
NANOPLASMONIC SENSORS BASED ON CHIRPED CROSSED 

SURFACE RELIEF GRATINGS 

 

 

 

by 

 

Yazan Bdour 

 

 

 

 

 

A thesis submitted to the Department of Chemical Engineering 

In conformity with the requirements for the 

Degree of Masters of Applied Science (MASc) 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(October, 2018) 

 

Copyright ©Yazan Bdour, 2018 



ii 

 

Abstract 

This work presents a new type of nano-plasmonic sensor based on crossed surface relief gratings 

(CSRGs) with gradually varying pitch generated on top an azobenzene thin films using a 532 nm laser and 

a modified Lloyd mirror setup. A cylindrical lens is placed in front of half of the beam’s path, scattering 

the light horizontally, which results in the varying pitch linear gratings. Crossed gratings are created by 

writing a varying pitch grating on top of an orthogonally placed constant linear grating; therefore, producing 

a chirped-pitch cross grating. CSRGs have already created a unique surface plasmon resonance (SPR) 

sensors, since no light passes through them except a narrow bandwidth where SPR conversion occurs. A 

large bandwidth of SPR wavelengths are excitable along the chirped grating, making them suitable as a 

new generation of biosensor that obtains an accurate signal using multiple wavelengths of light upon a 

biological or biochemical event. Alternatively, the sensor can be divided up to different sections, where 

each section could be used as a device by itself, with specific photonic characteristics, that can be tailored 

for multiple, specific, biosensing requirements. 
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Chapter 1 

Introduction 

As humanity faces immense challenges associated with current and new diseases, health 

practitioners rely on new technologies that facilitate diagnosis accurately and, most importantly, at 

early stages of disease, even when patients are asymptomatic. Sensing technologies, in combination 

with advances in pharmacological and other types of treatment represent a critical support for 

medical practitioners to achieve their assessment goals. A large variety of optical techniques have 

evolved over the decades, including ellipsometry [1], spectroscopy (luminescence, 

phosphorescence, fluorescence) [2], interferometry [3], and surface plasmon resonance (SPR) [4]; 

that each has been used to develop a sensor. These sensors have been used to measure analyte 

molecules, chemical/physiological properties, and the surrounding medium by measuring changes 

in the refractive index (RI), absorbance, fluorescence, or electron vibrations. Due to their portability 

and wide range of functionality, the SPR based sensors have caught the attention of researchers 

since the 1980s [5] when a gas detector with SPR was demonstrated by Nylander and Liedberg [6], 

[7]. Since then, SPR sensing have been receiving continuous attention and funding for developing 

new configurations and techniques for SPR excitation, sensitivity and precision. 

This thesis presents advancement in SPR-based crossed surface relief gratings (CSRGs) 

sensors by fabricating a chirped pitched crossed surface relief gratings sensor (CP-CSRGs). 

Chirping is the increase or decrease of a frequency of signal over time or structure over a unit of 

distance or area. A chirped grating is a regularly increasing or decreasing spaced structures. 

Previous work by Bailey et al. has demonstrated chirped gratings effects on SPR signal on a single 

chirped grating [8]. Nair et al. has fabricated CSRGs sensors and demonstrated their usage as a bio-

sensor [9]. CP-CSRGs were fabricated using the guidance of the aforementioned publications, and 



 

2 

 

studied them at different SPR excitation conditions. The results from the CP-CSRGs demonstrates 

a new type of sensors, with the capabilities of high sensitivities as CSRGs. 

Metals are typically described as an arrangement of positive ions that are surrounded by a 

dense cloud of electrons. The outer electrons are not held tightly by the atoms, so they are free to 

roam around, hence the high conductivity of metals. The free electrons can also be described as a 

plasma, which is a gas-like state composed of charged particles, which collectively respond to 

electromagnetic fields [10]. External electromagnetic fields applied to the plasma will interact 

with the electrons’ Columbic forces, which causes electron density oscillations, also known as 

plasma oscillations [11]. A plasmon is the quantization of these plasma oscillations. Surface 

plasmons are typically light induced surface electrons that collectively oscillate at the interface 

between two materials exhibiting two different signs of dielectric permittivity, typically metal and 

an insulator [12]. Light induced surface plasmons are generally the result of the coupling of the 

incident photons and the oscillating surface electrons, creating a quasi-state called a plasmon 

polariton [13]. As the surface electrons are excited, the free electrons oscillate at the surface in 

resonance with the incident photons, hence the name surface plasmon resonance (SPR), yielding 

surface bound light waves as depicted in Figure 1. The waves will propagate on the metal surface 

until eventually their energy is either absorbed in the metal and/or radiated into free-space [4]. 
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Figure 1. Illustration of surface plasmons resonating on a dialectic-metal interface 

adopted from Willets et al. [14]. 

1.1 Advancements in Surface Plasmon Resonance 

Surface plasmons were first described by Dr. Wood, in the early twentieth century, as an 

uneven distribution of the reflection spectrum of a grating [15].Wood examined a grating made 

from nickel wires under two configurations, parallel and perpendicular to the grating vector. Wood 

noticed that the reflection spectra has uneven bright and dark bands that shift in wavelength as the 

light incidence angle changes. Although Wood had not fully understood and explained the 

phenomena, he hoped that by using polarized light, he would provide insight into upcoming 

theories. 

Initial mathematical framework modelling the SPRs was set by Sommerfeld by 1909, by 

connecting the radiative aspect of SPRs to Maxwell’s equations [16].  SPRs were studied further, 

but it was not until the mid-forties that Fano proposed the most acceptable theory connecting the 

observed results of excitation of a grating with light polarized tangential to the wave vector of 
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grating [17]. Fano proposed that the excitation of electrons produces a polarized quasi-standing 

propagating wave of electrons on the metal’s surface. By the sixties, Ritchie and Eldridge were 

able to finalize the theory by connecting the material requirements for SPR excitations. They have 

noticed that SPRs occur at the interface between a metal and a dielectric [18].  By 1968, Hessel and 

Oliner have established the mathematical model that can explain the surface propagation of the 

SPR along with its anomalies, which account for the energy absorption by the metal along with its 

radiative aspect [19].  

1.2 Excitation Surface Plasmon Resonance 

Along the development of theories and models, scientists were able to control the excitation 

of the SPRs. On a metal surface that supports SPR, plasmons can propagate on the order of 

micrometers parallel to the boundary and decay exponentially in the adjacent media, typically in a 

distance equal to half of the coupled light’s wavelength. A flat metal’s plasma typically has a 

greater momentum needed to generate a resonating wave than the incident light; thus limiting the 

excitation of SPRs at flat metal interfaces [20]. Many techniques have been developed to allow for 

propagation through the conservation of momentum of the photon and the plasmons at the interface 

generating the SPRs. One of the most common methods uses phase-matching optical techniques, 

such as prism coupling or surface structure modifications, such as gratings.  

Prism coupling is achieved in a three-layer system consisting a thin metal film sandwiched 

between two different dielectrics, typically air and a prism; hence the name.  Once light is incident 

inside a prism, it can undergo total internal reflection depending on the angle of incidence at the 

interface. This angle depends on the refractive index of the prism as well as the immediate material 

on the boundary. When total internal reflection occurs, the light beam will be reflected inside the 

prism, but an evanescent wave may escape the prism and decay through the outer material. Thus, 

this technique has been used to excite plasmons by harnessing the evanescent wave during total 

internal refection since this wave can be coupled into the plasmon [20]. The light is phase-matched 
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at the interface between the external dielectric and the metal as long as the dielectric permittivity 

of the external medium is smaller than that of the prism. Among the first to utilize this technique 

were Kretschmann and Raether [21] and Otto [22], each with their configuration depicted in Figure 

2. Kretschmann’s configuration is the most common method, where a prism is coated with a thin 

layer of metal, and a light beam is tunneled through the metal to its other interface. Otto’s 

configuration places the prism separate from the metal, where a thin layer of the other dielectric 

medium is placed in between the metal and the prism. Similar to Kretschmann’s method, the light’s 

internal reflection angle is larger than the critical angle and is evanescent into the other dielectric. 

The light will then generate SPRs at the metal/external dielectric interface.  

 

Figure 2. Prism coupling technique to excite SPRs using attenuated total internal reflection 

in, a) Kretschmann, and b) Otto configuration adopted from Maier [20]. 

1.3 Diffraction Gratings 

Surface structures on metallic surfaces permit the diffraction or scattering of light into 

specific orders, in turn changing the overall system momentum, where the required momentum 

needed to excite SPRs is achieved. Surface relief gratings are the most common surface structures 

used to enable SPRs. They are easy to create on the nano-scale by using relatively simple optics, 

and facilitate the control over the surface polaritons wavelength of resonance by changing the 

grating’s pitch. As the grating’s pitch changes, the diffraction angle also changes, which allows 

control over the phase-matching condition between the incident lights’ momentum to that of the 

a) b) 
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plasmon mode. However, since the diffraction orders only occur in a single plane, SPRs can only 

be excited with light polarized perpendicular to the grooves (parallel to the k-vector of the gratings) 

as depicted in Figure 3.  

 

 

Figure 3. Depicting the wave vector for the light as it couples with the wave vector of the 

gratings for SPR excitation on gratings adopted from Maier [20]. 

 

 

 Metallic nano-structured gratings may generate SPRs in any wavelength of the light 

spectrum, but portable sensors mostly lie in the visible light spectrum range since the visible 

relatively easier to produce and handle. Since these SPRs may extend hundreds of nanometers 

above the metallic surface into the dielectric, they interact with their immediate environment. Any 

change to the near-surface environment will affect the effective refractive index of the dielectric 

medium, which will be seen as a shift in the resonant plasmon wavelength. The shift of the peak 

can be characterized and standardized, allowing the creation of sensors. The earliest sensors using 

SPR technology were created in the 1980s, but since then, they have evolved to become more 

sensitive and selective in their detection [4]. The earlier devices however, would only have one 

𝑘𝑙𝑖𝑔ℎ𝑡 

𝑘𝑔𝑟𝑎𝑡𝑖𝑛𝑔 
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wavelength of resonance, thus limiting the number of sensors per grating and the number of 

operation wavelengths.  

