
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



NOVEL FABRY-PÉROT RESONATORS FOR

SENSING APPLICATIONS

JIANG XIAOPING

PhD

The Hong Kong Polytechnic University

2023



The Hong Kong Polytechnic University

Department of Electrical and Electronic Engineering

Novel Fabry-Pérot Resonators for Sensing Applications

Jiang Xiaoping

A thesis submitted in partial fulfillment of the requirements for

the degree of Doctor of Philosophy

June 2023



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of

my knowledge and belief, it reproduces no material previously published

or written, nor material that has been accepted for the award of any

other degree or diploma, except where due acknowledgment has been

made in the text.

Signature:

Name of Student: Jiang Xiaoping





i 

 

Abstract 

Optical thin-film sensors and transducers have been developing rapidly for decades 

with applications in various fields, e.g., chemical detection, biological sensing and 

medical imaging. Optical thin-film sensors utilize the interaction of light with 

materials or objects for information regarding their properties and the environment. 

This thesis is focused on two types of sensing applications: (i) refractive index sensing 

and (ii) photoacoustic sensing and imaging. For refractive index sensing, one well-

established type of sensor is the surface plasmon resonator (SPR), where a refractive 

index change causes the resonance to drift thus resulting in amplitude or phase shifts. 

For photoacoustic sensing and imaging, optical transducers detect either local pressure 

changes, e.g., SPR, or resonance light path changes, e.g., Fabry-Pérot (FP) thin-film 

resonators. An FP thin-film resonator consists of a cavity sandwiched between two 

reflecting mirrors. When in resonance, incident light wave interferes with the light 

wave circulating inside the cavity, resulting in a decrease in reflectivity. 

For refractive index sensing, sensors can be evaluated by their figure of merit 

(FOM) and sensitivity, which refers to the noise-equivalent refractive index unit. In 

this thesis, at 633 nm wavelength, a novel open cavity FP structure based on a high-

aspect-ratio-grating (HARG-FP) was investigated for refractive index sensing 

applications. A lateral comparison with SPR was drawn. The results indicated 10- and 
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44-fold improvement in FOM with TM and TE polarization compared to the 

conventional SPR, respectively. TE samples exhibited a single-shot sensitivity of 

1.87 × 10−8 RIU. With 794 frames averaging (~1-second acquisition), the sensitivity 

can be further improved to 1.61 × 10−9 RIU, demonstrating ultra-sensitivity. 

For the field of photoacoustic sensing, optical transducers offer exceptional 

potential of high responsivity, broad bandwidth and significantly reduced acoustic 

impedance mismatch compared with conventional piezoelectric transducers. Besides 

sensitivity, bandwidth is another crucial factor characterizing an acoustic transducer. A 

total-internal-reflection-based Fabry-Pérot resonator (TIR-FP) was evaluated for ultra-

sensitive wideband ultrasound and photoacoustic applications at around 1550-nm 

wavelength. The proposed transducer consisted of a 12-nm-thick gold layer and a 

dielectric cavity. 1.9-μm-thick-PMMA- and 3.4-μm-thick-PDMS-based resonators 

showed responsivities of 3.6- and 30-fold improvements compared with the 

conventional SPR, respectively. Examined with photoacoustic signals generated by 

focused nanosecond laser pulses, bandwidths for the PMMA- and PDMS-based 

devices were 110 MHz and 75 MHz, respectively. Single-shot sensitivity of 160 Pa 

was obtained for the PDMS-based TIR-FP. The results indicated that, with the 

proposed resonator in imaging applications, sensitivity and the signal-to-noise ratio 

can be improved significantly without compromising the bandwidth. 

Research has been proposed for a grating-based Fabry-Pérot (GFP) resonator as a 
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highly sensitive detector. The structure features two diffraction gratings as the mirrors 

forming the FP. The period of the grating is engineered so that only the zero-th and 

first orders exist inside the cavity and only the zero-th order exists outside the cavity. 

with a 50-μm cavity, double gratings enable rich interaction between the zero-th and 

the first order, which gives resonance linewidth ranging from 1 pm to 1 nm with Q 

ranging from 1.5 × 103 to 1.5 × 106. The freedom in Q and dynamic range offered 

within the same structure promises great potential for photoacoustic sensing. 
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Chapter 1 Introduction 

1.1 Background 

Optical sensing has been playing an increasingly important role and revolutionizing 

our perception in various fields including telecommunications, industrial evaluation, 

pathological examination and vital signs monitoring [1-8].  

Operating from ultraviolet to mid-infrared, an optical sensor is designed to convert 

the desired measurand to modulation of optical properties, e.g., intensity, wavelength, 

phase or polarization [9, 10]. 

The advantages of optical sensing include non-contact measurements, high 

precision, fast response time and remote sensing capability. Moreover, optical sensors 

are also less susceptible to electromagnetic interference, making them suitable for 

applications in electrically noisy environments. Additionally, they can be miniaturized, 

allowing for integration into compact devices and systems [11]. 

One type of optical sensor widely used in many applications is the thin-film Fabry-

Pérot (FP) interferometer, which consists of two reflecting mirrors and a cavity in 

between. FP is based on interference of light waves. The FP structure exploits 

interference to create constructive and destructive interference at different 

wavelengths. Constructive interference results in resonance where signal amplitudes 

are greatly enhanced. Thin-film FP resonators lend themselves to a wide range of 
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applications, e.g., optical filters and acoustic transducers [12, 13].  

The focus of the research is on high responsivity, improved sensitivity and broad 

bandwidth. A research challenge faced by conventional sensors is the intrinsic trade-

off between responsivity and bandwidth. Therefore, to improve and break the 

conventional trade-off, novel structures have to be designed. 

In this thesis, three novel FP structures will be introduced and analyzed for their 

sensitivity and other crucial metrics in their designated application fields. 

1.2 Thesis Structure 

This Ph.D. thesis is composed of 7 chapters, and Chapters 3-6 are presented based on 

either my published papers or papers under preparation. The layout of the thesis is as 

follows: 

Chapter 1 introduces the background, points out the challenge faced by 

conventional optical sensors and presents the layout of the thesis. 

Chapter 2 briefly introduces the fundamentals of the thin-film optics and reviews 

some prominent works of optical sensors for refractive index sensing and ultrasound 

and photoacoustic sensing. 

Chapter 3 presents a high-aspect-ratio-based Fabry-Pérot (HARG-FP) structure for 

high figure-of-merit (FOM) refractive index sensing with theoretical analysis and 

experimental results to demonstrate its capability of high figure-of-merit (FOM) and 

high sensitivity. 
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Chapter 4 presents a total-internal-reflection-based Fabry-Pérot (TIR-FP) structure 

for ultrasound and photoacoustic sensing applications with theoretical analysis of both 

the optical and acoustic properties to elucidate the factor controlling the sensitivity 

and bandwidth and its potential for wide-acoustic-bandwidth high-sensitivity 

detection. This chapter lays the foundation for experiments. 

Chapter 5 presents the experiment results of TIR-FP with TE polarization and two 

materials for FP cavity, i.e., PMMA and PDMS. Responsivity and bandwidth 

performances are presented and evaluated with ultrasonic and photoacoustic signals. A 

detailed analysis of noise-equivalent sensitivity is also presented. 

Chapter 6 presents a grating based Fabry-Pérot (GFP) structure as an ultra-

sensitive ultrasound and photoacoustic transducer. Both single-layer GFP and double-

layer GFP are presented and analyzed with a comparison with a conventional FP 

sensor. The capability of high sensitivity and extraordinary intrinsic dynamic range is 

discussed in detail. 

Chapter 7 summarizes the research findings and looks into prospects of the 

proposed sensors for more improvement over the designated metrics. 
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Chapter 2 Introduction to Thin-Film Optics and 

Literature Review 

2.1 Overview 

Optical Sensing is a fast-developing technology and has been widely used in many 

fields, e.g., medical diagnostics [2, 14, 15], chemical analysis [16, 17] and civil 

engineering [18]. The past few years have witnessed ever-growing research interests 

on optical sensors [19].  A typical operating principle of optical sensors is measuring 

the change of k-vector caused by changes in the desired measurand, e.g., temperature, 

analyte concentration, pressure. The change in k-vector can be detected by changes in 

resonant angle, wavelength, as well as phase or intensity of the reflected signal. The 

change in resonance can be categorized into internal perturbation and external 

perturbation. In this chapter, we first re-visit the governing fundamentals of thin-film 

optics, and then focus the discussion on two sectors of optical sensing: refractive 

index sensing and acoustic sensing. 

2.2 Introduction to Thin-Film Optics 

2.2.1 Wave Function for Monochromatic Electromagnetic Waves 

A lightwave, as a specified type of electromagnetic wave, can be described by the 

most fundamental equations in electromagnetism, Maxwell’s equations, the 
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differential formulation of which is given in international system of units (meter-

kilogram-second units) by 

∇ ∙ 𝐃 = 𝜌                                (2.1) 

∇ ∙ 𝐁 = 0                                                        (2.2) 

∇ × 𝐄 = −
𝜕𝐁

𝜕𝑡
                                                    (2.3) 

∇ × 𝐇 = 𝐉 +
𝜕𝐃

𝜕𝑡
                                                  (2.4) 

𝐃 = 𝜀𝐄                                                        (2.5) 

𝐁 = 𝜇𝐇                                                       (2.6) 

where E and H are electric field vector and magnetic field vector, D and B are electric 

displacement and magnetic induction, 𝜌 and J are free electric charge and electric 

current, 𝜀 and 𝜇 are permittivity and permeability. 

These equations describe the relationship between electricity and magnetism and 

underline the mathematical framework for propagation of electric and magnetic fields 

and their interaction with matter and laid the foundation for the technology advances 

of the microwave and optics field. 

As is well known, these equations predict transverse electromagnetic waves. From 

the Maxwell’s Equations, the wave equations can be derived for monochromatic plane 

waves and given by 

𝐄 = 𝑬0𝑒𝑖(𝜔𝑡−𝒌∙𝒓)                                                (2.7) 

𝐇 = 𝑯0𝑒𝑖(𝜔𝑡−𝒌∙𝒓)                                               (2.8) 
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where 𝑬0 and 𝑯0 are the constant vectors with complex amplitudes constant in time 

and frequency, 𝜔 is the angular frequency, 𝒌 is the wave vector and 𝒓 is coordinates. 

The magnitude of the wave vector 𝒌 is given by 

|𝒌| = 𝜔√𝜇𝜀                                                  (2.9) 

And the refractive index 𝑛 of a material is given by the square root of the relative 

permittivity. 

𝑛 = √𝜀/𝜀0                                                 (2.10) 

In a homogeneous and isotropic charge-free medium where 𝜌 = 0, it can be shown 

that 𝑬0 and 𝑯0 are perpendicular to the wave vector 𝒌, therefore, perpendicular to the 

direction of the propagation. Thus, the electromagnetic waves are transverse waves. 

2.2.2 Polarization State 

Thin film optics, as a branch of optics, focuses on the study of optical properties and 

phenomena in structures consisting of one or more layers of different materials, i.e., 

layered media. The polarization state related to the incident sample plane is an 

important property describing a monochromatic electromagnetic wave [20]. It denotes 

the direction of oscillation of the field vector, specifically, the path traced by the end 

point of the electric field vector 𝐄. Typically, it is an ellipse as shown in Fig. 2.1. The 

polarization state of light can be represented with a 4ⅹ4 matrix, i.e., the Mueller 

Matrix. Since it describes the electric field rather than the power, phase information is 

maintained. 
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Fig. 2.1. A typical polarization ellipse. The shown plane is perpendicular to 

the direction of propagation where a red ellipse represents the end track of the 

electric field vector. 

 

By quantitative measurement of the polarization change of the light with a known 

polarization reflected off a surface, the refractive index and thickness information of 

the material can be precisely quantified [21, 22]. Two special types of polarizations 

are mostly concerned in research, i.e., linear polarization and circular polarization [22-

25]. Linear polarizations can be decomposed into two components, i.e., p-polarization 

and s-polarization, also known as transverse magnetic (TM) and transverse electric 

(TE) polarization. In free space, magnetic fields and electric fields are always 

perpendicular to the direction of propagation and each other. In TE polarization, 

magnetic field is perpendicular to the incident plane, whereas in TM polarization, 

magnetic field is perpendicular to the incident plane. 



8 

 

A scheme is shown in Fig. 2.2 where TE- and TM-polarized waves are transmitted 

or reflected at the interface of two media. 

 

 

Fig. 2.2. Transmission and reflection scheme of (a) s-polarization (TE) and (b) 

p-polarization (TM) at the interface of two homogeneous and isotropic media. 

 

2.2.3 Boundary Conditions 

When an electromagnetic wave propagates through layered media, one of the most 

concerned problems is matching the boundary conditions between subsequent layers. 

The boundary conditions can be deduced based on Fig. 2.2 for both TE and TM 

polarizations. 

Two primary boundary conditions in optics concerning thin-film structures are the 

continuity of (i) the normal components of electric field 𝐄 and (ii) the tangential 

components of magnetic induction 𝐁.  

For analytical expression of the boundary conditions, the Gauss divergence 
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theorem can be applied to 

∭ 𝛁 ∙ 𝑭 𝑑𝑽
𝑉

= ∯ 𝑭 ∙ 𝑑𝐒
𝑆

                                       (2.11) 

to both sides of Eq. (2.2),  

𝒏 ∙ (𝐁2 − 𝐁1) = 0                                              (2.12) 

where 𝒏 is normal vector of the interface of media 1 and 2. This is the boundary 

condition for continuity of tangential components of magnetic induction 𝐁. 

Applying the Stokes theorem 

∬ 𝛁 × 𝑭 ∙ 𝑑𝐒
𝑆

= ∮ 𝑭 ∙ 𝑑𝒍
𝑙

                                      (2.13) 

to both sides of Eq. (2.3) [26], this leads to 

𝒏 × (𝐄2 − 𝐄1) = 0                                         (2.14) 

These boundary conditions can be written as 

𝐁1𝑛 = 𝐁2𝑛                                                 (2.15) 

𝐄1𝑡 = 𝐄2𝑡                                                  (2.16) 

Therefore, at the interface of two dielectric materials, where surface charge and 

current do not exist, normal components of the magnetic induction and tangential 

components of the electric field are continuous across the interface. 

2.2.4 Transmission, Reflection, Total Internal Reflection 

When a light wave propagates to an interface of two media, reflection and 

refraction/transmission happen. Let 𝑬𝑖exp [𝑖(𝜔𝑡 − 𝒌𝑖 ∙ 𝒓)]  denote the electric field 

amplitude of an incident plane wave with wave vector 𝒌𝑖 . From Eq. (2.16), the 
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relationships between wave vectors of incident, reflected and transmitted waves at the 

interface (x=0) can be given by 

𝒌𝑖 ∙ 𝒓𝒊 = 𝒌𝑟 ∙ 𝒓𝒓 = 𝒌𝑡 ∙ 𝒓𝒕                                     (2.17) 

The wave vectors of the reflected and refracted waves satisfy the following 

equations, i.e., Snell’s Law, in order to match the boundary conditions:  

𝑛𝑖 sin 𝜃𝑖 = 𝑛𝑖 sin 𝜃𝑟 = 𝑛𝑡 sin 𝜃𝑡                                (2.18) 

where subscripts 𝑖 , 𝑟  and 𝑡  refer to incidence, reflection and transmission, 𝑛  is 

refractive index and 𝜃 is the angle to normal. 

Transmission and reflected coefficients can be given by imposing continuity 

boundary conditions to electronic and magnetic field components of s- and p-

polarizations as shown in Fig. 2.2. The transmission and reflection coefficients can be 

given by 

𝑟𝑠 =
𝑛1 cos 𝜃1−𝑛2 cos 𝜃2

𝑛1 cos 𝜃1+𝑛2 cos 𝜃2
                                           (2.19) 

𝑡𝑠 =
2𝑛1 cos 𝜃1

𝑛1 cos 𝜃1+𝑛2 cos 𝜃2
                                           (2.20) 

𝑟𝑝 =
𝑛1 cos 𝜃2−𝑛2 cos 𝜃1

𝑛1 cos 𝜃2+𝑛2 cos 𝜃1
                                           (2.21) 

𝑡𝑝 =
2𝑛1 cos 𝜃1

𝑛1 cos 𝜃2+𝑛2 cos 𝜃1
                                           (2.22) 

Consider the case where 𝑛1>𝑛2, and sin 𝜃1 >
𝑛2

𝑛1
, 𝜃2 becomes a complex angle and 

then, its cosine becomes imaginary: 

cos 𝜃2 = √1 − sin2 𝜃2 = 𝑖√sin2 𝜃2 − 1 = √(
sin 𝜃1

𝑛2 𝑛1⁄
)

2

− 1            (2.23) 

There are no longer transmitted propagating waves, and all energy is reflected. 
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This is called total internal reflection and sin−1 𝑛2

𝑛1
 is called the critical angle. Above 

the critical angle, reflectivity becomes unity and transmittance vanishes, meaning that 

no energy is transmitted across the boundary. 

It can be deduced that transmission does not vanish when Eq. (2.23) is substituted 

into Eqs. (2.20) and (2.22). The transmitted electric field becomes an evanescent wave 

described as 

𝐄𝑡 = 𝑬0𝑒𝑖(𝜔𝑡−𝑘2(𝒙 sin 𝜃2+𝒛 cos 𝜃2)) = 𝑬0𝑒𝑖(𝜔𝑡−𝒙𝑘1 sin 𝜃1−𝒛𝛽)             (2.24) 

where 𝛽 = 𝑘2√(
sin 𝜃1

𝑛2 𝑛1⁄
)

2

− 1 is the attenuation coefficient and 1/𝛽 is referred to as 

the penetration depth. 

2.2.5 Wave Propagation in Multilayer Media 

In Fig. 2.2, at the interface between medium 1 and 2, a S-matrix form of the field 

continuity for both s- and p-polarization are given by 

[
𝑬1

𝑬1
′ ] = 𝐃𝟏

−𝟏𝐃𝟐 [
𝑬2

𝑬2
′ ]                                               (2.25) 

where 

 𝐃𝒊 = [

1 1

√
𝜇𝑖

𝜀𝑖
𝑐𝑜𝑠𝜃𝑖 −√

𝜇𝑖

𝜀𝑖
𝑐𝑜𝑠𝜃𝑖

]         for s-polarization               (2.26) 

𝐃𝒊 = [

𝑐𝑜𝑠𝜃𝑖 𝑐𝑜𝑠𝜃𝑖

√
𝜇𝑖

𝜀𝑖
−√

𝜇𝑖

𝜀𝑖

]                for p-polarization               (2.27) 

The S matrix is given by 

𝐒𝟏,𝟐 = 𝐃𝟏
−𝟏𝐃𝟐 =

𝟏

𝑡12
[

1 𝑟12

𝑟12 1
]                                 (2.28) 

A propagation matrix is defined by 
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𝝓𝒊 = [𝑒𝑖𝑘𝑥𝑑 0
0 𝑒−𝑖𝑘𝑥𝑑

]                                        (2.29) 

where d is the thickness of a medium. 

