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Abstract 

Periodic structures have always been part of our lives. With the development of human 

understanding it was realised that natural opals, butterfly wings and bird feathers which have been 

keenly observed for generations are actually naturally occurring photonic crystals (structures with 

periodic modulation of the refractive index). In this work, I have investigated the scientific use of 

refractive index contrast and nanometer scale periodicity for applications in optical interconnects 

and surface plasmon resonance like dielectric optical sensors. 

One dimensional photonic crystals can be engineered to sustain a surface wave called as 

Bloch surface wave (BSW). A BSW based label-free sensor is designed and implemented using 

only a pair of high (Si, 70 nm) and low (SiO2, 676 nm) index materials in contrast to multiple 

pairs used previously. The demonstrated bulk sensitivity (900 nm/RIU) for a single pair sensor is 

comparable to the multi-pair sensors using the prism based Kretschmann-Raether configuration. 

The demonstrated sensor using only a single pair of dielectric layers is the dielectric counterpart 

of the surface plasmon resonance based sensors using gold on dielectric. A SU8 waveguide is 

cladded by the above mentioned thicknesses of silicon and silica to demonstrate on-chip sensing 

using the end-fire coupling for the first time. The demonstrated on-chip sensing platform is simple 

to fabricate and is believed to lay the foundation of a cheap and sensitive integrated sensing 

system. 

Organically Modified Ceramic (ORMOCER) based single-mode waveguides and passive 

devices for both single and multi-level centimetre sized optical boards using nano-imprint 

lithography (NIL) are demonstrated with waveguide loss less than 0.2 dB/cm. An ‘optical via’ for 

vertical coupling of light from one optical plane to another is designed and implemented using 

NIL. A novel 1 x 4 2D optical port is designed and implemented for the first time to spatially 

distribute the input light over different optical planes. Polymer waveguides inherently have 

smaller refractive index contrast between core and cladding requiring a bending radius of atleast 

8mm for lossless communication. Sharp in-plane bends are demonstrated for the first time by 

integrating core-shell colloidal crystals with these polymer waveguides. The demonstrated 

efficiency for in-plane bends is poor which will improve with optimisation of the colloidal crystal 

fabrication. Finally, inverted opal photonic crystals are used as under-cladding for the waveguide 

core to demonstrate effectively an air suspended polymer waveguide that can be used for sensing 
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applications. Component density on optical printed circuit boards can be increased using the 

demonstrated sharp in-plane bends once better stacking is achieved. 
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1 Introduction 

Light covers distance of around 150 million kilometres from surface of the sun to the 

earth in almost 8 minutes and 20 seconds travelling at a speed of 300,000 

kilometres/second. This is the highest attainable speed in this universe and is named as 

the vacuum speed of light. The speed of the light in a medium is less than the vacuum 

speed and this reduction in the speed is determined by the refractive index (n) of that 

medium which is defined as: 

𝒏 =
𝒄

𝒗
                                      1-1 

where c is the speed of light in vacuum and v is the phase velocity of light in that 

medium. Water has a refractive index of 1.33 so light travels 1.33 times slower in water 

than in free space. So, it would have taken light 11 minutes and 5 seconds to reach the 

earth if water was present between the sun and our planet. The refractive index of a 

medium not only defines the speed of light inside the medium but also defines the bending 

of light while entering or leaving the medium. Bending of light while entering or leaving 

a medium is defined by the refractive index values of the material and the environment. 

So, refractive index contrast can be used to manipulate and control the path of the light. 

A high index channel with low index surroundings can be used to guide the light along 

the desired path. The high index channel guiding the light is called a waveguide. The 

refractive index of a medium itself can also be modulated to control the path of light inside 

the medium. A medium having periodic modulation of refractive index is called a 

photonic crystal. 

In this thesis, the use of refractive index modulation and its contrast with the 

neighbouring media is studied. Different applications like sensing, guiding and 

manipulation of light are studied for different engineered structures having refractive 

index contrast and periodic modulation. Periodic modulation of refractive index in one 

dimension is used to design and realise Bloch surface wave based sensors. High index 

channels are used to guide light and to couple it both horizontally and vertically. Three 

dimensional modulation of refractive index being the most difficult thing to attain is 

studied at the end for bending of light in the guiding waveguides. 

https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Vacuum
https://en.wikipedia.org/wiki/Phase_velocity
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This chapter provides a general overview of the optical waveguides and the 

photonic crystals and explains their basic working principles. An outline of the thesis is 

provided at the end of this chapter. 

1.1 Optical Waveguides 

A high index channel used for transportation of electromagnetic waves in the optical 

spectrum is called an optical waveguide. An optical waveguide is the fundamental element 

of an optical integrated circuit as are the metallic tracks for an electrical integrated circuit. 

The simplest structure of a dielectric waveguide consists of a horizontally extended high-

index optical medium, called the core, which is surrounded by low-index media, called 

the cladding. This kind of waveguide is called a planar waveguide and a guided optical 

wave propagates in the waveguide along its horizontal direction confined only in the 

vertical direction by the cladding. The light is not confined in the horizontal direction for 

this planar waveguide. The waveguides which confine the light in both horizontal and 

vertical directions are called non-planar waveguides. Planar waveguides being the 

simplest to understand and fabricate are discussed below to explain the types of optical 

modes that can propagate. An optical mode is the spatial distribution of optical energy in 

one or more dimensions that remains constant in time. 

A three-layer planar waveguiding structure having a high index core of index n2 

surrounded by indices n3 and n1 from bottom and top respectively is shown in Figure 1-1 

below. The layers are considered to be infinite in the y and z (horizontal) directions. The 

cladding layers 1 and 3 are also considered to be semi-infinite in the x (vertical) direction. 

This kind of waveguide is called an asymmetric waveguide because the substrate and 

upper cladding have different refractive indices. A waveguide having an upper cladding 

with index same as substrate is called symmetric waveguide. The asymmetry of the 

waveguide can be measured using the equations below. 

𝒂𝑬 =  
𝒏𝟑

𝟐−𝒏𝟏
𝟐

𝒏𝟐
𝟐−𝒏𝟑

𝟐           1-2 

𝒂𝑴 =
𝒏𝟐

𝟒

𝒏𝟏
𝟒  

𝒏𝟑
𝟐−𝒏𝟏

𝟐

𝒏𝟐
𝟐−𝒏𝟑

𝟐           1-3 

where aE and aM represent the asymmetries for TE and TM polarized light respectively. 
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Figure 1-1: Sketch showing an asymmetric planar waveguide having a core of index n2 on a substrate 

of index n3. A layer of index n1 (air here) acts as upper cladding for the slab waveguide. The light is 

confined in the vertical direction by the substrate and the air and travels in the z direction. Three 

possibilities of the modes are also shown. This diagram is copied from [1]. 

The propagation direction of the guided light is considered to be the z direction. The 

mode of a planar waveguide inside each layer (n1, n2 or n3) can be obtained by using the 

equation below. 

𝝏𝟐𝑬(𝒙,𝒚)

𝝏𝟐𝒙
+ (𝒌𝟐𝒏𝒊

𝟐 − 𝜷𝟐) 𝑬(𝒙, 𝒚) = 𝟎         1-4 

where E(x, y) is one of the Cartesian components of E(x, y), k is the wave-vector 

defined as 2π/λ, β is the propagation constant defined as neffk and ni represents the 

refractive index of the respective layer. The solutions of this equation can either be 

sinusoidal or exponential functions of x in each of the regions, depending whether 

(𝑘2𝑛𝑖
2 − 𝛽2) is greater than or less than zero. As the fields should be continuous at the 

interfaces so E(x, y) and ∂E(x, y)/∂x must be continuous at the interface between layers. 

The mode shapes of the travelling light as a function of the propagation constant β are 

explained for a constant frequency ω. The refractive indices of the planar waveguide are 

considered as n2 > n3 > n1 to correspond to a waveguiding layer of index n2 formed on a 

substrate with smaller index n3, covered by air of index n1 from top. When β > kn2, the 

effective index of the mode will be larger than the core refractive index so the function 

E(x) must be exponential in all three regions and only the mode shape shown in Figure 

1-2(a) could satisfy the boundary conditions of E(x) and ∂E(x)/∂x being continuous at the 

interfaces. This mode is not physically realisable because the field increases unboundedly 
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in both Layers 1 and 3 which is impossible as the energy will be infinite for this case. 

When values of β are between kn2 and kn3, the effective index of the mode is less than the 

index of core but larger than the substrate so light will be confined inside the core. Modes 

(b) and (c) are well confined guided modes, generally referred to as the zero and first order 

transverse electric modes, TE0 and TE1. These modes are the real waveguide supported 

modes with exponential decaying of the guided light outside the core. If β is greater than 

kn1 but less than kn3, the light will be concentrating inside the substrate as shown in (d). 

This type of mode, which is confined at the air interface but sinusoidally varying at the 

substrate, is often called a substrate radiation mode. The light can travel inside the 

substrate but because it is continually losing energy from the core region of the waveguide 

so it cannot propagate for very long distances. These modes are not desired for 

transmitting purposes but are very useful for coupler applications such as the tapered 

coupler. If β is less than kn1 the solution for E(x) is oscillatory in all three regions of the 

waveguide structure. The energy resides in the air so this kind of mode is not a guided 

mode because the energy is free to spread out of the waveguiding core region. These 

modes are called as air radiation modes. Small portion of energy is radiated to the 

substrate also. 

 

 

Figure 1-2: The sketch showing the possible modes for the planar waveguide structure having 

n2>n3>n1. Only TE0 and TE1 are the waveguide guided modes having an effective index in between 

indices of waveguide core and the substrate. The sketch is copied from [1]. 
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Planar waveguides are easy to fabricate but do not confine the light in the horizontal 

direction which is required for most of the real life devices. So, most waveguides used in 

device applications are non-planar waveguides. For a non-planar waveguide, the index 

profile n(x, y) is a function of both x and y. There are many different types of non-planar 

waveguides that are differentiated by the distinctive features of their index profiles. One 

important group of non-planar waveguides is the channel waveguides. Different kinds of 

the channel waveguides are shown in the Figure 1-3 below. The indices of the waveguide, 

substrate and the upper cladding are marked as n1, n2 and n3 respectively. 

 

Figure 1-3: A diagram showing different type of non-planar channel waveguides. Only diffused 

waveguide is not a rectangular waveguide. 

The buried channel waveguide is formed with a high-index waveguiding core buried 

in a low-index surrounding medium. The waveguiding core can have any cross-sectional 

geometry. A strip-loaded waveguide is formed by loading a planar waveguide, which 

already provides optical confinement in the x direction, with a dielectric strip of index 

n3<n1 or a metal strip to facilitate optical confinement in the y direction. The waveguiding 

core of a strip waveguide is the n1 region under the loading strip, with its thickness d 

determined by the thickness of the n1 layer and its width w defined by the width of the 

loading strip. A ridge waveguide has a structure that looks like a strip waveguide, but the 

strip on top of its planar structure has a high index and is actually the waveguiding core. 

A ridge waveguide has strong optical confinement because it is surrounded on three sides 

by low-index cladding. A rib waveguide has a structure similar to that of a strip or ridge 

waveguide, but the strip has the same index as the high index planar layer beneath it and 
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is part of the waveguiding core. These four types of waveguides are usually termed 

rectangular waveguides. A diffused waveguide is formed by creating a high-index region 

in a substrate through diffusion of dopants and is not a rectangular waveguide. 

To conclude the waveguide section, the concept of optical modes in a waveguiding 

structure is discussed. It is mentioned that non-planar waveguides capable of confining 

light in all three directions are mostly used in devices. Plenty of waveguide based 

applications ranging from sensors [2, 3], modulators [4, 5], and other devices [6, 7] have 

already been demonstrated. Polymer waveguides will be discussed in detail in chapter 

Error! Reference source not found.. 

1.2 Photonic Crystals 

Photonic crystals (PhC) are structures with a periodic modulation of the refractive 

index on the order of the wavelength of the light. Periodic crystals are fabricated 

artificially in the labs and are found in the nature as well. The opals, butterfly wings and 

colourful bird feathers which have been keenly observed for generations are actually 

naturally found photonic crystal structures. The focus of this section is to explain different 

types and working of the artificial photonic crystals. 

The periodicity of the refractive index results in a photonic band gap which is the most 

important trait of PhC and determines their practical significance. The photonic band gap 

(PBG) is the range of frequencies or energies for which propagation of light is prohibited 

inside the photonic crystal. So, if a correctly polarised light with frequency falling within 

the band-gap of the photonic crystal is incident, it will be reflected. This photonic band-

gap concept is very similar to the well-known electronic band-gap used in solid-state 

physics. The regular arrangement of the atoms in a lattice results in periodicity of the 

electronic potential in semiconductors giving rise to the electronic band-gaps. These 

electronic band-gaps are forbidden energy bands for electrons. Similarly, the periodicity 

of the refractive index gives rise to the photonic band gap, forbidden energy bands for 

photons. 

The periodicity of the photonic crystal can be disturbed by introducing a defect inside 

the crystal. The effect of such a defect is similar to the defect in a crystalline structure of 
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a semiconductor. Introduction of the defect results in appearing of new eigen-states inside 

the band-gap with energy corresponding to the eigen-frequency of the introduced defect. 

The light with frequency matching the frequency of the defect will propagate inside the 

structure. 

Depending on geometry of the structure, photonic crystals can be divided into three 

broad categories, namely one-dimensional (1D), two-dimensional (2D) and three-

dimensional (3D) structures. 

1.2.1 One Dimensional Photonic Crystals (1D-PhC) 

In a 1D PhC, the periodic modulation of the refractive index occurs in one direction 

only with a uniform structure in the remaining directions. A Bragg grating is an example 

of a 1D photonic crystal. Periodic modulation of the refractive index in a Bragg grating is 

made by repeating high and low index dielectric layers in a periodic manner. The 

refractive index contrast, thicknesses and the number of layers determine the behaviour 

of a dielectric stack. The percentage of light reflecting form an interface between two 

dielectrics at normal incidence for a plane wave is given by Fresnel formula 

𝑹 = (
𝒏𝟐−𝒏𝟏

𝒏𝟐+𝒏𝟏
)

𝟐

           1-5 

where n1 and n2 are the refractive index values of the high and low index materials. 

This shows that a larger refractive index contrast will result in higher reflections from 

each interface requiring lesser number of pairs for complete reflection of the incident 

light. A highly reflective structure can be designed by setting optical thickness of each 

layer equal to one fourth of the reflecting wavelength (λ/4n). This type of stack is called 

a quarter wave stack. The working of a highly reflective stack is explained in Figure 1-4. 

The incident light is reflected back from each dielectric interface. The phase of the 

reflected lights should be m*2π (m = integer) out of phase to interfere constructively. The 

light goes through a π phase shift on reflection from low to high index interface. No phase 

shift is experienced for reflection from high to low index interface. The phase shifts are 

marked with the respective interface in the stack. Optical thickness of each layer is set as 

one quarter of the wavelength to achieve a phase shift of π for round trip of light through 

the layer. It can be noticed that the first reflection in the sketch has a phase shift of π due 
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to reflection from air to the n2 interface. The second reflection also has a shift of π. This 

phase shift for second reflection is due to the round trip of the light through the first 

dielectric layer. It can be noticed that third and fourth reflections from the stack are 2π out 

of phase from the first two reflections. So, reflections from the quarter wave stack 

interfere constructively and result in high reflections from the stack. Anti-reflection stacks 

can also be designed by making the reflection interfere destructively. 

 

Figure 1-4: Sketch explaining the working of a highly reflective quarter wave stack. Refractive indices 

of the layers are selected such that n2>n1. Phase shift experienced by the light at high to low or low to 

high interface is marked next to the interface. The reflections are n*2π out of phase with respect of 

each other so interfere constructively. 

A couple of quarter wave stacks having different refractive index contrasts between 

low and high index layers are simulated to show that stronger reflections can be achieved 

for the stack having larger refractive index contrast. A multilayer 1D PhC can be modelled 

using the transfer matrix method. Each layer is represented as a 2x2 matrix using its 

refractive index n and thickness h at a given wave vector 𝑘 =
2𝜋

𝜆
. Reflection and 

transmission response of a Bragg reflector can be calculated using the matrix: 

𝑴 = |
𝑪𝒐𝒔(𝒏𝒉𝒌)

𝒊

𝒏𝒌
𝑺𝒊𝒏(𝒏𝒉𝒌)

𝒊𝒏𝒌𝑺𝒊𝒏(𝒏𝒉𝒌) 𝑪𝒐𝒔(𝒏𝒉𝒌)
|          1-6 

This matrix describes the transfer of field from one layer to the next inside the stack. 

Each layer is represented as a matrix and the response of the multilayer is obtained by 

multiplying these matrices. The reflected and transmitted intensities are found using: 

𝑹 + 𝑻 = 𝟏           1-7 

MATLAB code implementing the Transfer Matrix Method (in appendix) is used to 

calculate the reflection and transmission responses of the multilayer reflectors. Two 

quarter wave stacks having refractive index contrasts of Δn = 0.1 and Δn = 0.4 are 
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designed for reflection around 850 nm wavelengths. The thickness of each dielectric layer 

is selected to be one quarter of 850 nm (850/4*n). It is shown by simulations that the stack 

having a larger refractive index contrast stack needs only 20 pairs of high and low index 

pairs to achieve almost 100% reflection. On the other hand, the stack with smaller index 

contrast requires 80 layers. The calculated spectral reflection for both dielectric stacks are 

shown in Figure 1-5. 

 

Figure 1-5: (a) Calculated reflections for a quarter wave stack having a refractive index contrast of 

Δn = 0.1 between low and high index layers. Calculations show that 80 layers are required for almost 

100% reflection of the incident light. (b) Calculated reflections for a quarter wave stack having a 

refractive index contrast of Δn = 0.4 between low and high index layers. Calculations show that 20 

layers are required for almost 100% reflection of the incident light. 

A cavity inside the dielectric stack can be created by disturbing the periodicity in the 

middle of the stack. Creation of a cavity results in coupling of a particular resonant 

wavelength to the cavity. This wavelength starts resonating inside the cavity and results 

in building up of energy inside the cavity as shown in Figure 1-6(a) below. The quality 

(a) 

(b) 
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factor, sharpness and depth of the defect mode depend on the reflectivity of the side walls 

(mirrors). A defect inside the high index dielectric stack discussed above is simulated. 

Calculated transmission and reflection responses for the stack with a defect are shown in 

the Figure 1-6. It can be noticed that introduction of the defect results in channelling of 

the resonant (831 nm) wavelength through the stack. The dip/peak in the 

reflection/transmission response is due to the coupling of the resonant wavelength to the 

cavity. 

 

 

 

Figure 1-6: (a) A sketch showing building up of the electric field inside the cavity. The cavity is formed 

by increasing the thickness of the middle layer of the stack. Calculated (b) reflection and (c) 

transmission responses for 40 pairs of high and low index pairs having a refractive index contrast of 

Δn = 0.4. Thickness of the middle layer was increased to form a cavity. 

(a) 

(b) 

(c) 
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To conclude the 1D photonic crystal section, 1D PhC can be designed to act as 

highly reflective or anti-reflecting coatings. Use of 1D photonic crystal for designing 

sensors, highly tuneable gratings and cavities and many other applications has been 

demonstrated [8-13]. 

1.2.2 Two Dimensional Photonic Crystals (2D-PhC) 

In a 2D PhC, the periodic modulation of the refractive index occurs in a plane leaving 

the third direction uniform. 2D photonic crystals are usually made either by drilling of 

periodic holes in a slab or by etching everything leaving behind periodically repeating 

rods. 2D structures with holes are discussed in this section. The holes can be made in a 

rectangular or triangular arrangement. The widely used triangular lattice is considered 

here. A unit cell of a triangular lattice is shown in the Figure 1-7(a) below. Light can be 

incident from the middle of two holes or in-line with the holes as shown in the Figure 

1-7(a) below. These directions are named as Γ-M and Γ-K in the reciprocal space. To 

make it simple, triangular lattice of holes in a slab can be considered as a mix of two 1D 

dielectric stacks oriented at an angle to each other as shown in Figure 1-7(b). The air filled 

holes have smaller index than rest of the slab and act similar to a low index layer in a 

dielectric Bragg grating. The layer containing larger number of holes is considered as a 

low index layer in contrast to the layer containing lesser number of holes. 

 
Figure 1-7: (a) A sketch showing a triangular lattice. Γ-M and Γ-K directions in the reciprocal space 

are marked. (b) Two 1D dielectric stacks oriented at an angle to each other are used to represent the 

stack. 

(a) 

(b) 
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Reflections from different planes of the triangular lattice can be explained using the 

bandstructure (dispersion diagrams). Absence of modes in a dispersion diagram marks the 

band-gap. Opening of a band-gap for a particular direction results in reflection from that 

plane of incidence. A complete band-gap results in reflection of light for all directions of 

incidence. Bandstructures of a 2-D photonic crystal for both TE and TM polarised light 

are calculated to show opening of a complete band-gap for a TE polarised light only. The 

bandstructure are calculated using commercially available Finite Difference Time 

Domain (FDTD) software from Lumerical Solutions. The code used for calculations and 

plotting of the data is available in the appendix. The simulated photonic crystal has a 

lattice constant of a=500 nm with 200 nm radius air filled holes. The holes are made in a 

Ta2O5 slab having a refractive index of n = 2. The calculated bandstructures are shown in 

Figure 1-8. The horizontal axis represents the Γ-M, Γ-K and M-K orientations of the 

simulated crystal in the reciprocal space. The calculated bandstructure for TE shows a 

complete band-gap for frequencies lying between f1 = 2.43x1014 Hz and f2 = 2.96x1014 

Hz. The corresponding wavelengths can be calculated as: 

 

𝝀𝟏 =  
𝒄

𝒇𝟏
=

𝟑∗𝟏𝟎𝟖

𝟐.𝟒𝟑∗𝟏𝟎𝟏𝟒 = 𝟏. 𝟐𝟑µ𝒎          1-8 

𝝀𝟐 =  
𝒄

𝒇𝟐
=

𝟑∗𝟏𝟎𝟖

𝟐.𝟗𝟔∗𝟏𝟎𝟏𝟒 = 𝟏. 𝟒𝟓µ𝒎          1-9 

 

A complete band-gap is not noticed for a TM polarised light. A TE polarised light 

with wavelengths falling in the band-gap will be reflected from the crystal irrespective of 

the direction of incidence as a complete band-gap is available for these wavelengths. The 

reflection response of the same crystal for light incident from middle of the holes (i.e. Γ-

M direction) is calculated. Back reflections around 1300 nm wavelengths are calculated. 

The calculated reflection response is plotted over the bandstructure to show that the 

reflection peak lies inside the Γ-M band-gap. 
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Figure 1-8: Calculated bandstrures for (a) TE and (b) TM polarized lights. There is a complete band-

gap for wavelengths ranging from 1.23µm to 1.45µm for TE polarized light only. (c) Calculated 

reflection response is plotted over the TE bandstructure. It can be observed that reflection lies in the 

band-gap region. 