Expansion on the number of resonant frequencies has played a huge role in the creation of 

tunable SPR gratings. Earlier methods of tuning gratings were achieved by superimposing multiple 

linear gratings parallel on top of each other. The superimposed gratings created changing pitches 

along the gratings, which allowed for multiple excitations of plasmon polaritons. Hillier 

demonstrated the generation of two SPR frequencies by superimposing two gratings on each other 

[23]. Jefferies and Sabat have developed multi-pitched diffraction gratings by superimposing two 

gratings onto each other that generated a range of SPR frequencies simultaneously [24]. More 

recently, gratings have adopted continuous changing geometries, such as a circular gratings [25], 

or a varying pitch single grating [26] [27]. Bailey and Sabat have demonstrated a plasmon 

bandwidth increase using a single chirped-pitch grating [8].  

 

Figure 4. 3D not-to-scale rendition of chirped gratings that were developed by Bailey [8]. 

 

Superimposed perpendicular gratings have also been investigated by Hillier [23], and by 

Jeffries and Sabat as they were studying the superimposed parallel gratings for enhancing the 

efficiency of solar cells [24]. The perpendicular gratings, exhibit excitation in both light 

polarizations perpendicular to each grating. Sabat has further investigated the two-dimensional 

perpendicular gratings by enabling SPR in between crossed light polarizers [28]. One of the crossed 
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gratings would excite a SPR that would than propagate in the orthogonal polarization through the 

second superimposed gratings.  

Sensors using the crossed gratings were later investigated by Nair, Escobedo and Sabat as a 

biosensor device [9]. Any shift in the SPR wavelength is due to near-surface environmental 

(refractive index) change on the device. Their device is reported to have one of the current highest 

sensitivity sensors, since it completely eliminates any background light noise. 

Typically, there are two ways of SPR-based sensing, either through detecting peak 

wavelength shift or by amplitude change based on the initial spectrum [4]. Sensitivity is defined as 

the change in a SPR parameter (e.g. wavelength, normalized amplitude, incidence angle) relative 

to change in sensing parameter (e.g. refractive index, thickness, or concentration). The basic 

principle of sensitivity lies behind the electromagnetic field generated with the localized resonating 

electrons. Thus, any interaction with the polaritons affects the field, resulting in changing the 

transmitted frequency; therefore, theoretically, one can measure a single particle interaction on the 

device [20]. Polaritons extend perpendicular to the metallic surface, creating a sensitivity limit layer 

with a typical length scale in the order of hundreds of nanometers. 

1.4 Recent Advancements of Sensors using Surface Plasmons 

Numerous methods have been developed to detect and identify specific analytes, such as 

high performance liquid chromatography with UV (HLPC-DAD) [1], gas chromatography-mass 

spectroscopy [3], liquid chromatography-tandem mass spectroscopy [29] [30] [31], capillary 

electrophoresis [32] [33], surface enhanced Raman spectroscopy [34], and enzyme-linked 

immunosorbent assay [2] to name a few. Most methods are complex, expensive, time consuming, 

and incapable of real-time sensing when specifically compared to SPR sensors. SPR sensors are 

simple, low costing detection sensors that are have a high response rate, which enables them for 

real-time detection. These SPR sensors are highly dependent on the change of refractive index, and 

thus, they generally can be categorized into two groups, with markers, and without makers, such as 
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antibodies. Sensors without markers are commonly suitable for analyzing of a medium or large 

molecular weight analytes [35]. These sensors’ accuracy at identifying the analytes diminishes 

greatly for smaller molecules. Therefore, sensors with markers (i.e. receptors) in near proximity of 

the metal-medium interface are used to increase the selectivity of the analytes at the surface. Small 

molecules induce a measurable change of the refractive index upon binding to the receptors [36].  

One of the earlier techniques used to add markers on the sensors is molecular imprinting. 

Molecular imprinting is a simple economical technique utilized to create a selective binding site 

within a synthetic polymer [37]. In this technique, template molecules of the analyte are suspended 

in a polymer in a specific pattern. The template molecules are later removed/dissolved, leaving 

voids within the polymer that are specific binding sites for the template. Molecules similar to the 

template that can bind into those sites, will cause a measurable change in the refractive index of the 

polymer. Meanwhile, any other molecule may not either enter the polymer, or wash away from the 

polymer, hence, will exhibit no change in the refractive index. Therefore, the general property of 

the binding sites creates a semi-selective technique that are highly dependent on the template 

molecule [37] , [38]. One of the earlier notable sensors was demonstrated by Sugimoto et al. 

through the swelling of molecularly imprinted SPR-based sensor [39].  The sensor was a gold 

substrate chip coated with acrylic acid, N-isopropyl acrylamide, and N,N’-methylenebisacrylamide 

polymer that contained gold nanoparticles and dopamine templates. The SPR sensor measures the 

refractive index of imbedded gold nanoparticles in the polymer. The polymer however swells up 

with addition of dopamine that separates the gold nanoparticles further from each other, that is read 

as a change in the refractive index. The polymer’s swelling increases as the dopamine concentration 

increases with the limit of detection of 10 𝜇𝑀. The sensor did not directly measure the actual 

analyte, but a notable device by Gupta et al. demonstrated a SPR based sensor utilizing molecular 

imprinting for direct melamine detection [40]. The sensor was fabricated by coating a fiber optic 

cable side with silver, that was overall coated by molecular imprinted polymer. The polymer was 
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prepared by mixing melamine with poly-methyl methacrylate. After coating the metal, the 

melamine was dissolved away using ethanol and acetic acid, which created cavities for melamine 

binding. The device exhibited a distinct shift of resonant wavelength at varying concentrations of 

melamine when compared to tetracycline, glucose, and urea at 100 𝑚𝑀 of concentration. One of 

the notable advances of this technique was demonstrated by Zhang et al. with their Kanamycin 

molecularly imprinted SPR-based sensor [41]. The sensor was capable of detecting refractive index 

change with the addition of 12 𝑛𝑀 , and 43.3 𝑛𝑀 of Kanamycin from honey and milk powder 

respectively. 

The SPR sensors are also naturally implemented in bio-detecting. Their high sensitivity and 

ease of surface modification makes them ideal for antibiotic detections. The specific binding 

between an antibody and its antigen is extremely selective and will result in a change of refractive 

index upon binding [42]. As such, these SPR biosensors [43] have been implemented in medical 

diagnostics [44], immune-sensing analysis [45], food safety detection [46], and DNA hybridization 

[47]. A notable sensor developed by Nair, Escobedo and Sabat, where they developed a crossed 

grating surface relief gratings (CSRGs) SPR sensor [9]. The sensor achieved one of the current 

highest reported sensitivities depicted in Figure 5. The sensor is currently being adapted with 

antibodies for bio sensing, and in the works of being published. 

 

 



 

11 

 

 

Figure 5. SPR based sensor. a) SPR peak shift in response to a change in bulk refractive 

index, b) linear trend of the SPR wavelength as a function of the RI [9]. 

 

Although the SPR sensors are malleable and can be functionalized to suit the detection 

application, they suffer from a low throughput and low number operation frequencies. Multi-

channels, as developed by Wang et. al and depicted in Figure 6, have proven to be affective at 

increasing the throughput of the devices, but all the channels produce a signal in the exact range of 

each other’s operation. For accurate reading, each channel has to be measure separately. Every 

sensor is also designed to have one operating SPR peak for detection [43]. In most lab conditions, 

a broad section of the light spectrum can be used to excite the SPR peaks at their respective 

wavelengths. However, this limits the devices to be used with alongside the more accurate and 

coherent, monochromatic beams. The sensor is operable as long as the excited SPR peak lies at the 

beam’s wavelength; however, the device’s sensitivity decreases as the peak shifts further from its 

maxima.  

 

a) b) 
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Figure 6. Multichannel SPR sensor developed by Wang et al. Each channel houses a 

distinctive antibody that is capable of detecting a different analyte than the others [43]. 

 

The device presented in this thesis is a chirped-pitch crossed grating sensor with the ability 

to generate several plasmonic signatures, at different wavelengths, using the same nanostructure. 

As Nair, Escobedo and Sabat have shown, crossed grating sensors have achieved one of the highest 

reported sensitivity currently produced, and so a similar model of sensor will be fabricated [9]. One 

of those gratings will be constantly increasing in pitch, i.e. chirped, creating the chirped-pitch 

crossed sensor. The chirp aspect of the device can be used to solve one of the current issues that 

current sensors are facing. Since the chirping can produce a constantly shifting SPR wavelength, 

then, along with a multichannel, one chirped-pitch device can be divided into multiple devices that 

operate at various wavelengths that can be tuned for simultaneous detection. Also, the varying 

operation of wavelength allow for a wide range of SPR wavelength operation. The whole device 

can then be used as one sensor to ensure its operation at one wavelength of incident light. 

1.5 Gratings Inscription Using Azobenzene Thin Films 

Laser inscription is one of the easiest methods of accurately inscribing nanostructures. 

Photosensitive molecules that are photo-responsive have been under the spot light due to their 

structural, and/or optical properties being manipulated by light. Azobenzene is the only molecule 

that its structure can be physically displaced due to light. This occurs because its molecular structure 
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undergoes trans to cis photo-isomerization at an absorbing light wavelength as depicted in Figure 

7 [48]. When exposed to a laser interference pattern, specific patterns can be imprinted on a thin 

azobenzene film where molecules move from high intensity regions to low intensity regions [49]. 

As such, all grating inscriptions in our lab have been done by exposing azobenzene thin films to an 

interference pattern obtained using a Lloyd mirror setup [50]. The pattern imprint can be modelled 

as a sinusoidal wave with a pitch depending on the angle between the incident laser beam and the 

Lloyd mirror. Other patterns can be achieved by further manipulating the film or the light either by 

shifting the sample by 90 degrees to superimpose perpendicular gratings, or using a cylindrical lens 

to produce chirped-pitch gratings. 

 

Figure 7. The azobenzene molecular movement from trans to cis as excited by light [8]. 
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Chapter 2 

Mathematical Model 

Surface plasmon polaritons can be modeled using Maxwell’s equations. This is the best tool 

that has been developed to understand their resonance properties and how it can be applied to 

sensors. The full concept of the polaritons is the combination of photons, plasmons and their 

coupling. To completely grasp the concept, this chapter will discuss the basic concepts of wave 

propagation, and build on them the SPR concept. 