Therefore, by cascading Eq. (2.19) for multi-layers, 𝐒𝒕𝒐𝒕 can be given by 

𝐒𝒕𝒐𝒕 = ∏ (𝐒𝒍−𝟏,𝒍𝝓𝒍)𝐃𝒎
𝒎−𝟏
𝒍=𝟏                                      (2.30) 

And transmission and reflection coefficients are given by 

𝑡 =
1

𝐒𝒕𝒐𝒕(𝟏,𝟏)
,   𝑟 = 𝐒𝒕𝒐𝒕(𝟐, 𝟏) ∙ 𝑡                              (2.31) 

2.2.6 Diffraction formulations 

 

Fig. 2.3. A typical one-dimension diffraction grating with its grating vector in 

x-direction. The incident and reflected k-vectors are in x-z plane. 

 

As shown in Fig. 2.3, a diffraction grating is a periodic structure that diffracts light 

into several different directions. The x-components of the k-vectors of diffracted 

orders are given by: 

𝒌𝑥,𝑟𝑒𝑓,𝑚 = 𝒌𝑥,𝑖𝑛𝑐 + 𝑚
2𝜋

𝛬𝑥
𝑥̂                                          (2.32) 

𝒌𝑥,𝑡𝑟𝑎𝑛𝑠,𝑚 = 𝒌𝑥,𝑖𝑛𝑐 + 𝑚
2𝜋

𝛬𝑥
𝑥̂                                        (2.33) 

𝑘𝑥 =
2𝜋

𝜆
𝑛 sin 𝜃                                               (2.34) 

where 𝒌𝑥,𝑟𝑒𝑓 is the x-component of the k-vectors of the reflected diffractive orders, 
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𝒌𝑡𝑟𝑎𝑛𝑠  is the k-vectors of the transmitted diffractive orders, 𝛬𝑥 is the period of the 

grating, n is the refractive index of the medium, 𝑥̂ is the unit vector in x-direction and 

m is the diffractive order, e.g., ±1, ±2, ±3 …. Note that vectors are bolded whereas 

unbolded notations are the magnitudes of the vectors. 

Substituting Eq. (2.34) into Eqs. (2.32) and (2.33), we have 

𝑛𝑟𝑒𝑓 sin 𝜃𝑚 = 𝑛𝑖𝑛𝑐 sin 𝜃𝑖𝑛𝑐 − 𝑚
𝜆0

𝛬𝑥
                               (2.35) 

𝑛𝑡𝑟𝑛 sin 𝜃𝑚 = 𝑛𝑖𝑛𝑐 sin 𝜃𝑖𝑛𝑐 − 𝑚
𝜆0

𝛬𝑥
                               (2.36) 

which is always used to determine the existence of the diffracted orders of a grating 

and their directions. However, the amplitude of the diffracted orders cannot be worked 

out universally to a good agreement without more rigorous calculations, i.e., rigorous 

coupled wave analysis (RCWA) [27-29]. 

RCWA is commonly used in the design and analysis of various photonic devices 

with periodic structures by decomposing the incident wave into its constituent plane 

waves and then solving the scattering problems by matching the boundary conditions 

for each layer and each plane wave. It is particularly useful for studying light-matter 

interactions in nanoscale and microscale. 

2.3 Refractive Index Sensors 

A refractive index sensor measures the external perturbation, e.g., the change in 

substrate refractive index caused by concentration change of solutions. Other factors 

such as temperature, humidity as well as surface pressure could also modulate the 
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refractive index of the substrate. Whereas for acoustic sensors, one conventional 

working principle is that external changes such as ultrasound pressure, result in 

intrinsic perturbation such as variation of resonator dimensions, therefore result in a 

change in resonance. Optical sensors, based on their sensing mechanisms, can be 

placed into two categories: (1) metal-based plasmonic sensors and (2) dielectric-based 

photonic sensors. With consideration of the relevance to the thesis theme, this 

literature review limits its scope to only free-space optical sensors. Fiber-based optical 

sensors will not be discussed. 

The performance of the sensors can be evaluated with their bulk responsivity and 

FOM. To avoid ambiguity, we use the term “responsivity” to refer to the changing rate 

in the measured signal with respect to a given change of refractive index, whereas we 

reserve the term sensitivity to refer to the detection limit of refractive index unit (RIU), 

or noise equivalent RIU. Therefore, this term is related to the responsivity and the 

noise level. Bulk responsivity is defined by 

𝑅𝑏𝑢𝑙𝑘 =
∆𝑘𝑥/𝑘0

∆𝑛𝑠
                                               (2.37) 

FOM is defined by 

𝐹𝑂𝑀 =
𝑅𝑏𝑢𝑙𝑘

𝐹𝑊𝐻𝑀
                                                (2.38) 

And sensitivity is defined by 

𝑆 = ∆𝑛 = 𝑁𝐸𝑃 (
𝑑𝐼

𝑑𝑛0 sin 𝜃
∙ 𝑅𝑏𝑢𝑙𝑘)⁄                            (2.39) 

where 𝑘𝑥/𝑘0  denotes the normalized x-component of the wave vector, effectively 
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𝑛0 sin 𝜃, 𝑛𝑠 denotes to the refractive index of the sample, FWHM denotes full width 

half maximum of a dip or a peak, S and  ∆𝑛 denote the sensitivity of the system, 𝑁𝐸𝑃 

denotes the system noise level, 
𝑑𝐼

𝑑𝑛0 sin 𝜃
 denotes the slope of the reflectivity and 

𝑑𝑛0 sin 𝜃

𝑑𝑛𝑠
 denotes the bulk responsivity of the structure. 

It is worth noticing that variables determining bulk responsivity and FOM are 

intrinsic to structure design. On the other hand, the term NEP is extrinsic as it is 

highly related to not only structure design but the experimental instruments and 

environment fluctuations. 
𝑑𝐼

𝑑𝑛0 sin 𝜃
, which denotes the slope of the reflectivity, is 

inversely related to the FWHM. Thus, sensitivity is determined by NEP and FOM, 

which means both structure design and the experiment system. 

2.3.1 Conventional Surface Plasmon Resonance Sensors 

Surface plasmon resonance is a widely used and well-established metal-based 

plasmonic method for sensing applications [30, 31]. SPR is the resonant oscillation of 

electrons at the interface of metal and dielectric materials stimulated by incident light. 

Surface plasmons (SP) are surface electromagnetic waves propagating along the 

interface. Noble metal materials used mainly include Au and Ag, in some cases, also 

Cu [32, 33]. The wave vector of the SP propagating along the interface of semi-

infinite metal and semi-infinite dielectric material excited by incident light with p-

polarization can be expressed as 
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𝑘𝑠𝑝 =
𝜔

𝑐
√

𝜀1𝜀2

𝜀1+𝜀2
                                            (2.41) 

where 𝜔 is the angular frequency, c is the light velocity in vacuum, 𝜀1 and 𝜀2 are the 

relative permittivity of two media at the two sides of interface, e.g., metal and 

dielectric. 

There are two types of configurations for SPR structures: the Kretschmann 

configuration [34] and the Otto configuration [35] as shown in Fig. 2.4(a) and 2.4(b), 

respectively. In the Kretschmann configuration, metal of appropriate thickness is 

deposited on top of a couplant, above metal is the analyte layer. To excite the SP at 

metal/dielectric interface, the incident angle of light, 𝜃, must be above the critical 

angle satisfying:  

2𝜋

𝜆
𝑛0 sin 𝜃 − 𝑘𝑠𝑝 = 0                                           (2.41) 

where 𝑛0 is the refractive index of the dielectric material, 𝜃 is the angle of incident 

light and 𝑘𝑠𝑝 is the wave vector of the SP, which is determined by both the metal layer 

and the dielectric layer. 
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Fig. 2.4. (a) Schematic of the Kretschmann configuration. (b) Schematic of 

the Otto configuration. 

 

In the Otto configuration, as shown in Fig. 2.4(b), the dielectric layer, which is 

usually the sensing region, is placed between the prism and metal. Incident light wave 

is totally internal reflected at the interface of prism and dielectric layer generating an 

evanescent wave at the surface. Surface plasmons are excited by the evanescent wave 

at the interface of the dielectric layer and the metal layer. In order to properly excite 

surface plasmons, the thickness of the dielectric layer has to be controlled precisely in 

the scale of nanometers, e.g., with a piezo actuator [36]. The dielectric layer also acts 

as the sensing region of the close structure, gas chambers or fluidic channels have to 

be manufactured, which further complicates the fabrication process. As shown in Fig. 

2.5, the adjustable thickness of the dielectric layer gives the structure more degrees of 

freedom to excite SP at various wavelengths and angles and the parallelism between 
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the top surface and the gold chip is difficult to calibrate and affects the mode 

excitation efficiency. 

 

 

Fig. 2.5. Otto-configuration-based SPR sensor with adjustable thickness of 

the dielectric layer. 

 

A hybridized Otto-Kretschmann SPR mode can be excited with a metal-insulator-

metal (MIM) structure [37] with Fabry-Perot modes as shown in Fig. 2.6. With 50 nm 

gold as the first metal layer and 200 nm gold as the second metal layer and an 

adjustable air gap controlled by a piezo stage as the insulator, two hybridized modes 

can be excited where evanescent field exists at both the top and bottom surface of the 

air gap. The difference between the two hybridized SPR modes is that one mode has a 

phase shift of π in the air gap while the other does not. Therefore, the two modes are 

distinguished as the anti-symmetric mode and the symmetric mode [37]. 
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Fig. 2.6. Schematic of a metal-insulator-metal structure experimented. 

 

Of the two, the Kretschmann configuration is more popular in most applications 

deriving from its refractive index sensing and acoustic sensing ability since it is 

without the meticulous control over the air gap that the Otto configuration needs for 

gap distance and parallelism. There are three main coupling mechanisms: prism 

coupling, objective lens coupling and metal grating (nanostructure) coupling. 

Objective lens coupling is mostly implemented for imaging and metal grating and 

nanostructure coupling could encounter a coupling efficiency issue and manufacturing 

difficulty [38, 39]. 

Prisms have been widely used to provide the required wavenumber to excite modes 

above the critical angle, e.g., SP modes or Fabry-Perot modes. Generally, depending 

on the measurand, there are several types of interrogation, e.g., intensity, angle [40], 

wavelength[11]  and phase [41]. Conventional SPR devices are evaluated in various 
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sources of literature for performance metrics, e.g., responsivity, sensitivity and FOM 

comparison of different interrogation methods. Theoretically, angular interrogation 

SPR could yield a responsivity of 191 deg/RIU at 633 nm wavelength, whereas 

wavelength interrogation could yield a responsivity of 1000 nm/RIU, and intensity 

interrogation could yield a responsivity of 4000%/RIU [42]. It also shows strong 

dependence between the wavelength of the incident light and responsivity. An 

increase in wavelength could decrease angular responsivity but increase wavelength 

responsivity and intensity responsivity for a certain thickness of the gold layer [42]. 

This is because of the dispersion property of Au. As the wavelength increases from 

500 nm, the imaginary part in the refractive index of Au increases quickly at a rate of 

7.5 imaginary RIU/𝜇𝑚 , therefore, the modulus of the refractive index increases. 

According to Ref. [39], the angular sensitivity, which is the partial derivative 𝜕𝜃 𝜕𝑛𝑎⁄ , 

is inversely related to the modulus of Au refractive index, whereas the wavelength 

sensitivity 𝜕𝜆 𝜕𝑛𝑎⁄  is related to the modulus of Au refractive index. Therefore, 

angular interrogation methods usually use 633 nm incident wavelength and 

wavelength interrogation methods usually choose higher wavelength up to 1550 nm. 

Angular Interrogation Sensing 

Conventionally, angular interrogation is done by rotating the laser source or rotating 

the prism, which is seemingly simple. However, it greatly increases the complexity of 
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the experiment and introduces extra mechanical errors. Utilizing a He-Ne laser at 633 

nm, Ho et al. proposed a digital micro-mirror (DMD) as the interrogation probe, 

enabled angular interrogation with high signal-to-noise ratio (SNR) and relatively 

high dynamic range similar to Fig. 2.7 [43]. By modulating the DMD, multi-channel 

real-time detection was achieved with a noise equivalent sensitivity of 3.54 ×

10−6 𝑅𝐼𝑈. Bio-sensing applications have been realized with BSA/anti-BSA binding 

experiments. Apart from DMD, similar characterization of the angular interrogation 

system could also be achieved by a galvo mirror or a spatial light modulator (SLM) 

acting as the scanning device. Scanning with a galvo mirror can potentially results in 

slow a scanning speed, which depends on the mechanical property of the device, 

whereas for DMD or SLM, the system can compensate for the speed, since it is 

dependent on the refreshing rate of the device but they may suffer from the diffracted 

orders resulted from the finite pixel size, so the working distance can be long in order 

for the diffracted orders to fall off the aperture. One advantage with the DMD and 

SLM is that they can provide fast angle scanning and they have the ability to modulate 

the wavefront, which can make themselves a lens. 
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Fig. 2.7. Schematic of a typical angular interrogation SPR with a DMD as the 

scanning probe. The DMD is a digital micro-mirror and L1-L5 are lenses. 

Wavelength Interrogation Sensing 

Apart from angular interrogation, it is well established that wavelength interrogation 

draws considerable research interest [44] because, compared with angular 

interrogation, wavelength interrogation methods tend to have a more compact form 

without the angle scanning devices [45-47]. Wavelength interrogation could be 

realized with a broadband light source and a spectrum analyzer, or alternatively a 

tunable layer and a photon detector. In Ref. [48], Lu et al. demonstrated wavelength 

interrogation SPR  and comparison with various plasmonic structures, e.g., Au of 50 

nm thickness, Ag of 50 nm thickness and Au/Ag multilayer structure. The multilayer 

structure consisted of 3 pairs of 5 nm Ag and 10 nm Au stacking. It was shown that 

the FWHM is 90 nm for the Au resonator, 59 nm for the Ag resonator and 73 nm for 

the multilayer structure. The bulk responsivity ranges from 1816 to 4945 nm/RIU for 
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the Au resonator, from 2508 to 5548 nm/RIU for the Ag resonator and from 2022 to 

5380 nm/RIU for the multilayer structure. Because the responsivity derived from the 

dispersion relation is related to the incident wavelength, the bulk responsivity of 

wavelength interrogation changes with resonance wavelength, which is related to the 

refractive index of the analyte. However, as the wavelength increases, the loss in gold 

increases, and the FWHM of the dip increases. 

Phase Interrogation Sensing 

A sharp phase change occurs at the resonance dip of the surface plasmons, and 

attempts have been made to achieve higher sensitivity with phase measurement [49-

52]. Conventional phase measurement schemes utilize interferometry [51-55] or 

ellipsometry [9, 56, 57]. A sharp phase change can enhance the sensitivity to 10−7 and 

10−8 regime [58, 59]. However, the trade-off is a narrow dynamic range. In Ref. [9], 

Wang et al. proposed a system where a trade-off between sensitivity and dynamic 

range could be achieved by varying the settings of the polarization components. 

Generally speaking, phase interrogation SPR tends to have higher sensitivity 

compared with wavelength interrogation and angle interrogation, albeit at the price of 

lower dynamic range. In [9], an electro-optic modulator (EOM) was used to modulate 

the polarization and a analyzer and a modulated light camera to detect the signal. The 

responsivity of the system is adjustable by varying the polarizer angle and analyzer 
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angle. The best sensitivity is on the order of 10−8 RIU. With a dynamic range of 

10−2 RIU, the sensitivity of the system is on the order of 10−6 RIU. 

Apart from the innovation in interrogation methods, attempts have also been made 

to achieve higher sensitivity or FOM by designing novel structures [6]. From the 

definition in Eq. (2.38), it can be seen that there are several approaches to boost 

sensitivity and improve responsivity: (i) increase light confinement, (ii) increase the 

responsivity. An increase in light confinement would increase the resonance quality 

factor (Q) and result in sharper resonance dip to achieve higher sensitivity and figure-

of-merit.  

2.3.2 Long Range Surface Plasmon Resonance Sensors 

Long range surface plasmon resonance (LRSR), first reported by Sarid in 1981 [60], 

described a type of multilayer plasmonic structure inspired by conventional SPR 

sensors. The main difference is an additional dielectric layer inserted between 

substrate and metal layer as shown in Fig. 2.8. LRSPR has less energy enhancement 

inside the lossy metal compared with cSPR and more on the surface. Therefore, 

LRSPR has a longer penetration depth into the analyte resulting in higher sensitivity, 

bulk responsivity and FOM compared with cSPR with the same interrogation methods. 

Homola designed a LRSPR sensor consisted of 1200 nm spin-coated 6% Teflon AF 

and 24 nm thick Au layer working around 820 nm wavelength as shown and reported 

a sensitivity of 2.5 × 10−8 𝑅𝐼𝑈  as shown and a bulk responsivity of 5.7 × 104 
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nm/RIU when investigated with wavelength-interrogation [61]. 

 

Fig. 2.8. A typical schematic of long-range SPR for sensing and its evanescent 

field. 

2.3.3 Bloch Surface Wave (BSW) Sensors 

Based on the same Kretschmann configuration as SPR sensors, one typical dielectric 

sensing scheme is Bloch Surface Wave (BSW) sensing. BSW can propagate at 

dielectric-dielectric interface [62] and has drawn extensive research interest for 

sensing applications with 1D photonic crystal structures[63, 64]. Compared with 

metal materials in SPR, the dielectric material in BSW has near-zero loss, which 

could significantly reduce the linewidth of the resonance dip, thus resulting in a 

higher FOM [65]. A typical BSW sensor consists of multiple bilayers of photonic 

crystal materials with designed thicknesses usually of λ/4 [66]. A typical schematic of 

an 8-layer BSW sensor is shown in Fig. 2.9. The excitation scheme is similar to that 
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of the SPR, which the mode can be coupled with a prism. In Ref. [66], six bilayers of 

120 nm TiO2 and 135 nm SiO2 with a termination layer of 40 nm TiO2 were used for 

aqueous sensing of NaCl solutions with refractive index varying from 1.3330 to 

1.3482. The maximum bulk responsivity is up to 1933 nm/RIU with an FOM of 434 

RIU-1. Photonic crystals of 100-200 nm thick can easily be manufactured by E-beam 

evaporation or sputtering. However, for applications with higher wavelengths, i.e., 

1550 nm, thicker layers of photonic crystals were needed, and the layers were prone 

to cracking and low yield due to residual strain inside. 

 

Fig. 2.9. A typical schematic of a multilayer structure with 8 stacked layers of 

photonic crystal structure that can excite BSW for sensing applications. 

