incident light and 

Λ is the grating periodicity. While the refractive index, n, is used in relation to 

light that is unguided and not propagating in a single direction, the effective 

refractive index is used as a parameter for waves that are guided along a given 

plane. 
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Figure 6.2: Schematic showing the structure and main parameters of a grating coupler structure 
used to couple light into a waveguide. The guided mode is donated by mg. 

With the incident light illuminating the grating coupler one of the consequent 

diffraction orders excites the modes, enabling propagation along the waveguide. 

Fabrication imperfections can both reduce the coupling efficiency and change the 

effective index of the structure. 

6.2.2 Rib waveguides 

A waveguide can be considered, in simple terms, to be a structure that physically 

guides or controls the propagation of an electromagnetic wave in a given 

direction. Waveguides can come in a variety of forms, such as strip-loaded 

waveguides, ridge waveguides and diffused waveguides amongst others. Due to 

the use of NIL as a fabrication technique, the waveguide used as part of the 

photonic sensor is a rib type waveguide. Rib waveguides exhibit a ridge structure 

that resides on top of a slab of the same material (and therefore the same 

refractive index, ignoring compression). A schematic is shown in figure 6.3. By 

spinning the polymer on a substrate and then imprinting into it the rib waveguide 

profile can be defined, with the residual polymer layer forming the “slab” beneath 

the ridge-like structure on top [127,128]. 
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Figure 6.3: A rib waveguide structure, highlighting the differences in materials and their refractive 
indices. 

For light to successfully propagate along the path of the waveguide, the refractive 

index of the polymer must be higher than that of the surrounding materials. A high 

refractive index contrast between the guiding material and cladding materials 

helps reduce losses and ensure light is guided the length of the waveguide. For 

this reason P84 polyimide with a refractive index of 1.64 at 1310 nm wavelength 

was selected for use. While other polymers with higher refractive indices exist, 

consideration must also be given to the viscosity of the polymer and its 

compatibility with deep imprinting. With regard to reducing losses, it is also 

important that the residual slab layer (shown in figure 6.3) is sufficiently thin to 

confine the propagating mode laterally in the rib waveguide. 

Losses associated with rib waveguides are often attributed to imperfections (such 

as rounding and increased roughness) in the sidewall of the rib structure. This type 

of waveguide is often fabricated using a silicon on insulator (SOI) substrate and 

etching the rib pattern in the Si. The linearity and roughness of the sidewalls 

following etching is of primary concern regarding losses and, although the 

structures studied here are made by NIL, these imperfections still remain. For the 

light to remain confined to the waveguide, it is also important that the “trenches” 

that run either side of the rib are sufficiently deep that the propagating waves do 

not leak. The depth of the trenches that define the rib is in a large part dependant 

on the viscosity of the polymer, the total PI thickness and consequently the ease 

at which the stamp can be imprinted. 

Figure 6.4 shows a rib waveguide and the geometrical components that define the 

structure. Using the difference in the effective index of the rib and slab portions 

of the structure, which is dependent on both the structure and the propagating 

mode, boundary conditions can be defined. 
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Figure 6.4: A cross section of a rib waveguide indicating physical parameters. 

From figure 6.4, the width of the rib is from –a to a, h is the thickness of the rib 

from the material interface and t is the thickness of the slab from the material 

interface. The height of the rib waveguide is defined as the difference between h 

and t. The effective index of the rib and slab are notated as neff(h) and neff(t) 

respectively. The effective index can be expressed as [129] 

𝑛𝑒𝑓𝑓 =
𝛽

𝑘
        (6.4) 

where β is the propagation constant in the direction of the waveguide and k is the 

wavenumber, defined as k = 2π/λ. A wavenumber can be thought, in simple terms, 

as the spatial frequency of a given wave or, alternatively, the number of radians 

for a certain distance (wavelength). The propagation constant β can be expressed 

by [129], 

𝛽 = 𝑘𝑛1 cos 𝜙        (6.5) 

where ϕ is the inclination angle of the wave propagating along the waveguide. 

The boundary condition is continuous for Ez at x = ±a. For these boundary 

conditions, the effective indices neff(h) and neff(t) can be used in the following 

dispersion equation [130]: 

𝑢 tan(𝑢) =  
𝑛𝑒𝑓𝑓

2 (ℎ)

𝑛𝑒𝑓𝑓
2 (𝑡)

𝑤       (6.6) 
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In this equation both u and w are transverse wavenumbers defined as 

𝑢 =
𝑘𝑊

2
√𝑁𝑒𝑓𝑓(ℎ)

2 − (
𝛽

𝑘
)

2

      (6.7) 

and 

𝑤 =  
𝑘𝑊

2
√(

𝛽

𝑘
)

2

− 𝑛𝑒𝑓𝑓(𝑡)
2       (6.8) 

At an interface between two media with different refractive indices, near-field 

waves called evanescent waves can occur. These waves are produced when a 

propagating wave is internally reflected at an angle greater than the critical angle 

at the material interface. As the refractive index of the waveguide is higher than 

the surrounding air and cladding, conditions are created for total internal 

reflection to occur, enabling light to successfully propagate the length of the 

waveguide. When a wave propagates due to TIR, a certain amount of energy from 

the mode penetrates and decays into the lower refractive index medium. The 

components of the mode are complex in nature and the amplitude of the 

evanescent wave decays exponentially as the physical distance from the material 

boundary increases. The evanescent wave propagates in the same direction as the 

rays propagating inside the waveguide (i.e. parallel to the material boundary). 

The presence and behaviour of evanescent waves is shown conceptually in figure 

6.5. 

 

Figure 6.5: A diagram showing the exponential decay of evanescent waves at a material interface, 
where n1 > n2. 