2.1 Electromagnetic theory 

2.1.1 Wave Equation 

The interaction of electromagnetic fields with metals can be understood in the classical 

equations without the need of diving into quantum mechanics. So all the metal optics fall within 

the classical theory, where the basic equations of electromagnetism are represented with 

macroscopic Maxwell equations. 

∇ ∙ 𝐃 = 𝜌𝑒𝑥𝑡      (2.1.1 a) 

∇ ∙ 𝐁 = 0      (2.1.1 b) 

∇ × 𝐄 = −
𝜕𝐁

𝜕𝑡
      (2.1.1 c) 

∇ × 𝐇 = 𝐉𝑒𝑥𝑡 +
𝜕𝐃

𝜕𝑡
     (2.1.1 d) 

These equations link the four macroscopic fields, D (the dielectric displacement), E (the 

electric field), H (the magnetic field), and B (the magnetic induction) with 𝜌𝑒𝑥𝑡 (the external 

charge) and 𝐉𝑒𝑥𝑡 (current density). The first equation describes the total electric field produced by 

all charges present in a dielectric medium, which is also known as Gauss’s Law. The second 

equation describes the magnetic field as a closed loop, meaning that there must be dipoles for it to 

exist.  The third equation implies that a changing magnetic field will produce an electric field, 
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which is also known as Faraday’s law. The final equation implies that the electric current is 

proportional to the magnetic field in a closed loop, which is also referred to as Ampere’s law. 

Overall, these equations describe the behavior of all electromagnetic waves through any medium. 

Considering light is travelling through air, and interacting with linear, isotropic, and nonmagnetic 

medium, then Maxwell’s equations can be simplified to: 

∇ ∙ 𝐄 = 0      (2.1.2 a) 

∇ ∙ 𝐇 = 0      (2.1.2 b) 

∇ × 𝐄 = −𝜇0
𝜕𝐇

𝜕𝑡
      (2.1.2 c) 

∇ × 𝐇 = 휀0
𝜕𝐄

𝜕𝑡
      (2.1.2 d) 

 

where 휀0 is the dielectric constant or relative permittivity (휀 = 1, for free space) and 𝜇 is the 

relative permeability of the medium (𝜇 = 1, for nonmagnetic medium) that describe the medium’s 

ability to store electrical and magnetic energy respectively. For a light wave travelling at speed c, 

the wave equations for a propagating electromagnetic wave are given by: 

∇2𝐄 −
𝜀

𝑐2

𝜕2𝐄

𝜕𝑡2 = 0      (2.1.3 a) 

∇2𝐇 −
𝜀

𝑐2

𝜕2𝐇

𝜕𝑡2 = 0     (2.1.3 b) 

𝑐 =
1

√𝜇0𝜀0
≅ 3.00 × 108 𝑚

𝑠
   (2.1.4) 

The confined propagating waves in 2.1.3 can be solved achieved in two steps. First step is 

the describing the wave as a harmonic time dependence of the electric and magnetic fields and the 

second is the spatial propagation. Assuming the electric field is propagating in 𝒓 directions, then 

the wave is described by: 

𝐄(𝐫, 𝑡) = 𝐸0𝑒𝑖(𝐤∙𝐫−𝜔𝑡)    (2.1.5 a) 

𝐇(𝐫, 𝑡) =
1

𝜇0
𝐁 = 𝐵0𝑒𝑖(𝐤∙𝐫−𝜔𝑡) =

𝐸0

𝝁𝟎𝒄
𝑒𝑖(𝐤∙𝐫−𝜔𝑡)   (2.1.5 b) 
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where 𝜔 is the angular frequency, 𝑡 is time, and 𝜔 = 𝑘 𝑐, that 𝐤 is the wave vector where 

|𝐤| = 𝑘 =
2𝜋

𝜆
. the amplitude of the electric and magnetic field are denoted by 𝐸0 and 𝐻0 

respectively [20]. With the Eq. 2.1.5, now that all electromagnetic waves can be described with a 

legible equation, then a similar description for two interfering waves. 

2.1.2 Electromagnetic Waves Interference  

The phenomenon of two wave interference can be simply describes as an additive property 

of both waves. The “strength” of each wave can be defined by its irradiance, where it will define 

the grooves of the gratings in the device [51]. Irradiance is the radiant flux (power) applied to a 

unit of surface, which the time average of the Poynting vector, 𝐒 = 𝑐2휀0𝐄 × 𝐁 [52]. 

𝐼 = 〈𝐒〉      (2.1.6 a) 

𝐼 = 휀0𝑐〈𝐄 ∙ 𝐄〉    (2.1.6 b) 

Two coherent electromagnetic waves of similar wavelength can interfere with each other in 

an additive manner resulting in constructive and/or destructive regions. The effect is not limited to 

light waves, but for simplicity, assuming two light plane waves interfering at a point in space. The 

total electric field vector is given by [51]: 

𝐄𝑃 = 𝐄𝟏 + 𝐄𝟐     (2.1.7) 

where, 

𝐄𝟏 = 𝑬𝟏0 cos(𝑘𝑠1 − 𝜔𝑡 + 𝜑1)   (2.1.8 a) 

𝐄𝟐 = 𝑬𝟐0 cos(𝑘𝑠2 − 𝜔𝑡 + 𝜑2)   (2.1.8 b) 

where, 𝑠1 and 𝑠2 are the path lengths travelled by each wave, and 𝜑1 and 𝜑2 are the respective 

phases of each wave at their sources (i.e. 𝑡 = 0). The irradiance at point P can be represented as [8] 

[52]: 

𝐼𝑃 = 휀0𝑐〈𝐄𝑻 ∙ 𝐄𝑻〉       

𝐼𝑃 = 𝐼1 + 𝐼12 + 𝐼2      
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𝐼𝑃 =
1

2
휀0𝑐(𝐸10

2 + 𝐸20
2 + 𝐸10𝐸20

〈cos(𝛿)〉)   (2.1.9) 

where 𝛿 is the phase difference between the interacting waves due to the difference in travelling 

distance, and the initial phase difference where 

 𝛿 = 𝑘(𝑠2 − 𝑠1) + 𝜑2 − 𝜑1   (2.1.10) 

The combined irradiance of the two waves, 𝐼12, will not have a non-trivial or a zero value so 

long as (𝑠2 − 𝑠1), 𝜑2, and 𝜑1 are independent of time, at which point, 𝐼12, would oscillate with 

respect of 𝑠2 − 𝑠1. In order for the terms to be independent of time, the two waves must be coherent 

to each other, meaning, monochromatic, and have a constant phase difference, typically beams 

from lasers [53]. 

2.2 Diffraction Gratings 

2.2.1 Grating Fabrication 

The gratings are inscribed into the azobenzene thin film by exposing it to a sinusoidal 

interference laser pattern. The interference pattern produces high and low irradiance regions. The 

high irradiance regions excite the azobenzene molecules, inducing their cis-trans shift in their 

configuration, which result in their movement eventually towards the low irradiance regions. 

Overall, this causes holes inside the film, that with the right inference pattern can be designed to be 

the grooves of a grating. A constant alternating high and low irradiance pattern can be achieved 

through a Lloyd mirror setup. The setup consists of a mirror placed at 90° to the sample, where a 

collimated laser beam is centered between the mirror and the sample. Half of the beam strikes the 

sample directly, meanwhile, the other half is reflected off the mirror onto the sample depicted in 

Figure 8.  
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Figure 8. Lloyd mirror setup where the laser beam is centered at the contact point between 

the sample and the mirror used for grating fabrication. The pitch of gratings is dependent 

on the angle of incidence of the light onto the mirror and the sample. 

 

The path difference between the two halves of the beam creates a phase lag between the 

halves. At which point resulting sinusoidal interference, that can be numerically described as the 

oscillating interference 𝐼12 in Eq 2.1.22. 

𝐼12 ∝ cos(𝛿)    (2.2.1 a) 

where 

𝛿 = 𝐬𝟏 ∙ 𝑟 − 𝐬𝟐 ∙ 𝑟   (2.2.1 b) 

where 𝐬𝟏 and 𝐬𝟐 are the wave vectors of each half of the beam at position 𝑟. The coordinates 

system are placed where the x-direction (i.e. 𝑥) is parallel to the azobenzene sample, and the y-

direction is parallel to the mirror. The laser pattern should be constant in the z-direction. So the 

phase difference will depend on the x-y directions, which correspond to the angle of beam incidence 

with respect to the mirror (i.e. 𝜃). 

𝛿 =
−4𝜋𝑥 sin(𝜃)

𝜆𝑏𝑒𝑎𝑚
     (2.2.3) 



 

19 

 

The phase shift creates a sinusoidal function where the light interference would have a 

constructive and a destructive interference. The distance between the two maximums, ∆𝑥, can be 

interpreted as the grating’s pitch, 𝛬 and expressed as [8]: 

∆𝑥 = 𝛬 =
𝜆𝑏𝑒𝑎𝑚

2 sin(𝜃)
     (2.2.4) 

The chirped pitch grating can be fabricated using the Lloyd mirror setup, similar to the 

constant pitch gratings, but with an added cylindrical lens on the path of one of the beam’s halves. 

Typically, the lens is placed in the path of the half striking the sample shown in Figure 8. The added 

effect of the lens can be expressed as an added phase shift as 𝜙: 

𝛿 = 𝐬𝟏 ∙ 𝑟 − 𝐬𝟐 ∙ 𝑟 + 𝜙    (2.2.5) 

 

2.3 Surface Plasmon Resonance 

Surface plasmons are light induced surface electrons that collectively oscillate at the 

interface between two materials exhibiting two different signs of permittivity typically, a metal and 

an insulator. As the surface electrons are excited, the free electrons oscillate at the surface in 

resonance with the incident photons. These electrons are expressed as a bound electric field at the 

metal’s surface that exponentially decay from the boundary of the two surfaces.  