2.3.4 Nanostructure Enabled Localized SPR Sensors 

In the preceding sections, homogeneous layered structures have been discussed. The 

main advantages of the said structures include high stability, convenient design and 

manufacturing. Most of the design could be done by Fresnel’s equations, and 
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manufacturing could be done by sputtering and spin coating. The penetration depth of 

the SPR sensors varies from 200 nm to over 1000 nm [34, 67], which is desirable 

when sensing the bulk medium. However, for biomedical applications such as 

detection of monolayer protein [68], the penetration depth is larger than the size of 

most analytes, so the evanescent field only undergoes limited modulation. In this 

scenario, a smaller penetration depth is desired, so nanostructures are proposed to 

confine more energy close to the metal surface [6]. For the nanostructure to be 

discussed, the aim is to further increase the limitation on sensitivity and FOM. Metal 

patterns include nanoparticles and nanoholes including nanorods [69, 70], nanorings 

[71, 72], nanoprisms [73-75], nanowires [76], nanotubes [77] and etc [78]. Metal 

materials are noble materials that supports surface plasmons, e.g., Au, Ag [79] and 

novel 2D materials, e.g., borophene [80] and graphene [81]. The design and 

simulation of the said structures could be complicated, involving sophisticated 

programming or mature commercial methods, e.g., FEM, FDTD Solutions, COMSOL 

Multiphysics etc. Different metal and pattern combination could give varied results. 

Manufacturing methods usually include sputtering, various lithography technologies, 

e.g., DUV Lithography, electron beam lithography and nano-imprinting lithography 

for different feature dimensions, chemical vapor deposition (CVD), physical vapor 

deposition (PVD) and lift-off process. However, in terms of bulk responsivity and 

FOM, localized SPR sensors tend to have lower values than cSPR or LRSPR since the 
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latter two have more modulation from bulk analyte. Since cSPR and LRSPR have a 

higher Q and provided the evanescent field interacts fully with the change in 

refractive index, they are more sensitive. Metamaterials have lower bulk responsivity 

and FOM, but they can interact with the region where refractive index changes more 

efficiently. 

2.4 Ultrasound and Photoacoustic Sensors 

Photoacoustic imaging (PAI) is a fast-developing biomedical imaging tool with 

noninvasive and nonionizing capability enabled by acoustic sensors [5]. In the 

photoacoustic imaging process, acoustic sensors are used to detect acoustic waves 

generated by laser irradiated energy absorption of samples, typically biological ones. 

Combined with scanning methods, acoustic sensors can be utilized for Photoacoustic 

Imaging. For a long time, a piezoelectric-effect-based mechanism has been the 

dominant approach for detection of acoustic waves, which utilizes the piezoelectric 

effect within polarized materials like PZT and ZnO to convert energy between 

mechanical vibration and electric pulses. However, there is a trade-off between 

bandwidth and center frequency, both of which are critical metrics [5]. The center 

frequency determines sensitivity and acoustic penetration depth, whereas the 

bandwidth determines the detectable dynamic range. Lack of broadband sensitivity 

hinders the sensors’ ability recover multiscale information [82]. Optical acoustic 

sensors have emerged as a novel approach to realize photoacoustic detection with 
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optical transparency, broad bandwidth and convenient device miniaturization and 

integration. There are fundamentally two approaches for acoustic waves to interact 

with optical sensors, the first of which is by modulating the thickness of the resonator, 

e.g., a Fabry-Perot Interferometer, the second by modulating the refractive index of 

the sensing analyte, e.g., SPR. 

Generally speaking, a typical photoacoustic imaging system consists of two 

functioning beams with different working wavelengths to avoid cross talk, one 

excitation beam and one interrogation beam. The excitation beam is usually a pulsed 

laser focused onto the sample and therefore, generate the acoustic waves. The 

interrogation beam is usually a continuous wave laser with its measurement 

configuration tuned to maximum sensitivity to record the shift of resonance. Since the 

bandwidth of the photoacoustic signal generally exceeds tens of megahertz, data are 

collected with a fast oscilloscope or a DAQ card and are then processed by a 

computer to reconstruct the signal and image. To simply test the function of an optical 

detector, one could simply replace the excitation arm with an ultrasound transducer 

[83]. 

2.4.1 Fabry-Pérot Interferometer 

A Fabry-Pérot (FP) interferometer is an optical cavity made of a spacer sandwiched 

between two reflecting mirrors. The reflecting mirror could either be a thin metal 

layer or a dielectric structure, e.g., 1D grating, meta surface or Bragg reflector. 
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The resonance condition of a FP mode is given by 

2𝑘𝑧𝑑 + 𝜙1 + 𝜙2 = 2𝑚𝜋, 𝑚 = 1, 2, 3, …                       (2.42) 

where 𝑘𝑧 =
2𝜋

𝜆
𝑛𝑠 cos 𝜃 denotes the z-component of wave vector inside the spacer, d 

denotes to the thickness of spacer, 𝜙1 and 𝜙2 denote phase changes at the mirrors, m 

is a positive integer, 𝜆 is the incident wavelength and 𝜃 is the propagation angle inside 

the spacer. 

It should be noted that 𝜙1 and 𝜙2 denote phase changes at the mirrors, which can 

be explicitly calculated with Fresnel’s equations on reflection coefficients, e.g., Eqs. 

(2.19) to (2.22). 𝜙1 and 𝜙2 are the phase of the reflection coefficients at the interface 

of two semi-infinite media, i.e., the metal and the cavity. Therefore, the phase terms in 

Eq. (2.42) are related to permittivity of all the mirrors and cavity material. 

It can be concluded from the resonance condition that the FP mode is sensitive to 

changes of light path, e.g., spacer thickness and refractive index, enabling it working 

as both an acoustic sensor [84] and refractive index sensor [37, 85, 86]. However, 

because of its closed form, in order to employ the significant refractive index 

responsivity in free space, a microfluidic channel has to be fabricated to introduce 

analyte into the spacer with sophisticated manufacturing process. It is easier to 

implement a Fabry-Pérot interferometer for refractive index sensing applications in 

optical fibers [87-89]. 

On the other hand, Fabry-Pérot (FP) cavities have been well-established in 



31 

 

photoacoustic sensing [84]. Other than their generic resonance properties, the sensing 

capabilities of the Fabry-Perot structures hugely relies on material properties of the 

spacer as well. Materials with smaller Young’s Modulus have been favored, e.g., 

PDMS [90, 91], Parylene [84] as they could offer larger thickness response given the 

same ultrasound pressure. However, a lower Young’s modulus may limit the working 

frequency and bandwidth since the sound velocity inside the structure is low, therefore 

the wavelength for a given frequency is shorter, thus limiting the bandwidth [84]. 

 

Fig. 2.10. A typical system diagram of optical transducers with normal 

incidence operating with reflection-mode excitation. PL: pulse laser; HWP: 

half waveplate; CWL: continuous-wave laser; DM: dichroic mirror; BS: 

beamsplitter. L1-L5 are lenses. Lenses L1-L2 and L3-L4 are lens pairs for 

beam expansion purposes for continuous-wave lase and the pulse laser. 

 

Fig. 2.10 shows a typical photoacoustic sensing and imaging system for a Fabry-
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Pérot working in backward reflection mode where the excitation beam (marked in 

green) and the interrogation beam (marked in red) are on the same side of the sample 

and the photoacoustic signal detected is travelling backward towards the sensor. For 

Fabry-Pérot structures, spectral interrogation is commonly used, therefore, CWL is a 

tunable continuous-wave laser and in order to calibrate for wavelength drift, the slow-

varying component of the detector signal is connected to CWL for wavelength locking 

and fast-varying signals are recorded for sensing and imaging applications [92-96]. 

This system is applicable to other types of thin-film photoacoustic transducers with 

normal incidence and of high transparency. It can be seen that the other imaging 

modalities can be integrated into the system, e.g., microscopy or optical coherence 

tomography, to conduct measurements in parallel [97, 98]. 

2.4.2 Refractive Index Sensors for Photoacoustic Sensing and 

Imaging 

As stated above, during propagation, mechanical waves can change the local pressure, 

therefore resulting in a small change in local refractive index. Therefore, sensors 

conventionally used for refractive index sensing can be transferred for photoacoustic 

sensing. 

SPR is used in acoustic sensing as an extension to its refractive index sensing 

ability [16, 30, 31, 99, 100]. The basic working principle as an acoustic sensor is the 

same as a refractive sensor since, when acoustic waves propagate to the surface of a 
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surface plasmon resonator, the refractive index on the surface is modulated by the 

acoustic pressure. When used as an acoustic sensor, the modulation depth of the 

refractive index is comparatively low, therefore, high excitation power or low-noise-

high-gain amplifier is needed. The bandwidth of the excited acoustic wave is wide; 

therefore, a fast sampling rate and broad bandwidth are demanded for the sensors. 

Thus, intensity and phase interrogation are favored in this field [31]. A similar 

working mechanism could also see BSW sensors as optical acoustic sensors [101, 

102]. Fig. 2.11 shows a typical system diagram of SPR sensors for photoacoustic 

sensing and imaging. The excitation arm consists of a pulsed laser, an objective lens 

for focusing the laser beam and a pair of lenses for beam expansion for a smaller 

focus. This typical system is applicable to not only SPR but also BSW or critical angle 

sensors for photoacoustic refractive index since the excitation angles of the modes are 

similar [103, 104]. The interrogation beam is similar to the one used for refractive 

index sensing. Only the bandwidth of the photodetector should be higher. The 

penetration depth of the SPR is a few hundred of nanometers to 1 μm depending on 

the wavelength and mode angle, which is effectively the sensing field that relates to 

the bandwidth performance of the sensor and is on the same order as the acoustic 

wavelength in z-direction. With SPR working as an acoustic sensor in the 

Kretschmann configuration, theoretically, the bandwidth could be in the range of GHz 

[31]. In recent studies conducted by Song et al., a bandwidth of 173MHz was 
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experimentally demonstrated for a polarization-differential SPR acoustic sensor with a 

noise-equivalent pressure below 500 Pa where p-polarization serves as an 

interrogation beam as it experiences a phase change when SPR is excited and s-

polarization serves as a reference with a constant phase [105]. 

 

 

 

Fig. 2.11. A typical system diagram of the Kretschmann-configuration SPR 

sensor for photoacoustic sensing and imaging applications. The red beam 

represents the interrogation arm, and the green beam represents the excitation 

beam. The sample is mounted on top of the sensor with water between them 

forming liquid contact allowing acoustic waves to propagate. 

 

Photoacoustic imaging applications are enabled in two ways, (i) the samples are 

placed on a 3-dimensional stage within a fixed optical system, (ii) the beam is 
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scanning with galvo mirrors [10, 13, 84, 96]. A scan with the sample on a motorized 

stage seems the straightforward solution. However, a complete scan can take up to 

hours because of the scanning speed. With a galvo mirror, the scanning time can be 

significantly reduced. To further increase the speed, the scanning can be done by a 

DMD or SLM to modulate the wavefront. However, this may sacrifice some of the 

energy and focus size. 

As the modulation of refractive index induced by acoustic waves happens 

significantly only for a thin layer at the interface due to acoustic velocity mismatch, 

there could be more sensitivity for localized plasmonic sensors realized by meta 

surface. Zayats et al. demonstrated a plasmonic meta-surface excited with attenuated 

total internal reflection (ATIR) configuration, i.e., a prism, could yield an 

improvement with an order of magnitude over conventional SPR [106]. However, the 

experiment only demonstrated sensing applications. In photoacoustic imaging 

applications, consistency of response is required across the working area, which is 

relatively difficult for meta-surface sensors because of imperfect structure profiles. 

Careful calibration may be required over the whole active area. 
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Chapter 3 Refractive Index Sensing Analysis with 

High-Aspect-Ratio-Grating-based Fabry-

Pérot Resonator 

3.1 Introduction 

Optical methods for refractive index sensing have wide applications in many fields, 

e.g., biomedicine [21, 107-110] and chemical analysis [45, 111-113] for label-free 

detection. For optical methods, classified based on the operating principle, there are 

resonant detection and non-resonant detection [106]. Non-resonant detection is based 

on meta-materials for its angle- or wavelength-dependent reflectivity [106, 114]. A 

resonant operating principle is to translate the perturbation of refractive index in the 

sample to a shift in resonance condition [115, 116]. Then, this shift in resonance 

condition can be reflected by a change in the resonant angle, wavelength and intensity 

[45, 117, 118]. Some techniques monitor phase and polarization rather than intensity 

for greater sensitivity [21, 24, 41]. 

To evaluate and compare the performance of different sensing mechanisms, bulk 

responsivity and FOM are introduced. In this thesis, the term “responsivity” is to refer 

to the change in measured quantity, e.g., angle, intensity, phase, with respect to a 

change in measurand, e.g., acoustic pressure, and in this thesis, refractive index, 

whereas the term “sensitivity” is reserved for the noise-equivalent minimum 
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detectable change of refractive index in the unit of refractive index unit (RIU). Thus, 

sensitivity is jointly determined by responsivity and noise level inside the system. 

Bulk responsivity and FOM are given by: 

𝑅𝑏𝑢𝑙𝑘 =
∆𝑘𝑥/𝑘0

∆𝑛
                                               (3.1) 

𝐹𝑂𝑀 =
𝑅𝑏𝑢𝑙𝑘

𝐹𝑊𝐻𝑀
                                                (3.2) 

where ∆𝑘𝑥/𝑘0 denotes the normalized x-component of the wave vector, effectively 

𝑛0 sin 𝜃 with 𝑛0 the refractive index of the substrate, and 𝜃 the incident angle, and 

FWHM denotes full width half maximum of a dip or a peak. 

Generally speaking, high bulk responsivity 𝑅𝑏𝑢𝑙𝑘, narrow FWHM and high FOM 

are desired. There have been efforts made to increase the responsivity or narrow the 

FWHM with plasmonic sensors based on surface plasmon resonance (SPR) [21, 108, 

111], long-range SPR [119], and photonic sensors, e.g., Bloch surface wave (BSW), 

i.e., based sensors photonic sensors [120] and whispering gallery mode (WGM) based 

sensors, e.g., ring resonators [121]. For SPR and BSW sensors, they can be excited 

conveniently with prism-coupled attenuated total reflection configuration, i.e., the 

Kretschmann configuration. These approaches allow label-free detection of proteins, 

viruses and various molecules found in human body that are indicative in disease 

diagnosis and treatment with high precision and sensitivity, but a trade-off exists for a 

given structure where a high quality factor (Q) is associated with poor responsivity 

[115]. It has been illustrated that strong coupling associated with high responsivity 
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corresponds to a low Q, which can be encapsulated by the transmission line resonant 

circuit model treating the analyte as an external load [115]. Therefore, the overall 

FOM does not change a great deal, so a sharp response is associated with a small 

change in the position of the resonance, i.e., low responsivity. One way to get around 

this trade-off is to design a resonator where the analyte is an intrinsic part of the 

resonator rather than just an external load. 

With this consideration in mind, an open grating structure was theoretically 

analyzed with RCWA simulations [122]. In the structure, a Fabry-Pérot (FP) resonator 

was formed with the analyte and diffraction grating between n a thin gold layer and 

the analyte medium, therefore, the analyte becomes an intrinsic part of the resonator, 

and the trade-off between Q, i.e., FWHM, and responsivity is broken. In this chapter, 

it is demonstrated with experimental data that high-aspect-ratio-grating based FP 

(HARG-FP) can support high FOM and high Q with practical fabrication and real-

world material properties. Therefore, with inevitable flaws and imperfections in the 

manufacturing process, the sample can still achieve performance that is far better than 

any prism coupled resonators. Moreover, equivalent transmission line resonant circuit 

model and Smith chart of the structure are proposed to give more intuition regarding 

the physical mechanisms of improved performance. 
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Fig. 3.1. Diagram of the grating structure of the Kretschmann configuration 

where 𝜆𝑔 is the grating period, 𝑎  is width of the grating, 𝑏  is the width 

between gratings and ℎ𝑔 is the height of the grating. 

 

Fig. 3.1 shows the proposed HARG-FP resonator with sub-wavelength grating 

grown on top of a thin gold layer and its corresponding coupling mechanism, i.e., the 

Kretschmann configuration. A prism is used to couple the light with an angle of 

incidence above the critical angle. The structure is investigated in both simulation and 

experiment with both transverse magnetic (TM) and transverse electric (TE) 

polarizations. The prism-based coupling mechanism is also commonly used to excite 

conventional SPR modes, therefore, a direct comparison can be drawn experimentally 

between SPR and HARG-FP resonators. In the comparison, SPR resonators of a 

single 48-nm-thick Au layer were used as a benchmark. The SPR was chosen because 

its performance is well established and a comparison within the same system 
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eliminates the effect of system bias in terms of noise level and sensitivity. 

Experimental results of the HARG-FP show a 44-fold improvement in FOM over 

SPR and suggest ultra-sensitivity. Theoretical analysis also suggests that the structure 

has huge potential in terms of label-free biosensing and chemical analysis. 

3.2 Explanation of the Physical Mechanisms 

The structure under investigation is an FP resonator based on an open grating. 

Generally speaking, the structure comprises a metal layer and a dielectric grating layer 

on top. In this analysis, gold is used as the metal material and polymethyl 

methacrylate (PMMA) is used as the dielectric material. Gold is chosen as it can 

provide adequate performance with sufficient stability against oxidization and PMMA 

is a commonly used lithography resist with sufficient chemical stability. A 

transmission line resonant circuit model and Smith charts are used to give new 

intuition and propose a layer-wise explanation of the physical mechanism. 

Responsivity is analysed in terms of in-grating and out-grating responsivity to 

represent that from FP mode inside the cavity and evanescent field of the FP mode in 

the liquid. 

3.2.1 Overview of the Fabry-Pérot Resonance based on High-Aspect-

Ratio Open Grating 

The theoretical analysis starts with rigorous coupled wave analysis (RCWA) of the 



41 

 

proposed structure. The optimum structure thickness of the gold layer for different 

polarizations is first investigated. Of the two parameters determining the FOM of the 

structure, the thickness of the gold layer mainly affects the full width at half 

maximum (FWHM) rather than the bulk sensitivity. Therefore, it is desirable to have a 

thickness with sharp FWHM. The investigation is carried out by varying the thickness 

of the gold layer with a fixed dielectric FP layer of 1 µm thick. The substrate of the 

structure is glass with a refractive index 𝑛𝑔𝑙𝑎𝑠𝑠 of 1.52, and the superstrate is assumed 

to be water with a refractive index 𝑛𝑔𝑙𝑎𝑠𝑠 of 1.33. The results are shown in Fig. 3.2(a) 

for TM and Fig. 3.2(b) for TE, respectively. 

 

 

Fig. 3.2. Reflectivity for HARG-FP with (a) TM polarization and (b) TE 

polarization. 

 

For the gold layer, optimum thickness for TM is 48 nm, whereas that for TE is 38 

nm at an interrogation wavelength of 632 nm. It might be confusing that the optimum 
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thickness of HARG-FP is quite close to that of the conventional SPR. In the structure 

with TM polarization, SPR exists as marked in Fig. 3.2(a) but has little sensitivity 

since the sensing area is in the grating. 