The waveguides used in the photonic chip described in this chapter have the 

primary function of guiding light within close proximity to the Bragg mirror 

cavities. It is this structure that enables the sensing of biological analytes. 
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6.2.3 Bragg mirror cavities 

A Bragg mirror typically takes the form of a one-dimensional array of contrasting 

high and low index gratings. This refractive index contrast can be provided by two 

separate physical materials or, as is often the case, one high index material and 

air acting as the low index medium. A diagram showing a Bragg grating 

arrangement is shown in figure 6.6. The refractive index of the low and high 

material is denoted by nl and nh respectively while the width of a single grating of 

low and high refractive index is wl and wh respectively. The structural periodicity 

is given as Λ. The contrasting refractive index boundaries each create a partial 

reflection of an optical wave. The wavelength of this reflected wave is dependent 

on the refractive index and width of the Bragg grating. If the wavelength of the 

light propagating through or near to the Bragg grating is approximately four times 

the optical path difference, the multiple reflections are enhanced by means of 

constructive interference. As light at a certain wavelength is reflected, 

transmission spectra obtained at the output of the Bragg gratings show a trough, 

or stop-band, due to a reduction in the wave power. The wavelength at which 

light is reflected, the Bragg wavelength is denoted by, λB. 

 

Figure 6.6: Diagram of a typical Bragg grating structure. 

The Bragg wavelength, grating period and effective index, neff, are related by 

[131] 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓𝛬        (6.9) 

A higher contrast between the refractive index of nl and nh results in a broadening 

of the stop-band, i.e. a wider range of wavelengths are reflected and not 

transmitted. The number of individual Bragg mirrors, if one grating is considered 

as equal to the period, Λ, is also significant in determining the output transmission 

spectrum. Increasing the number of Bragg mirrors increases the reflection of light 

at the stop-band wavelength (reduces transmission) and improves the cavity’s 
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effectiveness as a stop band filter. The bandwidth of the stop-band, Δλ, can be 

quantified using the following equation [132]: 

Δλ0 =  
4𝜆𝐵

𝜋
 𝑎𝑟𝑐𝑠𝑖𝑛 (

𝑛ℎ−𝑛𝑙

𝑛ℎ+𝑛𝑙
)      (6.10) 

Bragg mirror gratings positioned within the field of the evanescent waves reflect 

the light at the Bragg wavelength, reducing the energy of the evanescent wave at 

this frequency. In turn the energy from the waves propagating in the waveguide 

is also reduced at this frequency, resulting in a trough in the transmission 

spectrum.  

In much the same way that the sensitivity of SRRs to localised PMMA was measured 

in chapter 3, biological samples can be sensed by detecting a shift in the resonant 

wavelength. With a Fabry-Perot sensing cavity consisting of Bragg gratings, a 

certain shift in the resonant trough viewed in the transmission spectrum can 

suggest the presence of an analyte in an applied fluidic sample. For this analyte 

to be detected, the fluidic sample must be passed across the surface of the sensory 

cavity. By way of molecular binding the analyte, in this instance the protein 

biomarkers would attach to the surface of the imprinted structure with the aid of 

a biological adlayer, such as a grafted antibody sample that can bind with the 

proteins of interest [133,134]. This selection mechanism prevents proteins that 

are not of interest in determining the occurrence of a stroke from binding onto 

the sensor surface, yielding a different transmission spectrum than would be 

obtained if protein binding were successful. With molecular binding of proteins to 

the surface of the sensor, the surface sensitivity (as opposed to the bulk 

sensitivity) of the device is of particular importance. This is largely determined 

by the refractive index contrast between the core and cladding layers as well as 

the thickness of the core (rib waveguide). 

As with the grating couplers and waveguides, the performance of the Bragg mirror 

cavities is largely dependent on the quality of fabrication. Rounding of the grating 

structures reduces their capability in acting as a stop-band filter. Equally, 

deviation between the dimensions of the Bragg grating design and the fabricated 

structure, particularly with respect to width, can shift the stop-band wavelength 

away from the desired frequency. 
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6.3 Fabrication 

Fabrication includes the production of a stamp by EBL and etching followed by its 

imprinting into polyimide (PI) [135]. In addition to the principal component parts 

of the sensor outlined, modifications were included in the stamp in an attempt to 

aid the imprinting process. Air flow gaps were added intermittently along the 

cavity on the stamp used to define the waveguide. During imprinting, these gaps 

allow air trapped within the etched cavities to escape, enabling the polyimide to 

infiltrate the deeper regions of the stamp. Furthermore, all patterns were 

fabricated on top of a single, 10 µm high etched mesa. The purpose of the mesa 

is to ensure contact between the stamp and the PI is confined to the patterned 

regions that define the structures. Without the mesa it is conceivable that 

displaced PI could come into contact with the surface of the substrate and either 

adhere to the stamp or, due to the increased contact area, reduce the effective 

imprinting force. A cross sectional profile of the stamp showing the multiple 

etches required and a plan view of the imprinted waveguide and Bragg mirror 

cavity is displayed in figure 6.7. 

 

 

Figure 6.7: A cross-sectional diagram of the stamp and a corresponding schematic of a desired 
imprinted sensor [135]. 

Fabrication of the stamps and polymer devices was undertaken jointly with Dr Ali 

Z. Khokhar, University of Southampton but formerly the University of Glasgow. 
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6.3.1 Fabrication of stamps 

Fabrication of the nanoimprint stamp was performed using EBL. Neat HSQ was 

spin-coated onto a silicon substrate at a thickness of 300 nm and hard-baked. The 

sample was exposed by electron-beam and developed in TMAH for 30 seconds at 

23 ̊C. Silicon etching was performed using SF6 (sulphur hexafluoride) and O2 plasma 

ICP (inductively coupled plasma), with the patterned HSQ resist acting as a mask 

for the grating couplers, waveguides and Bragg mirrors. As multiple exposures and 

etches were required to produce the three different height profiles of the stamp 

(three levels, excluding the substrate level), alignment markers such as those seen 

in chapter 3 were added to the pattern in an area far removed from the 

waveguides and Bragg mirror cavities. After etching the HSQ mask is removed in a 

buffered HF (hydrofluoric) acid solution (ratio 1:5 HF/water) for a time of 10 

minutes. The completed etched Si stamps are treated in in a solution of heptane 

and F13-OTCS for 10 minutes to create a non-stick layer, thus aiding detachment 

after imprinting. Micrographs of the stamp taken by SEM are shown in figure 6.8. 