2.3.1 Waves Propagating in Plasma 

Maxwell’s equations used in chapter 2.1 (Eq. 2.1.5) can describe electromagnetic waves 

propagating in free space. Recall, with the assumption of perfect conductor, lossless dielectrics, 

homogeneous and linear material, Maxwell’s equations can be written as [54]: 

∇ ∙ 휀𝐄 = 0      (2.3.1 a) 

∇ ∙ 𝜇𝐇 = 0      (2.3.1 b) 

∇ × 𝐄 = −𝑖𝜔𝜇𝐇      (2.3.1 c) 

∇ × 𝐇 = −𝑖𝜔휀𝑚𝐄     (2.3.1 d) 
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where, 

휀 = 휀𝑟휀0      (2.3.2 a) 

𝜇 = 𝜇𝑟𝜇0      (2.3.2 b) 

휀̃ = 휀𝑟 +
𝑖𝜎

𝜔𝜀0
     (2.3.2 a) 

as in Chapter 2.1, 휀 and 𝜇 are dielectric permittivity and magnetic permeability of specific material 

respectively. The relative permittivity and relative permeability for the material are denoted by 휀𝑟 

and 𝜇𝑟 respectively. The complex dielectric permittivity of the material is denoted by 휀̃, where the 

real part is the measure of the material’s ability to store electrical energy, and the imaginary part is 

the measure of decay or dissipative rate of the material. The imaginary part of the complex 

permittivity is also proportional to the material’s conductivity, 𝜎, where 𝜎 ≈ 0 for the dielectric. A 

wave travelling in a medium would then have a phase velocity of: 

𝑣𝑝ℎ =
1

√𝜀𝜇
=

𝑐

𝑛
     (2.3.3) 

𝑛 = √
𝜀𝜇

𝜀0𝜇0
     (2.3.4) 

where n, is the refractive index of the medium [54]. These SPR waves can be described by their 

boundary conditions between the dielectric and the metal for wave propagation. 

2.3.2 Surface Waves 

For simplicity, assume a 2-D system of dielectric and metal where the boundary of both 

surfaces is at 𝑧 = 0, and the wave propagates in x-direction. The wave propagation (Eq. 2.1.5 a) 

can be rewritten as propagation in the x-direction with an amplitude in the z-direction as:  

𝐄𝒎 = 𝐄𝟎𝒎
(𝑧)𝑒−𝑖(𝜔𝑡− 𝑘𝑥,𝑚𝑥)    (2.3.5) 

 Applying Eq. 2.3.5 at the two interfaces, then the expression of the light’s electric field pass 

through the dielectric into the metal expressed as:  

𝑧 < 0 𝐄𝒎 =  𝐄𝟎𝒎
(𝑥, 0, 𝑧)𝑒−𝑖(𝜔𝑡− 𝑘𝑥,𝑚𝑥−𝑘𝑧,𝑚𝑧)   (2.3.6 a) 
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𝑧 > 0 𝐄𝒅 =  𝐄𝟎𝒅
(𝑥, 0, 𝑧)𝑒−𝑖(𝜔𝑡− 𝑘𝑥,𝑑𝑥−𝑘𝑧,𝑑𝑧)   (2.3.6 b) 

As  Maxwell’s equations imply, the light’s field must be continuous at all times; thus at the 

boundary 𝑧 = 0, both electric fields must be equal: 

휀�̃�𝐄𝒛,𝒎 = 휀�̃�𝐄𝒛,𝒅      (2.3.7 a) 

𝐄𝒙,𝒎 = 𝐄𝒙,𝒅     (2.3.7 b) 

And the wave vectors for the wave propagating on the surface must be: 

𝑘𝑥 = 𝑘𝑆𝑃 =
𝜔

𝑐
√

�̃�𝑚𝜀𝑟,𝑑

�̃�𝑚+𝜀𝑟,𝑑
     (2.3.8) 

2.4 Surface Plasmon Excitation 

As the conditions for SPR are set by 𝑘𝑆𝑃 in Eq. 2.3.19, light induced SPRs need photons of 

matching momentum to be excited. Figure 9 graphs both the dispersion relationship of the light, 

𝑘′𝑥, and the plasmon 𝑘𝑆𝑃. Note that the two functions never intercept, hence the reason for flat 

metal surfaces are unable to achieve SPRs. The surface plasmon wavelength is always smaller than 

the incident light, preventing phase-matching and coupling at the metal surface [20]. 

 

Figure 9. Momentum of light and plasma in air and flat silica sample. Notice that the two 

wave vectors do never intercept, which means that SPR excitation is impossible [20]. 
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2.4.1 Diffraction Gratings 

Diffraction gratings are used to phase-shift, and/or vary the amplitude of incident light. In 

the presented device, the gratings phase-varying transmission of light by periodically varying the 

refractive index of the material. This achieved by changing the path length of light travelling inside 

a medium. for the emerging diffracted beam interferes constructively, then the path difference must 

be an integer of the wavelength for the phases match. This yields the grating equation [54] and can 

be applied to any grating: 

 𝑚𝜆 = 𝛬[sin(𝜃𝑖) + sin(𝜃𝑚)], 𝑚 = 0, ±1, ±2 …   (2.4.1) 

𝑚
2𝜋

𝑘′
𝑥

= 𝛬[sin(𝜃𝑖) + sin(𝜃𝑚)] 

where the value of the integer depicts the diffraction order, where 𝑚 = 0 is the 

transmission/reflection at the same angle of incidence. The sign of the integer depicts clockwise or 

counter-clockwise shift of angle with respect to the 0𝑡ℎ order as depicted in Figure 10. 

 

Figure 10. Light diffraction on a grating as it is reflected of the surface. There are many 

angles where the light is diffracted, each represented as an order of diffraction [55]. 
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2.4.2 Excitation of SPRs using Gratings 

The theory behind the gratings is that they can manipulate the value of 𝑘′𝑥 to such degree to 

allow for phase matching. The phase matching on the surface of the gratings will only occur when 

the light travels on the surface; therefore, equating Eq. 2.3.8 and Eq. 2.4.1, and the resulting 

simplification is:  

𝑘𝑆𝑃 = 𝑘′𝑥sin(𝜃𝑚)       

𝑘𝑆𝑃 = 𝑘′𝑥 sin(𝜃𝑖) ± 𝑚
2𝜋

𝛬
     (2.4.2) 

So overall, there are two solutions to Eq. 2.4.2, a forward traveling waves and a backward 

traveling one. An expression for the plasmon wavelength for 𝑚 = 1 can be expressed as: 

2𝜋

𝜆𝑆𝑃𝑅
√

�̃�𝑚𝜀𝑟,𝑑

�̃�𝑚+𝜀𝑟,𝑑
=

2𝜋

𝜆𝑆𝑃𝑅
sin(𝜃𝑖) ± 𝑚

2𝜋

𝛬
   (2.4.3 a) 

𝜆𝑆𝑃𝑅 = (√
�̃�𝑚𝜀𝑟,𝑑

�̃�𝑚+𝜀𝑟,𝑑
± sin(𝜃𝑖)) 𝛬    (2.4.3 b) 

Recall, 𝑛 = √
𝜀𝜇

𝜀0𝜇0
, and for the non-magnetic dielectric 𝑛𝑑 = √휀𝑟,𝑑, then the final expression 

is: 

𝜆𝑆𝑃𝑅 = 𝑛𝑑 (√
�̃�𝑚

�̃�𝑚+𝜀𝑟,𝑑
± sin(𝜃𝑖)) 𝛬   (2.4.4) 

 

The Figure 11 illustrates the theoretical values of the SPR peak shift along the change of the 

grating’s pitch, as well as, the theoretical SPR peaks shift at a constant refractive index at chirped 

pitch crossed gratings.  
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Figure 11. Theoretical SPR wavelength shifting as, a) pitch changes, and, b) refractive index 

changes at a varying constant pitches. 
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Chapter 3 

Experimental Procedure 

The gratings used in the sensor were inscribed into the azobenzene thin film. The azobenzene 

molecular glass was developed by Dr. Olivier Lebel at the Royal Military College [50]. 

3.1 Azobenzene Thin Film 

The azobenzene solution was spun coated onto a substrate to form an azobenzene thin film. 

The substrate used in all of the devices is Corning 0215 soda lime glass microscope slides (TED 

PELLA, INC., California, USA) with dimensions of 38 × 38 𝑚𝑚2 by 1 𝑚𝑚 thickness. These glass 

slides must be cleaned of dust and oils to ensure an even thin film deposition. The glass slides were 

washed using dish soap and water to remove any dust particles and oils on the surface. Then, they 

were wiped clean using lint-free wipes and placed in a 95 ℃ oven for 30 minutes to ensure their 

dryness. Finally, the glass slides were air blown with a flow of filtered nitrogen to remove any 

settled and leftover dust particles. 

The azobenzene solution contained a 3 wt.% Dispersed Red 1 azobenzene molecular glass 

to dichloromethane. Approximately 800 𝜇𝐿 of azobenzene solution was deposited on the clean 

glass slides and spun coated at 1100 rpm for 30 seconds using a Headway Research spin-coater 

(Headway Research Inc., Texas, USA). A thin film of about 250 nm was coated on the glass slide 

as measured by Dektak II profilometer (Veeco Instruments Inc., New York, USA). The thin film 

was then dried and annealed in a 95 ℃ oven for 30 minutes.  

3.2 Grating Inscription 

The inscription on top of the azobenzene thin layer is done using a 532 nm wavelength 

Coherent Verdi diode-pumped laser with Lloyd mirror optical setup. The Lloyd mirror setup creates 

a constant light interference pattern that inscribes the constant pitch, sinusoidal surface relief 
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grating right onto the thin film as illustrated in Figure 12. The laser beam is cleaned up using a 

spatial filter and then collimated using a collimating lens. The beam is then circularly polarized 

using a quarter wave plate to induce the cis-trans photoisomerization of the azobenzene molecules 

in all orientations within the thin film. Finally, the beam passes through an iris aperture that allows 

to control the size of the grating. 

The laser is set at 0.75 𝑊 of power, which produces a beam of 312 𝑚𝑊 𝑐𝑚2⁄  of irradiance, 

as measured using a Coherent Power-Max sensor. We also found it to be the highest amount of 

irradiance that was tested in the lab to form gratings without damaging or adding defects to the 

azobenzene thin film. The irradiance of the beam, and the film exposure time are proportional to 

the grating’s depth. Using the maximum possible irradiance to reach the desired depth in the least 

amount of time, the gratings’ depth can then only be dependent on the exposure time.  