However, the excitation angle of HARG-FP does not correspond to SPR excitation 

within the structure. Then, reflectivity can be calculated with respect to the incident 

angle and thickness of the dielectric grating layer as shown in Fig. 3.2. From the 

diffraction equation of the grating, it can be concluded that the dielectric layer only 

supports a single dominant Bloch mode. Under this circumstance, simplification can 

be applied. 

3.2.2 Effective Permittivity and Refractive Index of the Grating 

Layer 

When the structure supports a single dominant Bloch mode inside the grating layer, 

analysis of the grating can be simplified by modelling the grating layer as an 

equivalent uniform layer with an effective refractive index (𝑛𝑒𝑓𝑓). This is the regime 

where the effective medium approximation (EMA) is valid for the present structure. 

Originally in studies of composite materials, EMA models macroscopic properties. 

Here, EMA is used to model effective permittivity and refractive index. With the help 

of EMA, it is possible to transform complicated RCWA calculations to transmission 

line model with less calculation resources while retaining an acceptable error. Three 

formulae for calculating 𝑛𝑒𝑓𝑓  are considered, i.e., weighted average permittivity, 
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Bruggeman’s model and Maxwell-Garnett equation. The weighted average 

permittivity equation is shown in Equation 3.3. 

𝜀𝑒𝑓𝑓 = (1 − 𝑐𝑖) · 𝜀𝑏 + 𝑐𝑖 · 𝜀𝑖      (3.3) 

where 𝐹𝐹 is the fill factor, and 𝜀𝑠 is the permittivity of the filled medium (liquid) and 

𝜀𝑔 is the permittivity of the grating material. 

This approach is straightforward and helpful in terms of coarsely estimating the 

position of the dips. 

Equation 3.4 shows the Bruggeman’s model of the effective medium 

approximation. 

𝜀𝑒𝑓𝑓 =
1

4
(𝐻𝑏 + √𝐻𝑏

2 + 8𝜀𝑠𝜀𝑔) , 𝐻𝑏 = (2 − 3𝑐𝑠)𝜀𝑔 − (1 − 3𝑐𝑠)𝜀𝑔  (3.4) 

where 𝜀𝑒𝑓𝑓 is the effective permittivity of the grating structure, 𝑐𝑠 is the fill factor, and 

𝜀𝑔 is the permittivity of the filled medium (liquid) and 𝜀𝑠 is the permittivity of the 

base material and grating, assuming grating is of the same material as the base 

material. 

And Equation 3.5 shows the Maxwell Garnett (MG) equation [123, 124] of the 

effective medium approximation. 

𝜀𝑒𝑓𝑓 = 𝜀𝑔
(𝜀𝑠+2𝜀𝑔)+2𝑓(𝜀𝑠−𝜀𝑔)

(𝜀𝑠+2𝜀𝑔)−𝑓(𝜀𝑠−𝜀𝑔)
      (3.5) 

𝑛𝑒𝑓𝑓 = √𝜀𝑒𝑓𝑓                                                      (3.6) 

The EMA determined the refractive index of the dielectric layer. Therefore, the 

resonance angle was determined. A validity comparison of the three formulae was 
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carried out by comparing the calculated resonance angles with ground truth (results 

from RCWA) with different refractive indices of the grating and different fill factors. 

The refractive index of the grating varies from 1.34 to 1.7 with a step of 0.05 and the 

fill factor varies from 10% to 90% with a step of 5%. The deviation of the resonance 

angles from RCWA results are shown in Fig. 3.3. The orange line is for the 

Bruggeman equation, the yellow line is for the Maxwell-Garnett equation and the 

purple line is for the weighted average equation. 

With both TM and TE polarizations, three formulae can offer close approximation 

to rigorous analysis while consuming much less computation power compared with 

RCWA. Of the three, Bruggeman and Maxwell-Garnett generally outperforms the 

weighted average method by a factor of three. In the following discussion, Maxwell-

Garnett model is used to approximate the effective medium. 
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Fig. 3.3. Deviation of the resonance dip angles calculated with three effective 

medium approximation from RCWA calculations with sample refractive index 

varying from 1.40 to 1.70 and fill factor varying from 10% to 90%. Column 

(a) is TM polarization and (b) is TE polarization. 

3.2.3 Transmission Line Model of HARG-FP 

With EMA, all layers inside the HARG-FP can be considered homogeneous. 

Therefore, their characteristic impedance for TM and TE polarization are given by 
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[125] 

𝑍𝑇𝑀 = √
𝜇

𝜀
𝑐𝑜𝑠𝜃,   𝑍𝑇𝐸 = √

𝜇

𝜀

1

𝑐𝑜𝑠𝜃
      (3.7) 

where 𝜇 denotes permeability, 𝜀 denotes effective permittivity of the material and 𝜃 

denotes the incident angle of investigation laser. 

 

 

Fig. 3.4. (a) The high aspect ratio grating structure; (b) structure with 

equivalent uniform layer approximation; (c) transmission line model of the 

high aspect ratio grating structure. 

 

Since all layers in the equivalent structure are homogenous, the transmission line 

model is applied to gain some insight [115]. Fig. 3.4 shows the schematics of the 

structure, its equivalent structure and equivalent transmission line circuit. Each 

homogeneous layer constitutes a two-node transmission line, and the sample layer is 

the load of the transmission line. 

The transmission line circuit in Fig. 3.4(c) is formed where 𝑍0  and 𝑛0  are 

characteristic impedance and refractive index of the prism, and 𝑍0 and 𝑛0 are those of 

the sample.  

In a transmission line circuit, reactance 𝑋𝑠  and structure resistance 𝑅𝑠  are two 
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factors affecting the resonance. The resonance condition is satisfied when the 

reactance in the circuit is cancelled out, which is 𝑋𝑠 = 0, and thus 𝑘𝑥  is real. At 

resonance position, the full width half maximum (FWHM) of the dip is given by: 

∆𝑘𝑥 = 2(𝑑𝑘𝑥 𝑑𝑋𝑠)𝑅𝑠⁄ |𝑘𝑥=𝑘𝑠𝑝
      (3.8) 

And Q factor is given by: 

Q =
𝑘𝑠𝑝

𝑑𝑋𝑠
𝑑𝑘𝑥

2𝑅𝑠
        (3.9) 

Therefore, the FOM is given by: 

𝐹𝑂𝑀 =

𝑑𝑘𝑥
𝑑𝑛𝑠

∆𝑘𝑥
=

𝑑𝑘𝑥
𝑑𝑋𝑠

𝑑𝑋𝑠
𝑑𝑛𝑠

2(𝑑𝑘𝑥 𝑑𝑋𝑠)𝑅𝑠⁄
=

𝑑𝑋𝑠

𝑑𝑛𝑠

1

2𝑅𝑠
|𝑘𝑥=𝑘𝑠𝑝,𝑜

   (3.10) 

In this chapter, the Q factor and FOM of the resonance are calculated with the 

transmission line model. The results are compared with RCWA for verification of the 

model. Fig. 3.5(a) and 3.5(b) are SPR Kretschmann configuration and approximated 

uniform layer structure, respectively. Fig. 3.5(c) is the structure reactance 𝑋𝑠  at 

various 𝑘𝑥  and 𝑛𝑠  of the Kretschmann configuration. Fig. 3.5(d) and 3.5(e) are the 

plots of 𝑋𝑠 at various 𝑘𝑥 and 𝑛𝑠 of grating structure at TM and TE modes, respectively. 

The position where 𝑋𝑠 = 0 is the position satisfied resonance condition (as shown in 

red dashed line). 
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Fig. 3.5. (a) and (b) are SPR Kretschmann configuration and approximated 

uniform layer structure, respectively. (c) is the structure reactance 𝑋𝑠  at 

various 𝑘𝑥 and 𝑛𝑠 of the Kretschmann configuration. (d) and (e) are the plots 

of 𝑋𝑠  at various 𝑘𝑥  and 𝑛𝑠  of grating structure at TM and TE modes, 

respectively. The position where 𝑋𝑠 = 0 is the position satisfied resonance 

condition (as shown in red dashed line). 

 

Table 3.1 shows a detailed comparison of FOM and Q factor between SPR, TM 

and TE samples calculated by both transmission line model and RCWA. 
𝑑𝑘𝑥

𝑑𝑛𝑠
  in 

RCWA results, which is the dip k-vector movement with respect to the change in the 

refractive index of the sensing region, are calculated with a small change in 𝒏𝒔 of 
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0.001. FWHM of the TM dip is approximately 1/27 of SPR dip, while TE mode 

1/168. The responsivity in transmission line model is predicted from the gradient of 

curve 𝑋𝑠 vs 𝑘𝑥, while in RCWA model it is calculated twice to get two corresponding 

𝑘𝑠𝑝 values, therefore, there is deviation between the results calculated from these two 

methods. For results of the grating structure, the deviation also comes from the 

approximation of the uniform layer. 

 

Table 3.1 Comparison between SPR, TM and TE. 

The FOM are calculated at 𝑛𝑠 = 1.33. 

Transmission 

Line Model 

 

FOM =
d𝑋𝑠

d𝑛𝑠

1

2𝑅𝑠
|𝑘𝑥=𝑘𝑠𝑝

 Q Factor 

𝑑𝑋𝑠 𝑑𝑛𝑠⁄  𝑅𝑠 FOM 

Q

= 𝑘𝑠𝑝

𝑑𝑋𝑠

𝑑𝑘𝑥
2𝑅𝑠⁄  

SPR 1.88 0.03 31.33 33.19 

Grating TM 12.48 0.014 445.71 908 

Grating TE 292.31 0.053 2757.64 6159 

RCWA 

(∆𝒏𝒔 = 𝟏. 𝟑𝟑𝟒 −

𝟏. 𝟑𝟑 = 𝟎. 𝟎𝟎𝟒) 

 
FOM =

d𝑘𝑥

d𝑛𝑠
∆𝑘𝑥⁄  Q Factor 

∆𝑘𝑥/𝑘0

∆𝑛𝑠
 

FWHM 

(∆𝑘𝑥/𝑘0) 
FOM Q = 𝑘𝑠𝑝 ∆𝑘𝑥⁄  

SPR 1.1695 3.93 × 10−2 29.77 36.51 

Grating TM 0.6710 1.55 × 10−3 433.70 881.46 

Grating TE 0.6359 2.33 × 10−4 2724.11 5878.82 
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In this section, the effective medium approximation has been applied to the grating 

layer with 𝑛𝑒𝑓𝑓  calculated with Maxwell-Garnett equation. Then the structure was 

transformed into an equivalent transmission line model. The result of approximation 

shows excellent agreement compared with the rigorous analysis. 

3.2.4 Smith Chart Representation of the HARG-FP 

Besides the comparison between the transmission line model and RCWA analysis, the 

Smith chart has been utilized to reveal the effect of each layer for the HARG-FP and 

different polarizations. With the implementation of the Smith chart, phase and 

amplitude change in reflectivity can be apparent and separated since the nature of the 

Smith chart determines that the length from origin of the chart marks the modulus of 

reflectivity and the angle difference marks the phase shift of the reflectivity. 

The well-established case of the SPR sensor is examined first. Fig. 3.6 shows the path 

along the Smith chart for detection of a refractive index change of 4 × 10−3 varying 

the thickness of the gold layer from 0 to 60 nm. The solid blue path shows the 

reflectivity change for refractive index of 1.33 and the dashed red path is that for 

refractive index of 1.334. The incident angle investigated for each thickness is set to 

the left half height angle for 1.33 , which is 69.33° . The yellow dot on the 

circumference marks the situation without a gold layer. There is a small difference in 

phase between refractive index of 1.33 and 1.334 since the incident angle is above 

the critical angle. The metal layer serves as an amplifier that magnifies this small 
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phase shift and thus gives a different reflectivity. In Fig. 3.6, red, green, blue, magenta 

and black represent the gold thickness of 12, 24, 36, 48, 60 nm, respectively. It can be 

drawn from the figure that 30 nm thick gold layer gives the largest phase shift for the 

given refractive index change, whereas 48 nm gives the largest change in reflectivity. 

 

 

Fig. 3.6. The Smith Chart showing the sensing process of conventional SPR 

sample with the thickness of the gold layer being 12 (red), 24 (green), 36 

(blue), 48 (magenta) and 60 (black) nm and change of refractive index from 

1.33 (blue solid line) to 1.334 (red dashed line). Thick lines from the center, 

marking the reflectivity is the square of the respective thin lines, marking the 

reflection coefficient. 
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Similar procedures are followed when investigating the HARG-FP modes with TM 

and TE polarization. In the analysis, a 240 nm wide grating with a period of 600 nm 

and refractive index of 1.49 are used. The sensing process relating to TM modes are 

shown in the Smith chart in Fig. 3.7, which shows the reflectivity. The process is 

demonstrated by the paths marked in the Smith chart. The red and yellow paths 

around the circumference of the circle show the process where a pure grating with 

thickness increases from 0 up to 1 µm. As the incident angle is beyond the critical 

angle, the reflectivity is close to 1 when there is no gold layer. It should be noted that 

the analysis was conducted with RCWA, so the small deviation of the calculated 

reflectivity from unit reflectivity is caused by grating diffraction scattering into 

propagating modes. Then, a gold layer with thickness increasing from 1 nm to 60 nm 

was inserted as a coupling layer to modulate the reflectivity to make the reflected 

intensity vary close to resonance. The curves represent the reflectivity locus as the 

structure changes, the underlying impedance values, however, correspond to the 

impedance of a uniform structure with the same reflectivity.  
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Fig. 3.7. The Smith Chart showing the sensing process of high aspect-ratio 

grating based plasmonic TM sensor with the thickness of the gold layer 

varying from 0 to 60 nm with steps of 6 nm and change of refractive index 

from 1.33 (green solid line) to 1.3304 (magenta solid line). The blue solid line 

represents the situation where the refractive index of the grating layer is not 

modulated and that of the superstrate is modulated from 1.33 to 1.3304. This 

allows separation of the different sensing mechanisms. 

 

The structure was filled with liquid with refractive index of 1.33 which is then 

increased by 4 × 10−4 to 1.3304. The green curve marks the refractive index of the 

liquid being 1.33 and magenta 1.3304. The spots on the line represent changes in gold 

thickness of 6 nm starting from 0 nm therefore the last point is 60 nm. The optimum 

thickness for the maximum reflectivity change with refractive index was 48 nm. With 
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a grating layer of 1 µm thickness, the FWHM is 1.550 × 10−3  and bulk responsivity 

is 0.6807 𝑅𝐼𝑈−1. The FOM is 439.4. 

Another case was considered where the viscosity and surface tension prevent the 

liquid from filling the gaps between the grating. In this case, internal perturbation and 

external perturbation were separated by uniform layer approximation. In the meantime, 

this case can reveal the relative effect of the index change within the grating and index 

change outside. To this end, the blue path in Fig. 3.7 was calculated, where the 

refractive index within the grating structure is 1.33 and the index outside is 1.3304. 

The FWHM is 1.550 × 10−3  and bulk responsivity is 0.1512 𝑅𝐼𝑈−1. The FOM is 

112. The responsivity is reduced to 25%, but there is still substantial responsivity even 

if the impedance of the grating layer does not change. This indicates that 

approximately 75% of the refractive index sensitivity arises from perturbation inside 

the grating and the rest from external perturbation. For an unchanging grating, the 

FOM is 112 which is still 3 times more than the case of the conventional SP. This also 

indicates that even a homogeneous layer can form a reasonable sensor to detect, say, 

protein binding. 
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Fig. 3.8. The Smith Chart showing the sensing process of high aspect-ratio 

grating based plasmonic TE sensor with the thickness of the gold layer 

varying from 0 to 60 nm with a step of 6 nm and change of refractive index 

from 1.33 (green solid line) to 1.3304 (magenta solid line). The blue solid line 

represents the situation where refractive index of the grating layer is not 

modulated and that of the superstrate is modulated from 1.33 to 1.3304. 

 

Fig. 3.8 shows the Smith chart for TE polarization. The major difference between 

the TM case and the TE case is that the impedance with pure grating is close to 𝑍 =

0 for TE rather than 𝑍 = 𝑖 for TM. But this is only because the phase shift for TE is 

different from that for TM. In Fig. 3.8, the green path represents the reflectivity with 

the sample refractive index of 1.33. The magenta path stands for the reflectivity with 
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sample refractive index of 1.3304. The blue path stands for the case where sample 

refractive index between the grating is 1.33 and that outside the grating is 1.3304. For 

TE polarization, the FWHM is 2.313 × 10−4  and bulk sensitivity is 0.6941 𝑅𝐼𝑈−1. 

The FOM with changing impedance between the grating is 3000, whereas for a 

constant grating, it is 500, which is still 17-fold improvement over the performance of 

the conventional SPR transducers. 

The blue paths in Figs. 3.7 and 3.8 indicate that even with a uniform layer, it can be 

a decent sensor with considerable sensitivity enhancement. The considerable 

sensitivity is consistent with the field diagrams shown in Fig. 3.9 in which there is 

substantial leakage of field in the sample region. This also indicates that the phase of 

the reflection coefficient at the interface of grating and sample is sensitive to change 

in the refractive index of the sample region even above the critical angle and changing 

the resonant k-vector. This further indicates possible applications such as binding 

applications, multichannel refractive index sensing and ultrasound sensing [6, 43, 103, 

126]. 
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Fig. 3.9. In-resonance field distribution of (a) SPR, (b) TE with a uniform 

grating layer, (c) TM mode with a grating layer and (d) TE mode with a 

grating layer. 

 

3.3 Sample Preparation and System Configuration 

3.3.1 Sample Preparation 

Two techniques were utilized for the fabrication of the proposed HARG-FP samples, 

i.e., sputtering and electron beam lithography (EBL). The substrate of the structure is 

N-BK7 coverslip (Thermo-Fischer, USA) with a refractive index of 1.515 at 633 nm 

(operating wavelength of the He-Ne laser). The coverslips were cleaned with an 



58 

 

ultrasonic cleaner while immersed in acetone and isopropanol (IPA) for 5 minutes, 

respectively. Then, they were rinsed with de-ionized (DI) water for 2 minutes. The 

cleaned coverslips were then sputtered with chromium and gold by a sputter (Nano 36, 

Lesker JLC). The RF gun was used to deposit a 2-nm-thick chromium layer. The DC 

gun was used to deposit the gold layer. With a power of 100 W, the linear growth rate 

of the gold layer was 0.44 nm per second. The sputter rate and the thickness of the 

resulted gold layer were calibrated and verified with a surface profiler to ensure 

optimized performance of the fabricated structures. The theoretical analysis also 

indicates that a thickness variation of 0.44 nm, which corresponds to 1 second error in 

sputtering time, would make no more than 1.5% variation in the FOM performance of 

the fabricated structure. 