 

Figure 6.8: Images of the Si stamps taken by SEM. a) The grating coupler, b) section of the stamp 
used to define the rib waveguide, with sidewall gaps to improve the flow of the PI, c) The Bragg 
mirror cavity adjacent to the waveguide, d) Close-up image of the Bragg gratings. 
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6.3.2 Imprinted sample 

The parameters used to successfully imprint a photonic sensor and the subsequent 

treatment of the device were discovered using a systematic fabrication approach. 

This involved planning for potential problems, particularly relating to the high 

viscosity of the P84, and introducing features that could reduce their effects, such 

as including air flow gaps and creating a mesa on the stamp. The fabrication recipe 

was produced after numerous stamps and imprints were made, in which 

parameters (such as imprint time, oven baking temperature etc) were changed 

individually as part of a set. In this way the effect of each variable condition on 

the sample, good or bad, can be compared systematically with other samples to 

ascertain the optimum parameters. Unfortunately, despite this approach no 

reliable and repeatable fabrication process was found. Attempts to replicate a 

single functional sample were unsuccessful, with the high viscosity of the 

polyimide and deep imprint depth required proving to be significant challenges. 

This section and the remainder of the chapter will primarily focus on the photonic 

chip that displayed the best fabrication quality and yielded the best results of 

those produced. Comparisons with less successful imprints are also made. 

For the target sample, 1.5 µm of P84 polyimide (PI) was spun onto silicon 

substrates coated with tetraethyl orthosilicate (TEOS). TEOS is used as a low index 

(n = 1.45) cladding material onto which the PI structures will be imprinted. It is 

required to have a minimum thickness of 3 µm to ensure the electromagnetic field 

from waves propagating along the waveguide are properly isolated from the high 

refractive index Si substrate. P84 is a high refractive index and highly viscous 

polymer. It exhibits a RI of 1.64 at 1300 nm, which can, if required, be increased 

to 1.74 by doping it with TiO2 nanoparticles to increase the refractive index 

contrast with the surrounding materials[136-138]. In this latter case, the doped 

P84 must be doctor-bladed onto the TEOS rather than spun on. Doctor-blading 

involves physically casting (or scraping) the polyimide across the surface of the 

substrate. However it was found by partners at Bayer that doctor-blading this 

highly viscous polymer produced films of limited uniformity, making them 

unattractive for NIL. Doped PI is likely to introduce new challenges with regard to 

imprinting, such as decreased uniformity in the PI thickness and an increase in 

viscosity. All imprints detailed in this chapter were performed using non-doped 
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P84 spin coated on TEOS. The P84 PI was diluted in N-Ethyl-2-Pyrrolidone (NEP) 

solvent to aid the spinning and imprinting process. Following spinning the P84 

polymer was lightly baked for 15 minutes at 90 ̊C. The stamp was imprinted into 

the PI using an Obducat Nanoimprinter for 20 minutes at a pressure of 30 bar and 

temperature of 120 ̊C. After separating the two samples the stamp could be 

cleaned in warm acetone for re-use. SEM images of the imprinted structures can 

be seen in Figure 6.9. 

It was discovered that baking the P84 polymer for longer than 15 minutes at 90 ̊C 

caused the material to increase significantly in viscosity, making imprinting to the 

required depths difficult. However FTIR measurement of the P84 after the 

imprinting process showed that a significant quantity of NEP remained in the 

polymer. For reduced losses in the waveguide the solvent must be removed leaving 

the imprinted features in P84. This was achieved by curing the samples in a 

vacuum oven at 90 ̊C for 3 hours. When baked under vacuum, the PI retained its 

imprinted shape while the remaining solvent was evaporated from the polymer 

device. 

 

Figure 6.9: Micrographs of the imprinted structures in PI. a) An imprinted grating coupler and start 
of the waveguide, before tapering, b) polymer waveguide with polymer crossing due to flow gaps 
in the stamp. The defining trenches are seen either side of the waveguide and denote the residual 
PI, c) A waveguide and adjacent Fabry-Perot cavity, d) Magnified image of the Bragg gratings. 

The ease at which the stamp could be imprinted into the P84 polyimide was found 

to be greatly dependant on the ratio of P84 to NEP. A weight ratio of 1:4 (1 part 

P84 to 4 parts NEP) was found to yield the best structural quality for the imprinted 
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patterns. Polyimide layers with a greater proportion of P84 became increasingly 

viscous and difficult to imprint into. This often led to waveguides with a non-

uniform height and poorly defined Bragg gratings. Conversely, polyimide with an 

increased proportion of NEP solvent produced high quality structures but these 

often failed to adhere to the PI beneath and were commonly pulled off of the 

target sample upon release of the stamp. Micrographs of imprints performed using 

different ratios of P84 and NEP are shown in Figure 6.10. Although the waveguide 

and Bragg gratings in Figure 6.10 (a) have been imprinted using PI with 25% P84, 

the grating quality is poor and the imprint depth is only approximately 300 nm – 

insufficient for guiding light. Part (b) shows an imprint into a PI film containing 

15% P84. Poor adhesion between the imprinted PI and the residual PI results in 

patterns being torn from the substrate and rendered useless. However it is noted 

that with a reduced percentage of P84 in the polymer film, the imprinted 

structures such as Bragg gratings and grating couplers (although detached from 

the substrate) more closely resemble the desired design. 