The pitch of the grating depends on the interference pattern of the laser beam after the Lloyd 

mirror. The high intensity regions create the troughs, due to the movement of the azobenzene 

molecules towards the low intensity regions. Therefore, the pitch of the interference is imprinted 

into the azobenzene as a grating. The Lloyd mirror configuration consisted of a mirror placed 

orthogonal to the sample surface, where half of the incident beam is reflected off the mirror onto 

the sample. The resulting interference is a constant sinusoidal pattern for which the pitch (period) 

is determined by the angle of incidence of the laser beam, as described in the previous chapter. The 

sample holder and the mirror are placed on a computer controlled rotary stage that allows for an 

accurate control over the angle of light incidence to ensure accuracy in the pitch of the gratings.  

The chirped pattern can be achieved by placing a cylindrical lens in the beam path, where 

the change in pitch is determined by the distance of the lens to the sample surface. A custom-made 

3D printed holder for a cylindrical lens was made that has a flap that can block scattered light 

heading towards the mirror ensuring that no light diffracted from the lens is reflected back into the 

sample depicted in Figure 12. 
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.  

Figure 12. Illustration of the optical setup used to create the chirped gratings. The setup 

consists of a laser beam passing through a spatial filter, a collimating lens, a quarter-wave 

plate, a variable iris, and finally a cylindrical lens before landing on the sample surface. 

 

 The overall process of fabricating the device is depicted in Figure 13. After the spin coating 

of the azobenzene, the constant-pitch grating was imprinted onto an azobenzene thin film. The 

sample was then rotated by 90° relative to the constant grating and the chirped-pitch grating was 

imprinted on top of the constant-pitch grating. Ideally, there should be no difference on which 

grating is imprinted first, but the chirped grating was always inscribed on top of the constant pitch 

grating. This ensured that the chirped grating was not altered or damaged during the whole process. 

Finally, a thin silver film of 60 𝑛𝑚 was sputtered onto the grating to generate the surface plasmons.  

The SPR effect on the device was observed through a transmission or reflection spectrum of 

white light passing through the grating. The signal intensity was maximized by matching both 

depths of the gratings by changing the exposure time for each grating. The SPR signal goal of the 

device should be within the visible range of light; thus, the grating pitch should be modified to 

work within the visible range, which can be done by the angle of incidence of laser inscription at 

the Lloyd mirror. Finally, the device’s signal must be maximized to achieve the highest possible 

change of surface plasmon wavelength along the device to ensure its viability at a wide range of 
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wavelengths. Overall, the parameters of exposure time on the film, the pitch of the grating, and the 

distance of the cylindrical lens to the sample surface. 

 

 

Figure 13. Depiction of the overall process of creating the thin film, engraving the gratings 

and sputtering the silver coating [9]. 

3.3 Depth & Pitch Measurements 

Soon after the gratings were inscribed, they were imaged using a Dimension Edge Atomic 

Force Microscope (AFM) (Bruker, Massachusetts, USA). The AFM scanned the surface using peak 

force tapping mode, where the AFM needle tip vibrates just over the sample surface and generates 

a 3D image of the surface. The images were analyzed to measure the pitch of the grating, as well 

as, the depth of each grating. From these images, the exposure time of both crossed gratings were 

modified to produce equally deep gratings. 

The AFM was set to scan an area of 5 × 5 𝜇𝑚2 at a scan rate of 1 Hz per line. The collected 

image was then corrected and fitted by a built-in function, 2D plane fit. An image of the gratings 

was taken at distance intervals of 0.25 𝑚𝑚 to 4 𝑚𝑚 along the chirped grating. The AFM 

approximately scanned  6 to 8 groove lines from each grating, and 4 of these grooves in each 

grating were analyzed in terms of pitch and depth. 

. 
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3.4 Spectral Analysis 

The SPR signal created by a plasmonic nanostructure may be observed as a peak in the 

spectrum, when acquired in either transmission or reflection mode. The theory behind this 

observation indicates that the light that is coupled with the plasma is either dissipated into heat or 

decoupled back into light. The decoupled light that is reflected from the surface, will undergo a 

180° phase shift relative to collinear incoming light. Therefore, that coupled light will have a 

destructive interference with its wavelength, producing a dip in the reflection spectrum. The energy 

loss observed in the reflected spectrum is transferred into the exact wavelength in the transmitted 

spectrum, which is observed as a peak in the transmission spectrum. 

For this work, the spectrum was acquired in transmission mode using a fiber optic 

spectrometer. Measurements were undertaken through the setup illustrated in Figure 14. An Oriel 

Corp. halogen lamp (Newport Corporation, California, USA) was used to generate the white light 

that passed through a square aperture and then neutral density filter that controlled the final relative 

intensity of the incident light. The light was then passed through a linear polarizer, whose 

transmission axis is parallel to the grating vector of the chirped grating to induce SPR. The 

polarized light was then focused to 1 × 1 𝑚𝑚2 spot size onto the grating’s metal surface using a 

convex focalizing lens (focal length of 20 cm). The transmitted light through the device was then 

re-collimated by another identical lens. The collimated light then passed through another polarizer 

perpendicular to the initial polarizer to remove any non-SPR transmitted light, ensuring only re-

emitted SPR light was collected. Finally, another identical focalizing lens is added to collect all the 

light on a fiber optic attached to an CCD fiber optic spectrometer (Edmund Optics Inc., New Jersey, 

USA). The data collected was on the range of 500 𝑛𝑚 to 900 𝑛𝑚 at 100 𝑚𝑠 integration time. The 

device was placed on a rotating platform and the light transmission spectra of each spot was taken 

at light incidence angles ranging from −10° to +10°, where each spot is separated by a millimeter. 
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Figure 14. Illustration of SPR wavelength measurement setup. The tungsten lamp generates 

the light that passes through a polarizer before hitting the device. The transmitted light 

then goes through another orthogonal polarizer before being collected in the spectrometer 

[9]. 

3.5 Sensing Analysis 

A standard sensitivity test on SPR sensors is typically carried out by monitoring the observed 

peak-shift of the SPR signal in response to a change in the refractive index of the dielectric in 

contact with the metallic nanostructure. The sensitivity of the device is then defined by the linear 

fit from the peak-shift quantification of the SPR signal per refractive index unit (RIU). In this work, 

5 aqueous sucrose solutions were made in the lab going from 0%, 5%, 10%, 15%, to 20% sucrose 

weight concertation in purified water. A slab of polydimethylsiloxane (PDMS) well of 

approximately 2 𝑚𝑚 thickness was cut out and attached to the device, to house the different 

solutions on top of the sensor. Starting from the lowest concentration to the highest, the solutions 

were placed in the well, and a glass cover slide was placed on top of the well to seal the solution in 

order to prevent any lensing effects when the light passed through. As in the spectral measurements, 

the data is collected from 500 𝑛𝑚 to 900 𝑛𝑚 at 100 𝑚𝑠 integration time from −10° to +10° of 

light incidence at different spots along the chirped grating of the device separated by a millimeter. 
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Chapter 4 

Results and Discussion 

The goal of this thesis is ultimately to create a light-based SPR sensor with a large detection 

bandwidth with the potential of combining multiple sensors into a single device. The development 

of such a sensor is possible by utilizing crossed surface relief gratings (CSRGs), which provide the 

opportunity to maximize the SPR signal the by varying the sensor’s parameters namely the grating 

depth, excitation wavelength and expected wavelength shift. The device should produce a 

detectable SPR signal when the refractive index of the dielectric is changed.  

The spectrometer available in the lab is capable of detecting wavelengths ranging from about 

400 𝑛𝑚 to 900 𝑛𝑚; however, the azobenzene absorbs strongly below 500 𝑛𝑚. Therefore, 

restricting the boundaries for excitation wavelengths from 500 𝑛𝑚 to 900 𝑛𝑚, when used in 

transmission mode. As mentioned in Chapter 3.4, the device was tested using different dielectrics 

with different RIs: air, followed by water containing increasing concentrations of sucrose with each 

subsequent medium having a larger refractive index. Since air has the lowest refractive index, it 

produces SPRs at the lowest wavelength, and the wavelength increases with increasing refractive 

index. Therefore, according to the theoretically calculated resonance peaks, the ideal gratings 

would produce a SPR signal at approximately 500 𝑛𝑚 in air, and 900 𝑛𝑚 in the sucrose solution 

at the highest concentration. 

Bailey et al. previously developed chirped-pitch linear gratings using a cylindrical lens in the 

inscription path of the laser beam, [8] [56]. In that work, it was found that an irradiance of 

312 𝑚𝑊 𝑐𝑚2⁄  was the highest intensity that produced gratings without causing damage to the 

azobenzene thin film. The work also demonstrated a correlation between the distance of cylindrical 

lens from the sample and the pitch increase of the gratings. It was found that the closer the lens was 

to the sample, the greater the change in the pitch. Finally, it was also found that a silver layer of 
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60 𝑛𝑚 produces the highest SPR signal [8]. Furthermore, Nair et al. created a crossed grating 

biosensor using two constant-pitch gratings with a similar setup as presented in this thesis [9]. Their 

results would be a valuable estimation of laser exposure time for the gratings used here. 

4.1 Maximizing SPR signal produced by Crossed Surface Relief Gratings 

The first parameter modified for the device is the depth of the gratings. The superimposed 

orthogonal gratings require two different exposure times since one of the gratings was written on 

top of the other. As a starting point, the values reported previously by Nair et al. of 300 𝑠𝑒𝑐𝑠 and 

60 𝑠𝑒𝑐𝑠 of time exposure at 1 𝑊 of laser power were used to inscribe the first and second gratings 

respectively [9]. Then, an experimental process of varying the exposure time of the chirped-pitch 

grating, while maintaining a 300 𝑠𝑒𝑐𝑠 (similar to Nair et al) exposure time of the constant grating 

was carried out in order to find the best relative grating depths for obtaining the ideal the SPR 

energy exchange signal. Twenty unique chirped crossed gratings were fabricated. Most of the early 

prototypes ended up with a single grating structure since the second inscribed grating erased the 

first. From these twenty devices, four of them produced a significant SPR peak and were chosen as 

prototypes for further detailed testing. Their parameters are displayed in Table 1, where mainly, 

the laser aperture diameter, the cylindrical lens distance, the Lloyd mirror angle, and the first 

grating’s exposure time (i.e. 300 𝑠𝑒𝑐𝑠) were kept constant for all the gratings. The only parameter 

that was changed is the inscription time of the second (chirped-pitch) gratings. The chosen exposure 

time of the chirped gratings were 30 𝑠𝑒𝑐𝑠, 60 𝑠𝑒𝑐𝑠, 70 𝑠𝑒𝑐𝑠, and 80 𝑠𝑒𝑐𝑠 respectively.  The images 

of the profiles of the gratings, obtained using AFM, are shown in Figure 15, along with their 

corresponding transmitted spectrum. The AFM images show the topography profiles of each of the 

superimposed gratings at the 1 𝑚𝑚 distance from the edge of the device, and the spectra shows the 

SPR wavelength peak for each of the devices at the AFM image location. 
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Table 1. Parameters first used to test the production of crossed chirped gratings. 