A 2D PhC cavity can be created by removing some spheres or by changing the radius 

of some of the spheres inside the crystal. Creation of a cavity results in coupling of a 

particular resonant wavelength to the cavity. A cavity in the above mentioned triangular 

lattice crystal is formed and simulated by removing the central hole and by reducing the 

radius of six surrounding holes as shown in Figure 1-9(a). The resonance wavelength of 

the cavity was calculated and it was found that light starts building up at the resonance 

wavelength. A static image of the field inside the cavity is shown in the Figure 1-9(b) 

(b) 

(a) 

(c) 
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below. The quality factor of the cavity can be tuned by changing the parameters of the 

cavity. High quality factor cavities have already been demonstrated and applied for 

different applications [14, 15]. Waveguiding of light using a line defect inside the 

photonic crystal has also been demonstrated [16-18]. The light inside a line defect 

waveguide is guided by the photonic crystal in the lateral direction and by total internal 

reflection in the vertical direction. 

 

 

Figure 1-9: (a) Refractive index profile of the modelled cavity formed by removing a hole in the centre 

and reducing the radius of the six surrounded holes. (b) Calculated electric field for the resonant 

mode at 1492 nm wavelength. 

(a) 

(b) 
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To conclude the 2D photonic crystal section, 2D photonic crystals can be designed 

for different applications including sensing [19, 20], high Q cavities [14, 15], waveguiding 

[16-18] and slowing of light [21-24]. 

1.2.3 Three Dimensional Photonic Crystal (3D - PhC) 

In a 3D PhC, the periodic modulation of the refractive index occurs in all three 

directions of the crystal. Three dimensional photonic crystals can either be opal or 

inverted-opal in nature. Mono dispersed particles are used to fabricate both opal and 

inverted opal structures. Deposition of spheres on a substrate results in an opal structure. 

Inverted-opal structures are made from the opal structures by infiltrating the voids 

between the spheres with some material and then removing the spheres to get a honey 

comb like structure. Inverted opal structures have very low refractive index as air takes 

place of the spheres after the removal of the colloids. Opal photonic crystal structures are 

discussed in this section. 

Natural sedimentation of mono-dispersed particles on a flat surface is the easiest way 

to realise three dimensional colloidal photonic crystal structures. The multi-layer 

structures fabricated in this manner can be expected to have horizontal layers of 

hexagonally packed spheres stacked above each other. These hexagonally packed layer of 

spheres are called (111) planes. The Face Centre Cubic (FCC) lattice is formed if each 

individual horizontal layer of spheres repeats itself at every third layer in vertical 

direction. Three different positioning, repeating every third layer, can be designated as A, 

B and C arrangements and the stacking of repeated ABCABC... is the FCC lattice as 

shown in Figure 1-10 (a). The FCC lattice is formed only if everything goes right in the 

natural sedimentation process with the spheres positioning themselves at the right 

locations without any defects. Defects in the sedimentation process can change the 

repetition from say the third to every second layer resulting in AB, BC or AC stacking. 

Structures having alternating layers of spheres like ABAB… are called Hexagonal Closed 

Pack (HCP) structures, Figure 1-10 (b). So, any deviation from ideal sedimentation will 

result in changing of FCC into HCP and a mix of FCC and HCP lattice results. This mix 

of FCC and HCP lattices can be named as a Random Face Cantered Cubic (RFCC) lattice, 

Figure 1-10 (c). 
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Figure 1-10: Three different relative arrangements of spheres: A, B and C are represented in White, 

Red and Blue colours respectively to show the stacking of (a) Face Cantered Cubic (FCC) (b) 

Hexagonal Closed Packed (HCP) and (c) Random Face Cantered Cubic (RFCC) structures. 

 

(a) 

(b) 

(c) 
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The reflections from different orientations of the crystal can be explained using the 

bandstructure. The bandstructure of FCC structures are calculated to map different FCC 

reflecting planes in the reciprocal space by plotting the calculated reflection responses 

over the bandstructure. Calculated bandstructure of the FCC crystal are shown in Figure 

1-11 (a). The bandstructure shows openings of band-gaps in different orientations of the 

crystal lattice in the reciprocal space. The calculated reflection from the (111) plane is 

plotted over the bandstructure in Figure 1-11 (b) to show that (111) plane of FCC is 

represented by Γ-L direction in reciprocal space. The reflection peak from the (111) plane 

falls exactly on top of the band-gap with Full Width Half Maximum (FWHM) equal to 

the opening of the band-gap. The bandstructure dispersion in the Γ-L direction is linear 

and behaves like a simple Bragg reflector. This band-gap in Γ-L direction moves to higher 

frequencies as we move from L to W directions in the reciprocal space. Movement from 

L to W points in the reciprocal space is equivalent to changing the angle of incidence of 

light on (111) plane. This movement of band-gap to higher frequencies is in agreement 

with the Bragg’s law of dispersion with the resonance frequency moving to larger values 

with an increase in the angle of incidence. 

It can be observed that band-gap in L-U and L-K directions follow the same trend so 

it can be concluded that L-U and L-K directions in the reciprocal space are identical. 

Reflections from (001) plane of FCC unit cell is mapped to the middle point of W-K 

directions which is named as X. FCC (001) plane has spheres placed in a rectangular 

arrangement instead of the hexagonal arrangement as for FCC (111) plane. FCC (001) 

planes will be discussed in more details in Chapter 5. The calculated reflection response 

for normal incidence of light on (001) plane of FCC photonic crystal shows a reflection 

peak around 1.6 THz. The reflection spectrum from the (001) plane of FCC is plotted over 

the calculated bandstructure in Figure 1-11 (c) to show that reflection peak falls in the 

band-gap frequencies at X point which is right in the middle of W-K direction. It can be 

observed in the bandstructure that band-gap at X moves to larger frequency values on 

moving towards W or K point from X. 
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Figure 1-11: (a) Bandstructure of FCC crystal. (b) Back reflections from (111) FCC plane are plotted 

over the bandstructure to show that FCC (111) is represented by Γ-L in the reciprocal space. (c) 

Reflection from (001) FCC plane is in agreement with band-gap at X point. 

 

 

(a) 

(b) 

(c) 
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The bandstructure shows inter-crossings of optical bands near K/U and W points 

in the reciprocal space. The crossings of the bands result in transfer of energy between the 

optical bands present for those frequencies. A small reflection peak in the reflection 

response appears just next to the strong reflection peak at the start of the inter-crossing. 

This new peak gets energy from the stronger peak in the neighbourhood in result of the 

energy transfer. As a result, the initial peak before the start of the crossing transfers its 

complete energy to the new born peak and disappears. 

It should be mentioned here that fabrication techniques for three dimensional 

crystals are not so mature and controlled defects cannot be fabricated. Cracks appear in 

multilayer samples on drying of the spheres.  Pure FCC structures can be achieved for 

smaller spheres but formation of RFCC or HCP is also very common for larger sphere 

sizes. Achieving a controlled defect inside a colloidal crystal is almost impossible to form 

a desired cavity. 

To conclude the 3D photonic crystal section, 3D crystals have been studied and 

fabricated to explore different opportunities. Colour changing polymer sheets have been 

used for a few real life applications [25, 26]. As fabrication of these crystals lack control 

so use of colloidal crystal for real life applications is very limited at the moment. 

1.3 Thesis Outline 

A general introduction to optical waveguides and photonic crystals was provided in 

this chapter. In chapter 2, 1D photonic crystal structures are used to demonstrate a 

sensitive, simple and easy to fabricate optical sensor. A prism is used for matching of 

wave vectors for the demonstrated sensor. It is shown that on-chip sensing without the 

prism can also be achieved using polymer waveguides. In chapter 3, on-chip sensors are 

experimentally demonstrated using polymer waveguides. In chapter 4, polymer 

waveguides are studied and implemented to demonstrate a multilayer optical printed 

circuit board. In chapter 5, sharp bends for polymer waveguides discussed in chapter 4 

are demonstrated using 3D-PhC structures. Here is the detailed outline of my thesis. 

In chapter 2, the use of 1D photonic crystal for the realisation of an optical sensor 

capable of sensing a refractive index change over the surface is explained. A simple 
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sensing surface is designed and implemented by depositing a pair of silicon (Si) and silica 

(SiO2) layers on sapphire substrate. The demonstrated sensitivity is compared to the 

already reported sensitivities for sensors using multiple pairs of layers to show that 

comparable sensitivities can be achieved using this simple and easy to fabricate sensor. 

The working principle for the sensor is explained and attributes compared to the already 

commercialised sensors. At the end of the chapter, it is shown using simulations that on-

chip sensing can be achieved by depositing the silicon (Si) and silica (SiO2) layers on a 

polymer waveguide instead of depositing on a sapphire prism. 

In Chapter 3, novel on-chip sensing is demonstrated by cladding a polymer waveguide 

with silicon (Si) and silica (SiO2) layers. The waveguide is excited using end-fire coupling 

to measure a resonance dip in the transmission. Design of the sensor for operation around 

telecom wavelengths is presented for measurements using the tuneable laser source and 

detectors readily available in the labs.  

In chapter 4, polymer waveguides are investigated and implemented. A centimetre 

sized multi-layer optical printed circuit board (OPCB) for transportation of light from one 

component to another is demonstrated using polymer single mode waveguides and 

passive optical devices. The OPCB helps overcoming the issues faced by the conventional 

electrical PCBs at higher data rates. In-plane single mode waveguides, directional 

couplers, multi-mode interference (MMI) and Y-splitters are designed, fabricated and 

optically characterised to demonstrate the working at a single optical level. A method to 

quantify a small variation in refractive index contrast between the core and cladding of 

the polymer waveguides using a tuneable laser is explained. Multilayer optical 

interconnects are designed and fabricated to demonstrate the working of an ‘optical via’ 

and a ‘1x4 optical 2-D port’. Coupling of light from one level to another is experimentally 

demonstrated similar to the working of an electrical via in copper based electrical 

interconnects. 

In chapter 5, the use of both opal and inverted-opal 3D photonic crystal structures for 

polymer optical interconnect is explained. Design and implementation of opal structures 

to achieve sharp bends for polymer waveguides is presented. It is shown that rectangular 

seed layer can be used to achieve FCC (001) stacking. Opal based reflectors are integrated 
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at 45° to the waveguides for in-plane bending of light at right angles. In a second 

demonstrator, inverted-opal structures having an effective refractive index close to air are 

used as under cladding for the polymer waveguide core to demonstrate effectively an air 

suspended polymer waveguide. 

In chapter 6, the thesis is concluded and future possible research work is discussed. 
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high sensitivity detection and compact waveguiding” Sci. Technol. Adv. Mater. 

17, 398-409 (2016). 

 Muhammad Umar Khan, John Justice, Pierre Lovera, Brian Corbett, 

“Simplified Bloch surface wave sensors,” Conference paper (In preparation). 

 

My Contributions 

It was my own idea to decrease the number of layers and then to deposit on a polymer 

waveguide to achieve on-chip resonances. Designed, simulated and characterised the 

sensors. Samples were fabricated by John Justice. 

 

About simplified BSW design 

It should be mentioned here that the basic aim was to simplify the structure by 

reducing the number of layers. This reduction in number of layers helps reducing 

fabrication effort resulting into reduced cost of the sensor. The confinement of the electric 

field was taken care of by choosing silicon as the terminating layer. The field strength at 

the surface can be optimised at the expense of the number of layers or by improving the 

design. 
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2 1D Photonic Crystals for Sensing 

There has been on-going research activity aimed at the realisation of optical sensors 

for the measurement of chemical and biological analytes for many decades. The first 

optical chemical sensor was reported in 1975 for the measurement of CO2 and O2 

concentration using the changes in absorption spectrum [1]. Since then, various optical 

approaches including ellipsometry, spectroscopy, interferometry and surface 

electromagnetic waves (SEW) have been used as the measurement method [2, 3]. 

In this chapter, the use of 1D photonic crystals for sensing purposes is discussed. 

After discussing the importance and working of some optical sensors, surface plasmon 

resonance (SPR) based optical sensors are explained which have already been 

commercialized and are mostly used for refractive index based label-free sensing. SPR 

based sensors have broad resonances due to the losses associated with the metals and can 

only be operated at the metal dependent wavelengths. Operation around desired 

wavelengths with sharper resonances can be achieved by replacing the metal layer with a 

dielectric stack. These sensors using a dielectric stack are called as Bloch surface wave 

(BSW) sensors. 

By presenting a couple of already reported BSW sensors, it is shown that BSW 

sensors can be designed for both TE and TM polarised light in comparison to SPR which 

can operate for TM polarised light only. It is shown that the number of dielectric layers 

can be reduced by increasing the refractive index contrast between the high and low index 

materials in the stack. A sensor using only a single pair of high (Si) and low (SiO2) index 

layers is proposed, explained and experimentally demonstrated. It is the first time that a 

BSW-like sensor using only a single pair of high and low index dielectric layers is 

demonstrated. A similar structure using only a couple of layers (resonant mirror) was 

reported in 1993 [4, 5] but a resonance in the transmission response has not been reported 

to date. Phase change in the reflection was used for resonant mirror. The presence of a 

resonance dip in the reflection for the demonstrated sensor distinguishes it from the 

resonant mirror. The surface waves are excited using the prism based Kretschmann-

Raether (K-R) configuration [6, 7]. The prism is used for matching of wave-vectors of the 

incident light and the surface wave. It is shown using simulations that the demonstrated 2 
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layer platform can be designed using silicon-on-insulator (SOI) platform for operation 

around telecom wavelengths. Silicon is transparent around telecom wavelengths and 

results in sharper resonances with better sensitivities. 

A novel waveguide coupled BSW platform is proposed after the demonstration of the 

Kretschmann-Raether (K-R) based sensor. This waveguide coupled platform helps 

achieving on-chip sensing by eliminating the prisms used in K-R configuration. The 

waveguide coupled resonances are experimentally demonstrated in chapter 3. 

2.1 Optical Sensors 

An optical sensor revolves around the transducer to inter-relate the optical and (bio) 

chemical domains which transforms changes in the quantity of interest into changes in the 

optical properties of the incident light. Typically, a bio-recognition layer is attached to the 

surface of the transducing medium to make the sensor selective. The interaction of the 

target analyte with the recognition layer produces a change in the refractive index at the 

surface. This change in refractive index above the surface is reflected into a change in 

optical properties of the incident light which may be determined by optoelectronic part of 

the sensor. 

The sensitivity of the sensors is defined as the derivative of the monitored optical 

parameter (resonance angle, wavelength, intensity or phase) with respect to the parameter 

to be determined (refractive index, concentration etc.). Sensor resolution or Limit of 

Detection (LoD) is the minimum change in the parameter to be determined which can be 

resolved by a sensing device. The influence of the temperature, light source and photo 

detector noise play an important role in determining the sensor resolution. It should be 

noted that the accuracy with which the measured parameter can be determined is very 

dependent upon the experimental circumstances and the degree of optimisation of the 

particular sensor and therefore the ultimate resolution of the particular sensor may differ 

from that of the considered model systems. 
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2.1.1 Refractive index based label-free sensing 

There are two main detection protocols used in optical biosensors: fluorescence 

based sensing and label-free sensing. The bio recognition layer or the target analyte is 

tagged with florescent dyes for fluorescence based sensing. The intensity of the florescent 

signal determines the presence of the target analyte or the interaction of the analyte with 

the recognition layer. The process of tagging makes this approach expensive and difficult 

to implement. The process of tagging affects the natural functionality of the molecules 

also. The tagging process is not uniform, so the number of tags associated with a single 

molecule cannot be controlled. These difficulties in the fluorescence based protocol 

makes a label free sensing protocol more suitable as tagging of the molecules is not 

required. The absence of tagging process makes this detection protocol simple and cost 

effective. The natural functionality of the molecule is not affected in the label-free 

detection technique. 

There are mainly two types of detection techniques in the label-free detection: 

Raman Spectroscopy and the refractive index based detection. The scattered light from 

the sample and the change in refractive index over the surface of the sensor are used for 

detection in the Raman spectroscopy and refractive index based measurements 

respectively. Various refractive index based optical sensors including resonant waveguide 

gratings (RWG), ring resonators, photonic crystal based sensors and surface 

electromagnetic Waves (SEW) based sensors have been widely used for label-free 

sensing. SEW based label-free sensors will be discussed for the rest of this chapter. 

2.2 Surface Electromagnetic Wave (SEW) Sensors 

SEW are the electro-magnetic waves that propagate along the interface between two 

media and can be strongly confined and significantly enhanced at the surface and decay 

exponentially into the neighbouring media. The optical properties of the two media 

determine the kind of SEW that can be sustained. SEW have been studied and 

demonstrated in many photonic application areas, among which sensing methods based 

on surface waves have become powerful diagnostic tools due to their unique properties, 

such as high surface sensitivity, real-time and label-free detection. The most popular 
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surface wave based sensing technology is undoubtedly the surface plasmon resonance 

(SPR) method [2, 3]. 

2.2.1 Surface Plasmon Resonance (SPR) 

SPR is based on the excitation of the surface plasmon wave along the interface of 

two media having positive and negative dielectric constants e.g. metal and dielectric. The 

surface plasmon wave is actually a travelling wave of oscillating charges at the surface of 

the metal. These waves can be stimulated using an optical wave having a wave-vector 

matching that of the surface wave. The Drude model can be used to show the relationship 

between the wave-vector (β) along the interface and the angular frequency (ω) as shown 

in Equation 2-1 below. 

𝜷 =  
𝝎

𝒄
 √

𝜺𝒎+ 𝜺𝒅

𝜺𝒎𝜺𝒅
           2-1 

where c is the speed of light in vacuum, εm and εd are the dielectric constants of 

the metal and the dielectric respectively. 

The surface plasmon wave is usually excited using the prism coupled 

Kretschmann-Raether (K-R) configuration [6, 7] to match the wave-vectors, Figure 2-1 

(a). The incident light from the source is reflected from metal interface and detected by 

the spectrometer. The wave-vector of the incident light matches that of the plasmon wave 

at a particular angle of incidence resulting in a decrease of reflected light at the resonance. 

Both angle and wavelength dependent measurements can be performed to find the surface 

plasmon resonance. The field distribution of a SPR mode is calculated to show that the 

resonant mode is evanescent in nature and the field decays away from the metal surface 

in both the dielectric and the medium above the metal. The simulated SPR sensor 

comprised of a 45 nm thick gold (Au) layer on BK7 glass. A 5 nm thick titanium adhesion 

layer was also taken into consideration for an accurate modelling. The calculated SPR 

mode at 820 nm wavelength had an effective index of 1.38 with a penetration depth of 

375 nm into the water. Bio-recognition (Antibodies) layer is usually deposited on the gold 

surface to allow only the desired analytes (Antigen) to attach. This attachment of the 

antigen causes a change in refractive index over the surface of the sensor resulting in a 

shift of resonance angle/wavelength. 
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Figure 2-1: (a) Sketch of the SPR sensor showing the way it is excited using the Kretschmann-Raether 

(K-R) configuration. The sketch shows the bio recognition layer (Antibody) attached to the surface 

of the sensor to selectively attach the desired antigen. (b) The calculated power distribution shows 

that SPR mode is evanescent in nature with a penetration depth (1/e of electric field) of 375 nm into 

the water. The calculations were made for an incident light of 820 nm. 

In the 1970’s the potential of SPR for characterisation of thin films [8] and 

monitoring processes at metal interfaces [9] was recognized. The use of SPR for gas 

sensing and bio-sensing was demonstrated in 1982 [10-12]. In 1990, the use of SPR 

sensors for biological detection applications was commercialized by Biacore® [13]. Since 

then SPR sensing has been receiving continuously growing attention from scientific 

community. Noise estimations reveal that best performing plasmon based systems have 

nearly reached their theoretical limits [14]. One route to better performing sensors based 

on plasmons could be to laterally pattern the structure [15, 16] in order to exploit local 

field enhancement. Alternatively, modes guided at the surface of a dielectric one-

dimensional photonic crystal [17, 18] have been suggested for plasmon like sensing [18, 

(a) 

(b) 

Pol = TM 
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19]. These guided modes at the surface of a dielectric one-dimensional photonic crystal 

are called Bloch Surface Waves (BSW) which exploit the band gap in a dielectric 

truncated one dimensional photonic crystal [20] to obtain guiding of a surface mode, thus 

giving rise to surface sensitive evanescent field sensors [21-23]. 

2.3 Bloch Surface Waves (BSW) 

It was theoretically reported in 1977 that dielectric multilayers can sustain BSW 

[20] followed by the first experimental demonstration in 1978 [24]. A periodic layered 

structure consisting of 12 pairs of alternating layers of 500 nm thick GaAs and 500 nm 

thick Al0.2Ga0.5As on a GaAs substrate was used to show BSW at the excitation 

wavelength of 1150 nm. At the start of the 1990s, it was experimentally shown that 2-D 

photonic crystal structures can also sustain the BSW [25, 26]. Recently, the BSW 

sustained at the truncated interface of finite one-dimensional dielectric photonic crystals 

(1D-PhC) have been investigated as an alternative to SPR where the metal used in SPR is 

replaced by a multilayer Bragg reflector. The resonance occurs by the excitation of the 

BSW at the interface between the Bragg reflector and the surrounding medium. There are 

several advantages provided by BSW propagation on flat dielectric surfaces. The BSW 

have longer propagation lengths as they travel on dielectric surfaces having very small 

losses. The use of a Bragg reflector provides greater freedom in the operating wavelengths 

than SPR, which is limited to a narrow range of metal dependent wavelengths. The Bragg 

reflector can be designed to sustain both the TE and TM polarised BSW, a condition that 

cannot be achieved with SPR as they are only TM polarised. Furthermore, the field 

intensity associated with the BSW can be enhanced by several orders of magnitude close 

to the surface. This tuneable localised field confinement is particularly attractive for bio 

sensing, waveguiding platform and enormous field enhancements [27, 28]. 

2.3.1 Bloch Theorem: 

To investigate the propagation behaviour in periodic structures, modes of the 

periodic structures are determine from the solutions of Maxwell’s equations in periodic 

medium (no source terms). A general solution to this problem is given by the Bloch 

theorem and the modes of the periodic medium are called Bloch modes. 
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For the sake of simplicity, I am considering one dimensional problem in which the 

refractive index n(x) is periodic in the x-direction with period Ʌ. Ψ(x) is the complex 

representation of the field Ψ(x, t) (meaning (x, t) = Re Ψ(x) ejωt) and satisfies following 

wave equation 

𝒅𝟐𝜳

𝒅𝒙𝟐 + 𝒌𝟎
𝟐𝒏𝟐(𝒙)𝜳(𝒙) = 𝟎          2-2 

where ko and λ0 respectively are the free space wave vector and free space 

wavelengths. For periodic modulation of the refractive index, Bloch theorem states that 

a general solution of the Maxwell’s equations is 

𝜳(𝒙) = 𝒆𝒊𝒌𝒙𝒖𝒌(𝒙)          2-3 

where uk(x) is a periodic function with same period as n(x). The periodic function 

uk(x) can be written as 

𝒖𝒌(𝒙) = ∑ 𝒄𝒍𝒆
−𝒊𝒍𝑲𝒙∞

𝒍=−∞           2-4 

 

In the coming sections, the design of BSW structures and their use for sensing 

applications is discussed. By presenting already reported structures, it is demonstrated 

that the BSW can be designed for both TE and TM polarised light. The role of the 

refractive index contrast and number of layers is explained through simulations. A novel 

design of a sensing platform using only a single pair of high index contrast (Si/SiO2) layers 

is explained and implemented to show a sensitivity of 900 nm/RIU. It is shown using 

simulations that this 2 layer high index contrast sensor principle can be applied to silicon-

on-insulator (SOI) at a wavelength of 1550 nm where Si is transparent and sharper 

resonances with better sensitivities (1950 nm/RIU) can be obtained. After the 

experimental demonstration of K-R based sensor, a waveguide coupled BSW sensor is 

proposed for on-chip sensing. These novel waveguide coupled resonances are explained 

and experimentally demonstrated in chapter 3. 