Then, the grating structure was fabricated on top of the gold layer by EBL. Prior to 

EBL process, a 15-nm thick layer of Adhesion Promoter 300-80 (Allresist GmbH, 

Germany) was deposited by spin-coating. The layer is critical for fabrication of high-

aspect-ratio features since it promotes affinity between the substrate and e-beam 

resists and especially for surfaces with low adhesive properties, e.g., metal, and 

prevent the features being rinsed off during the EBL process [127]. AR-P 672.08 

(Allresist GmbH, Germany) was selected as the resist for the EBL process. It is a 

positive PMMA e-beam resist with a molecular mass of 950 kg/mol with properties of 

high aspect ratio, high resolution and contrast with good adhesion to glass, silicon and 
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metals [128]. The resist was spin-coated on top of the AP 300-80 at a speed of 3000 

rpm, which gives a desired thickness of 1 µm. The samples were pre-baked for 3 

minutes at 150 °C before the lithography. The fabricated grating has a period of 600 

nm and duty cycles of 23 and 42% for TM polarizations (with 48 nm gold layer), and 

35% for TE polarization (with 38 nm gold layer). The exposure was conducted with 

EBPG 5150 (Raith GmbH, Germany). During the exposure, the voltage is 100 kV, the 

current is 5 nA and the dose is 850 mC/cm2 determined with a dose test between 500 

mC/cm2 and 1500 mC/cm2 for optimized grating profile. The grating profiles of the 

fabricated gratings were verified with FIB and SEM. After the exposure, the samples 

were then developed in AR 600-56 comprised of 1 MIBK and 3 IPA for 2 minutes and 

15 seconds after which the samples were submerged into IPA for removal of 

developer residue. At last, the fabricated structures were baked for 1 minute at 130 °C 

to enhance the bond. Fig. 3.10 shows a typical cross section SEM image cut with FIB, 

from which the period and height of the grating can be confirmed to be 600 nm and 1 

µm. 

The actual writing area for EBL is around 1 mmⅹ1 mm, which is about the 

maximum non-stitching writing area for the EBL machine used. The substrates of the 

sensor are 22 mmⅹ22 mm coverslips made of N-BK7 glass. 

 

 



60 

 

 

Fig. 3.10. A typical cross-section view of the fabricated grating viewed with a 

tilt of 45 degrees along the vertical direction; period of the grating is 600nm. 

The sample was produced with FIB and platinum was coated beforehand to 

increase conductivity contrast. Note that the 45-degree tilt results in a 

foreshortening by a factor of approximately √2  so the true height of the 

grating is ~1 µm. 

 

3.3.2 System Configuration 

The system configuration essentially adopts a prism-based attenuated total reflection 

(ATR) approach with angular fine-scanning capability enabled by a computer-

controlled motorized stage as shown in Fig. 3.11. Since the significance of the 

designed HARG-FP is partially from the ultra-narrow resonance, conventional 

objective-lens-based focused system cannot identify the modes without complicated 

beam expansion, meticulous alignment and a fine camera. Moreover, the excitation 

angles of the HARG-FP modes are above the critical angle, which makes ATR with a 

prism (BK-7, OPRE32-22, Zolix, China) the most convenient approach. The source 
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used in the interrogation system was a linearly polarized He-Ne laser (33091, REO, 

US) with high output power, long coherence length, good beam quality and alignment. 

The beam goes through a linear polarizer and half waveplate for control of the 

interrogation polarization. Then, the beam is expanded by a factor of 20 with lenses 

L1 (f=10 mm) and L2 (f=200 mm). At the back focal length of L2 is a mirror mounted 

on a motorized stage (HDR50/M, Thorlabs, US). Lenses L3 and L4 are mode 

excitation lens pair. Lenses L5 and L6 are beam collection lens pair. The lens L3 is 

placed so that the mirror is at the front focal length and the sample on top of prism is 

at the back focal length of the lens L4 and front focal length of the lens L5. A CMOS 

camera (DCC3240/M) is placed at the back focal length of the lens L6. In this 

configuration, the camera sensor, the sample and the scanning mirror are conjugate to 

each other so that during scanning, the movement of the illuminated area on the 

sensor is minimized. L3-L6 are achromatic lenses with 50 mm focal length. In the 

system, minimum resolvable angle is determined by tuning step of the rotation mirror, 

and the excitation angle range is determined by the NA of L3 and L4, and collected 

angle range is determined by the NA of L5 and L6. 
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Fig. 3.11. Schematics of the system. HNL: Linearly Polarized He-Ne Laser at 

633 nm wavelength; LP: Linear Polarizer, HWP: Half Waveplate at 633 nm; 

L1-L6: achromatic lenses; RS: motorized Rotation stage synced with camera 

by a computer. 

 

The subjects of the experiment are mixtures of ethanol and DI water mixed with 

different mass ratios. Refractive indices of these solutions were calibrated with an 

ellipsometer (UVISEL Plus, Horiba, France). In the experiment, the angular scanning 

step of the rotating mirror was set to 0.01° for SPR and TM-polarization HARG-FP 

samples, and 0.005° for TE-polarization HARG-FP samples. The image acquisition 

sequence was developed with Python which enables the synchronized control of the 

stage and the camera. To completely plot the resonance over angle, the total 

acquisition time was less than 1 minute for a typical 400-step scan. A typical acquired 

image is shown in Fig. 3.12 with an angular increment of 0.02°. In the presentation of 

experimental data, reflectivity is plotted with respect to 𝑛0 sin 𝜃 , minimizing the 
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effect of the refractive index of the substrate. 

 

 

Fig. 3.12. A typical acquired image sequence covering a mode of TM 

polarization with 0.02° angular increments between each frame. 

 

3.4 Experimental Result of HARG-FP 

3.4.1 SPR Results 

To begin with, the SPR samples with a 2-nm Cr layer and a 48-nm gold layer were 

measured first within the same system as a reference to benchmark the performance of 

HARG-FP. The samples were manufactured with the sputtering system (Nano 36, 

Lesker JLC, US). The chromium layer served as an adhesion layer between the gold 

layer and the glass substrate. The thickness of the chromium layer was estimated 

based on the sputtering speed calculated from bulk layer deposition. Complete 



64 

 

resonance dips (reflectivity curve) were recorded with the camera for each solution. 

Then, the curves were processed with a 3-order Savitzky-Golay (SG) filter with a 31-

point window for smoothing and filtering out the parasitic interference in the optical 

path. The filter effect was demonstrated in Fig. 3.13(a) and all processed reflectivity 

curves are plotted in Fig. 3.13(b). Their dip positions are plotted with respect to 

solution refractive index in Fig. 3.13(c). Linear regression was performed and shown 

in Fig. 3.13(c). The slope of the linear regression is effectively bulk responsivity. The 

FWHM measured from Fig. 3.13(a) is 0.03458 , and the bulk responsivity is 

1.100 𝑅𝐼𝑈−1. The FOM is 31.8 𝑅𝐼𝑈−1. 

 

 

Fig. 3.13. Results from conventional SPR sample: (a) Reflectivity of a SPR 

sample and its SG filtered data, (b) reflectivity of the SPR sample with 

different aqueous solutions, (c) dip positions extracted from reflectivity and 

their linear regression. 
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3.4.2 TM and TE Mode Results 

The acquisition workflow is similar to that of the SPR samples. One major difference 

is the wave vector corresponding to the modes. For SPR, the wave vector is around 

1.45. But for TM and TE polarization with HARG-FP, the modes can be excited from 

1.34, only slightly higher than the critical angle, which gives a larger range of 

excitation k-vector and a larger dynamic range. Therefore, the system was slightly 

modified to accommodate the difference in excitation wave vector.  

For TM-polarization experiment, 2-nm chromium and 48-nm gold were sputtered 

the mixture ratios used were 1.5:1, 2:1, 2.5:1, 3:1 and 3.5:1 by volume. Two sets of 

TM samples with different duty cycles were prepared and investigated to demonstrate 

the effect of the perturbation inside the grating layer therefore affecting the bulk 

responsivity. 

The first set of the TM samples has a fill factor of 42%. Fig. 3.14(a) shows the top-

view grating profile, the width of the grating is 250 nm, and the period of the grating 

is 600 nm. As measured from Fig. 3.14(b), FWHM was 3.339 × 10−3 . The 

reflectivity of each mixture is shown in Fig. 3.14(c) and the wave vector of their 

minimum is plotted against the refractive index of the solution in Fig. 3.1(d). The 

linear regression of dip position indicates that the bulk responsivity of 42% was 

0.4896 RIU−1. Therefore, the FOM of the 42% TM sample was 147 RIU−1, which is 

4.7 times higher than that of the conventional SPR sample. 
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Fig. 3.14. Results from the TM sample with 42% duty cycle: (a) top-view 

SEM image, (b) reflectivity with Vwater:Vethanol 2:1, (c) reflectivity with 

different aqueous solutions and (d) dip position and their linear regression. 

 

The second set of the TM sample has a fill factor of 23%. Measured from the top 

view SEM image in Fig. 3.15(a), the grating is 182 nm wide with a period of 800 nm. 

Measured from reflectivity in Fig. 3.15(b), FWHM was 2.959 × 10−3 , 11.5% 

narrower than that of 42% fill factor sample. The reflectivity of all tested mixtures is 

displayed in Fig. 3.15(c) and their resonance minimum is plotted in Fig. 3.15(d) 

against the refractive index of the tested mixtures. The linear regression in Fig. 3.15(d) 

indicates a bulk responsivity of 0.9809 RIU−1. Thus, the FOM was 331 RIU−1, 10-



67 

 

fold enhancement over the reference SPR sample. The experimental result of the pair 

of samples confirms that the decrease in fill factor of the grating results in narrower 

FWHM and higher bulk responsivity, thus, in increase in the FOM. 

 

 

Fig. 3.15. Results from the TM sample with 23% duty cycle: (a) top-view 

SEM image, (b) reflectivity with Vwater:Vethanol 1.5:1, (c) reflectivity with 

different aqueous solutions and (d) dip position and their linear regression. 

 

For TE-polarization samples, 2 nm chromium and 38 nm gold were sputtered, and 

the grating was fabricated by EBL technique. The mixture ratio of water and ethanol 
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was from 1:1 to 5:1 by volume. 

Fig. 3.16(a) shows the grating profile with width of 205 nm and period of 600 nm. 

Therefore, the fill factor is 34%. Fig. 3.16(b) shows the reflectivity of a solution with 

a volume mix ratio of 3:1. the FWHM was 6.166 × 10−4  in 𝑛0 sin 𝜃 . The value 

corresponds to a 56-fold improvement over the conventional SPR and a 5-fold 

improvement over TM samples. The reflectivity of all tested mixtures is summarized 

in Fig. 3.16(c), with their dip minimums plotted against the refractive index of the 

tested solutions in Fig. 3.16(d). The bulk responsivity was 0.8598 RIU−1. Therefore, 

the FOM was 1394 RIU−1 , which corresponds to an improvement of 44 times 

compared with that of the conventional SPR acquired measured using the identical 

system and an improvement of 4 times compared with the TM grating samples. 
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Fig. 3.16. Results from the TE sample: (a) top-view SEM image, (b) 

reflectivity with Vwater:Vethanol 3:1, (c) reflectivity with different aqueous 

solutions and (d) dip position and their linear regression. 

 

The results of TM and TE grating samples together with the conventional SPR 

sample are summarized in Table 3.2. 
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Table 3.2 Comparison of Results Between TM, TE And Conventional SPR 

 

3.4.3 Sensitivity Analysis 

Sensitivity of a refractive index sensor, 𝑆, is defined as minimum detectable change of 

refractive index, which is equivalent to noise equivalent change in RIU. This is jointly 

determined by noise level in the system (NEP) and the slope of the reflectivity curve, 

the latter of which is related to the FWHM and dip prominence. The sensitivity is 

given by: 

𝑆 = ∆𝑛 = 𝑁𝐸𝑃 (
𝑑𝐼

𝑑𝑛0 sin 𝜃
∙

𝑑𝑛0 sin 𝜃

𝑑𝑛𝑠
)⁄                                  (3.11) 

where 𝑆 denotes the sensitivity of the system, ∆𝑛 denotes the minimum detectable 

change in RIU, 𝑁𝐸𝑃 denotes the system noise level, 
𝑑𝐼

𝑑𝑛0 sin 𝜃
 denotes the maximum 

slope of the reflectance, and 
𝑑𝑛0 sin 𝜃

𝑑𝑛𝑠
 denotes the bulk sensitivity of the structure. 

There are two major noise sources identified in the system, i.e., power fluctuations 

from the laser and camera noise, including dark noise and shot noise. Therefore, 

camera noise level, laser noise level and total noise level are investigated separately. 

 

Bulk Responsivity 

(𝑅𝐼𝑈−1) 

FWHM 

FOM 

(𝑅𝐼𝑈−1) 

TM w/ 42% duty cycle 0.4986 3.339 × 10−3 147 

TM w/ 23% duty cycle 0.9809 2.959 × 10−3 331 

TE w/ 35% duty cycle 0.8598 6.166 × 10−4 1394 

Conventional SPR 1.100 3.458 × 10−2 31.8 
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During the evaluation, the camera was set to low read noise mode, frame rate was set 

to 719 frames per second and region of interest was set to 30 pixels × 30 pixels. 

The dark noise was measured with about 17000 frames. The laser fluctuation was 

measured with 20,000 frames. The total noise level was measured with 15,000 frames. 

In the following calculations, 
𝑑𝐼

𝑑𝑛0 sin 𝜃
 is set to 1030.6, the maximum slope for TE 

samples as measured, and 
𝑑𝑛0 sin 𝜃

𝑑𝑛𝑠
 is 0.8498, the bulk responsivity for TE samples. 

Noise from the camera is the hard cap for sensitivity performance of the designed 

system. The camera used in the system was DCC3240/M, 16-bit sCMOS camera with 

passive cooling. The measured standard deviation of normalized dark noise was 

7.50 × 10−8 . Therefore, the noise-equivalent refractive index change is 8.57 ×

10−11 RIU. 

Power fluctuations in the laser constitute most of the noise in the system as it is 

amplified by the optics and electronics in the system as light propagates. Power 

fluctuations were measured by placing a mirror temporarily after the beam expansion 

lenses and pivoting the beam into a DCC3240/M. The measured standard deviation of 

fluctuations was 1.15 × 10−5. Therefore, the noise-equivalent refractive index change 

is 1.31 × 10−8 RIU. 

The total noise equivalent sensitivity measured in the system is 1.87 × 10−8 RIU 

without frame averaging. As shown in Fig. 3.17, averaging 794 frames (approximately 

1 second acquisition time) further improves the sensitivity to 1.61 × 10−9 RIU . 
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Although averaging improves the sensitivity by a considerable amount, the 

improvement is less rapid than √𝑁, where N denotes the frames averaged, which is 

the improvement rate for completely random sequence. This is attributed to a degree 

of correlation between successive frames.  

Extra measures during the experiment can be carried out to compensate for the 

laser fluctuations temperature drift, including a reference beam to cancel out 

common-path noise. The thermal optic coefficient for water can be −1.20 ×

10−4 RIU/°C. Phase detection or polarization detection are also expected to contribute 

considerable improvement with the same structure [21, 41, 129]. 

 

 

Fig. 3.17. Noise-equivalent RIU (sensitivity) measured respectively from the 

laser, the camera and entire system. 
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3.5 Summary 

In this chapter, high-aspect-ratio-grating-based Fabry-Pérot (HARG-FP) resonators 

have been presented and investigated both theoretically and experimentally with TM 

and TE polarization for high-FOM refractive index measurement. The parameters of 

the high aspect-ratio grating are carefully chosen so that there is no propagating 

diffracted order. Therefore, the grating can be treated as a uniform layer with an 

effective refractive index neff calculated with Eqs. (3.3) to (3.5). The advantage of the 

HARG-FP is that the sensing region also forms part of the grating by filling the 

grooves between the grating bars. Therefore, change of the refractive index in the 

sensing region directly interacts with the field in the grating region by modulating the 

effective refractive index as well as the evanescent field above the grating region. 

Theoretically, transmission line model and Smith charts was used to present a more 

intuitive understanding on layer-wise physical mechanism and show the relative 

contributions of different mechanisms. Experimentally, a direct comparison between 

conventional SPR, TM- and TE-polarization HARG-FP were drawn within the same 

experiment system. An FOM of 1394 was recorded with TE-polarization samples with 

a fill factor of 34%, which outperformed SPR by a factor a 44. A factor of 10 

improvement in FOM for TM-polarization was recorded for TM samples. Noise-

equivalent sensitivity of 1.874 × 10−8 RIU was observed for TE-polarization without 

frame averaging. Averaging 794 frames (approximately 1-second acquisition time) 
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can improve the sensitivity to 1.609 × 10−9 RIU. It is expected that with the use of 

phase detection and polarization detection techniques, the sensitivity can be further 

improved to 10−10 RIU.  
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Chapter 4 Theoretical Analysis of Total-Internal-

Reflection-based Fabry-Pérot Resonator 

4.1 Introduction 

Ultrasound and photoacoustic techniques for sensing and imaging have been 

developing rapidly over the last few decades as a non-invasive and non-destructive 

approach for applications in industrial evaluation, clinical diagnosis and biomedical 

analysis [2, 130-133]. The emphasis of the research into these techniques is directed 

towards great sensitivity, broader bandwidth in order for higher precision and 

accuracy for sensing and higher resolution and image quality for imaging [106, 134, 

135]. For generation and detection of the ultrasound, the piezoelectric effect has been 

the most widely adopted approach by using piezoelectric materials that have no 

inversion symmetry to convert between mechanical energy and electrical energy [136, 

137]. There have been research breakthroughs in successfully producing piezoelectric 

transducers with center frequencies above 1 GHz and wide bandwidth, but there are 

several intrinsic constraints to this approach: (i) the bandwidth is narrow for the 

conventional approach without careful control of the damping process; (ii) high center 

frequencies require ultra-thin piezoelectric material [138, 139], which is demanding 

for transducer fabrication and gives low yield; (iii) optimal sensitivity and bandwidth 

requires fastidious control over electrical and acoustic impedance matching [140]; (iv) 
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bulky size and optical opacity of the said transducers further improve the difficulty for 

integration with other modalities [82, 141]. There has been continued research on 

alternative approaches to overcome the abovementioned constraints [7, 82, 142]. 

Optics has arisen as a convenient method for generation and detection of 

ultrasound with wide bandwidths, with easy integration and miniaturization potential 

[7, 10, 104]. Moreover, optical sensors can circumvent the requirement for electrical 

impedance matching encountered with conventional piezoelectric methods. 

Furthermore, polymer materials have an acoustic impedance closer to water, which is 

commonly used as the couplant of acoustic wave, therefore, acoustic impedance 

mismatch can be ameliorated [141].  

Two mechanisms used in optical sensors for detection of acoustic waves are: (i) 

acousto-optic effect, i.e., detection of acoustic pressure induced refractive index 

change, e.g., surface plasmon resonators (SPR), and (ii) detection of cavity length 

change in a resonator that results from acoustic pressure, e.g., Fabry-Pérot (FP) 

resonator [84, 143-145]. Because of acousto-optic effect, certain conventional 

refractive index sensors, e.g., SPR, ring resonators and various critical-angle-based 

resonators, can be adapted as pressure sensors and be used to detect ultrasound [31, 

103, 146-148]. Since the sensing depends on the evanescent field, which is usually 

less than 1 µm extent, theoretical bandwidths can reach the gigahertz regime [31, 82]. 