 

Figure 6.10: Images taken by SEM showing imprints performed using different ratios of P84 PI and 
NEP solvent. Bragg gratings imprinted into polyimide with a) 25% P84 and b) 15% P84 PI. 

As mentioned in section 6.2, it is important that the defects in the waveguide, 

grating couplers and Bragg mirrors are kept to a minimum to preserve functionality 

and reduce losses. Because of the high viscosity of the P84 polyimide and the 

difficulties this can present with NIL and the post-imprint baking under vacuum, 

atomic force microscopy (AFM) images were taken of the structures. This was 

performed at the Institute for Technical Physics and Materials Science in Hungary. 

The AFM images are shown in figure 6.11. 
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Figure 6.11: AFM images of a) an imprinted waveguide and Bragg grating and b) a Bragg grating 
section in closer detail. Values are given in microns. 

The images in the above figure offer greater insight to the 3D shape of the 

imprinted structures than can be obtained using scanning electron microscopy. It 

is noted that the height of the waveguide and Bragg mirror cavity, ignoring the 

residual PI thickness, is just under 1 µm. Both the waveguide and Bragg gratings 

exhibit sloped sidewalls, with the imprinted PI tapering to a narrower width at 

the top – the area defined by the deeply etched regions on the stamp. This can 

chiefly be attributed to the high viscosity of the PI. It is also noted that the fill 

factor of Bragg mirrors (i.e. the ratio between polymer and air for a single grating 

period) is greater than seen on the stamp. This suggests that there is an expansion 

of the Bragg gratings after the nanoimprint stamp has been released from the 

polymer. 

6.4 Results 

The imprinted photonic device was characterised at Multitel, Belgium. All 

simulations referred to in this section were also performed at Multitel. A 

wavelength tunable laser source in the range 1260 nm to 1360 nm was projected 

at angular incidence to the photonic grating couplers. The light is output from the 

device at a cleaved facet of the waveguide and detected using the end-fire 

method. The output light is aligned to a x10 microscope objective that itself is 

aligned to a NIR camera. This camera is used to image the light output from the 

waveguide and ascertain its mode. By replacing the NIR camera with a NIR 

photodiode connected to an amplifier and data acquisition device, the transmitted 

spectrum from the waveguide can be measured. A diagram of the measurement 
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setup and an image of a light guided mode output from a waveguide is shown in 

figure 6.12. 

 

Figure 6.12: Diagram showing the experimental setup used in measuring the photonic chip. Inset, 
an image taken by a NIR camera showing the guided mode output from the waveguide. 

The results shown in this section relate only to the functionality of one single 

photonic chip and its ability to couple light to the waveguide, successfully guide 

the light to the output end and exhibit a resonance (seen as a trough in 

transmission) resulting from the evanescent wave’s interaction with the Bragg 

mirror cavity. In these measurements the sensor is not subjected to a fluidic 

sample or any test analytes for optical detection. If a grating coupler, waveguide 

and Bragg mirror cavity is defined as one single sensor, the photonic chip has seven 

sensors that can be measured. Sensors 1 to 4 were designed to resonate at 1310 nm 

and sensors 5 to 7 were designed to resonate at 1323 nm. Sensor 1 had a waveguide 

with width 1.36 µm, for sensors 2 to 4 this width was 1.2 µm and for sensors 5 to 

7 it was 1.6 µm. Two waveguides with grating couplers but without Bragg mirror 

cavities were also included on the photonic chip.  These devices, termed 

waveguide 1 and waveguide 2, enable the effects from the Bragg mirror cavities 

to be isolated from the grating couplers and waveguide. In this way, the losses 

attributed to the waveguide and grating coupler and the Bragg mirror cavity can 

each be quantified. The widths of waveguides 1 and 2 were measured at 1.2 µm 

and 1.6 µm respectively. 

The transmission spectra obtained from waveguides 1 and 2, both of which are 

without an adjacent Bragg mirror cavity, are shown in figure 6.13. 
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Figure 6.13: Transmission spectra from waveguides 1 and 2. 

The transmission spectra from waveguides 1 and 2 enable troughs present on 

spectra obtained from the photonic sensors to be identified as resonances from 

the Bragg mirror cavity. As well as having two separate Bragg mirror designs to 

produce two Bragg wavelengths, the distance between the waveguide and the 

Bragg cavity was also varied. 

Transmission spectra from the photonic sensors designed to exhibit resonance at 

1310 nm and 1323 nm is shown in figure 6.14 and figure 6.15 respectively. 

Resonances are highlighted by an arrow on each spectrum and the measured 

resonant wavelength is stated inset. The distance between the fabricated 

waveguide and Bragg mirror cavity (gap length) is also given. It is noted that the 

measured resonances are in all cases typically 35 – 40 nm shorter than the Bragg 

wavelength expected from the design. This suggests either a change in the 

periodicity between the fabricated Bragg gratings and the original design or the 

refractive index of the P84 polyimide being lower than 1.64. 



Chapter 6  130 
 

Sensor 1 

λBragg = 1270 nm 

Q =  16 00 

Gap = 1.4 µm 

 

 

Sensor 2 

λBragg = 1272 nm 

Q =  1600 

Gap = 1.3 µm 

 

 

Sensor 3 

λBragg = 1271 nm 

Q =  1600 

Gap = 1.0 µm 

 

 

Sensor 4 

λBragg = 1270 nm 

Q =  1300 

Gap = 0.7 µm 

 

 

 

Figure 6.14: Transmission spectra from sensors designed to exhibit a resonance at 1310 nm. The 
primary resonant wavelength of each sensor is given alongside the gap distance between the 
waveguide and cavity and the calculated Q-factor. 