2.3.2 Design of Bloch Surface Wave Sensors 

A BSW can be excited on the surface of a highly reflective one-dimensional 

photonic band-gap or Bragg reflector designed with the optical thickness of each layer 

being one quarter of the target reflecting wavelength, λ. 
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𝒅𝑯 =
𝝀

𝟒∗𝒏𝑯∗𝑪𝒐𝒔(𝜽𝑯)
           2-5 

𝒅𝑳 =
𝝀

𝟒∗𝒏𝑳∗𝑪𝒐𝒔(𝜽𝑳)
            2-6 

where dH, dL represent the thicknesses of the high and low index materials while 

nH and nL represent the refractive index values of the high and low index materials 

respectively. The θH and θL are the angles inscribed inside the high and low index layers 

respectively. The bandwidth of the reflection is set by the number of mirror pairs and the 

refractive index contrast, Δn. An increase in Δn results in both a higher reflection for a 

given number of mirror pairs and a wider reflection bandwidth. A transmitting mode 

inside the band-gap can be initiated by breaking the periodicity of the Bragg reflector and 

can be made to travel on the surface of the Bragg reflector by truncating the reflector at 

the appropriate thickness. 

BSW is mostly excited using the prism based Kretschmann-Raether (K-R) 

excitation configuration to measure the angular or wavelength dependent resonance 

responses. The K-R configuration is used to match the wave-vectors of the incident light 

and the BSW as explained earlier in the SPR section. The wave-vector of the BSW (βBSW) 

can be calculated using equation 2-7 below. 

𝜷𝑩𝑺𝑾 =
𝟐𝝅

𝝀
∗ 𝒏𝒑𝒓𝒊𝒔𝒎 ∗ 𝑺𝒊𝒏(𝜽)          2-7 

where λ is the free space wavelength and θ is the angle of incidence of the light. 

Figure 2-2 explains the excitation of a BSW on the surface of a multilayer Bragg reflector. 

As light is made incident in the K-R configuration, it passes twice through the layer stack. 

A variation in the thickness of the last layer will result in breaking the periodicity inside 

the equivalent stack. This will form a cavity which will be resonant for a particular 

wavelength inside the band-gap. This resonance wavelength travels on the surface of the 

truncated stack if the angle of incidence is larger than the angle required for total internal 

reflection (TIR). The resonance wavelength or angle can be tuned by changing the 

thickness of the last layer.  
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Figure 2-2: Sketch of the Bloch Surface Wave sensors showing the way it is excited using the 

Kretschmann-Raether (K-R) configuration along with the equivalent Bragg reflector considering the 

complete path of light. Blue and red colours in the diagram represent two materials having different 

refractive indices. 

BSW have been demonstrated using two dimensional [25, 26], three dimensional 

[29] and more widely one dimensional photonic crystal structures (Bragg reflectors) using 

TiO2/SiO2 [30-34 ], Ta2O5/SiO2 [35-41], Si3N4/SiO2 [42-48] and porous Si [49-52] 

multilayers for refractive index [7-15], fluorescent sensing [53-58] and waveguiding 

applications [59-62]. Different measurement techniques like angular, spectral, intensity 

or phase interrogation have been proposed to enhance the performance of the reported 

sensors. The designs of a couple of TiO2/SiO2 BSW sensors already reported in the 

literature are discussed below. These sensors operate for different polarisations of light so 

it will help understanding the design of BSW sensors for both orthogonal polarisations. It 

should be mentioned here that presented field distributions and the reflection responses 

for the example structures from the literature were not copied but were re-simulated. I 

have used both transfer matrix method implemented in MATLAB (Appendix A & B) and 

the finite difference time domain (FDTD) methods for the simulations. Commercially 

available FDTD based simulator from Lumerical solutions was used and the scrip for 

calculations is available in Appendix A. The design of a high index contrast BSW-like 

sensor will be explained after explaining these couple of sensors. 

A sensor (structure ‘A’) consisting of 20 layers of TiO2 (nH = 2.30) and SiO2 (nL 

= 1.434) with respective thicknesses of dH = 163 nm and dL = 391 nm sustains a TM-

polarised BSW at the wavelength of 980 nm [23]. The final layer adjacent to the external 
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medium was 500 nm thick SiO2. The calculated reflection response for an incident 

wavelength of 980 nm is shown in Figure 2-3(a) where water (n = 1.33) was used as the 

medium above the surface. Two resonance dips at incident angles of 53.4° and 65° can be 

observed in the reflection response having Full Width Half Maxima (FWHM) of 0.009° 

and 0.11° respectively. The calculated field distributions for these modes are shown in 

Figure 2-3(b). It can be noticed that the electric field for the resonance at 53.4° is confined 

at the surface of the dielectric stack. The calculated effective refractive index of the mode 

is 1.34 with a 1 µm penetration depth of the electric field (at 1/e) into the water. A 

significant part of the electric field for surface mode penetrates into the water, so a change 

in refractive index above the surface will result in shifting of the surface resonance. The 

electric field for the resonance at 65° on the other hand is buried inside the stack, so this 

mode is named as a Bloch sub-surface mode (BSSW). As the field is buried inside the 

stack so a change in refractive index above the surface will not affect the sub-surface 

wave. The effective index of the sub-surface wave was calculated to be 1.52, larger than 

surface wave as field is residing inside the stack instead of comparatively lower index 

water. The thickness of the last SiO2 layer was changed to show the effect of this thickness 

on the resonances. The calculated resonances for a 480 nm, 500 nm and 520 nm thick last 

SiO2 layer are shown in the inset of Figure 2-3(a). The sub-surface resonance is not 

affected by this variation while the surface resonance moves to larger angles with an 

increase in the thickness. This shows that the position of the surface wave resonance can 

be tuned by changing the thickness of the surface dielectric layer. 
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Figure 2-3: Calculated reflection response for structure ‘A’ having 10 pairs of TiO2 / SiO2 layers 

under plane wave excitation. Two resonances representing surface and sub-surface resonances are 

observed at angles of incidences of 53.4° and 65° respectively. The angles are quoted with respect to 

the surface normal in the substrate. The inset shows the shift in the surface resonance for different 

thicknesses of the surface SiO2 layer. (b) Calculated field distributions at resonance (980 nm). High 

(TiO2) and low (SiO2) index layers are marked by H and L respectively. The field distribution shows 

that the resonance at 65° is due to a sub-surface mode with the electric field buried inside the dielectric 

stack. 

A 5 layer sensor (structure ‘B’) using TiO2 and SiO2 with respective thicknesses 

of dH = 96 nm and dL = 140 nm was reported to sustain a TE-polarised BSW at the 

wavelength of 550 nm [24]. The surface of the multilayer adjacent to the external medium 

was a 34.6 nm thick TiO2 layer. The BSW in this design was sustained for TE polarised 

light with the number of layers reduced from 20 to 5 using the same materials. The surface 

layer of the sensor was a high index layer in contrast to the low index layer for the 

previously discussed BSW. The calculated reflection response for this structure is shown 

in Figure 2-4(a). A shallow TE polarised resonance is calculated at an incident angle of 

(a) 

(b) 

Pol = TM 
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58° with air (n=1) above the surface. The FWHM of the resonance is calculated to be 

0.78° which is larger than the earlier presented structure. The effective refractive index of 

the mode is only 1.29 as a significant portion of the field is residing inside the air. The 

electric field distribution at resonance is shown in Figure 2-4(b). The penetration depths 

of the electric field (at 1/e) are calculated to be 100 nm and 300 nm into air and water 

respectively. The penetration depth of this BSW into water is smaller than the previous 

one as the field is more tightly confined to the surface due to the high index terminating 

layer. Thus the use of a high index surface layer helps strongly confining the field at the 

surface. 

     

         

Figure 2-4: (a) Calculated reflection response for structure ‘B’ having 5 layers of TiO2 and SiO2 for 

operation at 550 nm wavelengths. Air was assumed above the surface for these calculations. The 

angles are quoted with respect to the surface normal in the BK7 substrate. (b) Calculated field 

distribution at resonance. High and low index layers are marked by H and L respectively. 

(a) 

(b) 

Pol = TE 

Pol = TE 
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2.3.2.1 Design of 2 layer BSW sensor 

Learning from the above discussed structures, the number of layers were reduced 

to 2 using high (Si) and low (SiO2) index dielectric layers on a sapphire substrate as shown 

in Figure 2-5(a). This structure is named as structure ‘C’ in the thesis. Used refractive 

index values for Silicon (Si), Silica (SiO2) and sapphire were 3.67+0.03i, 1.47 and 1.77 

respective at λ = 820 nm. The imaginary part in the refractive index represents the 

significant loss associated to Si at 820 nm. The internal angles within the individual layers 

needed in order to obtain a surface wave can be calculated using Snell’s law. Quarter 

wave layer thicknesses of 60 nm and 327 nm were calculated using the equations below 

for Si and SiO2 for an aqueous environment (n=1.33). 

 

𝒅𝑺𝒊 =
𝝀

𝟒∗𝒏𝑺𝒊∗𝑪𝒐𝒔(𝜽𝑺𝒊)
= 𝟔𝟎𝒏𝒎            2-8 

𝒅𝑺𝒊𝑶𝟐 =
𝝀

𝟒∗𝒏𝑺𝒊𝑶𝟐∗𝑪𝒐𝒔(𝜽𝑺𝒊𝑶𝟐)
= 𝟑𝟐𝟕𝒏𝒎          2-9 

 

where values of the θSi and θSiO2 were 21.3° and 65° respectively. The thickness 

of the high index silicon layer determines the position of the resonance inside the band-

gap. Calculations show that a strong TM polarised mode is excited at an incident angle of 

61° for λ = 820 nm using a 70 nm thick silicon layer. The resonance obtained has a full 

width at half maximum (FWHM) of 3.5°. This width can be reduced by increasing the 

number of mirror pairs at the expense of unacceptably high absorption in the Si or by 

increasing the thickness of the SiO2 layer to 676 nm for the 2nd order mode which results 

in the FWHM of the resonance being 1°, Figure 2-5. It should be noticed that the FWHM 

is still high due to the loss associated to silicon at visible wavelengths. It will be shown 

later that sharper resonances can be achieved by operation around telecom wavelengths 

where silicon is transparent. 
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Figure 2-5: (a) A sketch showing the designed 2 layer sensor (structure ‘C’) with silicon and silica 

layers deposited on a sapphire substrate/prism. (b)Comparison of the reflection response for a 2-layer 

Si/SiO2 BSW for 327 nm and 676 nm thick SiO2 layers. A 70 nm thick Si layer was used for these 

calculations. 

The effect of the silicon layer thickness on the resonance wavelength was studied 

by varying the silicon layer thickness from 40 nm to 140 nm. The angle of incidence and 

thickness of SiO2 were fixed at 61° and 676 nm respectively. The 3D plot in Figure 2-6(a) 

shows that the reflection intensity at resonance is at a minimum for a 70 nm thick silicon 

layer at 820 nm supporting the earlier calculations. The effect of the silicon layer thickness 

on the resonance angle was also studied with the wavelength of incident light fixed at 820 

nm. The 3D plot in Figure 2-6(b) confirms that the strongest resonance will be observed 

for 70 nm thick silicon layer at a resonance angle of 61°. 

Pol = TM 

(a) 

(b) 
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Figure 2-6: (a) 3D graph shows that the resonance depth is maximum (intensity minimum) for a Si 

layer thickness of 70 nm on 676 nm SiO2 for operation at 820 nm. The angle of incidence for the 

calculations was fixed at 61°. (b) 3D graph shows that strongest resonance is observed for Si thickness 

of 70 nm at a resonance angle of 61°. 

So, 676 nm and 70 nm thick layers of SiO2 and Si were used to calculate the 

wavelength and angle dependent reflections shown in Figure 2-7. The shift in the 

resonance angle and wavelength for a change in the refractive index of Δn = 0.04 in the 

overlying medium, as appropriate to isopropyl alcohol (IPA), was calculated to be Δθ 

=1.09° for λ=820 nm and a shift of Δλ = 36 nm for θ=61°. Thus, the calculated bulk 

sensitivities are 900 nm/RIU (refractive index unit) and 27.3°/RIU. 

(b) 

(a) 
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Figure 2-7: (a) Calculated wavelength dependent reflections for the structure ‘C’ for an angle of 

incidence of 61° in both water (n=1.33) and IPA (n=1.37) environments. (b) Calculated angle 

dependent reflection response for 820 nm incident light. Water (n=1.33) and IPA (n=1.37) were used 

to calculate the expected shift in the resonance for a change of Δn=0.04 above the surface. The inset 

shows the calculated field distribution for the BSW at resonance. 

The field distributions of the excited mode for both on (61°) and off (70°) 

resonance are presented in Figure 2-8(a). Only a small portion of the power resides inside 

the silicon layer showing that the mode is evanescent. At resonance, the penetration depth 

(at 1/e) of the electric field into water (n=1.33) is 150 nm. This strong confinement of the 

field to the surface makes this sensor very suitable for label free detection of biological 

analytes. The mode profiles were compared with those obtained for a multilayer BSW, a 

SPR and for a non-resonant silicon-on-insulator (SOI) guided mode, Figure 2-8(b-d). In 

(a) 

(b) 

Pol = TM 

Pol = TM 
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all cases, water (n = 1.33) was used as the environment above the sensors for the 

calculations.  

The multilayer BSW sensor (structure ‘D’) was designed to have a resonance at 

820 nm and consisted of 5 pairs of high index TiO2 (n=2.3+0.0002i) and low index SiO2 

(1.44) [13] layers with respective thicknesses of 137 nm and 328 nm. The thickness of the 

surface SiO2 layer was 420 nm. The calculated BSW mode had an effective index of 1.34 

with a 750 nm penetration depth into the water. The comparison in Figure 2-8(b) shows 

that the field for the high index contrast sensor is more tightly confined to the surface 

because of the high index (Si) top layer. 

The SPR mode discussed in the SPR section with an effective index of 1.38 and a 

penetration depth of 375 nm into the water is also compared. I have named this structure 

as structure ‘E’ in this chapter. The comparison in Figure 2-8(c) shows that electric field 

for the high index contrast sensor is more tightly confined to the surface than a SPR 

sensor.  

The SOI waveguide mode for a 260 nm thick Si layer (structure ‘F’) as shown in 

[63] at a wavelength of 1550 nm was simulated for comparison. The calculated field 

distributions show that the TM polarised mode is a guiding mode with equal penetration 

depth to our sensor. The broadband waveguide mode has an effective refractive index of 

2.37 as most of the power is residing inside the high index silicon core. Note that the 

waveguide mode is non-resonant and lateral structuring is required to make a resonant 

structure for sensing. In contrast, the layered structure directly provides the resonance that 

can be used to monitor local refractive index changes. This presence of the resonance 

makes bi-layer sensor a Bloch surface wave sensor separating it from a simple waveguide 

as a waveguide is broadband and no resonance is observed for a waveguide. 

 



1D Photonic Crystals for Sensing 

  44 

      

    

Figure 2-8: (a) Calculated field distributions for the designed sensor (structure ‘C’) mode at a 

wavelength of 820 nm on-resonance at 61° (red) and off-resonance at 70° (black). The inset shows 

that the excited mode is lossy as energy is leaking into the sapphire substrate. (b) A comparison 

between the calculated field distributions for a multilayer (TiO2/SiO2) BSW structure (structure ‘D’) 

at an angle of 53.5° (black) and our high index contrast sensor (structure ‘C’) at 61° (red). The inset 

shows the calculated field distribution inside the TiO2/SiO2 stack. High and low index layers are 

marked with letters H and L respectively. (c) A comparison between the calculated electric field for 

the SPR mode (structure ‘E’) at 72° (black) and the high index contrast (structure ‘C’) sensor (red). 

The inset shows the calculated field distributions for the SPR. (d) The calculated field distribution for 

the TM guided mode at a wavelength of 1550 nm in a 260 nm thick SOI layer (structure ‘F’)as used 

in [63]. 

The calculated parameters for the simulated structures explained above are 

summarised in Table 1. It should be noticed that typical structures are discussed as the 

evanescent field can be further engineered in the above mentioned sensors. Also that, I 

am just comparing the field penetration depth and the effective index of the mode to show 

that excited mode is an anti-guided BSW like mode with small portion of light residing 

inside the silicon which is in contrast to the silicon guided SOI mode which has larger 

effective index as most of the light is residing inside the high index silicon. 

(a) 

(d) (d) 

(b) 

(c) 

Pol = TM Pol = TM 

Pol = TM 
Pol = TM 
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Sensor Type 
Lateral 

structuring 
Neff of the mode 

Penetration 

depth of 

electric field 

High index contrast 

(Structure ‘C’) 
Not required 1.54 150 nm 

BSW – TM [23] 

(Literature, Structure ‘A’) 
Not required 1.34 1000 nm 

BSW – TE [24] 

(Literature, Structure ‘B’) 
Not required 1.4 300 nm 

SPR (Structure ‘E’) Not required 1.38 375 nm 

SOI Waveguide (Structure 

‘F’) [63] 
Required 2.37 150 nm 

Table 1: Comparison between different refractive index sensors. 

A tolerance analysis for the sensor was performed and it was found that a small 

change (± 10 nm) in the thickness of the SiO2 layer does not significantly affect the 

resonance wavelength. The resonance is more sensitive to the thickness of the high index 

Si layer. The calculations show a 115 nm shift in resonance wavelength for a 10 nm 

variation in the thickness of the silicon layer as shown in Figure 2-9(a). The calculated 

resonances for different loss values of silicon are shown in Figure 2-9(b). An increase in 

the loss makes the resonance wider and shallower. So, smaller losses are desired for a 

sharp and prominent resonance. As the roughness of the surface will result in additional 

scattering loss, a smooth dielectric surface is desired. An increase in the nominal refractive 

index of the SiO2 layer while keeping the refractive index of silicon constant results in the 

resonance moving to longer wavelengths, Figure 2-9(c). The resonance becomes broader 

with an increase in index due to it being off-resonance. The change in angle of incidence 

results in moving away from the resonance condition which will result in a shallow 

resonance. 
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Figure 2-9: (a) Calculated resonance angles at λ = 820 nm for change in thicknesses of the silicon 

layer. The thickness of the SiO2 layer was set at 676 nm. (b) Calculated responses for different values 

of the loss associated with the silicon layer. The resonance gets broader and shallower with an increase 

in the loss. (c) Calculated responses for small variation in refractive index value of the silica layer. 

Increase in index shifts the resonance to larger wavelengths. 

 

 

(b) 

(c) 

(a) 

Pol = TM 

Pol = TM 

Pol = TM 
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2.3.2.1.1 Design for Telecom wavelengths 

The single pair high index contrast structure can be designed to be resonant at a 

desired wavelength and polarisation state. The structure was designed for operation 

around 1550 nm wavelengths where silicon is transparent and the silicon on insulator 

(SOI) platform is widely used for photonic integrated circuits. A conventional (2 µm thick 

SiO2) SOI arrangement was simulated with a silicon substrate rather than sapphire as 

silicon is transparent for these wavelengths allowing access through the substrate.  

It is shown using simulations that both TE and TM polarised resonances can be 

excited for different thicknesses of the silicon layer. Refractive index values of 3.48 and 

1.47 are used for Si and SiO2 respectively. The variation of the resonance angle for both 

TE and TM polarised light with different thicknesses of Si are shown in Figure 2-10(a) 

for both water (dotted lines) and air (solid lines) above the surface. Resonances with 

FWHM around 0.003° are calculated which is due to the zero loss assumed for the layer 

materials. 

The mode profile for the 1st TE mode is shown in Figure 2-10(b). It should be 

noticed that silicon thickness ranging from 10 nm to 75 nm will result into a TE mode as 

shown by the blue graph in Figure 2-10(a). This mode is calculated for 40 nm thick silicon 

layer with air above the surface. This mode is similar to the earlier discussed TE-polarised 

mode for the 5 layer TiO2/SiO2 structure. 

The black graph in Figure 2-10(a) shows that silicon thickness ranging from 100 

nm to 210 nm will result into 1st TM mode. The field distribution for the 1st TM polarised 

mode calculated for 170 nm thick silicon layer with air above the surface is shown in 

Figure 2-10(c). The mode is an evanescent mode with an effective refractive index of 

1.524. The sensitivity of the resonance was calculated by changing the overlying medium 

with a 133 nm thick silicon layer. This silicon thickness of 133 nm was selected to get a 

strong resonance with water above the surface. The refractive index above the surface was 

changed from 1.33 (water) to 1.47 (IPA). It can be noticed in Figure 2-10(d) that 

resonance moves from 1550 nm to 1630 nm for a bulk refractive index change of 0.04 

resulting into a calculated bulk sensitivity of 2000 nm/RIU. The calculated field 

distribution at resonance for water above the surface is shown in the inset of Figure 
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2-10(d). The penetration depth of the electric field into the water is 300 nm. The resonance 

can also be excited by grating coupling or tapered waveguide coupling techniques as are 

used in silicon photonics. 

 

      

     

Figure 2-10: (a) Calculated BSW enhanced TE and TM modes for a wavelength of 1550 nm on SOI. 

The thickness of the SiO2 layer is 2000 nm. The angles are quoted with respect to the surface normal 

in Si substrate. (b) Electric field of the fundamental TE mode guided by a 40 nm thick silicon layer 

at an angle of 26° (c) Electric field of fundamental TM mode calculated for 170 nm thick silicon layer 

at an angle of 26.35°. (d) Calculated wavelength dependent reflection in both water (n=1.33) and IPA 

(n=1.37) environments. The inset shows the calculated electric field of fundamental TM mode using 

133 nm thick silicon layer at an angle of 26.1°. Water was used as the overlying medium for this 

calculation. 

 

 

(a) (b) 

(c) (d) 

Pol = TE 

Pol = TM Pol = TM 
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2.3.3 BSW based sensors from literature 

Size-selective sensing of molecules in a label-free manner was demonstrated using 

a 21 layer thick porous-silicon based sensor [34, 35]. The BSSW described earlier, 

confined inside but near the top of the structure, was used to sensitively detect small 

molecules (0.8 nm) that could infiltrate the surface. The BSW being confined at the 

surface was used to sense larger (60 nm) immobilised analytes. The small molecules 

infiltrated the top surface of the sensor and resulted in shifting of the sub-surface modes. 

A BSSW sensitivity of 72 °/RIU (Refractive index unit) or 2038 nm /RIU was reported. 

A BSW sensitivity of 31°/RIU or 967 nm/RIU was reported for the large molecules. 

An intensity interrogation was used to improve the performance of a 20 layer TiO2/ 

SiO2 BSW sensor [23]. An angular sensitivity of 41 °/RIU was demonstrated using 

different concentrations of glycerol above the sensor surface. This reported sensitivity 

was comparable to SPR sensors [8]. The authors fixed a resonant angle and measured the 

change in intensity at that angle of incidence for different concentrations of glycerol above 

the surface. These measurements for the same sensor demonstrated better intensity 

sensitivities than SPR sensors due to the sharpness of the BSW resonance. They reported 

an intensity sensitivity of 156 /RIU [43] with a limit of detection as low as 7.5 × 10−7 RIU 

significantly better than the gold SPR sensors having a sensitivity of 24 /RIU [26]. 