Parameter First 

Grating 

Superimposed 

Grating 1 

Superimposed 

Grating 2 

Superimposed 

Grating 3 

Superimposed 

Grating 4 

Power (W) 1 

Exposure 

Time (Secs) 
300 30 60 70 80 

Lens 

Distance 

(mm) 

-                                   40   

Aperture 

(mm) 
15.5 

Pitch (nm) 600 

 

 

 

 

 

a) 

 

 

 

 

 

 

 

 

b) 
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Figure 15. AFM and spectra of the initial Crossed chirped devices corresponding to a) 

superimposed grating 1, b) superimposed grating 2, c) superimposed grating 3, d) 

superimposed grating 4. 

 

The purpose of the AFM images was to observe the effects of the relative grating’s depths 

on the SPR signal. The superimposed grating 1, with an exposure time of 30 𝑠𝑒𝑐𝑠 had barely left 

an imprint on the first grating. Meanwhile, superimposed gratings 2, 3, and 4 exhibited a depth 

difference of ± 20 𝑛𝑚. The SPR signal for all devices had a minimum of two peaks. Typically, 

this peak split is a resulting effect of deep gratings. The exposure time of 300 𝑠𝑒𝑐𝑠 used to fabricate 

the initial grating was believed to be the main cause of this split peak, since it was found in all 

devices regardless of the second exposure. Deep gratings deviate from the flat interface 

approximation for the surface plasmon theory, and thus, create plasmonic energy band gaps. These 

c) 
 
 
 
 
 
 
 
 
 
 
 
 
d) 
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band gaps arise when the metallic grating structure is capable of exciting two or more plasmonics 

modes. The main mode can couple the plasma to photons (i.e. SPRs), while one of the higher-order 

modes provides the scattering that gives rise to the plasmonic gap [57]. However, the center 

between these two peaks should correspond to the theoretical surface plasmon wavelength derived 

in the theory section. Regardless, all four devices generated one of their multiple SPR peaks near 

the theoretical SPR value of ~650 𝑛𝑚. As for the signal strength, the SPR peak intensity was 

proportional to the depths of the gratings, which was also proportional to the superimposed gratings 

depths with respect to each other. Therefore, the goal at the time was to make both gratings as deep 

as possible, without inducing the SPR peak separation, but maintaining an even depth between the 

two gratings to maximize the SPR energy exchange when placed in between crossed polarizers. 

After several iterations, the optimal fabrication parameters for the devices were achieved. These 

parameters are summarized in Table 2. 

Table 2. Modified parameters to create chirped crossed grating devices. 

Parameter First Grating 
Superimposed 

Grating 1 

Superimposed 

Grating 2 

Superimposed 

Grating 3 

Power (W) 1 

Exposure Time 

(Secs) 
120 60 70 80 

Lens Distance 

(mm) 
-                  40 

Aperture (mm) 15 

Pitch (nm) 550 

 

The main change among the parameters was the decrease of the exposure time for the 

inscription of the constant grating, in order to avoid generating multiple peaks. Another important 

change was the reduction in pitch, to ensure that the SPR signal produced by the device is emitted 

in transmission within the set wavelength range between 500 𝑛𝑚 and 900 𝑛𝑚. The resulting pitch 

and the depth of each grating is displayed in the Figures 16a, 17a and 18a, obtained through AFM 



 

36 

 

image acquisition and analysis. The spectra of each of these devices were taken at varying light 

incidence and also displayed in the Figures 16b, 17b and 18b.  

The AFM data demonstrates the differences between the gratings from each device, as shown 

in Figures 16a, 17a and 18a. The AFM data also demonstrates that the depths of the two gratings 

vary across the device and this could be attributed to instrumental errors in the depth measurements 

using the AFM. Also, the laser beam has minor variations in its intensity due to its Gaussian nature, 

where the beam had slightly higher intensity at the center, compared to its edges. The Lloyd mirror 

setup (Chapter 2.2) reflects one half of the beam onto its other half. Then, the two centers of the 

beam overlap, creating a greater depth at that concurring area, and decreases away from that area. 

But with the addition of the cylindrical lens, the whole beam is now diverging across the 

azobenzene film, creating a different laser intensity profile. Therefore, it was very difficult to 

produce two equally-deep gratings across the whole device. However, upon fabrication, the depth 

profile of the chirped grating almost mirrored that of the constant grating during the nanofabrication 

process, as seen in the AFM data in Figures 16a, 17a, and 18a. However, a mirroring effect can be 

observed in the depth of the constant versus chirped gratings in these figures. This mirroring effect 

of the two profiles may be attributed to the azobenzene molecules moving from higher to lower 

intensity regions. When inscribing the chirped grating, the azobenzene molecules moved from the 

high intensity regions from the chirped grating into low intensity regions within constant grating. 

The migration of the azobenzene molecules overfilled the already inscribed region. As the chirped 

grating deepened, the shallower the constant grating became; hence creating the mirroring effect.  

Superimposed gratings 1, 2 and 3, with respective exposure times of 60, 70 and 80 seconds (Figure 

16a, 17a and 18a) had on average relative depth difference of ~ 13.5 𝑛𝑚, ~ 12.8 𝑛𝑚, and 

~ 24.9 𝑛𝑚 respectively.  The superimposed gratings 1, and 2 had the smallest differences in depths 

relative to the superimposed grating 3 depths mainly due to the over exposure of the chirped grating 

on top of the constant grating during its fabrication. The pitches of each grating in each device are 
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presented in Figures 16b, 17b and 18b. As predicted, the constant pitch grating showed a relatively 

constant pitch for all three superimposed gratings, where the pitch shift of the constant gratings in 

superimposed grating 1, 2 and 3, stayed constant as predicted and the measured pitch variations 

were −0.11 𝑛𝑚/𝑚𝑚, 0.51 𝑛𝑚/𝑚𝑚, and −1.37 𝑛𝑚/𝑚𝑚 respectively. Meanwhile, chirped 

gratings’ pitch linearly increased along the all three devices. The pitch increase for the chirped 

gratings in superimposed grating 1, 2 and 3, was 13.14 𝑛𝑚/𝑚𝑚, 10.25 𝑛𝑚/𝑚𝑚, and 

22.69 𝑛𝑚/𝑚𝑚 respectively. The left-side pitch of all three devices was c.a. 470 𝑛𝑚, which 

theoretically produces SPR at a wavelength of ~510 𝑛𝑚 for a silver-air interface. The right-side 

pitch was c.a. 600 𝑛𝑚 that produces theoretical SPR at ~630 𝑛𝑚. The wavelength range produced 

by this device is broad, which provides the potential for sensing at a wide range of wavelengths 

upon changes in the RI of the dielectric. Superimposed gratings 1 and 2 were continuous, and had 

minimal variance, unlike superimposed grating 3 had structural defects. From these results, it was 

hypothesized that overexposure of the chirped grating in superimposed grating 3 was the reason 

behind those structural defects on the device seen in the pitch measurements in Figure 18 b. The 

area of discontinuity occurred where the cylindrical lens was centered at, which correlates to the 

least amount of scattered light from the laser beam. This meant that the light intensity was at its 

maximum in such area during the fabrication process, which could have resulted in an overexposure 

of the region, and damaged the structure. 

 

Figure 16. AFM results for Device 1, where a) gratings’ depth, b) gratings’ pitch. 
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Figure 17. The AFM results for Device 2, where a) gratings’ depth, b) gratings’ pitch. 

 

Figure 18. The AFM results for Device 3, where a) gratings’ depth, b) gratings’ pitch. 

 

Overall, chirped gratings were successfully imprinted on top of the linear gratings, and with 

depths similar enough to promote a strong SPR energy exchange signal adequate for sensing. 

Gratings have multiple diffraction orders at different angles of light incidences (Chapter 2.4). The 

transmission spectra of these devices were acquired and analyzed at different polychromatic light 

incidence angles ranging from -10 to +10 degrees for each device (i.e. superimposed grating). The 

transmission spectra of device 1, device 2 and device 3 are displayed in Figures 19, 20 and 21 

respectively. The SPR energy exchange signal was also acquired at different light polarization 

configurations, where the two polarizers were shifted by 90°, but still perpendicular to each other. 

TE light polarization refers to vertically polarized light that excited the linear grating, and TM light 
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polarization refers to horizontally polarized light that excited the chirped grating. TE-TM 

configuration means that the first polarizer was TE and the second was TM, and vice versa. The 

spectra were measured at different points along the device with noticeable shift of SPR wavelength 

corresponding to the shifting pitch. The spectra showed a higher SPR signal at a non-zero angle of 

light incidence, mainly due to the angular dependence of surface plasmon energy transfer between 

the crossed gratings for all three devices, as seen in Figures 19, 20, and 21 [28]. For devices 1 and 

2, the TE-TM spectra had higher intensity peaks in contrast to the TM-TE peaks, due to the depth 

of the constant grating being greater than the chirped grating roughly about 13 𝑛𝑚, in the two 

devices. For device 3, however, the chirped grating had on average 25 𝑛𝑚 greater depth than the 

constant grating; thus, the TM-TE light polarization configuration showed about 25% greater 

intensities than its TE-TM counterpart as shown in Figure 21. At normal incidence, the spectra 

exhibited two significant peaks in TE-TM and TM-TE configurations, which are summarized in 

Table 3.  These multiple SPR peaks could still be explained by considering the depth of the gratings 

combined. During the inscription process, there were areas where both inscriptions overlapped in 

low and high laser intensity regions. Where the two low laser intensities overlapped, the peaks of 

the gratings were correctly achieved. However, where the two high laser intensities regions met, 

the deepest troughs were made. These deep troughs could be the cause of the multiple peaks. Also, 

recall that the deeper the grating, the greater the SPR signal is, so this effect accompanies the 

fabrication of devices with the highest signal. Reduced exposure times were tested, but the devices 

were not capable of producing a significant SPR signal nor a complete crossed grating, where one 

of the gratings overwrote the other. Acknowledging the two peaks, both of them were analyzed to 

use the best signal of the two. 
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Figure 19. The transmission spectra of device 1 in TE-TM and TM-TE polarization 

configuration across the whole device. 
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Figure 20. The transmission spectra of device 2 in TE-TM and TM-TE polarization 

configuration across the whole device. 
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Figure 21. The transmission spectra of device 3 in TE-TM and TM-TE polarization 

configuration across the whole device. 