In addition to the resonant wavelengths from the Bragg cavity red-shifting, 

multiple troughs are exhibited on most transmission spectra, indicating that light 

at more than one wavelength is reflected by the cavity. This is due to Fabry-Perot 

resonances from the Bragg mirror cavity. The strength and quantity of these 

additional resonances is seen to increase as the distance between the cavity and 
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the waveguide is reduced, i.e. as a greater quantity of evanescent waves are 

coupled to the cavity. The highest Q-factor obtained is calculated to be 4200 and 

is exhibited by sensor 5. 

Sensor 5 

λBragg = 1287 nm 

Q =  4200 

Gap = 1.3 µm 

 

 

Sensor 6 

λBragg = 1286 nm 

Q =  2600 

Gap = 1.0 µm 

 

 

Sensor 7 

λBragg = 1286 nm 

Q =  1400 

Gap = 0.7 µm 

 

 

 

Figure 6.15: Transmission spectra from sensors designed to exhibit a resonance at 1323 nm. 

A comprehensive comparison of all seven sensors is shown in table 6.1. Simulations 

performed at Multitel, Belgium are used in estimating losses. The total loss for 

each sensor varies between 31 and 33 dB, with approximately 17 dB of this being 

attributed to coupling light to and from the photonic chip. The losses resulting 

from the waveguide are calculated as 28 dB.cm-1. Systematic losses include 

attenuation from the beam-splitter (3 dB) It should be noted that these values are 

obtained without any top cladding layer residing above the waveguide. 
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The high Q-factor exhibited by sensor 5 can be attributed to the fact that this 

pattern has the widest waveguide and the largest gap between the cavity and 

waveguide, resulting in a reduced proportion of evanescent waves coupling to the 

Fabry-Perot resonator. As well as using the Q-factor to gauge the effectiveness of 

each sensor the transmission at resonance, which can be thought of as the amount 

of light at the resonant wavelength that is not coupled to and reflected within the 

Fabry-Perot cavity, can also be considered. This value, denoted as “normalised 

resonance transmission” in table 6.1, gives a percentage figure of the light 

transmitted at the resonant wavelength.  

Sensor 

number 

Design 

λ (nm) 

Measured 

λ (nm) 

Design 

gap 

(µm) 

Loss 

(dB) 

Q 

factor 

FWHM 

(pm) 

Bus 

waveguide 

width (µm) 

Normalised 

resonance 

transmission 

1 1310 1270 1.4 33 1600 800 1.36 0.11 

2 1310 1272 1.3 32 1600 800 1.2 0.35 

3 1310 1271 1.0 33 1600 800 1.2 0.17 

4 1310 1270 0.7 32 1300 1000 1.2 0.28 

5 1323 1287 1.3 31 4200 300 1.6 0.625 

6 1323 1286 1.0 31 2600 500 1.6 0.475 

7 1323 1286 0.7 33 1400 900 1.6 0.235 

 

Table 6.1: A comparison of the main parameters for sensors 1 to 7, indicating measured resonant 
wavelengths and calculated Q-factors for each. 

 

6.5 Discussion 

6.5.1 Analysis of fabricated sensors 

The results obtained show seven functional sensors, with both similarities and 

differences between each of them. Images of the fabricated photonic chip taken 

by SEM and AFM show small, albeit numerous, imperfections in the sensor 

structures. These imperfections include a “rounding” of the waveguide sidewalls 

and a change in the dimensions of the Bragg gratings. In all seven sensors these 

defects were consistent throughout the structure and not sporadic. Although 
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fabrication imperfections are unavoidable, in this instance they are likely 

contributing factors to a shift in the Bragg wavelength, losses within the 

waveguide and a limited Q-factor. In all cases the measured wavelength of 

resonance was approximately 35 to 40 nm shorter than expected from the design. 

This leads to the conclusion that the shift is caused by either the change in the 

periodicity of the gratings or the P84 PI having a refractive index less than 1.64. 

Ideally, further refinement of the imprinting process would reduce the extent of 

the defects and improve the performance of the device. However if the polyimide 

were to prove too viscous in attempts to reduce the rounding and change in size 

of structural features, this deviance could be considered during the design stage 

and the nanoimprint stamp altered accordingly. 

It is noted that the normalised resonance transmission decreases as the cavity and 

waveguide are moved closer together. This is particularly evident in sensors 5, 6 

and 7 which have a waveguide width of 1.6 µm. Wider waveguides are used to 

support the propagation of light at longer wavelengths. As the evanescent waves 

decay exponentially as the distance from the waveguide boundary increases, 

fewer waves will couple to the Bragg gratings. With reduced coupling, the 

normalised transmission at resonance for sensor 5 is measured at 62.5% compared 

to 23.5% for sensor 7, in which the waveguide and cavity are 600 nm closer. With 

the cavity in close proximity to the waveguide boundary a greater proportion of 

evanescent waves are coupled to and reflected within the resonator, making the 

sensor more efficient at reducing transmission at resonant wavelengths. This 

reduction in transmission is also evident when comparing sensors 2 and 4, which 

have a waveguide width of 1.2 µm and a resonance transmission of 35% and 28% 

respectively. As with sensors 5 and 7 the change in distance between the 

waveguide and cavity is 600 nm. 

The prevalence of additional resonances is also increased as the distance between 

the Fabry-Perot cavity and waveguide is reduced. Again, this can be attributed to 

a greater proportion of the evanescent waves of light (at more than one 

wavelength) being reflected within the adjacent cavity. Four troughs are seen in 

the transmission spectrum obtained from sensor 4, compared to three from sensor 

3 and two from sensor 2. Equally for the three sensors with a primary resonance 
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at 1323 nm, additional resonances are more prominent in the transmission 

spectrum from sensor 7 than sensors 5 and 6.  