A sensing platform capable of working simultaneously in a label-free and in a 

fluorescence mode was reported using a 9 layer Ta2O5 and SiO2 based structure [37]. 

Concerning the label-free operation, the reflectance was measured above the total internal 

reflection edge for known concentrations of glucose in doubly ionized water to show an 

angular sensitivity of SBSW = 14.7 °/RIU. The structure was designed to sustain a TE 

polarised resonance around 804 nm. The reported sensitivity was much smaller than the 

reported SPR and other BSW sensitivities. However, a Figure of Merit (FoM) was defined 

as 

𝑭𝒐𝑴 = 𝑺 ∗
𝑫

𝑾
          2-10 
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where S is the sensitivity, D is the depth of the resonance and W represents the 

width of the resonance dip. The sensor was demonstrated to have a FoMBSW = 82 / RIU, 

better than the SPR sensors having a FoMSPR = 48 / RIU. In the fluorescence mode, the 

surface of the sensor was labelled with dye molecules and excited by an external laser 

beam. The emission was dependent on the refractive index of the surface layer and was 

preferentially emitted into the substrate where it could be collected. 

Luminescent/fluorescent detection was also demonstrated using an 8-layer Ta2O5/SiO2 

structure designed for a TE polarized resonance in the visible range [25]. The enhanced 

luminescence emission from the last SiO2 layer terminating the reflector was due to the 

near-field enhancement. The measurement was defined as label-free since the 

luminescence concerned with the photonic structure itself rather than a specifically 

labelled analyte. The reported sensitivity for this sensor was 2500 nm/RIU with a limit of 

detection as low as 3x10-6 RIU. 

Phase detection was used to enhance the performance of a 5-layer TiO2 and SiO2 

based sensor because the phase of the reflected light from the BSW sensor changes rapidly 

as the excitation of BSW occurs [24]. Variable angle spectroscopic ellipsometry was used 

for both the angular interrogation and phase detection. Different concentrations of NaCl 

in water were used to demonstrate an angular sensitivity of 40 °/RIU with a LoD of about 

1.2 × 10−4 RIU. The calculated phase sensitive sensitivity of the sensor was 6.6 × 103 

°/RIU, higher than the angular sensitivity. 

Table 2 below compares the attributes of a selection of reported BSW sensors. 
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No. of 

layers 

Material 

(H/L) 

Operating 

Wavelength 
Sensitivity Reference 

21 
Porous 

Silicon 
1550 nm 

BSSW 
72 °/RIU or 

2038 nm/RIU 
[51] 

BSW 
31 °/RIU or 967 

nm/RIU 

20 
Silicon 

Alloy 
1550 nm 1100 nm/RIU [21] 

20 TiO2/SiO2 980 nm 

Resonance 

Shift 
41 °/RIU 

[33]  
Intensity 

Interrogation 

BSW - 156/RIU 

SPR - 24/RIU 

9 Ta2O5/SiO2 804 nm 14.7 °/RIU [41]  

9 Si3N4/SiO2 632 nm 40 °/RIU [42]  

8 TiO2/SiO2  632 nm >1000 nm/RIU [31]  

8 Ta2O5/SiO2 543 nm 
Theoretical = 40 °/RIU 

[23]  

Experimental = 18 °/RIU 

8 TiO2/SiO2 467 nm 600 nm/RIU [32]  

Table 2: A comparison between BSW based sensors. 
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2.3.3.1 Experimental demonstration of 2 layer BSW sensor 

After presenting the results for different reported BSW sensors, I am explaining 

the fabrication and experimental characterisation of the designed 2 layer Si/SiO2 based 

platform. The designed thicknesses of 70 nm and 676 nm for Si and SiO2 respectively 

were deposited by electron beam evaporation on a 2 inch double-side polished sapphire 

wafer. Atomic Force Microscopy (AFM) measurements showed that surface roughness 

of the layers was less than a nanometre. The wafer was diced into 2 cm square pieces and 

attached to a 45° dove shaped sapphire prism with Durimide 112A as an index matching 

polymer. 

The K-R configuration was used to excite the resonance as a function of 

wavelength which was preferred over angle dependent measurements because of the 

simplicity of the characterisation setup. A white light source (Ocean Optic HL2000) was 

collimated and polarised in the desired TM orientation. A microfluidic delivery system 

was mounted on the sensor enabling the flow of different fluids over the surface. The flow 

rate was maintained at 25 µl/minute. The fabricated sensor was placed at the calculated 

resonance angle of 61° for measurements. The reflected light from the sensor was coupled 

to a fibre using a lens and detected by a spectrometer (Ocean Optic USB4000). A 

resonance was observed at the designed wavelength of 820 nm. The FWHM of the 

resonance was measured to be ~ 23 nm. Solutions having different refractive index values 

were prepared by mixing different percentages of IPA (20, 40, 60 and 80%) in DI water. 

These solutions were injected into the microfluidic channel and the resonance shift 

measured. The resonance was found to shift to larger wavelength values with increasing 

concentration of IPA in DI water. The relation between the increase in concentration and 

shift in the resonance wavelength was found to be linear. A resonance shift of Δλ = 36 nm 

was measured for a refractive index change of Δn = 0.04 i.e. changing the fluid from pure 

DI water having an index of 1.33 to pure IPA having an index of 1.37. A good agreement 

was found between the experimentally measured and calculated resonances as shown in 

Figure 2-11(b). The wavelength sensitivity of the sensor was experimentally found to be 

900 nm per RIU. The sensitivity of the sensor can be increased by improving the design 

and selection of the materials. 
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Figure 2-11: (a) Sketch showing the setup used for the measurements. The chip was attached to the 

sapphire prism using index matching polymer Durimide 112A. (b) Picture of the measurement setup 

in the lab. (c) Calculated (continuous lines) and experimentally measured (dotted lines) reflectance 

spectra for a high index contrast sensor with water and IPA environments. 

(a) 

(c) 

(b) 

Pol = TM 
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2.3.4 Waveguide coupled resonance 

A new approach based on a waveguide coupled BSW resonance is proposed here 

as a means to avoid the use of the prism. A dual layer Si / SiO2 with thicknesses of 70 nm 

and 676 nm (as discussed earlier) are to be deposited on a deep etched waveguide which 

will be excited by end fire coupling for excitation of BSW-like resonance at 820 nm 

wavelength. As the structure was originally designed for TM polarised light only, so 

dielectric layers are proposed to be deposited on the top surface of the waveguide as 

shown in Figure 2-12(a). TM polarised light has its electric field perpendicular to the 

deposited layers and will result in excitation of the surface wave. The BSW will only be 

excited if the effective index of the waveguide mode matches. 

Simulations are performed to demonstrate the working of this waveguide coupled 

structure. SU8 having a refractive index of 1.585 is chosen as waveguide material because 

it is easy to process and is suitable for waveguide applications. The waveguides will be 

fabricated on a glass substrate as glass has smaller refractive index than SU8. The 

refractive index of the polymer should be larger than substrate to prevent coupling of the 

light to the substrate. A 2.5 µm x 2.5 µm waveguide will achieve a waveguide mode with 

effective index of 1.54 (i.e. to match the effective index of the BSW). The calculated 

transmission response for the structure shown in Figure 2-12(a) is shown in Figure 2-12(b) 

for TM polarised light. Water was used as the overlying medium for the calculations. A 

resonance dip at wavelength around 770 nm can be observed. Electric field was calculated 

to be sure that the resonance dip was actually due to the surface wave at this wavelength. 

The calculated electric field is shown in Figure 2-12(c). A surface wave having electric 

field concentrated at the silicon surface and decaying away from the silicon can be 

observed for an incident wavelength of 770 nm. This confirms that BSW-like resonance 

demonstrated earlier using the Kretschmann-Raether configuration can also be excited 

using a polymer waveguide. The waveguide will be excited using the end-fire coupling 

which will help eliminating the bulky prisms used for K-R configuration. 
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Figure 2-12: (a) Schematic of proposed waveguide coupled structures using deposition of the resonant 

structure on the top surface of the waveguide. The resonance can only be excited by TM polarized 

light. (b) Calculated transmission for TM polarised light showing a resonance dip at 770 nm 

wavelength. (c) Calculated electric field confirms that the resonance dip is due to the surface wave 

excited at a wavelength of 770 nm. 

(a) 

(b) 

(c) 

Pol = TM 
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Calculations have confirmed that the proposed design will help achieving on-chip 

sensing of different analytes. Waveguide coupled resonances will be demonstrated in 

chapter 3. 

2.4 Conclusions and discussion 

To conclude, a high index contrast sensing surface using silicon on silica on 

sapphire is proposed and experimentally demonstrated. The sensor was designed by 

initially decreasing the number of dielectric layers using relatively low index contrast 

materials ZrO2 and SiO2. The index contrast was later increased by using Si and SiO2 as 

low and high index materials respectively. Silicon was selected as high index material due 

its availability and high index value. Considerable losses for silicon around 820 nm 

wavelengths were a negative point but the ultimate goal is to operate the sensor around 

telecom wavelengths with possibilities of active guiding by doping of silicon. Silicon, 

being high index terminating layer, helped reducing the penetration depth into water to 

150 nm. A similar structure using only a couple of layers (resonant mirror) was reported 

in 1993 but a resonance in the transmission response has not been reported to date and 

phase change in the reflection was used for measurements. The presence of a resonance 

dip in the reflection for the demonstrated sensor distinguishes it from the resonant mirror. 

The demonstrated sensitivities (900 nm/RIU) are compared with already reported BSW 

sensitivities and novel waveguide coupled BSW resonances are proposed at the end. The 

waveguide coupled resonances are experimentally demonstrated in chapter 3. 

It is found that the sensor is very sensitive to the thickness of the silicon layer. A 10 

nm variation in thickness of the silicon layer results in 115 nm shift in the resonance. The 

silicon layer should therefore be carefully/accurately deposited for operation at the desired 

wavelength. Simulations show that a substrate with index larger than 1.6 is required for 

matching of the wave vector. For the demonstrated sensor, sapphire was selected as the 

substrate and the prism material for matching of the wave vector. 
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3 Waveguide coupled BSW resonances 

It was proposed and demonstrated using simulations in section 2.3.4 that on-chip 

BSW resonances can be excited without the K-R coupling prisms if we deposit the 

designed thicknesses of silicon (70 nm) and silica (676 nm) on a carefully designed 

polymer waveguide. 

Here the design, fabrication and characterization of waveguide coupled BSW sensors 

are explained. Two different possibilities for the dielectric layer deposition on the 

waveguide are proposed. The dielectric layers can either be deposited on the top surface 

only or on all three sides of the waveguide. Deposition on all three sides of the waveguide 

makes the sensor resonant for both TE and TM polarisations. The dielectric layers can 

also be deposited on the substrate before the fabrication of the waveguide for a reference 

resonance which will not shift with the analyte. The simpler of the proposed structures 

having dielectric layers deposited on the top surface only were fabricated in the first step 

to experimentally demonstrate a surface wave resonance around 800 nm wavelengths. Air 

and water were used to show the shift in resonance with refractive index change above 

the surface. The sensitivity for the waveguide coupled sensor with dielectric layers 

deposited on the top only was experimentally measured to be 300 nm/RIU. The sensor 

having dielectric layers deposited on all three sides of the waveguide was fabricated in 

the next step. The sensor was designed, fabricated and characterised to show resonances 

around 1550 nm wavelengths. It was experimentally demonstrated that the both TE and 

TM polarised light result in excitation of a resonance. 

3.1 Design 

A new approach based on a waveguide coupled BSW-like resonance is proposed here 

as a means to avoid the bulky prism used in the Kretschmann-Raether configuration. A 

dual layer Si/SiO2 with designed thicknesses of 70 nm and 676 nm respectively are to be 

deposited on a deep etched waveguide which will be excited by end-fire coupling for on-

chip excitation of BSW-like resonance around 820 nm wavelengths. The dielectric layers 

can either be deposited only on the top surface or on all 3 sides of the fabricated waveguide 

as shown in Figure 3-1(a, b). Si/SiO2 layers can also be deposited on the glass substrate 
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before the fabrication of the waveguides to excite a control resonance at the Si and Glass-

substrate interface, Figure 3-1(c, d). The orientations of the electric field (polarisation) 

responsible for the excitation of the surface waves are indicated. The structure presented 

in Chapter 2 was originally designed to sustain a resonance for light having the electric 

field perpendicular to the surface. So, a surface wave on the top dielectric surface can only 

be observed for TM polarised light as shown in Figure 3-1(a). On the other hand, both TE 

(electric field perpendicular to the side surfaces) and TM (electric field perpendicular to 

the top surface) polarised light can excite the surface waves on the structure shown in 

Figure 3-1(b) where the layers are deposited on the sides of the waveguide as well. The 

structures shown in Figure 3-1(c, d) will have an additional resonance due to the layers 

lying underneath the waveguides. These resonances will only be excited if the effective 

index of the waveguide mode matches. 

 

  

Figure 3-1: Schematic of proposed waveguide coupled structures using deposition of the resonant 

structure on (a) the top surface of the waveguide on glass. (b) 3 sides of the waveguide on glass. (c) 

the top surface of the waveguide on Si/SiO2 underlying layers. (d) 3 sides of the waveguide on Si/SiO2 

underlying layers. The orientations of the electric field responsible for excitation of the resonance are 

marked. 

(a) (b) 

(c) (d) 
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The proposed waveguide coupled structures were modelled and simulated. SU8 

polymer, being suitable for waveguiding applications, was chosen as a waveguide 

material on a SiO2 (Schott AF-32) substrate. The refractive index of the polymer should 

be larger than SiO2 to prevent coupling of the light to the substrate. It was found that a 

waveguide mode with effective index of 1.54 (i.e. to match the effective index of the 

BSW-like resonance) can be achieved using a 2.5 µm x 2.5 µm SU8 waveguide.  

The structures were modelled and simulated for transmission responses of the 

structures shown in Figure 3-1. The calculated transmission responses for the structure 

shown in Figure 3-1(a) having Si/SiO2 layers on top of the waveguide only are shown in 

Figure 3-2(a). The transmission responses were calculated for TM polarised light. Air and 

water were used above the surface to show the shift of the resonance with the change in 

refractive index above the surface. The calculated shift in resonance was almost 100 nm 

resulting in a sensitivity of 300 nm/RIU.  

The calculated transmission responses for structure shown in Figure 3-1(c) having 

Si/SiO2 layers both on top and bottom of the waveguide are shown in Figure 3-2(b). Two 

different resonance dips at 690 nm and 900 nm wavelengths for air above the surface can 

be noticed in the transmission response. The transmission response was calculated for TM 

polarised light. These resonance dips are due to excitation of surface waves on the top and 

bottom surfaces of the SU8 waveguide. As two different media, air and the glass substrate, 

are in contact with the silicon layers sustaining the surface waves so the resonances are at 

different wavelengths.  

The calculated electric fields for these modes at resonance are shown in Figure 3-2(d, 

e). It can be noticed that the resonance at 900 nm wavelengths shown in Figure 3-2(d) is 

excited at the interface of silicon and glass substrate with the field penetrating into the 

substrate. A change in refractive index in the surroundings will not have any effect on this 

resonance as mode is buried inside the structure. Water was used as the surrounding 

medium to validate that only the resonance at 690 nm wavelengths shifted. The resonance 

at 900 nm was not shifted by changing the surrounding medium to water and can be used 

as a reference resonance to measure the shift in the surface wave resonance. The field 

distributions calculated for the structure having dielectric layers on all sides (Figure 
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3-1(d)) are shown in Figure 3-2(c-e). TE polarised light results in excitation of surface 

waves on both side walls, Figure 3-2(c). The surface waves on the top and bottom surfaces 

for TM polarised light are shown in Figure 3-2(d and e) respectively. This confirms that 

the structures shown in Figure 3-1(b, d) can be used to excite surface waves for both TE 

and TM polarised light. 

  

 

Figure 3-2: (a) Calculated transmission for TM polarised light shows a resonance at 690 nm 

wavelengths for air surroundings. A resonance shift of about 100 nm was observed for changing of 

environment from air (n=1) to water (n=1.33). These responses were calculated for a waveguide 

covered by sensing layers on top surface only. (b) Calculated transmission for TM polarised light 

showing resonances at 690 nm and 900 nm wavelengths for an air environment. Change of 

environment from air (n=1) to water (n=1.33) resulted in shifting of the 690 nm resonance only. These 

responses were calculated for a waveguide having sensing layers on both top and bottom surfaces. (c) 

Calculated fields for TE polarised light shows that surface wave will be excited on both side walls as 

(a) (b) 
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electric field is perpendicular to these walls. (d) Calculated electric field for resonance around 900 

nm wavelengths for TM polarised light. The field is buried inside the glass substrate and has no 

interaction with the surrounding medium. (e) The calculated electric field for resonance at 690 nm 

wavelength for TM polarised light. The field is penetrating into the surrounding medium. These fields 

were calculated using the structure shown in Figure 3-1(d). 

Simulations were performed to investigate the effect of small variations in refractive 

index of the waveguide or thickness of the silicon layers. The refractive index of the SU8 

waveguide was varied from 1.535 to 1.585 to show that the resonance wavelength changes 

with change in refractive index due to change in effective index of the waveguide mode. 

The resonance depth decreases due to the mismatch between the surface mode and the 

effective index of the waveguide. The thickness of the silicon layer was varied from 60 

nm to 80 nm to show that resonance wavelength increases with an increase in thickness 

of the silicon layer. The strongest resonance was observed for a thickness of 70 nm with 

water above the surface. This calculated thickness of 70 nm is in agreement with the 

silicon thickness used for sensors demonstrated in chapter 2. The simulation results for 

these variations are shown in the figure below. 

    

 

Figure 3-3: (a) Plot showing the change in resonance wavelength with change in refractive index of 

the SU8 waveguide. An increase in refractive index of the waveguide results in resonance at smaller 

wavelengths or vice-versa. (b) Plot showing an increase in resonance wavelength with increasing 

refractive index of the SU8 waveguide. 

(a) 

(b) 
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3.2 Fabrication and Characterization 

Waveguides with sensing layers only on the top surface being the simplest among the 

proposed structures were fabricated in the first step to experimentally demonstrate the 

working of this sensing platform. Schott AF-32 wafer was pre-treated by Dehydrate bake 

at 200°C for 5 minutes. O2 plasma was used for 4 minutes at 250 Watts to promote the 

adhesion before the spin coating. A 2500 nm thick SU8 layer was deposited on the pre-

treated AF-32 wafer by spin coating. The sample was annealed at 180 °C for 5 minutes to 

prevent possible crinkling of SU8 during Si evaporation. The sample was allowed to cool 

down for 10 minutes. O2 plasma was used for 4 minutes at 250 Watts after the annealing 

to promote adhesion between the polymer and the SiO2 layer. SiO2 was sputtered on the 

annealed and plasma treated SU8 using the Oxford sputterer. It took 77 minutes to sputter 

the oxide . The thickness of the sputtered SiO2 was measured to be 670 nm at the edge of 

the wafer. Si was evaporated subsequently using the Leybold evaporator to complete the 

deposition process. The evaporation rate during the process was 0.2 nm/sec at a flowing 

current value of 267 mA. No APS or heating was used during the process and tooling was 

at 99.4%. The deposited thickness of Si layer was found to be around 75 nm. Dry etching 

process (Oxide etch) was used for etching of Si/SiO2 layers with end point detection. The 

sample was etched for 4 minutes at Vpp=480V and LUR=5.14. BCB etch was used 

subsequently for etching of the SU8 using Vpp=350V and LUR=4.8. The sample was oil 

bonded to a silicon wafer for the etching process. After the etching process samples were 

diced into chips for the measurements. The sample was diced at the lowest possible dicing 

speeds to get good facets. Scanning Electron Microscope (SEM) images of the fabricated 

waveguide are shown in Figure 3-4 below. Both the silicon and silica layers were present 

on the SU8 waveguide. It should be noticed that there is no delamination between the 

polymer and the dielectric layers. 
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Figure 3-4: Scanning Electron Microscope (SEM) images of the Si/SiO2 coated waveguides.  

The diced waveguides were measured on a waveguide measurement system using a 

fibre-coupled super continuum light source from Fianium. Single mode lens ended fibres 

were used to couple to the input and output waveguides and the power maximised in order 

to measure the transmitted powers. The output fibre was coupled to an Optical Spectrum 

Analyser (OSA) in order to observe the spectral response of the waveguide. Transmission 

spectra for both TE and TM polarisations of the incident light were measured. A resonance 

dip was observed only for TM polarised light with air above the surface. Measured TM 

polarised resonance at 860 nm wavelength for air above the surface is shown in the Figure 

3-5(a). Full Width Half Maximum (FWHM) of the resonance was measured to be 55 nm. 

The shift in resonance was investigated by putting some DI water (n=1.33) on the 

waveguide. A shift of almost 100 nm was observed for a refractive index change of 0.33 

(i.e. 1.33(water) - 1.0(air) = 0.33) as shown in Figure 3-5(b). The bulk sensitivity was 

calculated to be 
100

0.33
= 303 𝑛𝑚/𝑅𝐼𝑈 which was in agreement with the simulations. The 

resonance was measured at larger wavelength values than predicted by the simulations 

which can be due to a small variation in deposited silicon thickness (75 nm instead of 70 

nm) or a refractive index value different than used in the simulation. 

(a) (b) 
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Figure 3-5: (a) Measured transmission response for air above the waveguide. A resonance can be 

observed for a wavelength of 865 nm. (b) Measured transmission response for water above the 

waveguide. A resonance can be observed for a wavelength of 963 nm. 

It should be mentioned here that both resonances at 865 nm and 965 nm can be 

observed simultaneously if the waveguide is not completely covered with DI water. The 

surface wave excited at the regions having air above the surface will result in resonance 

around 865 nm wavelengths and surface wave excited at the region having water above 

the surface will result in resonance around 965 nm wavelengths. I want to comment on 

the observed fringe pattern that the fourier transform was calculated but no clear evidence 

could be concluded from these calculations. These fringes seem to appear due to the 

coupling lengths of a symmetric directional coupler (Taking waveguide and silicon layers 

as two coupling waveguides) but as the device is still under investigation so conclusions 

can be made after more investigations. After the experimental demonstration of 

waveguide coupled resonance for the waveguide with dielectric layers deposited on the 

top surface only, next step was to implement the structure with dielectric layers on all 

three sides of the waveguide for both TE and TM resonances. The sensor was designed 

(a) 

(b) 
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for resonance around telecom wavelengths due to the availability of the tuneable laser 

source. Use of laser will help reducing the unwanted noise in the transmission response 

observed for operation around 800 nm wavelengths. The design and implementation of 

the sensor with dielectric layers on all three sides of the waveguide for operation around 

telecom wavelengths is discussed in the coming section. 

3.3 Operation around Telecom wavelengths 

The thicknesses of the dielectric layers to be deposited on a 2.5 µm x 2.5µm SU8 

waveguides for operation around telecom wavelengths were calculated. Calculations 

predicted that 150 nm and 1600 nm thick layers of silicon and SiO2 respectively will result 

in resonance around telecom wavelengths. Simulations were performed to see the effect 

of variation in thicknesses of silicon and SiO2. The calculated transmission responses for 

different thicknesses of silicon and silica layers are shown in Figure 3-6 below. Thickness 

of the silicon layer was varied from 120 nm to 200 nm keeping the SiO2 thickness fixed 

at 1600 nm. It was found that the resonance moves to larger wavelength with an increase 

in thickness of the silicon layer. The strongest resonance was calculated for a silicon 

thickness of 150 nm. The thickness of the SiO2 layer was also varied form 800 nm to 2400 

nm to find that the strongest resonances can be achieved for a thickness of around 1600 

nm. 