 

Of the two peaks, in all three devices at the normal light incidence, the first peak was closer to the 

theoretical value and therefore, considered the primary peak.  The second peak, however, was also 

analyzed, as it is originated from plasmonic activity (i.e. SPR peak), and it is relevant for sensing 

applications due to its wavelength-shift response to changes in the dielectric medium. Table 3 

presents the wavelength shifts of those two peaks across the linear distance along the chirped 

grating on the three devices, at the two different light polarization configurations. The peak-shift 

in all signals notably show a significant difference between light polarization configurations. TM-

TE configuration displayed on average 1.69 times greater shift in SPR peak wavelength along the 

chirped gratings than TE-TM configuration. The TM-TE configuration polarized the light that 
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could excite SPs on the chirped grating and, as observed, the SPR signal displayed more of the 

chirped grating optical signature than the constant gratings. The primary peaks were plotted along 

with their theoretical values and are shown in Figure 22. Taking the measured values in the primary 

peak of the SPR signal into account, the results show that the TM-TE experimental values follow 

an increase of SPR as the pitch increases, similar to the theoretical values. However, these peaks 

occurred at a higher wavelength. In contrast, the TE-TM peaks did not follow the theoretical trend. 

From these results, it is hypothesised that the TE-TM SPR wavelengths stayed almost constant, as 

the constant pitch grating was the major contributor of their generation. For the reasons stated 

above, a study on the dependence of the polarizer angles was carried out in an attempt to model the 

whole optical system. 

 

Table 3. Wavelength shifts along the device in TE-TM and TM-TE polarizer configurations. 

 Device 1 Device 2 Device 3 

 First Peak 
Second 

Peak 
First Peak 

Second 

Peak 
First Peak 

Second 

Peak 

 TE-TM Light Polarization Configuration 

Wavelength 

shift 

(nm/mm) 

5.1 7.9 3.4 10.7 3.1 7.7 

R-Square 

(COD) 
0.81 0.99 0.20 0.75 0.72 0.98 

 TM-TE Light Polarization Configuration 

Wavelength 

shift 

(nm/mm) 

11.1 11.3 9.2 12.2 13.4 8.2 

R-Square 

(COD) 
0.94 0.98 0.81 0.98 0.98 0.99 
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Figure 22. Theoretical SPR wavelength compared to the actual values in, a) Device 1, b) 

Device 2, and c) Device 3. 

 

4.1.1 Polarizer Angle Dependency 

As the device exhibited different excitations at different polarizers configurations, TE-TM 

and TM-TE, then a study on the effect of polarizers angles was carried out. The two polarizers were 

kept orthogonal to each other to ensure no light from the light source reached the detector. The 

transmission spectra of the SPR signals were acquired at normal light incidence on the three afore 

mentioned devices and two sets of control devices, two constant crossed gratings and two constant 

single gratings. Figure 23 shows the SPR spectra along the device as the polarizers were shifted 

from TE-TM configuration to TM-TE configuration. A similar setup as that illustrated in Figure 14 

was used for these experiments. The first polarizer was placed at 0 ° and the second polarizer was 

placed at 90 ° (TE-TM configuration). Likewise, when the first polarizer was placed at 90 °, the 
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second polarizer was placed at 180 ° (TM-TE configuration). For each configuration, the polarizers 

were rotated at 10 ° intervals. The intensity of the SPR signal increased as the polarizer angles 

approached the 45 °, where greatest intensity was obtained using device 3 at 4 𝑚𝑚, corresponding 

to a 34-fold SPR signal enhancement compared to the SPR signal using the TE-TM configuration. 

It is currently not understood why this happens, further studies are currently underway to 

understand this behavior. This effect was also noticed in the control gratings, the constant gratings 

and the linear gratings, meaning that this enhancement is not limited to the chirped crossed gratings. 

Typically, for linear single gratings placed between two polarizers in the TE-TM or TM-TE 

configuration, generates a very low SPR signal. The 45 ° polarizers, however, exhibited 

comparable results to the chirped crossed gratings. The signal from the constant crossed gratings 

had a similar trend to the chirped gratings, a phenomenon that was observed in all gratings, 

regardless of whether they were chirped or crossed.  
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Figure 23. Transmission spectra of the control devices and the chirped devices as the 

polarizer configuration changes. 
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The spectra of the three devices showed three significant peaks as the polarizer angle shifted 

from TE-TM to TM-TE (Figure 23). The three peaks in all three devices were tracked at each 

polarizer configuration. The peak-shift is summarized in Table 4, where on average the first, the 

second and the third peak shifted by ~2.93 𝑛𝑚/𝑚𝑚, ~8.78 𝑛𝑚/𝑚𝑚, and ~7.71 𝑛𝑚/𝑚𝑚 

respectively. From the values displayed in Table 4, it is noticeable that the third peak was absent in 

both TE-TM and TM-TE configurations in the three devices. From this data, the third peak is 

hypothesized to be generated from an extremely deep grating, since it has the plasmonic 

characteristics of one, being shallow and broad compared to the SPR peaks. In addition, the first 

peak in the transmitted spectrum in all the three devices displayed a much smaller shift along the 

chirped grating when compared to the second and the third peak. The second peak, which shifted 

along the chirped grating, was therefore considered the main peak of importance. The peak-shift 

confirms the plasmonic activity of the signal along the chirped grating, which is compatible with 

sensing applications. Overall, changing the polarizer angle had a major effect on the SPR signal, 

where the signal reached its maximum at the 45 ° polarizer angle. This effect was not limited to the 

chirped crossed gratings, and it was also observed in the control devices (i.e. constant crossed 

gratings and the linear single gratings). As the intensity of the SPR signal increased, the rest of the 

peaks were also enhanced. From the analysis on the three devices, it is concluded that device 3 

performed the worst, due to structural defects that resulted in descrenpancies in the pitch, as well 

as a lower intensity in the SPR signal, when compared to the other two devices. Devices 1 and 2 

performed with relative similarity to each other in terms of peak shift, but the former produced a 

greater SPR signal. An added bonus to device 1 was that it required less time (~ 10 𝑠𝑒𝑐𝑠) to 

fabricate. Device 1 was then chosen for the sensing experiments. 
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Table 4. Wavelength shift along the device at different polarizer configurations. 

Polarizer 

Angle 

(degree) 

Device 1 Device 2 Device 3 

Peak Wavelength Shift (nm/mm) 

First Second Third First Second Third First Second Third 

0 5.12 7.93 -- 3.42 10.74 -- 3.14 7.75 -- 

10 3.43 7.06 7.62 2.77 8.98 13.42 2.33 7.67 4.65 

20 2.51 7.04 6.29 2.54 9.39 12.65 2.30 8.62 4.62 

30 2.52 7.03 6.37 1.81 9.28 12.46 2.33 8.40 4.69 

40 2.37 7.19 6.45 1.12 9.63 12.63 2.35 7.19 4.61 

50 2.29 6.86 6.38 0.31 10.61 12.70 2.19 7.28 4.68 

60 2.33 6.89 6.57 -0.34 10.88 12.32 1.99 7.65 4.52 

70 2.20 7.14 6.74 -0.99 11.53 11.48 1.25 7.92 3.75 

80 3.92 6.07 5.16 1.37 16.54 9.22 -2.09 8.46 4.95 

90 11.05 11.26 -- 9.22 12.21 -- 13.39 8.20 -- 

 

4.2 Sensing Analysis 

Different sucrose solutions were prepared, in order to simulate media with different RIs. 

Each solution containing increasing concentrations of sucrose with each subsequent medium 

having a higher refractive index, ranging from 1.337 refractive index unit (RIU) to 1.359 RIU at 

a rate of 1.03 × 10−3  RIU sugar % wt⁄ . A PDMS reservoir was used to secure the sucrose solution 

on the device (more details described in Chapter 3.5). The SPR wavelength is correlated to the bulk 

refractive index, so a distinct shift in the SPR signal was observed once the solutions were placed 

inside the reservoirs.  

The spectra of device 1 was measured again from −10 ° to +10 ° of light incidences with 

each of the different solutions loaded inside the reservoir presented in Figures 24 and 25. TM-TE 

configuration was used since it showed a more pronounced peak-shift at higher wavelengths, in 

contrast to the TE-TM configuration. The device yielded its highest SPR signal intensity at an off 

normal light incidence angle, between −2° to −5°, where the greatest SPR signal intensity again 

occurred at the diffraction order of the grating. The spectra in Figures 24 and 25 show the expected 

SPR peak shift as the bulk refractive index changes. These high SPR peaks at the different light 
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angle incidences were tracked and analyzed separately from −2° to −5°,  at every millimeter of 

the device and presented in Figures 26 and 27. Figures 26 displays the SPR wavelength shifts as 

the refractive index increases at every millimeter and Figure 27 displays the SPR peak shifts across 

the device at a constant concentration. The data associated with Figures 26 and 27 are displayed in 

Tables 5 and 6 respectively. Figure 26 and Table 5 show the sensitivity (i.e. SPR wavelength shift 

per RIU) of the sensor at the afore mentioned different light angle incidences. The greatest SPR 

signal is observed at −2 ° of light incidence, where again, having the diffraction order of the grating 

landing at that angle. The highest sensitivity observed on this whole device is 778.0 𝑛𝑚 𝑅𝐼𝑈⁄ , 

which occurred at the −2 ° light incidence at the 4 𝑚𝑚 distance into the chirped grating. This 

sensitivity is the greatest obtained sensitivity of sucrose solution on an SPR-based sensor reported 

in the Escobedo and Sabat groups to date. The 4 𝑚𝑚 distance also corresponds to higher 

sensitivities at the other light incidence angles. Coincidentally, the 4 𝑚𝑚 location was also where 

the two grating pitches approached each other. From the data, it was hypothesized that the SPR 

signal was enhanced at that location due to the pitches of the two gratings matching each other. The 

theory is that when the plasmon in one grating got excited, it was capable of propagating in the 

perpendicular direction much easier when the two pitches equaled each other. So, the resulting SPR 

signal was more affected by the change in the RI, which lead to the greater sensitivity. Overall, the 

sensitivity at the −2 ° light incidence angle, increased going from the 0 𝑚𝑚 to the 4 𝑚𝑚, as  a 

result of having the two gratings pitches approached each other and meeting at the 4 mm location. 