Indeed, experimentally, over 170 MHz has been realized with the refractive-index-
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sensing-based acoustic sensors, where the limit is the electronics rather than 

mechanism [103, 149]. Nevertheless, sensitivity performance of these devices is 

limited by the acousto-optic coefficient, which is 1.35 × 10−10 RIU ∙ Pa−1 for water. 

As the resulted refractive index change is small, so high sensitivity detection demands 

more a complex experiment system [148]. 

The FP resonator structure is well-established in ultrasound and photoacoustic 

applications, e.g., sensing and imaging [150-153]. The conventional structure 

comprises two reflecting mirrors and an optical cavity in between [84]. The round-trip 

resonance condition of an FP mode is given by [37, 154] 

2𝑘𝑧𝑑 + 𝜙1 + 𝜙2 = 2𝑚𝜋, 𝑚 = 0 (for TE), 1, 2, 3, …                     (4.1) 

where 𝑘𝑧 =
2𝜋

𝜆
𝑛𝑠 cos 𝜃 denotes the z-component of the wave vector inside the spacer, 

𝑑 denotes the spacer thickness, i.e., the cavity length, 𝑛𝑠  denotes the refractive index 

of the spacer, 𝜙1 and 𝜙2 denote the phase changes at the upper and lower interfaces of 

the cavity, respectively, 𝑚 is a non-negative integer denoting the FP orders, where m 

can be 0 with TE polarization (but not TM), 𝜆 is the incident wavelength, and 𝜃 is the 

propagation angle inside the spacer. 

The acoustic wave perturbs the thickness of the FP cavity, i.e., 𝑑, resulting in a 

change of the resonance condition and this change is reflected in a change in 

reflected/transmitted amplitude, phase or polarization. The change in thickness caused 

by acoustic stress inside the cavity also implies a change in local refractive index, 
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which is the acousto-optic effect, and thus affects 𝑘𝑧. However, this effect is generally 

ignored in the study of FP [93, 155]. 

Extensive research has been conducted on planar FP transducers. Typically, metal 

has been used as the material for the reflecting mirror, e.g., gold, silver or copper 

[156-161]. However, this can make the transducer opaque and less compatible with 

other modalities. To address this, transparent structures, e.g., Bragg reflectors and 

meta-surfaces have been used, which increases the compatibility [7, 84]. Transducers 

with polymer substrate and soft dielectric mirrors have been investigated, which 

further decreases acoustic impedance mismatch, thus yielding a broader and flatter 

frequency response [84, 162, 163]. 

Besides planar FP transducers, plano-concave FP transducers have been proposed 

for high sensitivity photoacoustic imaging applications, with sensitivity down to 2.6 

Pa over 2.8 MHz bandwidth [7]. The transducer comprises cured free-standing 

spherical caps sandwiched between two eight-layered alternate stack of λ/4 thickness 

of ZnS and Na3AlF6, both of which are dielectric [84]. Compared with metal, 

dielectric materials have no loss, therefore can give an optical resonance with higher 

Q and better optical transparency, but the resulted layers are thicker. Therefore, the 

acoustic mismatch between water and reflecting mirrors is more pronounced. 

Moreover, the deposition process is more complicated, and the deposited layer stacks 

are prone to cracking and low yield. 
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When assessing the performance of different optical detection mechanisms for 

ultrasound, there are three crucial factors: bandwidth, responsivity and sensitivity. 

Responsivity is a measure of the change in the measured parameter with respect to 

incident pressure. In this chapter, reflectivity is the parameter used as a proxy for the 

measurand (pressure). Sensitivity is related to noise equivalent pressure (NEP), which 

is related to both the noise level of the experimental system and the responsivity of the 

transducer. 

In this chapter, a total-internal-reflection-based Fabry-Pérot resonator (TIR-FP) is 

proposed and assessed theoretically. The operating optical wavelength is 1550 nm, 

which is convenient for both spectroscopy and angular interrogation. In the analysis, 

optimal thickness for each layer is determined by optimizing responsivity with 

simulations. It is also shown that the use of an open resonator structure confers 

advantages for both the refractive index sensing mechanism (wide bandwidth) and the 

FP mechanism (improved sensitivity). Fig. 4.1 shows the schematics of the proposed 

total-internal-reflection based FP (TIR-FP) structure and the conventional 

Kretschmann configuration for coupling and interrogation. The proposed structure 

comprises two layers, a metal layer and a homogeneous dielectric spacer acting as the 

FP cavity. Fig. 4.1(b) shows an illustration of different mechanisms of the TIR-FP, 

where variation of both thickness change and refractive index change within the 

evanescent field above the spacer-water interface. The incident light is above the 
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critical angle, so total internal reflection occurs when light reflects off the water 

interface. With a thin layer of gold as a partial reflector, an FP cavity is formed. This 

setup avoids another reflecting layer and allows the use of very soft polymers, e.g., 

polydimethylsiloxane (PDMS), which would be difficult in conventional FP due to 

strength mismatch. The greater compliance of these materials means that for a given 

thickness, the resulting resonator is much more sensitive, and the corollary is that for 

a given sensitivity, the smaller resonator thickness confers a greater bandwidth [164]. 

 

 

Fig. 4.1. (a) Layout of the proposed total-internal-reflection-based Fabry-

Pérot structure and the prism-based Kretschmann configuration. Also shown 

is the photoacoustic generation system used for system evaluation. PA: 

photoacoustic; TM: transverse magnetic; TE: transverse electric. (b) An 

illustration of the transduction mechanisms of the TIR-FP. 
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4.2 Overview Analysis of TIR-FP Resonance 

The proposed TIR-FP structure operates as an FP cavity. Two reflectors in the 

structure are a gold layer as the first partial reflector and the interface between the 

spacer and water as a perfect reflector. The operating principle is that a portion of 

light incident from the prism passes through the gold layer and propagates in the 

spacer layer; the propagation angle is such that light is totally internally reflected at 

the spacer/water interface. Therefore, no wave is propagating in water and an 

evanescent wave is formed above the interface. For light to propagate in the polymer 

and be totally internally reflected off water, the refractive indices must satisfy the 

following relationship: 

𝑛𝑤 < 𝑛𝑠, 𝑛𝑤 < 𝑛𝑔𝑙                                          (4.2) 

where 𝑛𝑤 is the refractive index of water, 𝑛𝑠 is that of spacer and 𝑛𝑔𝑙 is that of the 

prism. 

A sound wave interacts with the structure essentially with two mechanisms: (i) 

modulating the local refractive index in the region of the evanescent field above the 

interface of the spacer and water; (ii) squeezing and contracting the cavity in z-

direction, d in Eq. (4.1). 

First, the cavity is considered without perturbation of sound. Under the round-trip 

resonance conditions described in Eq. (4.1), 𝜙1 and 𝜙2, which represents the change 

of phase at the top and bottom boundary of the spacer, can be calculated as the phase 



82 

 

angles of the reflectivity at the interfaces of spacer-water and spacer-gold, respectively.  

 

 

Fig. 4.2. Reflectivity maps for PMMA-based structure varying 𝑛0 sin 𝜃 and 

cavity thickness values for (a) TE and (b) TM polarizations. (c) Reflectivity 

with the 1-µm-thick cavity and the TE polarization. (d) Corresponding 

reflectivity with the 1.6-µm-thick cavity and the TM polarization. 

 

Figs. 4.2(a) and 4.2(b) show reflectivity maps for TIR-FP varying cavity thickness 

and incident angle for TE and TM, respectively. Reflectivity is plotted with respect to 
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wave vector, 𝑛0 sin 𝜃, rather than 𝜃, as this is independent of material of the prism 

(𝑛0). The gold layer thicknesses are 12 nm and 30 nm for TE and TM polarizations, 

respectively. In calculation, the refractive indices used were 1.501, 0.84991 + 10.925i, 

1.4771, and 1.3180 for substrate glass, gold, spacer and water, respectively [165-167]. 

Therefore, the wave vector for the critical angle of the water is 1.3180, and that for 

PMMA is 1.4771, which are shown in green dashed vertical lines in Figs. 4.2(a) and 

4.2(b). In between is where the FP modes exist. Since all layers in the setup are 

homogenous, calculation is performed with the Fresnel equations. Superposed dashed 

red curves are calculated with Eq. (4.1) with m as non-negative integers. For TE 

polarizations, since the sum of 𝜙1  and 𝜙2  is negative, there is the zeroth mode 

between the critical angles. Figs. 4.2(c) and 4.2(d) show reflectivity for TE and TM 

polarization with 1 μm and 1.6 μm, respectively. The thicknesses were chosen so that 

the wave vectors of the resonance are similar, because the linewidth and responsivity 

of the resonance depends on the angle of the mode. In Figs. 4.2(b) and 4.2(d) of TM 

polarization, it can be noted that the SPR mode is present since the thickness of gold 

is similar to optimal thickness of SPR design at the same wavelength. It can be 

confirmed that the operating modes are FP modes since the dips calculated with 

Fresnel calculations overlaps with that calculated with Eq. (4.1). 

The difference between SPR and FP with different orders can be easily 

demonstrated with on-resonance field distribution as shown in Fig. 4.3. 
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In Fig. 4.3, eight subplots of on-resonance field distribution are displayed with 

their corresponding resonances marked in Figs. 4.2(a) and 4.2(b). For TM polarization, 

𝐻𝑦 component was drawn, whereas for TE polarization, 𝐸𝑦 was drawn. 

It can be concluded that an evanescent field is formed on top of the spacer layer. 

For resonance close to the critical angle, e.g., the cases shown in Figs. 4.3(f) and 

4.3(g), the penetration depth of the evanescent field is larger, which would result in a 

wider bandwidth. SPR can be excited even with a thick spacer, but as its field decays 

quickly and barely interacts with the acoustic pressure in the fluid, little sensitivity 

can be expected.  
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Fig. 4.3. On-resonance field distributions: (a) SPR with no spacer layer, (b) 

SPR with 4 μm spacer layer, (c) TE00 mode with 1 µm thick spacer, (d) TM01 

mode with 1.6 µm thick spacer, (e) TE00 mode with 0.62 µm thick spacer, (f) 

TM02 mode with 2.3 µm thick spacer, (g) TE01 mode with 2.2 µm thick spacer, 

(h) TM02 mode with 3 µm thick spacer. 
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4.3 Acousto-Optic Effect based Sensing Mechanism 

Two dominant detection mechanisms are considered for TIR-FP next, i.e., acousto-

optic-effect-based sensing mechanism and cavity length sensing mechanism. In 

practice, it is a plausible simplification to regard these two mechanisms as separate 

and not related when analysing ultrasound responses at practical levels since acousto-

optic effect happens at the interface modulating the refractive and the cavity length 

sensing mechanism happens within the cavity modulating thickness. They affect the 

different aspects of the resonance and, therefore, can be considered independent and 

the effects can be cumulative. 

First, assuming no thickness change occurs in the FP cavity, the acousto-optic-

effect-based sensing mechanism is considered. This mechanism is analogous to the 

detection mechanism of SPR sensors, where a change in local refractive index of the 

liquid changes the resonance conditions at the gold-water interface and eventually 

converts to a fluctuation in reflectivity. Here, the factor that determines the resonance 

is the phase, 𝜙1 in Eq. (4.1). 

TE polarization is considered first. The reflection coefficient at the spacer-water 

interface is given by: 

𝑟𝑠 =
𝑛𝑠 cos 𝜃𝑠−𝑛𝑤 cos 𝜃𝑤

𝑛𝑠 cos 𝜃𝑠+𝑛𝑤 cos 𝜃𝑤
       (4.3) 

where subscript 𝑠 and 𝑤 denote spacer and water, respectively. 

Incident angle 𝜃𝑠 and refracted angle 𝜃𝑤 follow the Snell’s Law: 
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𝑛𝑠 sin 𝜃𝑠 = 𝑛𝑤 sin 𝜃𝑤       (4.4) 

Since the incident angle is above the critical angle for spacer-water interface, 

therefore, 

cos 𝜃𝑤 = 𝑖√(
𝑛𝑠 sin 𝜃𝑠

𝑛𝑤
)

2

− 1      (4.5) 

This indicates that in Eq. (4.3), 𝑛𝑠 cos 𝜃𝑠 is real and 𝑛𝑤 cos 𝜃𝑤 is imaginary. Phase 

of the numerator 𝜙𝑡𝑜𝑝 can be worked out by an inverse tangent of the imaginary part 

over real part: 

 𝜙𝑡𝑜𝑝 = atan
−√(𝑛𝑠 sin 𝜃𝑠)2−𝑛𝑤

2

𝑛𝑠 cos 𝜃𝑠
      (4.6) 

And the numerator and denominator are complex conjugate to each other. Thus, 𝜙1, 

phase of 𝑟𝑠, can be worked out as twice the phase, 𝜙𝑡𝑜𝑝, of the numerator. 

𝜙1 = 𝑝ℎ𝑎𝑠𝑒(𝑟𝑠) = 2𝜙𝑡𝑜𝑝       (4.7) 

Phase change with respect to 𝑛𝑤, refractive index of water, can be given by: 

Δ𝜙1 = 2
𝑑𝜙

𝑑𝑛𝑤
Δ𝑛𝑤 =

2𝑛𝑤𝑛𝑠 cos 𝜃𝑙Δ𝑛𝑤

√𝑛𝑙
2 sin2 𝜃𝑠−𝑛𝑤

2 (𝑛𝑠
2−𝑛𝑤

2 )

                             (4.8) 

The analytical result calculated with Eq. (4.8) is shown in Fig. 4.4 with PDMS as 

spacer material and the incident angle corresponds to 𝜃𝑙. The figure shows that the 

sensitivity decreases as the angle of incidence increases above the critical angle of 

spacer/water interface, i.e., 72.7°.  
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Fig. 4.4. Phase change calculated using the analytical expression in Eq. (4.8) 

with a refractive index of 10-4 and the optical parameters associated with 

PDMS. Note that the incident angles on the x-axis refer to the incident angle 

from the spacer not the glass prism. 

 

For TM polarization, following the same procedure, the phase change with respect 

to 𝑛𝑤, refractive index of water, can be given by: 

𝜙1 = 𝑝ℎ𝑎𝑠𝑒(𝑟𝑠) = 𝜋 − 2𝜙𝑡𝑜𝑝      (4.9)  

Δ𝜙1 =
−2𝑛𝑠 cos 𝜃𝑤𝑛𝑤Δ𝑛𝑤

𝑛𝑤
2(𝑛𝑤 cos 𝜃𝑠+𝑛𝑠 cos 𝜃𝑤)

                                   (4.10) 

where cos 𝜃𝑤 = √(𝑛𝑙 sin 𝜃𝑙 𝑛𝑤⁄ )2 − 1. 

By working out the derivative of Eq. (4.10), it can be confirmed that above the 

critical angle, Δ𝜙1 is monotonically decreasing with increasing angles. 

Consider an acoustic pressure of 1 MPa with normal incidence at the top surface, 

which leads to a refractive index shift in water (𝑛𝑤) from 1.318 to 1.318135 with an 

acousto-optic coefficient of ∆𝑛𝑤 ∆𝑝⁄ = 1.35 × 10−10 Pa−1 . Figs. 4.5(a) and 4.5(b) 

shows the response maps varying spacer thickness and wave vector for TE and TM 
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polarizations, respectively. Figs. 4.5(c) and 4.5(d) show the responses of 1 μm and 1.6 

μm spacer for TE and TM polarization, respectively. It can be concluded that sensing 

with TIR-FP and TE polarization can give more responsivity. 

 

 

Fig. 4.5. Responsivity maps showing variation with 𝑛0 sin 𝜃  and cavity 

thickness for (a) TE and (b) TM polarizations. (c) Responsivity with a 1-µm-

thick cavity and TE polarization. (d) Responsivity with a 1.6-µm-thick cavity 

and TM polarization. 

 

As shown in Figs. 4.5(c) and 4.5(d), the FWHM for TE polarization is narrower 

than that for TM polarization. This is due to the absorption in the gold layer. With the 

same thickness of gold, loss for TM is always greater than that for TE polarization. 
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Since for TM polarization, gold thickness is 30 nm, whereas that for TE is 12 nm, this 

is even more pronounced.  

The bandwidth of this mechanism can be estimated considering the situation in Fig. 

4.1(b). In Fig. 4.1(b), the red curve represents the evanescent field that is excited by a 

totally internally reflected beam in the spacer layer. The extent of this field depends 

on the wavelength and incident angle of the incident light in the spacer. If the 

incidence is slightly above the critical angle, the depth of the field will be deep in the 

water, whereas if the incidence is well above the critical angle, the field will be more 

tightly confined to the surface. The grey scale represents variations of refractive index 

for water caused by acoustic perturbation. If the wavelength of the acoustic wave is 

substantially longer than the penetration depth of the evanescent field, the field sense 

almost constant refractive index. But if the wavelength of the acoustic wave is on the 

same order as the penetration depth of the evanescent field, the refractive index 

change sensed by the field will cancel out over the penetration depth, therefore, 

reflectivity change cannot reflect the profile of the acoustic wave. 

In order to estimate the bandwidth of the mechanism, two quadrature phasors are 

introduced to describe the refractive index variation in the water caused by acousto-

optic effect.  

𝑛(𝑥) = 𝑛0 + Δ𝑛 cos(𝑘𝑎𝑐 𝑥)                                   (4.11) 

𝑛(𝑥) = 𝑛0 + Δ𝑛 sin(𝑘𝑎𝑐 𝑥)                                   (4.12) 
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where 𝑛0  is the base refractive index, Δ𝑛 is the maximum refractive index change 

caused by acoustic pressure, 𝑘𝑎𝑐 is the wave vector of the acoustic wave and 𝑥 is the 

distance from the spacer/water interface. 

Variation in refractive index is then converted to an impedance change which is 

propagated back to the spacer/water interface. Frequency responses with different 

incident angles in the glass are shown in Fig. 4.6. This is simply performed by 

propagating the impedance piecewise through extremely thin layers as depicted 

schematically in Fig. 4.7. Modulus of the impedance change is then projected onto the 

interface, and this is the perturbation seen by the cavity. 

 

 

Fig. 4.6. Frequency response of normalized impedance change considering 

TIR-FP modes at various incident angles above the critical angle. 

 

The curves in red, green and blue are for 61.6°, 62.2° and 72.0°, the first value is 

just above the critical angle. Impedance change with red curve falls to half maximum 
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at 250 MHz. The green curve rolls off to half maximum at approximately 500 MHz, 

whereas for blue curve, the half maximum is at around 2 GHz. Note that the analysis 

is indifferent to materials, however, for PDMS with 72° incidence, no FP modes will 

exist in the spacer since it is above the critical angle for the prism and PDMS, but for 

PMMA, this is realizable.  

A classic trade-off can be observed between responsivity and bandwidth within 

TIR-FP. It was shown that, above the critical angle of the interface between the spacer 

and water, as the angle increases, the responsivity, which is solely related to the phase 

change Δ𝜙1, decreases. However, as the incident angle increases, z-component of the 

k-vector is decreasing since 𝑘𝑧 = 𝑘 cos 𝜃 . Therefore, the penetration depth of the 

evanescent field decreases, therefore, the bandwidth is monotonically increasing with 

respect to the incident angle. 