  

(a) 
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Figure 3-6: (a) Calculated transmission responses for different thicknesses of silicon layer. Thickness 

of the SiO2 layer was fixed at 1600 nm for these calculations. The resonance moves to larger 

wavelengths with an increase in thickness of the silicon layer. (b) Calculated transmission responses 

for different thicknesses of the SiO2 layer. Thickness of the silicon layer was 150 nm for these 

calculations. 

The simulation results show that small variation in thicknesses of Si and SiO2 will 

not affect the performance drastically. The designed thicknesses of 150/1600 nm for 

Si/SiO2 were deposited on the SU8 waveguides. The waveguides were fabricated before 

the deposition of dielectric layers. A 2500 nm thick SU8 layer was deposited on a Schott 

AF-32 wafer by spin coating. The waveguides were made by photolithography and 

subsequent dry etch process. The fabricated waveguides were annealed at 180 °C for 5 

minutes to prevent possible crinkling of SU8 during Si evaporation. O2 plasma was used 

after the annealing to promote adhesion between the polymer and the SiO2 layer. SiO2 

was sputtered on the annealed and plasma treated SU8. Si was evaporated subsequently 

to complete the deposition process. The wafer was diced into chips to optically measure 

the fabricated dielectric covered waveguides. Scanning Electron Microscope (SEM) 

image of the fabricated waveguide is shown in Figure 3-7 below. It should be noticed that 

there is no delamination between the polymer and the dielectric layers. There was not a 

big difference in thicknesses of the deposited layers on the top surface and side walls of 

the waveguide. This shows that the deposition of the dielectric layers on different surfaces 

of the waveguide was uniform and TE and TM polarised resonances should be observed 

for similar wavelengths of the incident light. 

(b) 
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Figure 3-7: Scanning Electron Microscope (SEM) image of the SU8 waveguide with SiO2 and Si layer 

deposited on all sides of the waveguide. 

The diced waveguides were measured on a waveguide measurement system using a 

fibre-coupled tuneable laser source (TLS) which could be tuned from 1440 nm to 1640 

nm wavelengths. Single mode lens ended fibres were used to couple to the input and 

output waveguides of the fabricated waveguides and the power maximised in order to 

measure the transmitted powers. The output fibre was coupled to an infrared photo-

detector to measure the output optical power. Polarisation of the light from TLS was 

controlled to measure transmission responses for both TE and TM polarisations of the 

incident light. Measured transmission responses for TE and TM polarised light are shown 

in Figure 3-8 below. A resonance was observed at 1535 nm wavelength for both 

polarisations. The depth and full width half maximum (FWHM) for TE and TM polarised 

lights were found to be different. The resonance for TE polarised light was found to be 

more prominent and broad than the one for TM polarised light. The FWHM of the TM 

and TE polarized resonances were measured to be 13 nm and 23 nm respectively. A 

surface wave is excited on each side wall of the waveguide for TE polarised light as 

previously shown in Figure 3-2(c). Excitation of two resonance waves for TE is the reason 

of this deeper resonance. TM polarised resonance is shallower as a surface wave is excited 

on the top surface only. The loss of the dielectric layers plays an important role in 

determining the broadness of the resonance. TE resonance is broader as it experiences 

double the loss due to a couple of surface waves excited on the side walls 
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Figure 3-8: Experimentally measured transmission responses for TE and TM polarized lights. 

3.4 Conclusions and discussion 

To conclude, waveguide coupled BSW resonances are experimentally 

demonstrated by depositing dielectric layers on polymer waveguides. The dielectric layers 

are first deposited on the top surface to show resonances for TM polarised light only. 

Polarisation independent resonances (resonance for TE and TM polarised light) are 

demonstrated by depositing the layers on all three sides of the waveguide. A structure 

with dielectric layers underneath the waveguide is proposed for a reference resonance 

which will help determining the shift in resonance. 

It seems that the silicon layer on the top surface of the waveguide is a bit thicker 

than the silicon layer on the side walls. This is due to the deposition in the vertical 

direction exposing less of the side wall area. As discussed in chapter 2, thinner silicon 

layer should result in resonances at smaller wavelengths. But the measurements do not 

show a big difference in resonance wavelengths. The difference in thicknesses of silicon 

layer needs investigation. The fabricated waveguides are multimode for wavelengths 

around 820 nm so more than one mode can couple to the surface wave. This coupling of 

multiple modes to the surface wave can result in a broader resonance or more than one 

resonances. This is the first demonstration of the waveguide coupled resonances and the 

details about waveguide being multimode and deposition on the substrate are still to be 

investigated. The initial demonstrated sensitivities are 300 nm/RIU which can be 

improved by carefully designing the dielectric layers and the waveguide sizes. 
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samples were fabricated at VTT Finland using nano-imprint lithography (NIL). 
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4 Polymer Optical Interconnects 

As discussed in the previous chapter, a polymer waveguide can be cladded by the 

designed thicknesses of SiO2 and Si to achieve on-chip BSW resonances eliminating the 

bulky prisms used in the Kretschmann-Raether configuration. In this chapter, I am using 

the polymer waveguides for the development of an optical printed circuit board OPCB 

using direct Ultra Violet (UV) nano-imprint lithography (NIL). Metal based interconnects 

suffer from inherent disadvantages such as electromagnetic interference, power and heat 

dissipation issues at high operating frequencies [1, 2]. On-board polymer waveguides on 

the other hand are high speed interconnects that are capable of operating at rates greater 

than 10 Gb/s and provide a superior bandwidth × length performance in comparison to 

electronics [2]. Silicon photonics based interconnects are a solution for chip-level 

dimensions but are not realistic for board-level (1-20 cm) dimensions because of the 

manufacturing cost and mode size mismatch with optical fibres. So, polymer waveguides 

can be used as high speed and high bandwidth interconnects between racks, on 

backplanes, daughter cards and on the chip level [3] as shown in figure below. 

 

 

Figure 4-1: (a) Sketch showing an optical circuit board with fibre attached at the board edge. (b) 

Sketch showing the Firefly board as proposed in the project proposal. 

 

(a) 

(b) 
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A low loss and cheap polymer is desired to fabricate polymer single mode 

waveguides. There are a range of low loss optical polymers operating in the telecom range 

of 1300-1600 nm such as Poly(methyl methacrylate) (PMMA), SU8 and organic-

inorganic hybrid materials [4, 5]. Particularly, Organically Modified Ceramic 

(ORMOCER) [6] is an excellent material for shaping optical structures via ultraviolet 

(UV) lithographic or stamping [7, 8] processes. Commercially available ORMOCER is 

used to demonstrate single-mode waveguides and passive devices for both single and 

multi-level centimetre sized optical boards using NIL patterning. In-plane single mode 

waveguides, Directional Couplers, Multi-Mode Interference (MMI) and Y-splitters are 

designed, fabricated and optically characterized to show the workings of the process at a 

single optical level. The fabrication tolerances associated with the stamping process are 

analysed to prove that fabrication tolerances do not affect the overall working of the 

devices making NIL suitable for optical interconnect applications. A method to quantify 

a small variation in refractive index contrast between the core and cladding of the polymer 

waveguides is proposed using a tuneable laser. Multilayer optical interconnects, being 

more challenging structures, are fabricated in the next step to demonstrate the working of 

an optical via and a 1x4 optical 2-D port, Figure 4-2. Coupling of light from one level to 

another is experimentally demonstrated similar to the working of an electrical via in 

copper based electrical interconnects. 

 

Figure 4-2: Sketch showing a schematic combination of in-plane and vertical directional couplers 
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4.1 Literature Review 

In-plane and multi-level polymer waveguides at telecom wavelengths (1300-1600 

nm) have already been reported in literature [9-16]. Previous report of polymer based 1x2 

Y-branch splitters [17] shows an insertion loss (IL) of 3.8 - 4.8 dB for 12 mm long splitter. 

Here 2 cm long splitters show an insertion loss of 0.9 ± 0.1 dB at 1550 nm. Polymer based 

directional couplers have been reported with an insertion loss of 0.7 dB at 1310 nm 

wavelengths [18]. Here the directional couplers and MMI devices show less than 0.45 dB 

insertion losses at 1550 nm. Coupling of optical signal from one signal plane to another 

has already been reported using curved surfaces [19] or partial mirrors using sloped 

reflectors [20] in polymer waveguides. Single mode optical vias have recently been 

demonstrated in Si3N4 waveguides [21, 22] but this is the first time that multi-level vertical 

coupling of telecom wavelengths by directional couplers in polymeric waveguides using 

NIL is demonstrated. The use of polymers and NIL makes the fabrication process suitable 

for board level optical interconnects being cost effective and suitable for mass production. 

4.2 Fabrication using Nano-imprint Lithography (NIL) 

Single layer and multilayer single mode waveguide stacks were fabricated by full-

wafer direct UV NIL of polymer materials on 100 mm diameter silicon wafers. 

Commercially available ORMOCER materials were used for fabrication: Ormocore with 

a measured refractive index, n, of 1.534 at 1550 nm and Ormoclad with a measured n = 

1.519 at 1550 nm. Having less than 4 nm surface roughness [10] on NIL patterned 

waveguides and shrinkage of less than 5% on curing [6], ORMOCER is a very suitable 

polymer for waveguide applications. 

The nano-imprint process broadly consists of two steps; the formation of the stamp 

and the nano-imprint lithography. The samples were fabricated by VTT Finland, so details 

of the applied fabrication processes can be found in their papers [9, 15 and 16]. Only the 

main process steps are overviewed and the specific parameters for the presented 

waveguide samples are mentioned. The stamp was formed by lithographic patterning of 

positive photoresist. The inverted rib process outlined in Figure 4-3(a) begins with the 

application of a 30 µm thick lower index cladding material, Ormoclad, by spin coating to 
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ensure optical isolation between the waveguide mode and the underlying substrate, Figure 

4-3(a1). An imprint stamp was brought in contact with the lower cladding to form trench 

waveguides upon UV curing, Figure 4-3(a3). An example of a trench is shown in Figure 

4-3(b). These trenches were filled by a material of a higher refractive index, namely a 

mixture of Ormocore and Ormoclad, which was applied via spin-coating, resulting in the 

formation of a slab layer of higher index material above the trench, Figure 4-3(a4). It is 

important that the layer is flat, filling the trench completely. The core was cured. Spin 

coating and curing of a lower index material, Ormoclad, on top of this slab completed the 

fabrication of a single level optical waveguide. 

Multilayer optical interconnects were fabricated by repeating the same imprinting 

process for the addition of each subsequent layer. Both the lateral alignment and the 

vertical separation between signal planes are very important factors in the fabrication of 

multilayer optical interconnects. The upper layer can be laterally aligned with respect to 

the lower layer(s) using an optical alignment method during the imprinting with alignment 

patterns made on the stamp. Lateral alignment tolerances between 1 – 2 μm across a 100 

mm diameter wafer were achieved, sufficient for many applications. The low refractive 

index cladding layer between optical planes should be flat and uniform as it defines the 

vertical layer-to-layer separation. The thickness variations were found to be less than ± 

0.15 µm across the wafer [9]. A 30 µm thick cladding was used as the top-most cladding 

layer on the multilayer stack after fabricating the desired number of signal planes. In the 

rib waveguide process, the lower cladding was first spin coated and then the core layer 

was spin-coated and imprint patterned, Figure 4-3(c). 
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Figure 4-3: (a) Step by step fabrication process for multilayer inverted rib waveguides using UV nano-

imprinting. Sketch and Scanning Electron Microscope (SEM) images of (b) inverted rib and (c) rib 

waveguides. 

(a) 

(b) 

(c) 
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4.3 Single mode optical waveguides 

Single mode optical waveguides consisting of a 5 x 5 µm core of higher index 

material clad by two layers of lower index material were designed with an index contrast 

of 0.6% between the core and the cladding polymers with n=1.528 and n=1.519 

respectively. The small refractive index contrast results in low optical confinement with 

the mode extending into the cladding material making sidewall roughness potentially an 

important factor in the waveguide loss. This is not a factor here as the roughness is less 

than 4 nm [10] with NIL patterned ORMOCER waveguides. The majority of the 

waveguide loss is associated with material loss. The loss of the waveguide cladding 

material Ormoclad is slightly smaller (<0.1 dB/cm difference) than the loss of core 

material, i.e. the mixture of the Ormocore and Ormoclad. The choice of this low index 

contrast means that waveguide supports only the fundamental waveguide mode at 1550 

nm with a Mode Field Diameter (MFD) of approximately 7 μm where the MFD is defined 

at 1/e2 of the electric field. This MFD is chosen to be intermediate between the 4-5 μm 

MFD of the VCSEL sources used and standard single mode fibres which have MFD of 

approximately 10 μm and thus maximises their coupling. 

The routing of signals requires in-plane bending of the waveguides. The low 

contrast in refractive indices between the core and cladding of 0.6% and the resultant low 

optical confinement places a lower limit on the bend radius. If the bend radius is too small 

the light escapes the waveguide core and radiates out into the cladding causing high 

optical losses. Bends of large radii have two disadvantages; firstly the loss due to the 

length of the waveguide will be higher, and secondly, will require a large footprint on the 

substrate. The loss of the waveguides was measured from the attenuation of the optical 

signal in a long spiral of length 27 cm. The overall loss was measured as 0.84 - 0.89 dB/cm 

at 1530 nm and 0.75 - 0.8 dB/cm at 1550 nm, composed of material loss of about 0.7 

dB/cm at 1530 nm and 0.6 dB/cm at 1550 nm (from material datasheet) and therefore an 

excess waveguide loss of <0.2 dB/cm in a straight waveguide. The excess loss of the 

waveguides at various bend radii was simulated using a commercially available 3D mode 

solver, FIMMWAVE from Photon design [23]. Waveguide bends of radii from 2 to 10 

mm were fabricated employing these S-bends. The excess loss in the bend structures was 
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measured in comparison to straight control waveguides fabricated on the same chip. The 

waveguides were measured on a waveguide measurement system using a fibre-coupled 

tuneable laser source set at 1550 nm. Single mode lensed fibres were coupled to the input 

and output ports of the waveguides and the power maximised to measure the output 

powers. The measurements were repeated for three sample chips, each having the same 

layout. A good match between simulated and measured excess loss was observed, Figure 

4-4. The measured loss increased rapidly for bend radii < 7 mm with minimal increase for 

bend radii greater than 8 mm. The residual layer thickness was measured via microscope 

imaging to be approximately 0.5 μm. 

  

Figure 4-4: Comparison between the calculated and experimentally measurement excess bend loss 

values in an S-bend (2x 60° arcs) when compared to straight control waveguide. This comparison was 

made for a residual layer thickness of 5 µm. Lines are shown as guide to eye. 

4.4 In-plane passive optical interconnects 

On-board optical interconnect should include optical components capable of 

functions beyond the simple routing of signals. Manipulation of optical signals, such as 

splitting of light, wavelength multiplexing and other functions may be implemented by 

the inclusion of passive optical components such as multi-mode interference (MMI) 

devices, directional couplers and Y-branch power splitters. These devices were fabricated 

and the characteristics measured and compared with simulations. 
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4.4.1 Directional couplers (DC) 

Directional couplers operate on the principle of resonant power transfer between 

two adjacent waveguides whose modes overlap. The amount of light transfer between 

waveguides can be controlled by varying the length and spacing of the waveguides in the 

interacting region. The gap between waveguides was chosen to be 5 µm as gaps less than 

2 µm are difficult to fabricate given the waveguide feature size of 5 µm. Directional 

couplers were fabricated with interaction lengths varying from 500 µm to 5000 µm in 500 

µm steps. Simulations predicted that the coupling length, where all the light input from 

one waveguide is coupled to the adjacent waveguide, was 2000 µm. The power from the 

‘through’ and ‘coupled’ output ports of the directional coupler were measured, Figure 

4-5(a). The total output was normalized to the input power for directional couplers of 

different lengths. The fabricated directional couplers displayed a coupling length of 

slightly less than 2000 µm with less than 0.45 dB insertion loss and 0.02 ± 0.01 dB power 

imbalance between outputs. 

 

 

Figure 4-5: (a) Sketch showing the definition of the through and coupled ports of a directional 

coupler. (b) Comparison of the splitting of light in the ‘coupled’ and ‘through’ ports of polymeric 

directional couplers with different coupling lengths at 1550 nm. 

(a) 

(b) 
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4.4.2 Multi-mode interference devices (MMI) 

Multi-mode interference devices employ self-imaging in a multi-mode section of 

the waveguide. The input field is reproduced in single or multiple images at intervals 

along the direction of propagation of the waveguide in the multimode region of the device. 

A MMI design employing single mode input and output waveguides and a multi-mode 

region of 40 µm width was chosen. This width keeps the length of a 1 x 2 splitter to less 

than 1 mm with the simulations predicting a peak efficiency of approximately 90% (IL = 

0.45 dB) at a length of 970 µm. The efficiency was calculated as the sum of both outputs 

divided by the total output power through an adjacent straight waveguide which was used 

as a control. MMIs were fabricated with lengths varied from 880 µm to 980 µm in 20 µm 

steps. Some additional MMIs of lengths 1090 µm, 1100 µm and 1120 µm were also added 

to the chips to measure the variation in coupling efficiency. The measured efficiencies for 

MMIs of different lengths are shown in Figure 4-6(a) and agree well with the simulations, 

with the efficiency increasing with the length of the multimode region to a maximum at a 

length of approximately 970 µm. Multimode regions of the fabricated MMI devices were 

diced at different lengths along the direction of the propagation to observe the self-

imaging of the input mode. Devices were diced at the lengths of 450 µm, 650 µm and 950 

µm marked with red dotted lines in Figure 4-6(b). An infra-red camera was used to image 

the output intensity at these lengths. Good agreement between the simulated and measured 

intensity profiles at the different lengths of the MMI region is shown in Figure 4-6(b). 
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Figure 4-6: (a) Comparison of the simulated and measured efficiencies of the MMIs of different 

lengths measured at 1550 nm. (b) The measured and simulated modes for MMIs diced at different 

lengths of the multimode regions. 

(a) 

(b) 
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4.4.3 Y-Splitters 

Y-branch splitters were designed and fabricated to divide the input power into half. 

Cascaded splitters were also designed to get different fractions of the input power shown 

in Figure 4-7(a). Correct splitting ratios were achieved for different devices with 0.9 ± 0.1 

dB insertion loss and 0.02 ± 0.01 dB power imbalance between the outputs. Insertion loss 

can be improved by further optimizing the design and fabrication process. 

 

Figure 4-7:(a) Sketches of Y-splitters designed for 50-50% and 50%, 25%, 12.5%, 6.25% and 6.25% 

splitting. Microscope images of (b) the fabricated 50-50% Y-splitter, (c) the start of the cascaded Y-

splitter and (d) the continuation of the cascaded Y-splitter. 

4.4.4 Fabrication Tolerances 

The use of NIL results in two parasitic effects: the presence of a residual layer (or 

slab) of core material and sloped side walls of the waveguides, Figure 4-8(a). The residual 

layer is inherent in the NIL process, whereas the sloped waveguide side walls originate 

from the stamp fabrication process. At least a small tilt of the side walls is also preferred 

in the imprinting, because it eases the stamp release (compared to vertical walls), thus 

improving the fabrication yield. Processing of polymers may also result in a variation in 
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the actual refractive index contrast between the core and cladding materials if the mixing 

ratio of the two polymers used in “tuning” the core index is not controlled precisely. 

Simulations to investigate the effect of these variations show that directional couplers are 

much more sensitive as compared to MMI devices. The sloped sidewalls reduce the 

effective gap between the waveguides of the directional coupler in the coupling region, 

thus reducing the coupling length, Figure 4-8(e). The side wall angles were consistently 

measured to be less than 20° in the fabricated samples. A thinner residual layer increases 

the coupling length of the directional coupler by increasing the effective index contrast 

between adjacent waveguides and thereby increasing the modal confinement and reducing 

the evanescent field overlapping the adjacent waveguide in the coupling region, Figure 

4-8(g). Note that the residual layer thickness in the fabricated structures was consistently 

measured to be less than 0.5 µm. Geometry-related variations in device performance were 

well controlled. Tight control of the polymer mixing ratio is essential for control of the 

index contrast. A larger index contrast increases the coupling length due to increased 

modal confinement inside the core, Figure 4-8(f). Good control of polymer mixing ratio 

is evident as coupling lengths of the fabricated directional couplers were consistently 

measured to be 1900 ± 100 µm in line with the simulations. MMI devices, whose modal 

expansion occurs in the core material, do not depend on the overlap of the evanescent tail 

of the mode into an adjacent waveguide and therefore are less affected by the changes in 

refractive index contrast compared to directional couplers, Figure 4-8(c). The increase in 

effective width due to sloped sidewalls is small and leads to a small increase in efficiency, 

Figure 4-8(b). The MMIs are therefore more tolerant to all these process related effects. 
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Figure 4-8: (a) A comparison between the ideal and actual fabricated waveguides. Simulations of the 

maximum efficiency as a function of MMI length for: (b) an increase in the side wall angle, (c) a 

change in refractive index contrast, (d) a change in residual layer thickness. Simulations of the 

maximum efficiency as a function of directional coupler length for: (e) wall angle (f) a change in 

refractive index contrast. (g) a change in residual layer thickness. 

(b) 

(f) 

(a) 

(c) 

(d) (e) 

(g) 
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Simulations show that a small change in refractive index contrast, Δn, between the 

core and cladding results in a significant change in coupling length of the directional 

coupler. Thus a method to experimentally quantify a small variation in Δn of a fabricated 

device was investigated. This method can be used for small (5 µm) waveguides in 

comparison with, for example, ellipsometry which has difficulty in distinguishing small 

index changes in multilayer structures with small feature sizes. Waveguides of fixed 

dimension but with different Δn were simulated to calculate the output mode for both 

centre and off-centre excitations of the waveguides. Simulations show that the 

waveguides with Δn = 0.6% will remain single mode irrespective of the position of input 

excitation for all wavelengths across our measurement spectral range as represented by 

three wavelengths  i.e. 1440 nm, 1550 nm and 1640 nm. The waveguides will become 

multimode for the shorter wavelengths i.e. 1440 nm and 1550 nm for off-centre excitation 

if the index contrast is increased to Δn = 0.7%. A further increase in the index contrast 

will excite multiple modes in the waveguides for all three wavelengths with off-centre 

excitation. The mixing ratio of the polymers was changed to get an index contrast of 0.8%, 

which is higher than the single mode value of 0.6%. Devices with the different index 

contrasts were measured using the waveguide measurement system using a fibre-coupled 

tuneable laser source for all three wavelengths. The output waveguide was scanned in 

horizontal and vertical directions to measure the output mode shape. It was experimentally 

observed that a waveguide having a higher index contrast was multimode for all three 

wavelengths and we measured a coupling length of 4000 µm for directional couplers on 

that chip which is consistent with the 0.8% index contrast, Figure 4-9. Note that variations 

in sidewall angle and residual layer thickness were measured with a microscope and 

would not account for the observed difference. Matching these results with simulation 

results confirmed that the refractive index contrast of the tested sample was 0.8% as 

calculated form the applied 80% - 20% mixing ratio of Ormocore and Ormoclad for the 

sample. 
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Figure 4-9: Comparison of the measured modes in a directional coupler at different wavelengths with 

the simulations confirms that refractive index contrast of the sample is 0.8%. The measured coupling 

lengths are also in agreement with the simulations. 