While the FWHM and Q-factor remains constant for sensors 2, 3 and 4, it is seen 

to change significantly for sensors 5, 6 and 7. The sensor with the lowest amount 

of coupling between waveguide and cavity, sensor 5, exhibits the narrowest FWHM 

at 300 pm. This results in a Q-factor of 4200. As this coupling increases, signified 

by a decrease in distance between the waveguide and cavity, the Q-factor is seen 

to decrease. This is shown in figure 6.16, in which the Q-factor is plotted against 

the gap length. 

 
Figure 6.16: Q-factor against gap length for sensors 5, 6 and 7. 

Losses for the sensors varied between 31 dB and 33 dB. Simulations suggest 

coupling tight to and from the photonic chip and systematic attenuation account 

for 17 dB of the total losses. For the waveguide, a loss per unit distance value of 

28 dB.cm-1 is obtained. AFM scans of the imprinted waveguides and cavities show 

that their thickness falls approximately 200 nm below the designed value of 

1200 nm. As a consequence the polymer slab beneath the rib waveguide is thicker 

than what would be considered optimum. Imprinting the stamp deeper into the 

polymer would correct this deficiency in the waveguide thickness and reduce the 

losses obtained from them. 
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6.5.2 Comparison with other existing sensors 

The capability of the photonic polymer sensors cannot truly be gauged until it is 

characterised by sensing a fluidic sample. However simulations of sensor 7, which 

yielded the highest Q-factor, suggest a bulk sensitivity of 37 nm/RIU. This is 

obtained from simulations modelled using dimensions obtained from the 

fabricated structure by SEM and AFM, not the idealised design. The surface 

sensitivity, distinguishable from the bulk sensitivity, is also found by way of 

simulation to be 0.05 pm/pg mm-2. Defining the figure of merit as the ratio of the 

sensitivity to the limit of detection: 

𝐹𝑂𝑀 = 𝑠/𝐹𝑊𝐻𝑀       (6.11) 

𝐹𝑂𝑀 = 𝑠 (
𝑄

𝜆
)        (6.12) 

For sensor 7, the bulk FOM = 37(4200/1310) = 118 nm/RIU and the surface                

FOM = 5x10-5(4200/1310) = 1.6x10-4 (pg/mm2)-1. These estimations apply a 

resonant wavelength of 1310 nm and do not consider any change in the Q-factor 

when the sensor is brought into contact with water. With water applied to the 

surface of the polymer the scattering of waves will differ than in air, potentially 

lowering the Q-factor. 

Cattoni et al [139] reported Localised surface plasmon resonance (LSPR) sensors, 

fabricated using NIL, exhibiting a sensitivity of 405 nm/RIU. Slot waveguide 

resonators used as a comparable biochemical sensor have been shown (with fluidic 

analyte) to exhibit a sensitivity of 212 nm/RIU and a Q-factors of 1800 [140].  

6.6 Chapter conclusions 

The results obtained show that a functioning grating coupler, waveguide and Bragg 

mirror based Fabry-perot cavity can be fabricated in a high index polymer using 

nanoimprint lithography as a production technique. However the reliability of the 

NIL process proved problematic. Despite numerous attempts it was found that the 

fabrication of functioning polymer sensors was not easily reproducible and 

imprinted structures were often not thick enough or lacked well-formed Bragg 

gratings. From the most successful photonic chip, resonances measured 
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experimentally were seen at wavelengths approximately 40 nm shorter than 

predicted by simulations. This is due to imperfections in the fabricated structures, 

namely a change in critical dimensions, which effect the operation of the device. 

The highest Q-factor obtained was 4200 from sensor 7. The characterisation 

performed involved only dry characterisation. In order for the sensor to be 

characterised fully it must be tested with a fluidic sample for the detection of 

analytes. Water absorption of the polymer and delamination of the micro-fluidic 

channel from the substrate proved problematical. A possible solution is the 

coating of the polymer in a thin atomic layer deposited film of TiO2. Further work 

in improving the imprint depth of the stamp and minimising structural defects 

would reduce bulk losses. For this to be achieved alternative polyimides that 

exhibit a lower viscosity could be considered. With a likely change in the refractive 

index, use of a different polymer would require changes to the sensor design and 

NIL stamp. 
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7.1 Introduction 

This chapter covers incomplete and ongoing work pertaining to that discussed in 

previous chapters, meaning it cannot be comprehensively analysed to the same 

extent. Nonetheless this section aims to provide additional insight into the 

techniques and concepts covered as well as demonstrating their potential 

benefits. Conclusions regarding all of the work discussed in this thesis are also 

made. The outcomes are compared and contrasted with the aims and objectives 

specified in the thesis introduction. 

7.2 Future work 

7.2.1 Improved resonance coupling between PMMA and SRRs 

In order to fully understand the limitations of the SRR sensors with localised PMMA 

detailed in chapter 4, additional work can be undertaken. Firstly, a redesign of 

the SRR geometry can be performed to better match a plasmonic or LC resonance 

to that of the carbonyl absorbance feature seen at 5.75 µm. This may improve the 

resonance coupling between the two components. A study using a number of 

different geometries, such as a variation in the ring diameter, would also provide 

insight into the relationship between resonance coupling and sensitivity. In a 

similar vein, variation in the symmetry of the SRR by changing the width of the 

split would provide additional experimental information regarding the 

dependence of symmetry on the sensitivity. 

7.2.2 Pattern transfer of nanoimprinted fishnets 

It has been shown that the presence of a substrate beneath a fishnet metamaterial 

has significant repercussions on the optical performance of the structure during 

characterisation [141]. A substrate, usually only used as a means to support the 

fishnet during fabrication, introduces bianisotropic effects that hamper the 

metamaterial’s ability to function as a negative index material as well as reducing 

optical transmission. The ability to physically separate a fabricated structure from 

its substrate and move it to another, occasionally refered to as “pattern transfer”, 

can lead to an improvement in material performance as well as providing new 

opportunities with regard to their potential application. It can also be the case 

that the separated pattern is simply removed from the supporting substrate and 
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then used on its own, without transferring it to another substrate. This has 

previously been demonstrated using a fishnet metamaterial, which is removed 

from the substrate and can be suspended in air [98]. 