4.4 Cavity Length Sensing Mechanism of TIR-FP 

A change in cavity length, d, can shift the resonant condition of the cavity. To 

calculate the change in cavity dimensions, strain distribution throughout the cavity is 

calculated. Take 𝑃(𝑥)  as the pressure distribution in the cavity and strain is 

represented by 𝜀(𝑥). Therefore, the total deformation Δ𝑙 in the cavity is given by 

Δ𝑙 = ∫ 𝜀(𝑥) dx =
𝑑

0
∫  

𝑃(𝑥)

𝑀
dx

𝑑

0
      (4.13) 

where the polymer occupies the space between 0 and d, and M is the modulus 𝑐11, 

because the layer is constrained from dimensional changes in the plane of incidence. 
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Note here that the pressure and the strain are phasor quantities, and when the 

wavelength of the acoustic wave in the layer is comparable with the thickness of the 

layer d, variation will occur in the phase that will decrease the total deformation in the 

cavity, thus setting the bandwidth limit of the structure. 

It is possible to analyse the pressure distribution numerically with available finite 

element method software packages, e.g., COMSOL Multiphysics. However, the 

configuration of the TIR-FP structure lends itself to a more straightforward and highly 

computation-efficient approach based on acoustic impedance. 

4.4.1 Calculation of the Pressure Distribution and the Associated 

Strain in the Spacer Layer 

The method is essentially adapted from that provided by Azzam and Bashara [20], but 

with an addition to allow that the pressure field distribution can be obtained at 

arbitrary positions with forward and backward propagating pressure waves [164]. 

Normally, there is no need to consider any obliquity factors since acoustic waves 

propagate normally through the structure and interact with all interfaces. In this case, 

the acoustic impedance, Z, can be given by the product of its density, 𝜌, and the sound 

velocity, 𝑣, in the material: 

𝑍 = 𝜌𝑣         (4.14) 
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Fig. 4.7. Transfer matrix model of acoustics in the TIR-FP. 

 

Fig. 4.7 shows the acoustic transmission line model of our transducer, where the 

different layers and materials are numbered as labelled. The transfer matrix of the 

model which give describe the relationship between the input pressure from water and 

the transmitted wave in the glass as follow: 

    [
𝑃0

+

𝑃0
−] = [𝑺𝒕𝒐𝒕] [

𝑃3
+

𝑃3
−]       (4.15) 

where 𝑺𝒕𝒐𝒕 represents the field propagation through the structure. 

𝑺𝑡𝑜𝑡 = 𝑰01𝚽1𝑰12𝚽2𝑰23      (4.16) 

where 𝚽 refers to the propagation matrix. 

In Eqs. (4.14) and (4.15), subscripts refer to the layer as numbered in Fig. 4.7, and 

𝐼𝑖𝑗 refers to the transfer matrix from the 𝑗-th layer to the 𝑖-th layer. The transfer matrix 

𝐼𝑖𝑗 is given in terms of the acoustic impedance of the layers as: 

𝑰𝒊𝒋 =
1

2𝑍𝑗
[
𝑍𝑗 − 𝑍𝑖 𝑍𝑗 + 𝑍𝑖

𝑍𝑗 + 𝑍𝑖 𝑍𝑗 − 𝑍𝑖
]      (4.17) 

The propagation matrix 𝚽𝑖 is given by: 

𝚽𝒊 = [
exp −𝑖𝑘𝑖 𝑑𝑖 0

0 exp 𝑖𝑘𝑖 𝑑𝑖
]                                      (4.18) 

where 𝑘𝑖  and 𝑑𝑖  are the acoustic wave vector and the thickness of the ith layer, 
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respectively. 

Thus, we have: 

𝑃3
+ = 𝑃0

+/𝑺𝒕𝒐𝒕(1,2)               (4.19) 

The value of 𝑃3
− is considered to be zero as the medium is considered to be semi-

infinite. 

Then, the field can be propagated toward the spacer-gold interface as marked in 

Fig. 4.7 with the dashed red line. The pressure distribution at this interface is given by: 

𝑰12𝚽2𝑰23 [𝑃3
+

0
]         (4.20) 

The forward- and backward-propagating waves in the spacer layer can be 

determined by multiplying the pressure field by a propagation matrix, in which the 

thickness term 𝑑𝑖  is replaced with 𝑥 as indicated in Fig. 4.7, the distance from the 

interface. 

The sum of the forward- and backward-propagating waves at 𝑥  gives the total 

pressure at a specific distance, and the strain can be calculated with Eq. (4.12). 

4.4.2 Responsivity and Bandwidth Analysis for PMMA and PDMS 

Spacer 

PMMA and PDMS were readily available and widely used for optical and acoustical 

research because of their outstanding optical transparency and mechanical properties 

as listed in Table 4.1 [166, 168-170]. Here, they are considered for spacer material of 

TIR-FP. 
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Table 4.1 Optical and mechanical properties of PMMA and PDMS 

 PMMA PDMS 

Refractive Index 𝑛 

1.4958 @ 532 nm 1.3976 @ 532 nm 

1.4771 @ 1550 nm 1.3804 @ 1550 nm 

Density 𝜌 1180 kg/m3 965 kg/m3 

Sound Velocity (longitudinal) 𝑐𝑙 2757 m/s 1076.5 m/s 

Bulk Modulus 𝑀 8.97 GPa 1.08 GPa 

 

The acoustic pressure distribution inside the spacer layers made from 2.5-𝜇m-thick 

PMMA and PDMS, calculated with the methods described above are shown in Figs. 

4.8(a) and 4.8(b), respectively. The gold layer is much thinner than the acoustic 

wavelength, thus, it has little impact on acoustic performance of the structure. 

However, it is taken into consideration for completeness. 
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Fig. 4.8. Acoustic pressure distributions of (a) PMMA and (b) PDMS as 

cavity materials. The cavity-water interface is at 0 µm and the cavity-gold 

interface is at 2.5 µm. Blue, orange, yellow, violet, green, cyan, and brown 

represent input frequencies of 1 MHz, 3 MHz, 10 MHz, 30 MHz, 100 MHz, 

300 MHz, and 1 GHz, respectively. 

 

At low frequencies, the spacer layer is thin (2.5 𝜇m) compared with the acoustic 

wavelength, thus, the field looks uniform. However, as the frequency increases, and 

the wavelength deceases to the same order as the thickness of the spacer layer, which 

is 300 MHz for PMMA and 100 MHz for PDMS, periodic patterns can be observed, 

and phase starts to cancel. 

The vectorial sum of the acoustic field integrated through the structure divided by 

the modulus gives the total displacement per pascal at each frequency as shown in Fig. 

4.9(a), where displacement is plotted against the acoustic frequency for PMMA and 

PDMS. Within the bandwidth, the PMMA cavity gives a displacement response of 
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4.95 × 10−7 nm ∙ Pa−1 and PDMS gives a displacement response of 4.05 × 10−6 

nm∙Pa−1. The 3-dB bandwidth for a 2.5-µm PMMA cavity measured in Fig. 4.9(a) is 

390 MHz, whereas that for PDMS is 100 MHz. 

The intrinsic trade-off between bandwidth and displacement response is 

demonstrated in Fig. 4.9(b) where different thicknesses of the PMMA cavity are 

investigated. When the thickness of the PMMA cavity increases to 25 µm, the 

structure can give a displacement of 4.05 × 10−5 nm∙Pa−1, which is comparable to 

2.5-µm PDMS layer. However, the 3-dB bandwidth falls to less than 30 MHz. 

 

 

Fig. 4.9. (a) Displacement per Pa vs. input frequency for 2.5 µm PDMS and 

PMMA layers. (b) Displacement per Pa vs. input frequency for PDMS layers 

of 2.5 µm, 5 µm, 10 µm, and 25 µm. 

 

The displacement of the structure is then combined with the optical analysis for TE 

polarization. The Fresnel calculations indicate that the responsivity can be considered 
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to be proportional to the displacement when displacement is much less than the total 

thickness of the spacer layer. Therefore, the optical responsivity is 3.12 × 10−7 Pa−1 

for a 2.5-µm PMMA layer whereas that for a 2.5-µm PMMA layer is 3.04 ×

10−6 Pa−1. 

SPR based sensors have been used in many photoacoustic sensing and imaging 

applications as optical detection probes [149, 171]. Theoretically, a conventional SPR 

produces an optical responsivity of 3 × 10−8 Pa−1 with an acousto-optic coefficient 

of 1.35 × 10−10 RIU ∙ Pa−1 . Therefore, the PMMA- and PDMS-based TIR-FP 

structures can provide orders of magnitude improvement over conventional refractive 

index sensing mechanism under the same excitation and detection configuration, and 

thus, can offer an immediate upgrade for ultrasound and photoacoustic sensing and 

imaging applications with competitive bandwidth performance. It should be noted that 

most of the mechanical properties, e.g., sound velocity, are frequency-dependent and 

there has been no thorough investigation in the literature of these critical mechanical 

properties of PDMS and PMMA in terms of frequency. Therefore, the analysis in this 

chapter aims to provide the theoretical framework but there may be some deviation to 

in the predictions due to inaccuracy in mechanical property values. 

4.5 Summary 

In this chapter, the concept of TIR-FP is proposed and explained. TIR-FP comprises a 

thin gold layer as coupler and a spacer layer to support the Fabry-Perot modes above 
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the critical angle for both TM and TE polarizations. Two dominant mechanisms for 

TIR-FP to detect acoustic waves have been discussed. Both evanescent field and 

propagating FP modes can be used for detection of sound waves. An acoustic pressure 

in the liquid interacts with the optical evanescent field, resulting in a change in local 

refractive index, and thus, perturbing the reflectivity. Similarly, an acoustic wave 

penetrating within the FP perturbs the resonant condition by changing the thickness of 

the spacer layer. This perturbs the resonant conditions so that the optical reflection 

mirrors the instantaneous pressure field from the acoustic wave.  

The chapter considers the effects that limit the bandwidth of the two detection 

mechanisms when the wavelength of the acoustic field is commensurate the 

dimensions of the evanescent field (for perturbation in the couplant) with or the 

polymer thickness (for the mechanism based on dimensional change of the resonator). 
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Chapter 5 Ultrasound and Photoacoustic Sensing 

with TIR-FP 

5.1 Introduction 

Following the theoretical analysis of the total-internal-reflection based Fabry-Pérot 

(TIR-FP), this chapter presents the experimental evaluation of TIR-FP for ultrasound 

and photoacoustic sensing capability. The proposed TIR-FP structures comprise a 

metal layer and a polymer spacer layer deposited on top of coverslips. For a 

conventional Fabry-Pérot structure, there is usually an additional layer or stack of 

layers on top of the polymer spacer layer to provide perfect reflection, which are 

usually metals or crystals [13, 172, 173]. Therefore, for selection of spacer material, 

the compatibility between mechanical properties has to be considered, otherwise, the 

fabricated layers may be prone to cracking. Thus, in the applications, materials chosen 

for spacer are usually relatively hard, e.g., polyethylene terephthalate (PET), parylene 

or glass. 

A major structural advantage is that there are no layers on top of the polymer 

spacer layer. Therefore, soft materials with small elastic modulus can be used, e.g., 

PDMS [174-176]. 

Regarding the performance, three main factors were evaluated in the experiment, 

i.e., responsivity, bandwidth and sensitivity. Sensitivity is related to the minimum 
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detectable signal in the system and is usually defined as the noise-equivalent pressure 

(NEP) in the unit of Pascal (N·m-2) and is given by the standard deviation of noise in 

the unit of Volt divided by responsivity of the transducer in the unit of V/Pa. 

5.2 System Configuration 

5.2.1 Experimental Setup 

As discussed in Chapter 3, the incident optical beam for TIR-FP modes is above the 

critical angle. Therefore, two possible experimental systems were considered. The 

first is illumination with high-numerical-aperture (NA) objective lenses with high-NA 

oil for coupling, which is often used for investigating SPR based systems. With NA 

above 1, beams focused with objective lenses will illuminate some angles above the 

critical angle. However, complicated supportive components have to be included in 

the system in order to have a fine profile of the modes and the angle range from 0 to 

critical angle is not used in this experiment. As the optical wavelength is 1550 nm, 

infrared objective lenses with high NA tend to be more expensive than ones at visible 

wavelengths. 

The other possible experiment configuration is prism based attenuated total 

internal reflection (ATR) actuated with scanning galvo mirror. Optical resonance of 

the TIR-FP highlights narrow FWHM in angular and wavelength domain and high 

responsivity to input acoustic pressure. A scanning mirror can be used in the system to 
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resolve the narrow linewidth of the resonance, and the incident angle can be fixed 

when recording the intensity variation with respect to the input acoustic wave. 

Wavelength profiles of resonances can be recorded by tuning the tunable laser. 

Fig. 5.1 shows a schematic of the experimental system and Fig. 5.2 shows a 

photograph of the experimental system. The source of the interrogation was an 

infrared tunable laser (TSL-710, Santec Corp., Japan) with fiber-coupled output. The 

beam was linearly polarized, and the wavelength can be tuned from 1480 nm to 1620 

nm with a maximum flat output of 20 mW. The polarization can be adjusted using an 

achromatic half waveplate (AHWP10M-1600, Thorlabs, USA) for pure TM or TE 

output. Then, the beam was expanded with lenses L1 (f=100mm, Thorlabs, USA) and 

L2 (f=150mm, Thorlabs, USA) for a more uniform intensity distribution at the center. 

After beam expansion, the beam is reflected onto the customized galvo mirror (GM in 

Fig. 5.1). The galvo mirror consists of a silver mirror (PF10-03-P01, Thorlabs, USA) 

mounted on the center of a motorized rotation stage (HDR50/M, Thorlabs, USA). The 

motor was connected to a controller and computer interface (BSC201, Thorlabs, USA) 

and then connected to a computer for synchronized acquisitions. The beam was then 

projected onto the sample and split with a beam splitter and collected with two 

photodetectors (PD). PD1 (PDF10C2, Thorlabs, USA), with a bandwidth ranging 

from DC to 20 Hz, was designed to monitor and compensate for drift of the DC signal 

and PD2 (PDA05CF2, Thorlabs, USA), with a bandwidth of 150 MHz, was connected 
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to an oscilloscope and used for data acquisition. 

 

 

Fig. 5.1. Experimental setup. IRTL: infrared tunable laser; HW: half 

waveplate; GM: galvo mirror; PL: nanosecond pulse laser; UT: ultrasound 

transducer; BS: beam splitter; PD: photodetector. 

 

Lenses L3-L5 were achromatic lenses with 100 mm focal length. Lens L6 were 

200 mm focal length. L3 and L4 were used to project the beam onto the structure. L5 

and L6 were used to collect the beam. Essentially, two lens pairs formed two 4f 

systems, therefore, the GM, the structure and photodiodes of PD were on the 

conjugate plane of each other, so that when GM rotated, illuminated areas on PD 

almost did not change significantly. A small change may be introduced since the prism 

is equilateral, light paths may differ by a small amount for different incident angles. 
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Fig. 5.2. A photograph of the experimental system. 

 

Resonance profiles in angular and wavelength domain were achieved by rotating 

the rotation stage or tuning the laser wavelength, respectively. A Python script was 

developed to issue a command for tuning or rotation while triggering the oscilloscope 

to record the data and transmit back to the computer for processing. Another 

commonly used approach would be to use LabView and DAQ cards. However, the 

oscilloscope is more straightforward for optimizing the system. The acquired profiles 

were temporal sequences. Knowing the tuning speed, the measurement time may be 

converted to angle or wavelength. 

Responsivity analysis was carried out with an ultrasound transducer (UT) as 

indicated in the blue square of Fig. 5.1. The ultrasound transducer was connected to a 

pulser-receiver (DPR300, Imaginant, USA). The ultrasound transducer was calibrated 

with a PVDF hydrophone (HMB-200, Onda Corp., USA). The generated ultrasound 
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signals have a center frequency of 15 MHz with 16 amplitude levels. 16 amplitude 

levels correspond to 129 kPa, 161 kPa, 198 kPa, 232 kPa, 265 kPa, 299 kPa, 332 kPa, 

364 kPa, 390 kPa, 422 kPa, 452 kPa, 479 kPa, 509 kPa, 534 kPa, 560 kPa and 585 

kPa acoustic pressure, respectively. The acquisition sequence was synchronized with 

the sync signal out of the pulser-receiver. 16 responses were recorded for each 

structure. An automated program was developed with Python 3.9 to control the 

rotation stage, the oscilloscope and the pulser-receiver via Thorlabs APT and Visa 

interfaces. 

Bandwidth analysis was implemented with photoacoustic sensing as indicated in 

the yellow square of Fig. 5.1. This is needed because the generated photoacoustic 

signal has a much larger bandwidth compared to the commercial ultrasound 

transducers. The ultrasound transducer was replaced with a nanosecond pulse laser at 

532 nm (CGGC, China) with 5kHz repetition rate. The pulse width of the nanosecond 

laser was 3.4 ns as measured with the oscilloscope. Laser pulses were focused onto an 

absorbing layer located a few millimeters above the structures with a 50-mm 

achromatic lens. 

Sensitivity analysis was carried out with the UT. The driver of the UT was 

switched to a function generator rather than the pulser-receiver since the amplitude of 

the pulser receiver was on the order of magnitude of 105 Pa, which is far above the 

scale of the estimated sensitivity. On the other hand, a function generator can generate 
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nanosecond pulses with as low as 0.1 V amplitude, which corresponds to an acoustic 

amplitude of ~100 Pa. 

In responsivity and bandwidth analysis, conventional SPR sensors were used to 

benchmark the proposed TIR-FP transducer since all other elements of the system are 

similar. An alternative is to use conventional Fabry-Perot structure as the reference. 

However, there would be many uncontrolled variables affecting the results as they 

would be investigated in two separate systems and the optical path would be different 

for different incident angles. Thus, the comparison would be much more difficult to 

control. SPR can be investigated within the shared system as the mode excitation 

angle is similar to TIR-FP. Although SPR was mainly used for refractive index 

sensing based applications, there have been continued research interests with it in the 

related area [82]. Therefore, SPR was chosen as the benchmark reference. 

5.2.2 Sample Preparation 

Three batches of samples were prepared. SPR samples were prepared by depositing a 

38-nm-thick gold layer on top of the N-BK7 coverslip substrate with a sputter (Nano 

36, Lesker, USA). The dimensions of the samples were optimized for 1550 nm 

wavelength. 

For TIR-FP samples with TE polarization, a 12-nm gold layer was deposited first 

with the sputter on top of coverslips. Theoretically, for TE polarization, the thickness 

of the gold layer varying from 5 nm up to 15 nm can support TIR-FP resonance with 
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high Q and good variation between minimum and maximum intensity as shown in Fig. 