4.5 Multilevel Optical Interconnects 

Multilevel optical structures were designed to achieve coupling from one signal 

plane to another analogous to electrical interconnections. The vertical coupler works on 

the same principle as the in-plane coupler but light resonantly transfers between the 

waveguides closely stacked in the vertical direction. The vertical coupler thus can act as 

an ‘optical via’ to transfer light from one signal plane to another if designed to fully 

(100%) transfer the power. The spacing between the waveguides (top of lower waveguide 

to bottom of upper waveguide) in the vertical coupling region was 5 µm as for the in-

plane couplers so as to obtain similar coupling lengths. Vertical directional couplers were 

fabricated on 100 mm diameter silicon wafers using multiple NIL stages as indicated in 

Figure 4-10(a). Vertical couplers with coupling lengths varying from 500 µm to 1250 µm 

in 250 µm steps were fabricated. The insertion loss of the fabricated devices was measured 

to be less than 0.45 dB. The normalized powers from the ‘through’ and ‘coupled’ outputs 
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of the vertical directional coupler are plotted in Figure 4-10(a). It can be seen that almost 

50% of the input power was up-coupled for a coupling length of 900 µm. It can be inferred 

from the measured results that complete transfer of power will take place at a coupling 

length of 1800 µm which is consistent with the coupling length of in-plane couplers. So, 

a vertical directional coupler having a coupling length of 1800 µm can act as an ‘optical 

via’ to transfer power from one signal plane to another. Note that a lateral misalignment 

between upper and lower signal plane(s) will increase the separation between the 

waveguides resulting in larger coupling lengths in vertical directional couplers. 

A combination of in-plane and vertical couplers as shown in Figure 4-10(d) was 

designed and fabricated to realize a two dimensional 1x4 port. This 2-D port was designed 

to equally split the input power into four waveguides spatially placed on two vertically 

stacked optical planes. An in-plane Y-branch coupler was used to equally split the input 

light into two waveguides. Two identical vertical directional couplers of coupling length 

900 µm were placed on the output waveguides of the in-plane coupler to up-couple half 

of the available power. The fabricated devices were characterized using the setup 

explained earlier to measure one output at a time. Measurement results show that incident 

power can be split into 4 spatially placed waveguides with an insertion loss of 1.2 dB. The 

imbalance between the combined power in the two ports on the top layer and the 

corresponding power in the bottom layer was 0.2 ± 0.02 dB. The output ports of the 

fabricated devices were imaged using a camera by exciting an input port. The image 

showing the splitting of light into the 4 ports is shown in Figure 4-10(d). As the light is 

from a single laser source and split into four ports so the output signals should be coherent 

and show interference. The resulting interference fringes are shown in Figure 4-10(d) 

which were obtained by defocussing the camera to allow the overlap of the light from the 

different ports confirming the coherence of the output light. 
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Figure 4-10: (a) Measured normalized powers from ‘through’ and ‘coupled’ ports of the vertical 

directional coupler. A crossing at 900 µm was also measured for in-plane directional couplers. (b) 

Schematic of a vertical coupler with the measured image of the light split laterally and vertically. (c) 

Microscope images of a multilevel device to show the alignment of the vertically connected 

waveguides. The top image was taken after imprinting the 2nd level waveguides and before spinning 

the core material. (d) Schematic of 1x4 2-D port device with camera image of light split into the 4 

ports. The interference fringes were measured by defocusing the camera. 

4.6 Conclusions and discussion 

To conclude, single mode polymer waveguides for board-level communications are 

demonstrated using nano-imprint lithography (NIL). Single level and multi-level passive 

optical devices are demonstrated. An ‘optical via’ coupling light from one optical plane 

to another is demonstrated using a vertical directional coupler. A 1 x 4 2D optical port is 

demonstrated using a power splitter and vertical directional couplers. It is found that 
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directional couplers are more sensitive to changes in parameters (refractive index, side 

wall slope etc.) than MMI devices. The multilevel devices are really sensitive to the 

vertical alignment of the waveguides and the thickness of the cladding layer between the 

vertically placed waveguides. A variation in thickness of the separating cladding changes 

the coupling gap between the waveguides resulting in a different coupling length. In the 

same way, a misalignment between the vertically placed waveguides results in an increase 

in the coupling gap. The 1 x 4 2D optical port is even more sensitive to variation in 

thickness of the cladding layer between the two optical planes as a variation in thickness 

results in different coupling gaps for two arms of the device. This difference in coupling 

gaps lead to a power imbalance between the output ports. So, power imbalance between 

the ports can be pretty large for such devices if care is not taken while depositing the 

cladding layer between the two optical planes. A precisely deposited layer of uniform 

thickness is required for minimal power imbalance between the output ports. A vertical 

misalignment will affect both the arms so not a major factor in the power imbalance 

between the ports of the 2D port. 

It is found that bending radius of the waveguide should at least be 8 mm for lossless 

communication. This large radius puts a restriction on the component density on a board. 

This large bending radius is addresses in chapter 5 using opal photonic crystals. A low 

index cladding was used as upper and lower claddings for these polymer waveguide cores. 

The cladding layer underneath the waveguide core was used to prevent coupling of light 

into the high index substrate. The cladding above the core was used to prevent shifting of 

mode into the under cladding as air above the core would have pushed the mode 

downwards. Air cladded waveguides are demonstrated using inveted opal crystals in 

chapter 5. This polymer waveguides related work helped attaining the required knowledge 

and the experimental experience for achieving of the waveguide coupled BSW 

resonances. The waveguide coupled BSW resonances are explained in the coming 

chapter. 
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5 3D Photonic Crystals for Optical Interconnects 

As explained in optical interconnect chapter, single mode polymer waveguides 

can be used to guide information-carrying light from one component to another on an 

optical printed circuit board (OPCB). The low cost and ease of fabrication associated with 

polymer waveguides make them attractive for board size applications but large bending 

radii (at least 8 mm) make it difficult to achieve high component density. This restriction 

on the bending radius is due to the small index contrast between the core and the cladding 

of the waveguide. Air cladded waveguides can result in higher index contrast but for that 

a low index substrate is required because a polymer core cannot be deposited directly on 

a high index substrate. Fabrication of polymer core on high index substrate will result in 

coupling of the light into the substrate. In chapter 4, a polymer with refractive index 

smaller than the core was used as under cladding between the high index silicon substrate 

and the waveguide core to prevent coupling of light into the substrate. An upper cladding 

of the same polymer as that of under cladding was deposited over the waveguide core as 

air above the core would result in pushing of the mode into the under cladding. An air 

cladded waveguide can best be achieved if the refractive index of the under cladding is 

close to air. As polymers with refractive index close to air are not available so cladding 

materials need to be used as under and upper claddings resulting in a small index contrast 

between the core and the cladding. Sharper bends can be achieved by either placing a 

reflector at 45° to the waveguide or by coming up with an under cladding having refractive 

index similar to air for high index contrast air cladded waveguides. 

In this chapter, the use of opal photonic crystal structures for achieving sharp 

bends and inverted-opal as a low index substrate for polymer waveguides are discussed. 

In the first section, design and implementation of opal structures is presented for sharp 

bends in polymer waveguides. Opal based reflectors are integrated at 45° to the 

waveguides for in-plane bending of light at right angles. In the second section, inverted-

opal structures having an effective refractive index close to air are used as under cladding 

for the polymer core to demonstrate effectively an air suspended polymer waveguide. 
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It should be mentioned here that silica and core-shell spheres were synthesised at 

University of Utrecht and stacked at TNO. I proposed the parameters for crystals, 

modelled the structures and characterised the fabricated samples. The polymer 

waveguides were fabricated at VTT as explained in chapter 4. The air suspended polymer 

waveguides discussed in the second part of the chapter were fabricated by Joe McGrath 

from AMSG group at Tyndall National Institute. I characterized the waveguides lying on 

the inverted opal crystals. 

5.1 Opal Photonic crystal for in-plane bending 

The design, fabrication and characterization of the opal photonic crystals are 

explained for achieving sharp in-plane polymer waveguide bends. Different orientations 

of the FCC opal crystal were explained in section 1.2.3 using the bandstructures. First of 

all, the design of a silica sphere based FCC (111) structure for in-plane reflections around 

telecom wavelengths is considered. As the waveguide is covered with a cladding polymer 

so this polymer can infiltrate into the colloidal crystal. This infiltration results in almost 

zero refractive index contrast between the spheres and the infiltrated polymer background, 

making it a continuous medium. So, core-shell spheres with a core of high index TiO2 

inside SiO2 shell are proposed for larger index contrast. Calculations show that core-shell 

FCC (001) structures act as better reflectors than the conventional FCC (111) structures. 

Choosing FCC (001) also provides better control in stacking of spheres. 

Silica spheres, being relatively easy to synthesise, were used to improve the stacking 

of FCC (001) structures using different fabrication techniques before moving on to more 

complex core-shell based structures. A good FCC (001) stacking was achieved on a 

structured substrate using a slow sedimentation technique. The fabricated silica sphere 

samples were analysed and optically characterized to be sure that fabricated samples had 

FCC (001) stacking. Core-shell samples were fabricated and integrated with polymer 

waveguides in the next step to experimentally demonstrate the sharp in-plane bends. 
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5.1.1 Modelling 

A FCC structure made of 1000 nm diameter silica spheres in air background is 

modelled and simulated in the first step. The photonic crystal structure is ‘integrated’ at 

the end of a 5 µm x 5 µm polymer waveguide (discussed in chapter 4) with the intention 

to bend the light travelling inside the waveguide. The height of the crystal is equal to that 

of the waveguide. The FCC structure of silica spheres can act as a reflector if the index 

contrast (Δn) between the silica spheres (nsilica=1.45) and the background air (nair=1.0) is 

sufficient to open up a band-gap in the incident direction. The photonic crystal is tilted at 

45° to the incident light in order to bend the light at 90°. The reflected light is to be guided 

by a polymer waveguide placed at a right angle to the incident waveguide. In the 

simulations, air is used as the background for the stacked silica spheres. The modelled 

photonic crystal structure integrated with the waveguide and the calculated 90° and back 

reflected optical powers are shown in Figure 5-1. 

 

 

Figure 5-1: (a) Modelled FCC photonic crystal structure integrated with polymer waveguides for 90° 

bending of light. The photonic crystal structure is 6 sphere layers high and 10 layers deep. (b) The 

reflected light at 90° to the incident waveguide and in the backwards direction are plotted in red and 

green colours respectively. 

(a) 

(b) 
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The effective refractive index of the FCC structure is calculated to be neff = 1.33 

using neff = nsilica ∗  0.74 + nair ∗ 0.26 where 0.74 is the packing factor of the silica 

spheres in air. The small reflection intensity at 90° to the incident light shows that the 

index contrast between silica and air is not sufficient to open up a wide bandgap which 

results in most of the light transmitting through the structure because back reflections are 

negligible as shown by the green plot in Figure 5-1(b). 

A larger refractive index contrast is required for higher reflectivity and this can be 

achieved by increasing refractive index of the spheres. Core-shell spheres having core of 

higher refractive index material TiO2 (ntitania = 2.4) inside a silica (nsilica = 1.45) shell are 

considered, Figure 5-2(a). Such core-shell based structures integrated with polymer 

waveguides are modelled and simulated to see whether the index contrast is sufficient to 

be an efficient reflector at telecom wavelengths. The simulations show that a 700 nm 

diameter silica sphere with a 430 nm TiO2 core can be used for reflections around 1550 

nm wavelengths. The effective refractive index of the core-shell particles having ncore =

2.4 and nshell = 1.45 is calculated to be nsphere = 1.67 using  nsphere ∗
4

3
πrsphere

3 =

[ncore ∗
4

3
πrcore

3 ] + [nshell ∗
4

3
π(rshell

3 − rcore
3 )]. The effective refractive index of core-

shell FCC structure in air background is calculated to be 1.5 using neff = 0.74 ∗ nsphere +

0.26 ∗ nbackground = 1.5 where 0.74 is the sphere packing factor in FCC. The larger 

refractive index contrast Δn = 0.67 between the core-shell particles and the background 

air is very helpful for the photonic crystal to act as a reflector. The calculated reflection 

intensities from core-shell particles crystal are shown in Figure 5-2(b). The red plot shows 

that more than 50% of the incident light is reflected at 90° around telecom wavelengths. 

These reflections from photonic crystal reflector follow Bragg’s law and move to smaller 

wavelengths with an increase in angle of incidence. 
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Figure 5-2:(a) Sketch of a core-shell sphere having a TiO2 core inside SiO2 shell. (b) Red plot shows 

calculated optical power in 90° waveguide. Green plot shows calculated optical power reflected 

backwards in the incident waveguide from TiO2/SiO2 core-shell photonic crystal structure. 

Simulation results above show that core-shell based FCC structures with air 

background can be integrated with polymer optical waveguides for achieving sharp bends. 

The polymer waveguide core is actually not surrounded by air but by a low index polymer 

cladding. Deposition of the upper cladding can result in infiltration of the cladding 

polymer into the voids between the spheres. This infiltration may displace some of the 

spheres from their original position leading to the formation of random FCC structures 

which will ultimately degrade the performance of the reflector. This lack of control in 

stacking can be overcome by forcing the spheres to position themselves. A patterned 

substrate instead of a flat surface can be used to potentially get better control in stacking 

even after the infiltration of the polymer. The substrate can be patterned with small pillars 

or holes to achieve a rectangular grid called as the seed layer. This seed layer is intended 

to force the spheres to arrange themselves in a rectangular arrangement in contrast to a 

hexagonal arrangement without the seed layer. The subsequent layer of spheres will fit 

themselves in the grooves formed from first layer of spheres thus resulting in a FCC (001) 

stacking. 

(a) 

(b) 
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Core-shell particles structured on rectangular seed layer are modelled and 

simulated to show that FCC (001) structures can be used for in-plane bending of light. 

The FCC unit cell and the selected FCC reflecting plane are marked in black and red 

colours respectively in Figure 5-3(a). The model shows that FCC (001) reflecting plane 

is at 45° to the incident light which can only be exposed directly to the incoming light if 

the redundant spheres indicated by the yellow triangle are removed. These spheres in front 

of the selected reflecting plane decrease the reflection efficiency due to them scattering 

the light in different directions. Thus we truncate the photonic crystal structure at 45° to 

access the desired FCC plane as is shown in Figure 5-3(b). Truncated core-shell structures 

are simulated to calculate amount of optical power reflecting at 90° to the incident light. 

A cladding polymer is used as the background material instead of air for these 

calculations. The simulations show that a 500 nm TiO2 core inside a 927 nm diameter 

silica sphere can result in 70 % reflection of incident light around 1550 nm wavelengths 

as shown by the plot in Figure 5-3(c). Reflection of light at right angles from the FCC 

(001) plane is shown in Figure 5-3(d). It should be noticed that the size of the sphere for 

reflections around 1550 nm has increased from 700 nm for FCC (111) to 927 nm for FCC 

(001) structures. This is due to the difference in distances between equivalent planes in 

the crystal. The size of the calculated core-shell spheres required for reflections around 

1550 nm are summarised below. 

 

Structure Materials 

Core 

Diameter 

(nm) 

Shell 

Diameter 

(nm) 

Background 

FCC (111) TiO2/SiO2 430 700 Air (n=1) 

FCC (001) TiO2/SiO2 500 927 

Cladding 

polymer (n= 

1.521) 

Table 3: A comparison between different FCC structures. 
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Figure 5-3: (a) Rectangular seed layer structure showing FCC unit cell (black rectangle), FCC 

reflecting plane (red line) and the excess spheres (yellow triangle) to be truncated. (b) Structure is 

truncated at 45° to expose appropriate FCC plane to the incident light. (c) Calculated reflection 

response from FCC (001) for right angle reflections. Red plot shows light reflecting at 90° to the 

incident light. (d) The image showing the bending of light at 90° to the input from the FCC (001) 

plane. 

The relatively small peak next to the larger reflection peak in Figure 5-3(c) is due 

to the inter-crossing of bands. It is observed that the smaller peak just next to the initial 

peak gets stronger with increasing angle of incidence and depletes the initial peak. 

5.1.2 Fabrication and Characterisation 

Fabrication of FCC structures without any external field or force results in a 

hexagonal ground plane as shown in Figure 5-4(a). The presented hexagonal plane is the 

(111) plane of the FCC structure. The simulation results in the previous section have 

shown that the 45° truncated FCC (001) structures can be used as in-plane reflectors. So, 

a rectangular ground plane FCC (001) shown in Figure 5-4(c) is selected instead of FCC 

(111). The rectangular ground plane stacking FCC (001) has two major advantages over 

(b) (a) 

(c) 
(d) 



3D Photonic Crystals for Optical Interconnects 

  109 

the hexagonal ground layer FCC (111). Firstly, starting from a square ground plane, only 

one type of crystal is formed in the subsequent layers i.e. FCC. Secondly, all the stacked 

layers form reflection planes perpendicular to the substrate. It has been shown that 

application of external forces during spin coating or doctor blading can result in the 

formation of an FCC with different orientations than FCC (111) [1-3]. Unfortunately, the 

manufacturing of FCC (001) using only external forces is very difficult to control and 

crystal regions are formed in small domains only. The positioning of such crystals cannot 

be referenced accurately with respect to any optical features such as waveguides. In order 

to overcome this issue, a patterned substrate called as the ‘seed layer’ instead of a flat 

substrate was used. The seed layer had a square array of holes to force the colloid to 

crystallize in the (001) FCC layer [4], which should induce self-assembly of the 

subsequent layer into the FCC (001) crystals. 

 

   

Figure 5-4: (a) SEM image of the FCC (111) plane deposited on a flat substrate. (b) SEM image of 

the imprinting stamp showing small pillars to fabricate a rectangular grid of holes on imprinting. (c) 

SEM image of the FCC (001) plane deposited on the seed layer region. 

The seed layer pattern was formed by nano-imprint lithography on a flat substrate. 

The nano-imprint stamp had an array of rods which were marked on to a polymer substrate 

(a) 

(b) (c) 
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to make array of holes on the substrate. During imprinting, the polymer was solidified 

around the rods using UV light. For these experiments, the patterns were made on an area 

of 1 mm2 with holes pitch varying from 900 to 1100 nm. This variation was used in order 

to assess the influence of the pitch on the crystal formation. It was found that size of the 

particles should match the pitch size of the seed layer for a good stacking of the particles. 

Different pitch sizes compared with the size of the particles resulted in random stacking 

without any orientation. 

Different methods of stacking can be used to fabricate square lattice structures 

over nano-imprinted seed layer regions. Different methods used for fabrication are 

explained below. 

Sedimentation Process: Figure 5-5(a) shows the slow sedimentation process in 

which a diluted solution of the spheres is placed on top of the seed layer region for 

substantial amount of time to let the spheres sediment on the seed layer. The thickness of 

the sample depends on the concentration of the sample and the amount of time the spheres 

are allowed to sediment. 

Capillary Printing: Figure 5-5(b) shows the capillary printing process in which 

spheres are spread over the seed layer region using a capillary containing the diluted 

solution. 

Modified Doctor Blading: Figure 5-5(c) shows the modified doctor blading 

process in which spheres are spread over the seed layer region using doctor blade machine. 

Spin Coating: Figure 5-5(d) shows the slow spin coating process in which a 

diluted solution of mono-disperse spheres is spun on the seed layer region at a desired 

rotation speed. The rotation speed of the spinner defines the thickness of the fabricated 

sample so a sample with larger number of layers can be fabricated using a lower number 

of rotations per minute. 
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Figure 5-5: Sketches of the (a) slow sedimentation (b) capillary printing (c) modified doctor blading 

and (d) spin coating techniques used for the fabrication of the desired FCC (001) structures. 

5.1.2.1 Silica Sphere Samples 

Silica spheres, being easy to synthesise were used in the first stage to get better 

stacking of spheres. The spheres were stacked on a glass substrate having different pitch 

seed layer regions. The first multilayer (001) FCC stacking was achieved using the slow 

sedimentation process of 1000 nm silica spheres from a diluted (0.1 wt%) dispersion of 

particles in a mixture of water/ethanol (1:1). After 20 hours, a stack of approximate 7 to 

8 layers was formed on the imprinted seed layers. A combination of both FCC (001) and 

FCC (111) orientations was observed on the top most layer. FCC (001) was observed only 

where seed layer was present underneath. FCC (111) was observed where seed layer was 

not present. It was observed that seed layers having pitch different than the diameter of 

the spheres had a mix of FCC (111) and FCC (001) lattice. Figure 5-6 below shows a 

combination of FCC (001) and FCC (111) lattice observed on such seed layer. 

(c) 
(d) 

(a) 

(b) 
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Figure 5-6: Sedimentation of 1000 nm silica spheres on square seed layer region having pitch different 

than the sphere diameters. The seed layer had a mix of both FCC (001) and FCC (111) lattices. 

Diffraction patterns were measured for the fabricated samples to make sure that 

rectangular lattice FCC (001) was there throughout the deposited layers. Light was 

incident on the sample and the diffraction in the transmission was observed. The 

measurements at the regions without seed layer resulted in a hexagonal pattern on the 

screen as shown in Figure 5-7(a). This diffraction pattern was observed on a screen placed 

10.6 cm from the sample. The pattern is defined by the horizontal planes of the spheres 

parallel to the substrate and the vertical thickness or the number of layers define the 

sharpness of the pattern. This measurement confirmed that the spheres stacked themselves 

in the lowest energy hexagonal FCC (111) planes on a flat surface. The diffraction pattern 

was marked on a paper and angles were calculated, Figure 5-7(b). A triangle can be 

formed by tracing the diffracted and the straight rays of the light as shown in Figure 5-7(c). 

The angle between the diffracted and straight rays of light was calculated to be 40°. The 

diameter of the sphere can be calculated using the equations below, 

𝟐𝒅𝑺𝒊𝒏(𝜽) = 𝒎𝝀           5-1 

For m=1 

𝟐𝒅 =
𝟔𝟑𝟐 𝒏𝒎

𝑺𝒊𝒏(𝟒𝟎)
= 𝟗𝟖𝟑 𝒏𝒎          5-2 

The calculated diameter was in good agreement with the measured diameters of the silica 

spheres. The measurements at the seed layer regions resulted in a cubical pattern with a 

spot at each corner of the cube, Figure 5-7(d). The measured diffraction pattern confirmed 
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that the spheres were stacked in the desired FCC (001) orientation. A circular pattern 

without any sharp spots was observed from the regions having no defined stacking e.g. 

on the edge of the sample where spheres were randomly stacked. So a sample without any 

defined orientation will result in a fused circular pattern. 

       

   

Figure 5-7: (a) The hexagonal diffraction pattern observed from the FCC (111) region deposited on 

the flat substrate. (b) The pattern was recorded on a paper and angles and distances calculated. (c) 

Sketch showing the measurement setup and the formed triangle by tracing the straight and diffracted 

rays from the sample. (d) A cubical diffraction pattern observed from the FCC (001) region deposited 

on the seed layer. 