As for the other light incidence angles, the sensitivity was not as consistent and high as the −2 ° 

angle. The notable other light incidence angle was the −5 °, where high sensitivities of 

 693.22 𝑛𝑚 𝑅𝐼𝑈⁄  and 776.0 𝑛𝑚 𝑅𝐼𝑈⁄  were observed at the 2 𝑚𝑚 and the 4 𝑚𝑚 locations 

respectively. From these results, it is hypothesized that the −5 ° was the second order of diffraction 

on the grating, hence the high SPR signal and sensitivity. Figure 27 and Table 6 reiterates the results 

obtained in air (Chapter 4.1, Figure 19) of the sensor’s capability at shifting the SPR wavelength 
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across the chirped grating of the device. The greatest SPR peak shift was again observed at the −2 ° 

light incidence angle. On average, the SPR peak shifted 11.0 𝑛𝑚 𝑚𝑚⁄  at that −2 ° angle. Overall, 

the device was capable to resolve multiple wavelengths within the same nanostructure, this is 

having multiple sensors in one, at every millimeter along the chirped. The highest values of 

wavelength change corresponded to the −2 ° light angle incidence, which coincidentally, was the 

light angle that yielded the highest SPR signal across all tests. Furthermore, this shift in wavelength 

also means that the sensor has a broad bandwidth of operation at different RIs, meaning it was 

operable at any monochromatic light that falls with SPR excitation within the chirped grating. 

Theoretically, the sensor can be divided up to separate sections where specific multiple 

monochromatic lights can operate individually on the device. 
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Figure 24. Transmission spectra of device 1 at 0%, 5%, 10%sucrose solution from −𝟏𝟎 ° to 

+𝟏𝟎 ° light incidence along the chirped crossed grating device. 
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Figure 25. Transmission spectra of device 1 at 15%, 20%sucrose solution from -10 ° to +10 ° 

light incidence along the chirped crossed grating device. 
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Figure 26. Sensitivity of the device at every millimeter interval at different angles of light 

incidence. 
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Figure 27. Peak shift at varying sucrose concentration, at different angles of light incidences 

along the device at a distance of, a) 0 mm, b) 1 mm, c) 2 mm, d) 3 mm, and e) 4 mm. 
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Table 5. The device sensitivity at different light angle incidences along the device. 

Distance (mm) 

TM-TE Wavelength Shift per Refractive Index Unit (nm/RUI) 

Light Angle of Incidence (Degree) 

−𝟐 −𝟑 −𝟒 −𝟓 

0 350.3 448.4 376.0 301.5 

R-Square 

(COD) 
0.98 0.93 0.97 0.99 

1 390.3 354.72 385.14 289.7 

R-Square 

(COD) 
0.95 0.95 0.92 0.94 

2 499.7 339.39 428.39 693.22 

R-Square 

(COD) 
0.80 0.66 0.91 0.90 

3 542.6 93.3 130.9 104.4 

R-Square 

(COD) 
0.90 0.52 0.80 0.37 

4 778.0 331.0 776.2 776.0 

R-Square 

(COD) 
0.90 0.58 0.91 0.99 

 

Table 6. The wavelength shifts along the device at different light angle incidences at 

constant refractive index. 

Sucrose wt.% 

TM-TE Wavelength Shift (nm/mm) 

Light Angle of Incidence (Degree) 

−𝟐 −𝟑 −𝟒 −𝟓 

0 % 10.22 5.99 4.66 4.31 

5 % 10.07 6.86 4.15 3.80 

10 % 11.10 6.66 5.12 3.72 

15 % 12.21 7.70 5.75 4.39 

20 % 11.48 5.51 5.13 5.00 
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Chapter 5 

Conclusion 

5.1 Summary 

The main issue with current SPR sensors is their low throughput and specific working 

wavelength. A chirped crossed grating sensor was created based on previous technologies 

developed by Escobedo et al. [9] and Sabat et al. [8] [28]. One of the previous technologies 

developed by Nair et al. [9] was a constant pitch crossed grating sensor that achieved one of the 

current highest sensitivities in sensors of 647.8 𝑛𝑚/𝑅𝐼𝑈. Aiming for such sensitivity, the crossed 

gratings were modified to include a chirped grating within them. 

The device was fabricated by using a photosensitive azobenzene thin film on top of a glass 

slide. The gratings were inscribed on top of the thin film using a coherent green laser and a Lloyd 

mirror, where the pitch of the constant grating was controlled by the angle of the laser beam 

incidence. The chirped grating was created by placing a 4 𝑚𝑚 cylindrical lens in the beam path to 

alter the constant grating pitch into a chirped pitch and inscribed it on top of the constant grating. 

experimental study was carried out using an AFM to create the most equally depth gratings. A 

60 𝑛𝑚 silver coating was sputtered on top of the gratings to generate the SPR signal. The 

experimental process was further carried out by measuring the SPR spectra of the device in air at 

varying angles of light incidences. The device showed the effect of the chirped grating by producing 

a shift in the SPR peak at different locations in the device, effectively increasing the bandwidth of 

the device. Then the device was then utilized to measure the different concentrations of sucrose 

solutions by measuring the bulk refractive index of the solutions. At its highest sensitive regions, 

the device achieved a sensitivity of 778 𝑛𝑚/𝑅𝐼𝑈, which is greater than the previous devices 

developed previously by Nair et al. [9]. The device also retained its wavelength shift across the 

device along with the wavelength shift with the changing refractive index. The sensor was operable 
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at different wavelengths corresponding to the specific region of the device. These specific regions 

can also be operable separately from each other as individual sensors; therefore, effectively 

increasing the number of sensors on the device. Thus, increasing the throughput of sensors on one 

device. 

Another study was carried out to model the SPR peak. The polarizer used to excite the SPRs 

was rotated to other orientations to further understand the light interactions with the plasma on the 

gratings. However, no logical conclusion was achieved from the study and was not further pursued.   

5.2 Future Work 

The future work on this device can range from further understanding the SPR generation on 

the grating’s surface, to developing more applications using the chirped crossed surface relief 

gratings sensors. An attempt to understand the effects of the light polarization on generating SPRs 

was pursed in this work, but the results were inconclusive. More research needs to be put into this 

technology to fully model the effect of crossed gratings on the SPR signal. A systemic basic-to-

complex approach to this experiment should be followed, meaning a more basic system than the 

chirped crossed gratings should be studied and modelled. Once the basic system is fully understood, 

then further understanding can be extrapolated into the more complex system. Single gratings are 

the most basic system and have demonstrated similar results to the crossed gratings, so they are a 

good start to study the polarization effects on the SPRs generation. These gratings can be studied 

by changing their pitches, depths, and shapes and observe the SPRs changes on their surfaces. Once 

the single gratings are fully understood, then a more complex system of crossed gratings can be 

studied. This system needs to stay simple at the beginning of the study by having equal crossed 

gratings and observing the SPR changes as the light polarization changes. The system can be later 

modified by varying each grating’s depth, shape, and pitch. Finally, the crossed gratings can be 

further modified by varying the pattern/crystallinity of the gratings and observing the patterns 
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effects on SPR generation as the light polarization changes. From these results, valuable 

information on SPR generation on crossed gratings can be extrapolated to understand chirped 

crossed gratings and their effects on the SPR signal. 

Application wise, the device has not been tested on biological specimen; however, similar 

work by Nair et al has already been published [9]; thus it will not be difficult to modify the device 

for such applications. The chirped crossed surface relief gratings can be coated with gold instead 

of silver as it does not degrade/oxidize as much as silver in aquatic conditions. Then the device can 

be surface modified with thiol-capped antibodies to ensure the specificity of the sensor on the target 

molecule/specimen. The niche of the device revolves around its shifting wavelength, so a better 

application of the device was to separate its segments with micro channels, and operate each section 

with a different monochromatic light. This entails that the device can become a complete multi-

sensor operating at the same time. Another application can be pursed where the sensor be modified 

to photo-reactive or fluorescent molecules that are typically hard to sense on typical sensors. These 

molecules are typically sensitive to a range of wavelengths that most of the time block operation 

wavelengths of some sensors. But with the chirped grating sensor, a white light can excite different 

regions of the sensor that are able to detect such molecules. 
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Chapter 6 

Appendix 

The analysis results from the two devices with similar parameters used for device 1: 

Replica 1: 

This replica was not presented because it had lower peak shift as the device used in sensing. 

The transmission spectra at normal light incidence angle in TM-TE light configuration across the 

device is presented in Figure 28. The peak shift of the SPR signal across the device is presented in 

Figure 29. 

 

Figure 28. Fitted transmission spectra of the first replica of device 1 across the device from 

0 mm to 4 mm. 
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Figure 29. The SPR signal wavelength shift across the device of the first replica. 

Replica 2: 

This replica was not presented because it had lower SPR signal generated on the device. The 

transmission spectra at multiple light incidence angle in TM-TE light polarization configuration 

across the device is presented in Figure 30. The peak shift of the SPR signal across the device at 

normal light incidence is presented in Figure 31. 
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Figure 30. The transmission spectra of a replica device of Device 1 in TM-TE polarization 

configuration across the whole device 
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Figure 31. The SPR wavelength peak shift across the device of the second replica. 
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