Using the nanoimprint technique demonstrated in Chapter 5, work has been 

undertaken in attempting to detach the imprinted fishnet from the substrate and 

polymer it sits on. Upon detachment, the metamaterial could then be placed on 

a second, separate substrate or suspended in air for characterisation. The 

motivation for this is twofold. Firstly, the fused quartz substrate and PMMA used 

in the experiment are only required during fabrication and contribute to optical 

losses, a reduced magnitude of the refractive index real part and a narrower 

negative index wavelength range. Removal of the fishnet from the polymer 

beneath will also negate the effect of the nano-pillars that are pushed downwards 

during imprinting. Secondly, the transferring the fishnet to an alternative 

substrate, or none at all, can create new possibilities with regard to any 

characterisation or application of the fishnet. For example, flexible fishnets on a 

polydimethylsiloxane (PDMS) substrate have been proposed for operation at 

terahertz frequencies [105]. Other metamaterials have also been demonstrated 

to function on flexible substrates, such as Metaflex [142]. Furthermore, a 

metamaterial fishnet sheet has the potential to be applied to substrates or 

structures that are rounded or uneven.  

As a means to detach the metal-dielectric-metal fishnet so that it can be handled 

on its own and transferred to another substrate the combined fishnet, polymer 

and nano-pillar structure was gently submerged in a petri dish of acetone. 

Although this dissolved the PMMA layer, it was found that the fishnet structure 

regularly broke into smaller fragments and failed to remain intact. This is likely 

the result of the rapid removal of the PMMA, causing the thin metal and dielectric 

layers on top to crack when unsupported, in a similar fashion to the metal “lift-

off” process. Unrelated work into fabricating metamaterials using the self-

assembly features of colloidal lithography have demonstrated the transfer of thin 

metal layers using a sacrificial film of polyacrylic acid (PAA) [143]. As PAA is 

soluble in water, depositing a metal film on top of a PAA layer means that it can 

float free of the substrate when gently submerged in water. Therefore, a 1 µm 

thick layer of PAA diluted in water rather than PMMA can be spun onto the 
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substrate and the Ag, MgF2, Ag layers deposited and sample imprinted as before. 

In order to aid the infiltration of the water into the PAA layer, an unpatterned 

corner of the metal layer can be carefully scratched away. By gently dipping the 

sample in and out of the water the imprinted fishnet separates from the substrate 

at floats on the surface of the water. Placing a new substrate beneath it and then 

lifting it out so that the imprinted pattern is positioned on top completes the 

pattern transfer process. This is shown in figure 7.1. Similar work that involves 

the physical transfer or movement of thin metal films shows that they can be 

distorted and bent in a range of different positions before breaking [142]. This can 

include tuneable-metamaterials, in which the optical characteristics of the 

metamaterial can be varied by, for example, exerting stress on the substrate 

[144]. This typically involves changing certain dimensions of the fabricated 

structures, namely the gap length between separate metal features. 

 

Figure 7.1: Potential process for the transfer of an imprinted fishnet onto another substrate. (a) 
The fishnet is imprinted on top of a PAA layer, (b) the sample is submerged in water which (c) 
dissolves the PAA, (d) a new substrate is lifted from beneath the now floating or suspended fishnet 
to (e) complete the pattern transfer. 

For the purposes of experimentally characterising the fishnet in air, it is feasible 

that the structure be transferred onto a substrate with single or multiple holes, 

allowing it to be suspended in air. This enables the fishnet to be characterised 

without a conjoining substrate (for comparison with a substrate). This is of 

particular benefit in performing angular resolved reflection and transmission 

measurements with the aim of experimentally determining the refractive index 

[145,80]. 
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Further experimentation regarding the number of active layers that can be 

imprinted into is also advantageous. While increasing the number of metal and 

dielectric layers in a fishnet can increase the magnitude of the real part of 

negative refractive index, an increase in the total thickness of metal and dielectric 

is likely to be more difficult to imprint into. This could perhaps be overcome by 

using an increased imprint force, but this itself may introduce problems with 

regard to the lifetime of the nanoimprint stamp and the durability of the target 

substrate, as well as a reduction in pattern quality. Experimentation with an 

increase in the number of active layers could provide information relating to the 

limitations of the fabrication technique. Optimising the thickness of each metal 

and dielectric layer could aid this process. 

7.3 Chapter summaries 

Chapter 1 

A general introduction to fundamental aspects of electromagnetic wave theory, 

optics and photonics is given in chapter 1. This gives background information 

relating to the operation of devices described in subsequent chapters. The aims 

and objectives of the thesis are stated. 

Chapter 2 

This chapter details the fabrication lithographies and measurement techniques 

used in producing and characterising the structures and devices presented. While 

specific fabrication recipes are included in each relevant chapter, the background 

theory and operating principles of electron-beam lithography and nanoimprint 

lithography are given here. This includes the advantages and disadvantages of 

both lithographies and their potential effect on the small-scale structures similar 

to those included in this thesis. Information relating to the dry etching of materials 

is also given. Additionally, the FTIR and monochromator scanning spectroscopy 

measurement setups used to characterise the fabricated structures are detailed 

in this chapter. 