The sample with FCC (001) stacking was optically characterised to observe the 

back reflections. Light from a broadband white light source (Ocean Optics HL2000) was 

incident vertically on the sample and the back reflection measured. Light was incident 

using an optical circulator which coupled the back reflected light from the sample to an 

optical spectrometer (Ocean Optics USB 4000). The reflection from the sample was found 

to be position dependent. Careful investigations revealed that two different responses 

(a) 

(c) 

(b) 

(d) 



3D Photonic Crystals for Optical Interconnects 

  114 

were observed from the seed layer regions having FCC (001) and the flat substrate having 

FCC (111) as shown in Figure 5-8(b) below. The reflection with a peak around 1300 nm 

wavelengths was measured from the flat substrate regions (blue curve). The reflection 

with a peak around 1000 nm was measured from the seed layer regions (green curve). 

Simulations were performed to calculate the reflection response from the FCC (001) 

sample to be sure that this reflection peak around 1000 nm was actually from the 

rectangular FCC (001) region. The calculated reflection peak was found to be in 

agreement with the measurements (black curve). This measurement confirms that the seed 

layer indeed induces the formation of the FCC crystal in the desired orientation. 

 

 

Figure 5-8: (a) Sketch of the used characterization setup. (b) Measured Reflection responses from 

different parts of the sedimentated sample. 

Spin coating, capillary printing and modified doctor blading techniques were also used 

to make silica sphere samples. The fabrication techniques improved with time and the 

best FCC (001) stacking was obtained using the slow sedimentation process for seed layer 

with pitch distances equal to that of the sphere sizes. Core-shell samples were then 

fabricated. 

(a) 

(b) 



3D Photonic Crystals for Optical Interconnects 

  115 

5.1.2.2 Core-shell samples 

The core-shell particles were synthesised using a multi-step procedure (at University 

of Utrecht, Netherlands). In the first step, titania (TiO2) cores were prepared by a sol gel 

method. This method produced spherical particles with low (<5%) polydisperstity, density 

and refractive index. The spheres were heated to a temperature of 50°C to make them 

dense which resulted in shrinking of the diameter by 20%. At this point, the first thin silica 

layer was deposited on the particles. This silica layer protects the spheres from strong 

sintering during the crystallization phase. By heating the coated particles to 650 ˚C, the 

amorphous titania turned into its crystalline form called as ‘anatase’. Anatase has a 

significantly higher refractive index (about 2.4) than amorphous titania. A second silica 

layer was grown on the particles. A continuous growth procedure was applied to obtain 

the desired particle size based on the method of Giesche et al. [5, 6]. The preparation 

process for core-shell particles is shown in Figure 5-9(a). 

The synthesized core-shell particles were stacked on a rectangular seed layer with 

pitch size equal that of the sphere size (at TNO, Netherlands). Cladding polymer was 

infiltrated into the fabricated crystal to understand the effect of this infiltration on the 

stacking. The sample after the polymer infiltration was peeled off the seed layer and 

imaged, Figure 5-9(b). Focused Ion Beam (FIB) milling was performed on the polymer 

infiltrated sample to observe the stacking, Figure 5-9(c). It can be noticed that there are 

some dumbbell shaped spheres which are causing the stacking to move away from the 

desired FCC (001) at some places. So, core-shell particles of uniform size and shape are 

required to achieve a good multilayer FCC (001) crystal. 

The reflection from the core-shell sample was measured at normal incidence using the 

setup shown in Figure 5-8(a). it was found to be position dependent as for the silica sphere 

sample. Two distinct peaks were observed for regions with FCC (001) and the region 

where the stacking was disturbed due to dumbbell shaped spheres resulting in FCC (111). 
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Figure 5-9: (a) Depiction of different steps for synthesis of core-shell particles. (b) SEM image of the 

core-shell sample after the infiltration of the cladding polymer. The sample was peeled off from the 

seed layer for further analysis. (c) SEM image of the FIB milled core-shell sample. Dumbbell shaped 

spheres cause disturbances resulting in RFCC. 

This shows that good stacking can be achieved using core-shell spheres of uniform 

size and shape. The photonic crystal structures were integrated with the polymer 

waveguides in the next step. 

5.1.2.3 Integrated Samples 

A nano imprint lithography (NIL) mold was fabricated for the imprinting of seed 

layer, the flow channels and the optical waveguides, Figure 5-10. The seed layer was 

designed to have the FCC (001) reflecting plane at 45° to the input waveguide core. It can 

be noticed that the seed layer is truncated at 45° to make the light incident directly on the 

FCC (001) reflecting plane as explained in the design section. The flow channels were 

fabricated to facilitate the stacking of spheres. 

(a) 

(b) 
(c) 
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Figure 5-10: SEM image of the fabricated mold for nano-imprint lithography (NIL). 

Integrated samples with colloidal crystals at 45° to the waveguides were fabricated at 

TNO Netherlands using these molds. Core polymer was deposited in the waveguide core 

regions after the imprinting. The core-shell spheres were delivered through the flow 

channels and were allowed to sediment in the seed layer region. The fabricated sample is 

shown in Figure 5-11. Polymer was infiltrated into the voids between the spheres after the 

stacking of the spheres. A polymer cladding was deposited to cover the complete sample 

after the infiltration. The sample was characterized using a lensed fibre fixed on a 

motorized XYZ stage to couple light from a tuneable laser into the input waveguide. An 

infrared (IR) camera was used to image the output waveguide at right angle to the input 

waveguide as photonic crystals were used to reflect the light at right angles. 

 

Figure 5-11: SEM image of the fabricated sample after the sphere deposition. It should be noticed 

that the waveguide is marked with black lines to make them prominent. 
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A polariser was used at the input to control the polarisation state of the incident light 

as the structures were designed to strongly reflect only TE polarised light. The camera 

was focused on the edge of the chip to observe the light coupling to the output waveguide. 

Wavelength of the tuneable laser was changed over the complete span (1460 nm – 1620 

nm) of the tuneable laser with an increment of 10 nm and output spot was captured. The 

captured images for different input wavelengths are shown in Figure 5-12. It can be 

noticed that a spot emerges for a wavelength of 1480 nm at a position where the 

waveguide is terminating on the edge of the chip. This spot gets brighter with increasing 

wavelength up to 1580 nm. The intensity of the spot decreases after 1580 nm showing 

that the peak of the reflection is situated at 1580 nm wavelength. It should be mentioned 

here that intensity of the tuneable laser also follows the same trend i.e. low power at the 

edges and maximum power around 1550 nm. This cannot be concluded from these 

measurements that this change in intensity is due to the photonic crystals. The polarization 

of the incident light was changed to show that a relatively stronger spot was observed for 

one of the orthogonal polarizations only. 

 

Figure 5-12: Images captured using the IR camera focused at the edge of an integrated sample. The 

spot in the middle of the chip shows the reflected light. It can be noticed that intensity of the spot 

decreases for one of the orthogonal polarisation confirming that photonic crystal is reflecting. 
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To conclude this section, sharp in-plane bends for polymer waveguides are 

experimentally demonstrated using TiO2/SiO2 core-shell FCC (001) structures. The 

efficiency of these bends is very low due to the variation in size and shape of core-shell 

particles which led to variation from FCC (001) orientation at some of the places. The 

performance can be improved by addressing the synthesis and stacking methods. 

 

5.2 Inverted opal as low index substrate 

The use of inverted-opal structures as low index under cladding for the polymer 

waveguide core is discussed in this section. As explained earlier, a substrate with 

refractive index value comparable to air is desired for air to act as upper cladding of a 

polymer waveguide. The fabrication and characterization of polymer waveguides on a 

honeycomb like structure is demonstrated here. The honeycomb like structure lying 

underneath the waveguide was fabricated by removing the PMMA spheres from a co-

crystallised PMMA-SiO2 structure. Fabricated waveguides were optically characterised 

to experimentally demonstrate an air cladded polymer waveguide. 

Co-crystallised colloidal poly methyl methacrylate (PMMA) and silica thin opaline 

films were deposited onto silicon wafer substrates using 368 nm diameter PMMA spheres 

and hydrolysed silica from a tetraethyl orthosilicate (TEOS) precursor solution by a co-

assembly method [7-10]. The fabricated samples are shown in Figure 5-13. 
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Figure 5-13: Scanning Electron Microscope (SEM) images of (a) co-crystallised PMMA-SiO2 film 

deposited on silicon substrate on which the polyimide was deposited for the waveguide, (b) the edge 

of the co-crystallised film. (It should be noted that the PMMA spheres are readily shrunk in the SEM 

beam). 

The reflection response of the deposited 368 nm PMMA spheres co-crystallized 

structure was measured at an angle of 10° to the normal in order to observe the Bragg 

reflections. Light from a white light source (Ocean Optics HL2000) was collimated and 

incident on the co-crystallised region. The reflected light was collected and coupled to a 

spectrometer (Ocean Optics USB4000) in order to measure the reflecting wavelengths. A 

weak Bragg reflectance peak was measured at a wavelength of 809 nm, Figure 5-14. The 

effective refractive index of the sample was measured to be 1.44 by using angle resolved 

spectroscopy of the Bragg peak [11]. The low intensity of this reflection was due to the 

small refractive index contrast between PMMA spheres and the silica backbone. A 

(a) 

(b) 
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PMMA opal structure was also prepared using the 368 nm PMMA spheres in order to 

calculate the refractive index of the PMMA spheres. Reflection measurements from this 

PMMA opal structure displayed a Bragg peak at 811 nm. The effective refractive index 

of the PMMA opal was measured to be 1.34 from which the refractive index of the PMMA 

spheres was calculated to be 1.44, which is very similar to that of silica. The small 

refractive index contrast between the PMMA spheres and the silica backbone explains the 

weak Bragg peak at 809 nm observed for the co-crystallized sample. 

 

Figure 5-14: Measured reflection at 10° to the surface normal for PMMA opal, PMMA-SiO2 co-

crystallised and SiO2 inverted opal structures. 

A flexible micro-mold of poly-dimethylsiloxane (PDMS) was produced by replication 

of a master mold on a silicon wafer. The master mold had 10 µm wide and 4.7 µm deep 

waveguides at a spacing of 50 µm. The master mold was fabricated onto the silicon wafer 

by standard photolithography methods. The PDMS micro-molds were made from a 

PDMS elastomer kit (Dow Corning Sylgard 184). The base-to-catalyst mixing ratio from 

the PDMS kit was 10:1. The mixture was poured over the silicon master mold and 

degassed in a vacuum chamber for 20 minutes, and then cured at 60°C overnight. The 

PDMS micro-mold was then peeled from the master mold. 

Prior to infiltration of the capillary lines in the micro-mold, the PDMS mold and the 

co-crystallised PMMA-silica film were cleaned in an air plasma for 5 minutes. A small 

droplet of Fuji Film polyimide adhesive having a refractive index of 1.8, Durimide 112A 

[12], was deposited onto the PMMA-silica film and pressure applied. The pressure was 
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maintained while the substrate and mold was placed into a vacuum chamber at 0.1 MPa 

for 1 hour. Upon removal from the vacuum the Durimide 112A was soft-baked at 135°C 

for approximately 90 seconds, according with the manufacturers’ guidelines. After curing, 

chloroform was used, both to swell the PDMS mold to release it from the Durimide 

MIMIC lines, and secondly to remove the PMMA spheres, thus leaving behind Durimide 

capillary lines on top of an inverted silica opal structure, Figure 5-15. 

 

Figure 5-15: Schematic of the fabrication process: Firstly a co-crystallized PMMA-SiO2 film is 

deposited on a silicon substrate to act as an under-cladding for the polyimide waveguides. The 

waveguides are made by depositing Durimide 112A and printing a prepared PDMS mold under 

vacuum. Chloroform is used after soft-baking the Durimide to swell and release the PDMS mold and 

also remove the PMMA spheres from the underlying co-crystallized film. This results in a low 

refractive index SiO2 inverted opal beneath the Durimide waveguides. An oxygen plasma is used to 

thin the residual layer. The plasma also aids the removal of any retained PMMA spheres. 

A residual layer (1.66 µm thick) of Duramide remained adjacent to the waveguides 

after the fabrication. This residual layer acts as a cover on the co-crystallized PMMA-

silica film and can impede the complete removal of the PMMA spheres. Simulations were 

performed to find out the effect of this residual layer on the waveguide mode. The 

calculated fundamental mode for the fabricated waveguide is shown in Figure 5-16(a). 

Calculations show that the waveguide can accommodate a 2nd order transverse mode as 

shown in Figure 5-16(b). The height of the waveguide increased due to the residual layer 

leading to the excitation of the 2nd order mode. Calculations show that a global etch-back 

of the residual layer will result in a pure single mode waveguide. The calculated mode of 

the waveguide after etching of the residual layer is shown in Figure 5-16(c). An oxygen 

plasma was used to remove the residual layer. This global etch back also removed any 
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remaining PMMA spheres. The waveguide sample is shown in Figure 5-16(d, e) where 

the residual layer has been etched leaving a waveguide with a height of almost 3.7 µm. 

  

 

   

Figure 5-16: (a) Calculated fundamental mode for the waveguide with a residual layer. (b) The higher 

order mode that can be excited in the waveguide with a resiudal layer. (c) Calculations show that the 

waveguide is a single moded upon removal of the residual layer. (d) SEM image of top view of the 

waveguide after oxygen plasma treatment. (e) SEM image of edge of the waveguide of ~3.7 µm in 

height. 

(a) (b) 

(c) 

(e) (d) 



3D Photonic Crystals for Optical Interconnects 

  124 

The inverted photonic crystal structure lying beneath the fabricated waveguides now 

acts as a low refractive index material. The resonance wavelength of the underlying PC 

was investigated by measuring the spectral reflection at an angle of 10° to the normal from 

the region where the waveguides were absent. Reflection measurements reveal a Bragg 

peak at 612 nm with a Full Width Half Maximum (FWHM) of 41 nm as shown in Figure 

5-14. The refractive index of the inverted structure was calculated to be 1.01. The presence 

of a Bragg peak at around 600 nm shows that inverted crystal will act as a low refractive 

index substrate and will not affect the spectral propagation through the waveguide at 

telecommunications wavelengths. 

The transmission responses of the plasma treated waveguides were measured using a 

fibre-coupled super continuum light source from Fianium covering the E, S, C and L 

bands of the communication wavelengths (1300-1600nm). Single mode lensed fibres 

were used to couple to the input and output waveguides of the fabricated waveguides and 

the power maximized in order to measure the transmitted powers. The output fibre was 

coupled to an Optical Spectrum Analyser (OSA) in order to measure the spectral response 

of the waveguide. Transmission spectra for both TE and TM polarizations of the incident 

light were measured Figure 5-17(a). A loss of 7 dB was measured for a waveguide of 1 

mm length for both polarizations. This measured loss includes the facet coupling losses 

and the material losses. The Fabry-Perot resonances from the multiple passes through the 

waveguide due to the facet reflections are shown in Figure 5-17(b). The calculated cavity 

length associated with these resonances is in agreement with the 1 mm waveguide length. 

The mode profile of the waveguide was measured by scanning the output fiber in 

horizontal and vertical directions, Figure 5-17(c). This shows that waveguide was guiding 

with a single spatial mode as expected from the simulation. 
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Figure 5-17: (a) Measured transmission responses for both TE and TM polarizations of light. 

Measurements show broadband transmission with a a loss of 7 dB/mm. This loss also includes the 

facet coupling losses. (b) Measured Fabry-Perot resonances for the fabricated waveguides. The 

calculated lengths corresponding to these resonances are in agreement with the actual waveguide 

lengths. (c) Measured output profile showing a fundamental spatial mode. 

To conclude the inverted opal section, a functioning air-clad polymer based single 

mode waveguide fabricated on an inverted photonic crystal is experimentally 

demonstrated. The loss across the telecommunications wavelength band for this initial 

structure was measured to be 7 dB for 1 mm length including the facet losses. Wavelength 

dependent waveguides for sensing applications can be obtained by designing the 

underlying photonic crystal to be resonant at the operating wavelengths. This approach 

enables the fabrication of very compact polymer waveguide circuits. 

 

(a) (b) 

(c) 
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5.3 Conclusions and discussion 

To conclude, sharp bends for polymer waveguides and air cladded waveguides are 

experimentally demonstrated using three dimensional photonic crystals. It is found that 

FCC (001) stacking can be achieved by stacking of spheres on the seed layer. The spheres 

must have uniform size/shape and the pitch of the seed layer should match the diameter 

of the spheres for good stacking. As it is difficult to synthesise TiO2/SiO2 core shell 

spheres having uniform size and shape so demonstrated efficiencies of the right angle 

bends are poor. The integration of colloidal crystals with polymer waveguides is itself a 

difficult task as a small variation in stacking results in a drastic reduction in reflections. 

The efficiencies can be improved by addressing the synthesis and stacking of the core-

shell particles. At the moment this way of achieving sharp bends is not so mature that it 

may be adopted for achieving of reliable sharp bends. 

Functioning of the polymer waveguides on the inverted opal structure is 

demonstrated. The waveguides were fabricated by MIMIC using Durimide 112A as 

waveguide material. The material loss of Durimide 112A around telecom wavelengths 

was unknown and the material was never reported to be used for waveguiding. It was 

good to demonstrate the working of waveguides but I believe lithography on SU8 as 

explained in chapter 3 would have resulted in better waveguides. SU8 waveguide were 

planned as the next step but could not be fabricated due to the lack of time. 

The underlying inverted opal structure was acting as a low index material only as 

the resonance of the crystals was designed to be at smaller wavelengths. The waveguide 

can be made resonant by designing the underlying structure for resonance around the 

waveguide operating wavelengths. This will result in a resonance in the transmission 

response similar to the one demonstrated for waveguide coupled BSW in the previous 

chapter. This photonic crystal based resonant waveguide can be used as a sensor for 

liquids and small analytes capable of infiltrating the pores. Designing of photonic crystal 

for resonance around 1500 nm wavelengths will require larger spheres which will result 

in a bumpy top surface of the crystal. This bumpy surface may enhance scattering losses 

through the waveguide as the bottom surface of the waveguide will not be flat. However, 

functioning waveguides fabricated on top of the inverted opal crystals are demonstrated 
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and can be used as size selective sensors if designed for resonance around the waveguide 

operating wavelengths. 
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6 Summary and Future Work 

In this chapter, the research work presented in this thesis is summarised and major 

conclusions are drawn. The future possibilities of the research work are also discussed. 

6.1 Summary 

The behaviour of light in a medium is dependent on the refractive index of that 

medium. An optical waveguide guiding light from one place to another is the simplest 

optical structure taking advantage of the refractive index contrast between the core and 

the cladding. The working principle of an optical waveguide and different guided modes 

were discussed in the introduction chapter. After discussing the waveguides, more 

complex structures using the periodic modulation of the refractive index inside a medium 

were discussed. The structures using the periodic modulation are called photonic crystals. 

The working principles of one, two and three dimensional photonic crystals were 

explained to provide the essential knowledge required to understand the work presented 

in the thesis. 

In chapter 2, the modulation of refractive index in one dimension was used to 

introduce Bloch Surface Waves (BSW) based sensors. By presenting structures from the 

literature, it was shown that BSW sensors could be designed for both TE and TM polarised 

light in contrast to the SPR sensors which are only TM polarised. It was demonstrated 

that the number of dielectric layers could be reduced by increasing the refractive index 

contrast. A sensing surface using only a single pair of high index contrast layers was 

experimentally demonstrated. This was the first demonstration of a BSW-like sensor 

using only a single pair of high and low index layers. The measured sensitivity (900 

nm/RIU) for the high index contrast sensor was compared to the earlier reported BSW 

sensors to show comparable sensitivities. The excited mode was compared with the modes 

of multilayer BSW, SPR and broadband SOI waveguide to show that the excited mode 

was BSW-like resonant mode. It was demonstrated using simulations that the concept 

could also be implemented on the silicon on insulator (SOI) platform at 1550 nm resulting 

into sharper resonances with better sensitivities (1950 nm/RIU). The implementation of 

the sensing surface on SOI can lead to tune ability of the surface waves by doping the 
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silicon. Furthermore, on-chip sensing can be achieved by depositing the designed 

dielectric layers on a polymer waveguide eliminating the prisms used for the 

Kretschmann-Raether (K-R) excitation. 

In chapter 3, on-chip BSW resonances were experimentally demonstrated by 

depositing dielectric layers on SU8 based waveguides. Designed thicknesses of silicon 

(70 nm) and silica (676 nm) were deposited on the top surface of the SU8 waveguide only 

to demonstrate TM polarised resonance around 820 nm wavelengths. The shift in the 

resonance was measured to be 100 nm between water and air above the surface showing 

a sensitivity of 300 nm/RIU. The demonstrated sensitivity was one third of the earlier 

demonstrated sensitivity (900 nm/RIU) using K-R configuration. This was the first on-

chip demonstration using waveguides and sensitivity will improve with optimisation of 

the design, fabrication and measurement methods. The resonance was then designed and 

fabricated for operation around telecom wavelengths. Dielectric layers were deposited on 

three sides of a SU8 waveguide to obtain resonances for both TE and TM polarised light. 

As expected, resonances were measured for both TE and TM polarised light. There are 

many possibilities for different designs that can be implemented using this waveguide 

coupled approach. For example, power splitters and MMI structures can be used to 

implement on-chip assays which can measure multiple samples at the same time. 

In chapter 4, single and multilevel polymer waveguides were studied. ORMOCER 

based 5 µm x 5 µm waveguides with an index contrast of 0.6% between the core and the 

cladding were fabricated using nano-imprint lithography (NIL). It was experimentally 

demonstrated that the bending radius should at-least be 8 mm for negligible transmission 

losses because of the small refractive index contrast (Δn = 0.009) between the core and 

cladding. Sharper bends can be achieved by increasing the refractive index contrast. 

Passive optical components such as directional couplers, multimode interference devices 

(MMI) and power splitters were demonstrated. Directional couplers were found to be 

comparatively more sensitive to changes in refractive index contrast and side wall angles 

than MMI. For a directional coupler, an increase in side wall angle reduces the coupling 

gap between the waveguides resulting in shorter coupling lengths. On the other hand, an 

increase in the index contrast results in longer coupling lengths as the modes are tightly 

confined inside the cores. After the demonstration of the in-plane passive devices, novel 
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multilevel components were designed and implemented. An ‘optical via’ for vertical 

coupling of light from one optical to another was demonstrated for the first time using 

NIL patterning. The thickness of the cladding layer separating the optical planes in the 

vertical direction should be uniform as an increase/decrease in thickness results in 

larger/smaller coupling gaps. This variation in coupling gaps over a chip would lead to 

optical vias with different up-coupling efficiencies. A 1 x 4 2D optical port to spatially 

distribute the light over two optical planes was experimentally demonstrated for the first 

time using an in-plane splitter and multi-plane directional couplers. The 1 x 4 2D optical 

port was very sensitive to variations in thickness of cladding layer separating the optical 

planes. A variation in thickness results in power imbalance between the ports. 

In chapter 5, the use of refractive index modulation in all three dimensions was 

investigated and applied to sharp bends in polymer waveguides and to demonstrate air 

cladded polymer waveguides. Opal photonic crystal structures were placed at 45° to the 

waveguide core to achieve bending of light at sharp angles. As the crystals were integrated 

with polymer waveguides having an upper cladding of polymer, it was necessary to use 

core-shell particles with high index TiO2 cores inside SiO2 shell to achieve an acceptable 

index contrast between the TiO2 core and the background cladding polymer. Simulations 

showed that FCC (001) could result in better reflections at sharp angles than FCC (111). 

The underlying substrate was patterned to achieve the FCC (001) stacking of spheres. 

Core-shell particles were synthesised, stacked and integrated to the polymer waveguides 

to experimentally demonstrate sharp polymer waveguide bends. The reflection 

efficiencies were not good due to the variation in the size and shape of the core-shell 

particles. It was found that sharp bends using core-shell photonic crystals is not a feasible 

option. An inverted opal crystal was used as the underlying cladding to demonstrate air 

cladded polymer waveguide. Air cladding results in large index contrast (Δn = 0.8) and 

can be used to realise sharper bends. Waveguides were fabricated on the co-crystallised 

PMMA-SiO2 crystals. PMMA spheres were removed after the fabrication of the 

waveguides to get a honey comb like inverted opal structure lying underneath the 

waveguide. The fabricated waveguides were experimentally demonstrated to show 

broadband transmission. These air suspended waveguides with inverted photonic crystal 

structures underneath can be used as sensors if the underlying structure is designed for 
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resonance around the operating wavelength. Small molecules or liquid will infiltrate the 

inverted opal structure and shift the resonance. 

To conclude, the roles of the refractive index contrast and modulation were explored 

and used for sensing and guiding purposes. The key achievements in this work have been: 

1. Design and implementation of the first single pair BSW-like sensing surface 

using silicon and silica. 

2. Design and implementation of the waveguide coupled BSW sensors for the first 

time to achieve on-chip sensing using end-fire coupling. The on-chip resonances 

could be excited for both TE and TM polarised light for the same waveguide. 

3. Implementation and detailed analysis of in-plane polymer waveguides and 

passive optical devices. An ‘optical via’ for vertical coupling of light from one 

optical plane to another was designed and implemented for the first time using 

NIL. 

4. Design and implementation of a novel 1 x 4 2D port for spatial distribution of 

input light over multiple optical planes. 

5. Understanding and mapping of different reflecting planes of a face centred cubic 

(FCC) crystal. 

6. Demonstration of effectively air suspended polymer waveguides which can be 

used for sensing and compact waveguiding. 

6.2 Future possible work 

Excitation of waveguide coupled resonances using end-fire coupling opens up a 

new field of BSW based on-chip sensing. A range of different waveguide structures can 

be implemented. The performance of the first demonstrated waveguide coupled sensor 

can be enhanced by design optimisation. This will include investigation of the underlying 

waveguide modes and more careful design of the dielectric layers. The variation in 

thicknesses of the dielectric layers on the top and side surfaces will also be taken into 

consideration. Some initial measurements have shown that sensitivities around 900 

nm/RIU can be achieved which are comparable to K-R coupled BSW sensors. 
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Structures capable of detecting multiple analytes at the same time can be designed 

and implemented using different waveguide based structures. As power splitters and 

multimode interference devices (MMI) were discussed in chapter 4 so I present two 

possibilities using these structures. The proposed structures are shown in Figure 6-1 

below. The sensor with dielectric layers deposited on arms of the splitter can be used to 

detect two different analytes, Figure 6-1(a). The power from the source is divided into 

half and each arm of the splitter is used to detect a particular analyte. Different thicknesses 

of dielectric layers can also be deposited on the arm to have two different resonances. 1 x 

3 MMI splitting the input power into three equal parts can be used to detect three different 

analytes. The dielectric layers will be deposited on all output waveguides. Different MMIs 

and splitters can be used for different applications. 

 

 

Figure 6-1: (a) Proposed sensor using Y-splitter for detection of two different analytes. Designed 

dielectric layers will be deposited on output waveguides. The resonance will be measured in the 

transmission using detectors. (b) Proposed sensor using 1 x 3 MMI for detection of three different 

analytes at the same time. 

As discussed in chapter 3, designed dielectric layers can also be deposited on the 

glass substrate before the fabrication of waveguides to have a reference resonance in the 

transmission response. This resonance will not shift with change of environment and will 

help referencing the shift in resonance. 

Polymer waveguide on inverted opal crystals explained in chapter 5 can be 

implemented for size selective sensing. The underlying photonic crystal can be designed 

(a) 

(b) 
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for resonance around the transmitting wavelengths of the waveguides. The resonance of 

the crystal will be reflected by a signature (dip/peak) in the transmission of the polymer 

waveguide. The analytes smaller than the inverted crystal pores will infiltrate the crystal 

and will shift the resonance of the underlying crystal. This shift in resonance will be 

reflected in the transmission of the waveguide. SU8 waveguides could be fabricated on 

the co-crystallised structures using lithography and spheres removed after the fabrication 

of waveguides. SU8 is more suitable for waveguiding applications than polyimide and 

better quality waveguides can be fabricated using lithography. 
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Appendix A 

BSW Calculation code - Lumerical 

############################################################# 

# scriptfile: sp_film_resonance.lsf 

# This file calculates the reflection spectrum for 

# an SPR simulation using Bloch boundary conditions. 

# 

# Copyright 2010, Lumerical Solutions, Inc. 

############################################################# 

runsweep; 

run; 

theta = pinch(getsweepdata("sweep", "source_angle")*pi/180); 

R = getsweepdata("sweep", "R"); 

T = getsweepdata("sweep", "T");  

E2 = pinch(getsweepdata("sweep","E2")); 

x = getsweepdata("sweep","x"); 

 

# find the frequency of the monitor 

f = getsweepdata("sweep","f"); 

# find the frequency of the source 

# fsim = getsweepdata("sweep","fsim"); 

fsim = getdata("source1","f"); 

lambda = c/f; 
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d = 50e-9; 

# get the substrate index as run in the fdtd simulation 

n1 = getfdtdindex("SiO2 (Glass) - Palik",f,min(fsim),max(fsim)); 

n2 = getfdtdindex("Ag (Silver) - Palik (0-2um) Copy 1",f,min(fsim),max(fsim)); 

n3 = 1; 

# use stackrt script function to get theoretical reflection 

theta1 = theta*180/pi; 

n=[n1;n2;n3]; 

d=[0;d;0]; 

RT=stackrt(n,d,f,theta1); 

Rtheory=RT.Rp; 

######################################### 

# plot the results 

plot(theta*180/pi, R, Rtheory,"angle of incidence (degrees)","Reflection","Reflection vs 

angle"); 

legend("FDTD","theory"); 

image(x*1e9,theta*180/pi,E2,"x (nm)","angle of incidence(deg)","|E|^2 at 

"+num2str(c/f*1e9)+" nm"); 
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Appendix B 

BSW Calculation Code– MATLAB – Angle scan 

function []=Anglescan() 

clear all 

nlow=1.47+0.0005i; 

nhigh=3.48+0.0005i; 

thetai=50:0.001:67; %angle of incidence (degrees) 

lambda=1550; %vacuum wavelength (nm) 

hhigh=132; 

hlow=1277; 

h=[NaN, hlow, hhigh, NaN]; 

pol=1; %polarization, 1 for p and 0 for s 

n=[1.7,nlow,nhigh,1.0]; %refractive index data, NaN for frequency dependence 

ds=1.33:0.05:1.37; %film thicknesses 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for b=1:length(ds) 

 %n(13)=ds(b); 

for a=1:length(thetai) 

[FR(a,b),FT(a,b),FA(a,b)]=Fresnel(lambda,thetai(a),h,n,pol); 

end 

disp([num2str(b/length(ds)*100) '% done...']) 

end 
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%plot results: 

%figure 

hold on 

plot(thetai,FR,'c') 

xlim([thetai(1),thetai(length(thetai))]) 

ylim([0 1]) 

xlabel('incident angle (degrees)') 

ylabel('Fresnel coefficient') 

title('Fresnel coefficients for transmission (blue), reflection (red) and absorption (green)') 

lam=transpose(thetai); 

dlmwrite('ref.txt',FR, ';'); 

dlmwrite('angle.txt',lam, ';'); 

%%%%%%%%%%%%%%%%%%%%%%% 

legend('-DynamicLegend',2); 

xlabel('Angle (°)','FontSize',30); 

ylabel('Reflection','FontSize',30); 

title('BSW at 830nm','FontSize',30); 

grid on; 

box on; 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

function [FR,FT,FA]=Fresnel(lambda,thetai,h,n,pol) 

 

%Snell's law: 
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theta(1)=thetai*pi/180; 

for a=1:length(n)-1 

theta(a+1)=real(asin(n(a)/n(a+1)*sin(theta(a))))-

1i*abs(imag(asin(n(a)/n(a+1)*sin(theta(a))))); 

theta*180/pi 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Fresnel coefficients: 

if pol==0 %formulas for s polarization 

for a=1:length(n)-1 

Fr(a)=(n(a)*cos(theta(a))-

n(a+1)*cos(theta(a+1)))/(n(a)*cos(theta(a))+n(a+1)*cos(theta(a+1))); 

Ft(a)=2*n(a)*cos(theta(a))/(n(a)*cos(theta(a))+n(a+1)*cos(theta(a+1))); 

end 

elseif pol==1 %formulas for p polarization 

for a=1:length(n)-1 

Fr(a)=(n(a)*cos(theta(a+1))-

n(a+1)*cos(theta(a)))/(n(a)*cos(theta(a+1))+n(a+1)*cos(theta(a))); 

Ft(a)=2*n(a)*cos(theta(a))/(n(a)*cos(theta(a+1))+n(a+1)*cos(theta(a))); 

end 

end 

%phase shift factors: 

for a=1:length(n)-2 

delta(a)=2*pi*h(a+1)/lambda*n(a+1)*cos(theta(a+1)); 

end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%build up transfer matrix: 

M=[1,0;0,1]; %start with unity matrix 

for a=1:length(n)-2 

M=M*1/Ft(a)*[1,Fr(a);Fr(a),1]*[exp(-1i*delta(a)),0;0,exp(1i*delta(a))]; 

end 

M=M*1/Ft(length(n)-1)*[1,Fr(length(n)-1);Fr(length(n)-1),1]; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%total Fresnel coefficients: 

Frtot=M(2,1)/M(1,1); 

Fttot=1/M(1,1); 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%special case of single interface: 

if length(n)==2 

Frtot=Fr(1); 

Fttot=Ft(1); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%total Fresnel coefficients in intensity: 

FR=(abs(Frtot))^2; 

FT=(abs(Fttot))^2*real(n(length(n))*cos(theta(length(n))))/real(n(1)*cos(theta(1))); 

FA=1-FR-FT; 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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function epsilon=Au(lambda) 

%analytical formula for gold based on wavelength in nm, fits J&C data: 

epsiloninf=1.54; 

lambdap=143; 

gammap=14500; 

A1=1.27; 

lambda1=470; 

phi1=-pi/4; 

gamma1=1900; 

A2=1.1; 

lambda2=325; 

phi2=-pi/4; 

gamma2=1060; 

%%%%%%%%%%%%%%%%%%%%%% 

%other parameters, worse fit to J&C but seems more accurate often: 

%epsiloninf=1.53; 

%lambdap=155; 

%gammap=17000; 

%A1=0.94; 

%lambda1=468; 

%phi1=-pi/4; 

%gamma1=2300; 

%A2=1.36; 

%lambda2=331; 
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%phi2=-pi/4; 

%gamma2=940; 

%%%%%%%%%%%%%%%%%%%%%%% 

for a=1:length(lambda) 

epsilon(a)=epsiloninf-1/(lambdap^2*(1/lambda(a)^2+1i/(gammap*lambda(a))))... 

+A1/lambda1*(exp(phi1*1i)/(1/lambda1-1/lambda(a)-1i/gamma1)+exp(-

phi1*1i)/(1/lambda1+1/lambda(a)+1i/gamma1))... 

+A2/lambda2*(exp(phi2*1i)/(1/lambda2-1/lambda(a)-1i/gamma2)+exp(-

phi2*1i)/(1/lambda2+1/lambda(a)+1i/gamma2)); 

end 

end 
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Appendix C 

BSW Calculation Code– MATLAB – Wavelength scan 

function []=wavelengthscan() 

%clear all 

%close all 

%global theta; 

%for thickness=1:10:100 

nlow=1.47; 

nhigh=3.48+0.0586i; 

theta=55; %angle of incidence (degrees) 

lambdai=1520:0.1:1600; %vacuum wavelength (nm) 

%hhigh=thickness; 

hhigh=70; 

hlow=676; 

%hlow=thick; 

%hhigh=lambda/(cos(30*pi/180)*4*nhigh) 

%hlow=lambda/(cos(79*pi/180)*4*nlow) 

%h=[NaN,205,282,205,282,205,282,205,282,205,400,150,NaN]; %film thicknesses in 

nm, equal in length to n, start and end with NaN 

%h=[NaN,121,339,121,339,121,339,121,339,121,339,121,339,121,500,NaN]; 

h=[NaN,hlow,hhigh,NaN]; 

pol=1; %polarization, 1 for p and 0 for s 

n=[nhigh,nlow,nhigh,1.0]; %refractive index data, NaN for frequency dependence 

ds=1.33:0.07:1.373; %film thicknesses 
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%%%%%%%%%%%%%%%%%%%%%%%% 

for b=1:length(ds) 

 %n(4)=ds(b); 

for a=1:length(lambdai) 

[FR(a,b),FT(a,b),FA(a,b)]=Fresnel(lambdai(a),theta,h,n,pol); 

end 

disp([num2str(b/length(ds)*100) '% done...']) 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

lam=transpose(lambdai); 

dlmwrite('refBrianwavelengthIPA.txt',FR, ';'); 

dlmwrite('angleBrianwavelengthIPA.txt',lam, ';'); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%plot results: 

figure 

%hold on 

%plot(thetai,FT,'c') 

%str=sprintf('thickness = %d', thick); 

%plot(lambdai,FR,'color',rand(1,3),'DisplayName',str,'linewidth',3) 

plot(lambdai,FR,'c','DisplayName','61.19°','linewidth',3) 

%plot(thetai,FA,'g') 

xlim([lambdai(1),lambdai(length(lambdai))]) 

ylim([0 1]) 

legend('-DynamicLegend',2); 
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xlabel('Angle (°)','FontSize',40); 

ylabel('Reflection','FontSize',40); 

%title('BSW at 820nm','FontSize',40); 

%title(str) 

grid on; 

box on; 

%end 

end 

%%%%%%%%%%%%%%%%%%%%%%%% 

function [FR,FT,FA]=Fresnel(lambda,thetai,h,n,pol) 

%Snell's law: 

theta(1)=thetai*pi/180; 

for a=1:length(n)-1 

theta(a+1)=real(asin(n(a)/n(a+1)*sin(theta(a))))-

1i*abs(imag(asin(n(a)/n(a+1)*sin(theta(a))))); 

theta*180/pi 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%Fresnel coefficients: 

if pol==0 %formulas for s polarization 

for a=1:length(n)-1 

Fr(a)=(n(a)*cos(theta(a))-

n(a+1)*cos(theta(a+1)))/(n(a)*cos(theta(a))+n(a+1)*cos(theta(a+1))); 

Ft(a)=2*n(a)*cos(theta(a))/(n(a)*cos(theta(a))+n(a+1)*cos(theta(a+1))); 

end 
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elseif pol==1 %formulas for p polarization 

for a=1:length(n)-1 

Fr(a)=(n(a)*cos(theta(a+1))-

n(a+1)*cos(theta(a)))/(n(a)*cos(theta(a+1))+n(a+1)*cos(theta(a))); 

Ft(a)=2*n(a)*cos(theta(a))/(n(a)*cos(theta(a+1))+n(a+1)*cos(theta(a))); 

end 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%phase shift factors: 

for a=1:length(n)-2 

delta(a)=2*pi*h(a+1)/lambda*n(a+1)*cos(theta(a+1)); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%build up transfer matrix: 

M=[1,0;0,1]; %start with unity matrix 

for a=1:length(n)-2 

M=M*1/Ft(a)*[1,Fr(a);Fr(a),1]*[exp(-1i*delta(a)),0;0,exp(1i*delta(a))]; 

end 

M=M*1/Ft(length(n)-1)*[1,Fr(length(n)-1);Fr(length(n)-1),1]; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%total Fresnel coefficients: 

Frtot=M(2,1)/M(1,1); 

Fttot=1/M(1,1); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%special case of single interface: 

if length(n)==2 

Frtot=Fr(1); 

Fttot=Ft(1); 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%total Fresnel coefficients in intensity: 

FR=(abs(Frtot))^2; 

FT=(abs(Fttot))^2*real(n(length(n))*cos(theta(length(n))))/real(n(1)*cos(theta(1))); 

FA=1-FR-FT; 

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

function epsilon=Au(lambda) 

%analytical formula for gold based on wavelength in nm, fits J&C data: 

epsiloninf=1.54; 

lambdap=143; 

gammap=14500; 

A1=1.27; 

lambda1=470; 

phi1=-pi/4; 

gamma1=1900; 

A2=1.1; 

lambda2=325; 

phi2=-pi/4; 
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gamma2=1060; 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

for a=1:length(lambda) 

epsilon(a)=epsiloninf-1/(lambdap^2*(1/lambda(a)^2+1i/(gammap*lambda(a))))... 

+A1/lambda1*(exp(phi1*1i)/(1/lambda1-1/lambda(a)-1i/gamma1)+exp(-

phi1*1i)/(1/lambda1+1/lambda(a)+1i/gamma1))... 

+A2/lambda2*(exp(phi2*1i)/(1/lambda2-1/lambda(a)-1i/gamma2)+exp(-

phi2*1i)/(1/lambda2+1/lambda(a)+1i/gamma2)); 

end 

end 
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Appendix D 

Multilayer Bragg Reflector Code– MATLAB 

clear; 

angle=0; % Angle in degrees 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for r=1:2:80 % Step r from 1 to 14 in steps of 2 

   n(r)=1.5; % Refractive index of high index layer 

 h(r)=850/(4*n(r)); % Thickness of high refr. index layer 

 %h(r)=500; 

    n(r+1)=1.9; % Refractive index of low index layer 

 h(r+1)=850/(4*n(r+1)); % Thickness of low refr. index layer 

end 

h(40)=200; 

lambdamin=600; 

lambdamax=1200; 

lambdastep=0.1; 

out=0; %Output option. Reflection for out=1, transmission for out=0.  

%******************** 

nclad=1.0; 

neff=nclad*sin((pi/180)*angle); 

max=length(n); 

for m=1:((lambdamax-lambdamin)/lambdastep) 

 lambda=lambdamin+lambdastep*m; 
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 lam(m)=lambda; 

 k0=2*pi/lambda; 

 M0=[1 0;0 1]; 

 for k=1:max 

   test=n(k)*n(k)-neff*neff; 

  kappa=k0*sqrt(test); 

  arg=kappa*h(k); 

  M=[cos(arg) sin(arg)/kappa*i;sin(arg)*kappa*i cos(arg)];  

  M1=M0*M; 

  M0=M1; 

 end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

 kc=k0*sqrt(nclad*nclad-neff*neff);  

 ks=k0*sqrt(nclad*nclad-neff*neff);  

 t=2*ks/(ks*M0(1,1)+kc*M0(2,2)+ks*kc*M0(1,2)+M0(2,1)); 

 r=(ks*M0(1,1)-kc*M0(2,2)+ks*kc*M0(1,2)-M0(2,1))*t/(2*ks); 

 T(m)=t*conj(t); 

 R(m)=r*conj(r); 

end 

figure; 

if out==0 

   plot(lam, T); 

   title('Transmission spectrum') 

   xlabel('wavelength') 
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end 

if out==1 

   plot(lam, R); 

   title('Reflection spectrum') 

   xlabel('wavelength') 

end 

lam=transpose(lam); 

R=transpose(R); 

T=transpose(T); 

axis tight; 
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Appendix E 

Truncated FCC Code– Lumerical 

deleteall; 

#################################################### 

# Rectangular lattice PC array 

# A periodic array of photonic crystals in a rectangular lattice. 

# 

# Input properties 

# z span: height of crystals 

# nx, ny: the number of columns and rows 

# ax: lattice constant in the x-dir 

# ay: lattice constant in the y-dir 

# radius: radius of the crystals 

# index: index of refraction 

# material 

# 

# Tags: square rectangular lattice pc photonic crystal array 

# 

# Copyright 2012 Lumerical Solutions Inc 

##################################################### 

 

# simplify variable names by removing spaces 

z_span = %z span%; 

 

n_rows = ny-1; 

n_rows2 = ny-2; 

n_cols = nx-1; 

n_cols2 = nx-2; 

even_flag = 0; 

for(k=0:2:nz) { 
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for(i=-n_rows/2:n_rows/2) { 

for(j=-n_cols/2:n_cols/2) { 

if(i<=j){  

addsphere;  

set("radius",radius); 

set("x",(j)*a); 

set("y",(i)*a); 

set("z",(k)*(sqrt(2)/2)*a);  

#set("z span",z_span);  

set("material",material); 

if(get("material")=="<Object defined dielectric>") 

{ set("index",index); }  

}} 

} 

} 

for(k=1:2:nz) { 

for(i=-n_rows2/2:n_rows2/2) { 

for(j=-n_cols2/2:n_cols2/2) { 

if(i<=j){ 

addsphere;  

set("radius",radius); 

set("x",(j)*a); 

set("y",(i)*a); 

set("z",(k)*(sqrt(2)/2)*a);  

#set("z span",z_span);  

set("material",material); 

if(get("material")=="<Object defined dielectric>") 

{ set("index",index); }  

}} 

} 

} 
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selectall; 

set("detail",0); 
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Appendix F 

Bandstructure calculation code – Lumerical 

runsweep; # run all sweeps 

 

# get a from model 

a = getnamed("::model","a"); 

 

# get fs data from the sweeps 

sweepname="Gamma-M"; 

spectrum=getsweepresult(sweepname,"spectrum"); 

f=c/spectrum.lambda; 

fs_all=matrix(length(f),30); # initialize matrix to store fs data in 

fs_all(1:length(f),1:10)=spectrum.fs; 

 

sweepname="M-K"; 

spectrum=getsweepresult(sweepname,"spectrum"); 

fs_all(1:length(f),11:20)=spectrum.fs; 

 

sweepname="K-Gamma"; 

spectrum=getsweepresult(sweepname,"spectrum"); 

fs_all(1:length(f),21:30)=spectrum.fs; 

 

# simple imaging of fs vs k 

image(1:30,f,transpose(fs_all),"k (Gamma-M-K-Gamma)","f (Hz)","bandstructure, 

logscale","logplot"); 

image(1:30,f,transpose(fs_all),"k (Gamma-M-K-Gamma)","f (Hz)","bandstructure, 

linearscale"); 

setplot("colorbar min",0); 

setplot("colorbar max",max(fs_all)*1e-4); 

 

# plot bandstructure 

bandstructure=matrix(num_band,30); # initialize matrix in which to store band 

frequency information 

 

# loop over sweep results 

for (i=1:30){ 

#use findpeaks to find num_band number of peaks 

temp = findpeaks(fs_all(1:length(f),i),num_band); 

 

#collect data for any peaks that are more than 'tolerance' of the maximum peak (to avoid 

minor peaks like sidelobes) 

minvalue = fs_all(temp(1),i)*tolerance; 

f_band=matrix(num_band); 
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for(bandcount = 1:num_band) { 

if( fs_all(temp(bandcount),i) > minvalue) {  

f_band(bandcount) = f(temp(bandcount));  

} 

} 

 

f_band_norm = f_band*a/c; # normalize the frequency vector 

bandstructure(1:num_band,i)=f_band_norm; 

} 

 

bandstructure=transpose(bandstructure);  

plot(1:30,bandstructure,"k (Gamma-M-K-Gamma)","f (Hz*a/c)","bandstructure","plot 

points"); 