Chapter 3 

Small-scale SRRs, with a total structure width ranging from 70 nm to 110 nm, are 

fabricated using a novel NIL technique that involves an “etch-free” stamp 
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production process. This enables high-resolution metamaterial structures, with a 

minimum feature size of 20 nm, to be fabricated over a large area in a short period 

of time. The SRRs, fabricated on a silicon substrate, were found to give a LC 

resonance at near-infrared frequencies. The limitations of scaling and the effect 

of the conductor (metal) thickness are studied. This includes a reduced Q-factor 

owing to a metal thickness of 15 nm compared to a 50 nm thickness for SRRs 

patterned by EBL. While high quality, small-scale features can be imprinted and 

metalised, the inability to create an undercut profile in the resist and hence 

deposit thicker layers of metal can be viewed as a limiting factor of the process. 

A Q-factor of 11.1 is calculated from the experimental measurements obtained 

from the SRRs fabricated by NIL. However a reduced resonant peak amplitude 

significantly limits the SRRs usefulness in optical sensing. 

Chapter 4 

In this chapter the sensitivity of various physical regions of a SRR are studied using 

PMMA as an organic probe. With a square block of PMMA localised at a number of 

locations on or near SRRs, the regions of the metamaterial most sensitive to 

detecting an analyte (where the electric field strength is strongest) can be 

ascertained experimentally. Simulations validate the experimental findings and 

the sensitivity of the SRR for each PMMA location is calculated. The SRRs sensitivity 

to the localised PMMA was found to be greatest when it was positioned at the gap 

with the incident electric field creating a current loop in the structure. This 

resulted in a sensitivity value of 612 nm/RIU. PMMA positioned on the end of the 

SRR arm with an unchanged polarisation resulted in a sensitivity of 388 nm/RIU 

being calculated. A 100 nm thin film covering the entire SRR unit cell gave a 

sensitivity value of 776 nm/RIU. While a thin film of PMMA cannot be used to 

determine the sensitivity “hot-spots” of the SRR, it does however demonstrate 

that, for the purposes of sensing, there are significant advantages to completely 

covering the metamaterial in an analyte. As well as that the comparative ease at 

which a film can be applied to the sample, the increased quantity of analyte 

(compared to a localised analyte) produces a greater spectral shift in wavelength 

and stronger molecular features.  
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Chapter 5 

Nanoimprint lithography is utilised to quickly produce fishnet metamaterials by 

“cutting” into stacked thin films of metal and dielectric. This technique negates 

some of the fabrication difficulties and defects presented by more commonly used 

focused-ion beam etching and EBL methods. The presence of nanopillars resulting 

from the imprinting of the metal and dielectric thin film stack are investigated 

and found to produce a plasmonic response at visible frequencies. Optical 

transmission through the structure (substrate, PMMA layer, nanopillars and 

fishnet) was experimentally found to range between 40% and 60% at resonance, 

depending on the physical dimensions of the pattern. The phenomenon of 

extraordinary optical transmission is thought to enhance the transmission of light 

through the subwavelength apertures of the fishnet. The optical transmission and 

reflection are studied experimentally and the wavelength dependant refractive 

index of the structure is estimated using simulations that complement the 

experimental measurements. Of the imprinted designs, structure A is estimated 

to exhibit a negative refractive index real part with a maximum magnitude of 

0.57, compared to 1.5 for structure B. Simulations of just the fishnet, without the 

supporting materials beneath, suggest these values can increase in magnitude to 

-4 and -5 respectively. The estimated FOM for a detached fishnet is 2.49 for fishnet 

A and 2.74 for fishnet B. With a layer of PMMA beneath the fishnet and nanopillars 

residing below the apertures, the metamaterial was found to be non-reciprocal 

when measuring transmission and reflection. This is best exhibited in the 

experimental measurements of structure C, which shows strong enhancement of 

the CH2 asymmetric stretch vibration at 3.3 µm. The imprint technique is 

proposed as having potential for use in transfer patterns onto different substrates. 

Chapter 6 

This chapter studies the fabrication of polymer photonic sensors using nanoimprint 

lithography, as part of the P3SENS project. Concentration is given to the work 

completed at the University of Glasgow in imprinting into a high-index, highly 

viscous polymer. Difficulties in the work are highlighted and techniques to 

overcome them suggested and considered. A comparison is made between the 

sensing capabilities of the Bragg mirror type sensor fabricated and that of other 

sensors. Results from experimental transmission measurements give Q-factors of 
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between 1400 and 4200, depending on the sensor dimensions, and typical 

waveguide losses of 28 dB per cm. Imprinting into a lower viscosity polymer may 

improve the achievable imprint depth and pattern quality, but would likely suffer 

from a lower refractive index resulting in a reduced refractive index contrast with 

the cladding layers. 

7.4 Conclusions from Thesis 

The work contained within this thesis aimed to study optical sensors operating at 

visible and near-infrared frequencies. An emphasis is given to the experimental 

fabrication and characterisation of these sensors, specifically the use of 

nanoimprint lithography as a means of production. Sensors studied include 

metamaterial resonators (split-rings and fishnets) and a photonic Bragg mirror and 

waveguide configuration. The optical behaviour of the structures is modelled using 

computer simulation and, where the electric field distribution is of interest, field 

plots are generated from these. 

The work presented in this thesis shows that nanoimprint lithography can be a 

valuable technique in the fabrication of optical sensors, both metamaterial and 

otherwise. The optical characteristics of the structures fabricated are compared 

with similar structures produced using alternative techniques. In addition to this 

the sensitivity of specific locations of a split ring resonator were experimentally 

established by probing using localised PMMA (by means of EBL). This demonstrated 

numerous “hot-spots” and “cold-spots” and suggests that multiple regions of the 

structure can, to varying amounts, be used to sense the analyte. 

For metamaterials and other optical sensors to make the transition from a 

research environment to a functional application, their production must be cheap, 

quick and reliable while maintaining desirable sensing capabilities. Nanoimprint 

lithography can be considered as a process with the potential to fulfil these 

criteria. 
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