5.3. However, practically, there are several constraints limiting minimum thickness of 

the gold layer, e.g., surface roughness, surface tension and deposition techniques, and 

ultra-thin films (<10 nm) are subject to island formation resulting in deviation of 

optical properties from simulation [177]. Therefore, 12 nm was chosen in a good 

compromise between film quality and theoretical performance. 

 

 

Fig. 5.3. TIR-FP resonance with gold thickness varying from 5 nm to 15 nm. 

 

Two batches of TIR-FP samples were fabricated with PMMA 950k and PDMS as 

the spacer layer, respectively. PMMA used was AR-P 672.08 from Allresist GmbH 

and PDMS used was Sylgard 184 with 10:1 base elastomer/curing agent mixing ratio. 
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The polymer layers were coated with a spin coater and their thickness was measured 

with a surface profiler. The thickness of the PMMA layer was 1.9 μm, and the 

thickness of the PDMS layer was 3.4 μm. 

5.3 Responsivity Analysis 

5.3.1 SPR 

Results for the conventional SPR sample are presented first in Fig. 5.4 for future 

comparison and reference of the proposed TIR-FP. The angular profile of the SPR 

sensor is shown in Fig. 5.4(a). The wavelength profile is not displayed because the 

linewidth of the wavelength profile for the resonance is broad. The angular profile 

was acquired via a Python script which triggered the motorized stage to rotate at a 

speed of 0.1°∙s−1 continuously. Meanwhile, the oscilloscope was triggered to record 

the data at a sampling rate of 50k points per second. 

The displayed profile in Fig. 5.4(a) was normalized with respect to the maximum 

value of the measurement. The FWHM of the measured profile is 1.08 × 10−2 in the 

unit of 𝑛0 sin 𝜃 (equivalent to 0.89°) as indicated in Fig. 5.4(a). Marker A in Fig. 5.4(a) 

indicates the operating point for responsivity analysis, which is the point with the 

maximum slope. 
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Fig. 5.4. Results for SPR sensor. (a) Reflectivity measured via angle scanning, 

(b) responses of 15 MHz ultrasound transducers to various input acoustic 

pressures, and (c) maximum recorded responses with respect to the input 

acoustic pressures. 

 

Fig. 5.4(b) shows the 16 normalized temporal responses acquired with the 15 MHz 

UT corresponding to 16 input amplitudes. The absolute values of maxima in temporal 

responses are plotted against the input acoustic pressures in Fig. 5.4(c) and a linear 

regression is performed. The result shows excellent linearity with an 𝑅2 of 0.9985. 

The slope of the linear fitting can be converted to the responsivity of the SPR 

transducer, which is 1.517 × 10−8 Pa−1 . The value agrees with the maximum 

responsivity of 1.63 × 10−8 Pa−1 reported in Ref. [100, 143]. 

5.3.2 PMMA-based TIR-FP 

SPR can be excited solely using TM polarization. Therefore, SPR samples also 

function as a tool to calibrate the axis of the half waveplate and control the 

polarization in the system. 
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For TIR-FP, both TM and TE can be used for sensing. However, with the same 

thickness of gold layer, the TE polarization tends to show a smaller loss than the TM 

polarization, thus resulting in a narrower FWHM of the resonance compared to the 

TM mode. The TE polarization thus exhibits better performance compared with TM. 

This advantage is even more enhanced in practice, where gold thickness of TE is 

thinner than that of TM. Therefore, experimental studies of the designed TIR-FP 

structure were implemented with TE polarization.  

In the experiment, after TM polarization was used for SPR excitation, the 

waveplate was further rotated 45 degrees to ensure TE polarization. The wavelength 

of the laser was initially fixed at 1550 nm, and the angle was then fixed and fine-tuned 

so the wavelength was tuned slowly until the operating point with maximum response 

was reached. The operating point is roughly at the value where the reflectivity is 

halfway between the maximum and minimum corresponding to the largest gradient. 

For angular profiles, the rotation stage rotated at a speed of 0.01°∙s−1, which is 10-

time slower than the scanning for the SPR measurement, since the FWHM for TIR-FP 

is much narrower than that for SPR. Wavelength profiles of TIR-FP sensors were 

acquired with a wavelength tuning speed of 5 nm per second.  
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Fig. 5.5. Results for PMMA-based TIR-FPs. (a) wavelength and (b) angular 

scanning profiles for Reflectivity of PMMA measured at 1550 nm, (c) 

response of 15 MHz UT to various input acoustic pressures, and (d) 

maximum recorded responses vs. the input acoustic pressure. 

 

Fig. 5.5(a) shows the wavelength profile of the TIR-FP resonance with a 1.9-μm 

PMMA layer. As measured from the profile, the FWHM of resonance is 8.68 nm. Fig. 

5.5(b) shows the angular profile of the PMMA-based TIR-FP resonance, the FWHM 

of which is 9.5 × 10−4 in units of 𝑛0 sin 𝜃. 16 temporal responses are illustrated in 

Fig. 5.5(c) corresponding to 16 pressure amplitudes from the 15 MHz UT controlled 

by the pulser. The absolute values of maximum values in the temporal responses are 
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marked in Fig. 5.5(d) with respect to the input pressure. A linear regression is 

performed to extract the responsivity with excellent linearity (𝑅2 = 0.9999). The 

responsivity is 5.45 × 10−8 Pa−1, which is a 3.6-fold improvement compared with 

the conventional SPR sensor measured in the same system. 

5.3.3 PDMS-based TIR-FP 

For the investigation of TIR-FP with a PDMS layer, polarization was maintained as 

TE polarization. Fig. 5.6(a) shows the normalized spectral profile of resonance and 

the spectral FWHM measured is 12.8 nm. Fig. 5.6(b) shows the normalized angular 

profile of resonance, the FWHM of which is 3.8 × 10−4  in units of 𝑛0 sin 𝜃 . 

Compared with PMMA based structures, the spectral FWHM is about 50% wider and 

the angular FWHM is about 60% narrower. For better display of the results, a 3-order 

Savitzky-Golay filter and down-sampling were applied in all angular and spectral 

profiles regarding PMMA and PDMS structures, otherwise, there would be too many 

points of data from the oscilloscope to process. The filter effectively smoothed the 

data and filtered out random noise and interferences of small period in the optical 

system due to multiple reflection, which overlapped with the resonance of interest. 

The resonance dip of PDMS is shallower than that of PMMA and SPR. This can be 

partly explained by a recent study where a small imaginary part has been observed in 

the refractive index of PDMS at 1550 nm [166]. 

Fig. 5.6(c) shows the normalized temporal responses with the UT. Their maximum 



114 

 

values were plotted in Fig. 5.6(d) against the calibrated input pressure. A responsivity 

of 4.6 × 10−7 Pa−1 at 15 MHz was observed from the linear regression in Fig. 5.6(d), 

which is a 30-fold improvement over the conventional SPR structure. 

 

  

Fig. 5.6. Results for PDMS-based TIR-FPs. (a) wavelength and (b) angular 

scanning profiles for Reflectivity of PMMA measured at 1550 nm, (c) 

response of 15 MHz UT to various input acoustic pressures, and (d) 

maximum recorded responses vs. the input acoustic pressure. 

 

For a conventional FP structure, consisting of a 20-µm thick polyethylene 
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terephthalate (PET) layer between 10 nm and 100 nm gold layers, the typical 

responsivity is approximately 4.6 × 10−7 Pa−1 [143]. The result is comparable with 

that of the proposed PDMS-based TIR-FP, although the mentioned conventional FP 

structure usually has a bandwidth of only 40 MHz or less due to the much greater 

thickness. It will be seen in Section 5.3 that bandwidth of the proposed transducer is 

considerably greater. 

5.4 Bandwidth Analysis 

Bandwidth is another important parameter characterizing an acoustic sensor. However, 

commercial piezoelectric UTs usually have narrow bandwidths. In the case of the 15 

MHz UT from Olympus, the bandwidth is 4 MHz. So usually, in order to characterize 

the performance with a bandwidth of 100 MHz, the conventional approach would 

require multiple UTs centered at different frequencies [100]. The process can be 

tedious and the different UTs need careful placement and alignment. Another 

approach is to detect a photoacoustic signal excited from an absorbing layer. A 

spectral comparison between the generated signal with the acquired signals gives the 

bandwidth performance of the structures. For this method, the bandwidth of the 

generated photoacoustic signal is dependent on the material and the duration of the 

exciting laser pulse. Generally speaking, soft materials generate narrow bandwidth 

signal with low center frequency. Therefore, graphene is selected as the absorbing 

material for its stiffness and high absorption. 
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Figs. 5.7(a)-5.7(c) shows the normalized temporal responses of the generated 

photoacoustic signal for the SPR, PMMA- and PDMS-based TIR-FP resonators, 

respectively. Fast Fourier transforms (FFT) were performed for the three responses 

and displayed in Fig. 5.7(d). As a reference of the TIR-FP, the acquired bandwidth for 

the SPR is 113 MHz measured from FFT in Fig. 5.7(d). The bandwidth for PMMA-

based TIR-FP is 110 MHz and that for PDMS-based TIR-FP is 75 MHz. 

 

 

Fig. 5.7. Photoacoustic results for the (a) SPR, (b) PMMA-, and (c) PDMS-

based TIR-FPs and (d) their FFTs for the bandwidth analysis. 
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5.5 Sensitivity Analysis 

For sensitivity analysis, NEP was evaluated. NEP effectively means the pressure level 

at a signal-to-noise ratio (SNR) of 1. The value cannot be directly measured but can 

be calculated by extrapolating response versus pressure down to the noise level. In 

general, small NEP is desired since it optimizes the precision of the measurement and 

also allows the use of lower power for a given SNR and fast scanning for 

photoacoustic imaging. 

A typical NEP of acoustic transducers based on SPR is of the order of thousands of 

Pascals. Given the improvement in responsivity, an NEP of a few hundred can be 

expected for PDMS-based TIR-FP. However, the amplitude of pulse generated by 

pulser is huge as input pressure of Section 5.4 ranges from 129 kPa to 585 kPa, which 

differs from the estimated NEP by three orders of magnitude. Therefore, the pulser 

was replaced with a function generator (33622A, Keysight, USA), which can generate 

pulses with an amplitude as low as 0.1 V with good SNR. To avoid quantization error 

of the oscilloscope for small signals, a DC blocker and an analog amplifier was added 

between the PD2 and the oscilloscope. The sensitivity measured with this approach is 

more convincing compared to extrapolation directly from the responsivity 

measurement in Section 5.2. 

The combination of the function generator and the ultrasound transducer was 

calibrated with the hydrophone (HMB-200, Onda Corp, USA) for the amplitude 
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voltage range of 1 V to 9 V. For amplitudes lower than 1 V, responses of the 

hydrophone fall far below the voltage per division limit of the oscilloscope, which is 1 

mV/div and the signal was blurred by quantization error, and random noise became 

significant compared to the hydrophone signals. Therefore, we have to extrapolate the 

pressure values for amplitude levels below 1 V assuming a linear relationship between 

pressure and voltage. Since the response of the TIR-FP in this range appeared linear, 

we can confidently say that the extrapolation to low voltage level for noise-equivalent 

sensitivity is valid. 

The response maximums of the PDMS-based TIR-FP is plotted against each 

incident pressure from calibration or extrapolation as shown in Fig. 5.8(a). The results 

demonstrate excellent linearity of TIR-FP response and incident pressure with small 

values from 180 Pa up to 10 kPa. The response of the system was measured to be 

301.75 mV per 1 kPa. In order to reduce effects of noise and evaluate responses of the 

TIR-FP with small signals with more precision, a temporal averaging of 9 was applied 

during the evaluation. This averaging should provide a 3-fold improvement in SNR, 

and this allows us to make a valid measurement of the signal at the single-shot noise 

level. It must be emphasized that although averaging was used to assess the sensitivity, 

any values of NEP were converted to single shot measurement. 

In a separate measurement of the noise levels, no averaging was applied. The noise 

levels were recorded from -1.26 μs to -0.26 μs. The minus sign indicates time before 
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the pulses were generated. The noise level was 48.47 mV as shown in Fig. 5.8(b). 

Therefore, the NEP of the system is about 160 Pa. The main noise type in the system 

was additive Gaussian noise since no obvious increases in NEP was observed when 

increasing the gain of the amplifier. A comparable sensitivity level was measured after 

an interval of 7 days. Therefore, no obvious deterioration in responses and sensitivity 

was observed. 

 

 

Fig. 5.8. (a) Response of PDMS based TIR-FP with a function generator as 

the driver of the ultrasound transducer. The data is marked in blue dots and its 

linear regression is marked in a yellow line. (b) Single-shot noise level 

recorded before ultrasound trigger with no averaging. 

 

5.6 Discussion 

In the current system, PMMA- and PDMS-based TIR-FPs were examined for 

responsivity, bandwidth and sensitivity. In the analysis of responsivity and bandwidth, 
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an SPR sample was also tested as a benchmark against the TIR-FP samples within the 

same experiment system. A 30-fold improvement in responsivity over SPR was 

observed with slightly a deteriorated bandwidth of 75 MHz for PDMS. For PMMA, a 

3.6-fold improvement in responsivity was observed with a comparable bandwidth of 

110 MHz. An NEP of 160 Pa was observed for PDMS-based TIR-FP. These results 

indicated huge potential of TIR-FP for ultrasound and photoacoustic sensing and 

imaging applications. Compared with conventional FP structures, incidence above the 

critical angle means longer light path for a given thickness of cavity, which gives 

more responsivity, while remaining the same thickness, which means the comparable 

acoustic bandwidth performance. Compared with the SPR-based photoacoustic 

transducers using similar investigation systems, the responsivity of TIR-FP is 

significantly greater. 

Further improvements can be made to further enhance the performance. As 

previously discussed, NEP is dependent on both SNR of the system and responsivity 

of the transducer, and an intrinsic trade-off exists for responsivity and bandwidth. 

Therefore, two possible approaches to improve sensitivity would be (i) to improve 

SNR and (ii) to improve responsivity. 

Since the nature of the noise within the system is mainly additive Gaussian white 

noise, adopting phase interrogation or an additional reference beam for cancellation of 

noise would significantly reduce noise and improve SNR [103, 178]. Since sensing 
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with TM and TE has different resonance angles, the counterpart polarization can be 

used as in-situ reference for reduction of common-path noise [148]. 

Given the current bandwidth of the transducer is 75 MHz for PDMS-based TIR-FP, 

if a thicker spacer was used, the NEP can be estimated to be less than 50 Pa in the 

same interrogation system, while still maintaining a respectable bandwidth (>20 MHz) 

for microscale photoacoustic imaging applications. It is worth noting that the current 

bandwidth for the PMMA transducer is somewhat restricted by the bandwidth of the 

PD and the amplifier. Further improvement over the current bandwidth can be 

achieved with a faster PD and amplifier. 

In these experiments, two widely used materials were coated, i.e., PMMA and 

PDMS. Mechanical properties set the baseline of the trade-off between responsivity 

and bandwidth. Further fine control over the spacer thickness can allow fine tuning of 

the trade-off. Other materials, e.g., parylene, can potentially provide more durability 

and be more appropriate for mass production than PMMA [179, 180]. The spacer can 

serve as a protective layer for the metal layer, preventing oxygen and water, therefore, 

silver or silver-gold alloys can be used to avoid oxidation [181-183].  

It should be noted that since the pulse repetition rate of these experiments were 

relatively low (1 kps), the thermal-optic effect was not significantly observed. 

However, for future experiments including high-speed photoacoustic imaging, 

additional measures should be taken to control the local temperature drift on the 
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sample and to compensate for temperature drift with an additional reference beam and 

related electronics. 

5.7 Summary 

In this chapter, TIR-FP structures with PMMA and PDMS spacer layers were 

experimentally demonstrated. The structures were investigated in an intensity-

interrogation based system with Kretschmann configuration for investigation above 

the critical angle, which is similar to that used for other optical surface wave based 

optical sensors [100, 104]. An SPR sample was also tested within the same 

experimental system as a benchmark against the TIR-FP samples. The proposed TIR-

FP structures with PMMA and PDMS exhibited responsivities of 5.45 × 10−8 Pa−1 

and 4.5 × 10−7 Pa−1 , respectively, indicating an enhancement of 3.6- and 30-fold 

over the conventional SPR sample measured in the same system. The structures 

showed estimated bandwidths of 75 MHz and 110 MHz for PDMS and PMMA 

respectively when investigated with broadband photoacoustic signals. An NEP of 160 

Pa was recorded with the transducer driven by the function generator. 
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Chapter 6 Grating based Fabry-Pérot Resonator as 

an Ultra-Sensitive Ultrasound and 

Photoacoustic Transducer 

6.1 Introduction 

As non-destructive and non-invasive evaluation techniques, ultrasound and 

photoacoustic sensing has been developing rapidly and draws increasing research 

interests towards more sensitivity and broader bandwidth. The field was 

conventionally dominated by piezoelectric transducers. In recent years, optical 

detection mechanisms have emerged as a contender for ultrasound and photoacoustic 

sensing and imaging because of their high sensitivity and wide bandwidth capability. 

One well-established sensing mechanism discussed in this thesis is the Fabry-Pérot 

resonator. 

A typical Fabry-Pérot resonator is a simple structure with a polymer layer 

sandwiched between one highly reflecting layer and one partially reflecting layer and 

the resonator is usually excited with a laser source of normal incidence [184]. The 

typical reflecting layers include metal layers, e.g., gold, silver, and dielectric 

structures, e.g., Bragg reflectors, where pairs of two types of photonic crystal with 

different refractive indices and thickness equivalent to λ/4 stack [93, 96]. For adequate 

reflectivity from the reflecting layers, there are usually more than 4 pairs, that is 8 
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layers of photonic crystal with a total thickness exceeding 1 μm [155]. However, 

compared with simple metal layers, fabrication process of the lossless Bragg 

reflectors can be complex and have low yield, especially when the layers are 

fabricated on top of a soft polymer layer, since there are at least two orders of 

magnitude difference in elastic modulus between a conventional polymer material and 

the constituents of photonic crystals. Another issue is with the intrinsic dynamic range. 

Bragg-reflector based resonances tend to have good sensitivity performance. However, 

sensitive detection can be easily saturated. Therefore, variable intrinsic dynamic range 

is needed to accommodate signals with large amplitude variation. 

The principal sensing mechanism for Fabry-Pérot (FP) structures to detect acoustic 

waves arises from the deformation of the polymer layer as discussed in the previous 

two chapters. Another mechanism is the refractive index of the polymer layer is 

modulated by the acoustic pressure, which is essentially the elasto-optic effect. 

However, for conventionally used polymers, e.g., PET or Parylene, this effect is less 

significant compared to the former mechanism. Regardless of the mechanisms, the 

acoustic wave induces a change in optical path length, which results in a shift in 

resonance condition and can be detected with a photodetector. Sensitive FP 

transducers based on the mechanism have been developed and applied to ultrasound 

and photoacoustic imaging. 

There has been extensive work on guided mode resonance, where the diffraction 
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grating is one of the most fundamental elements. Two of the widely used optical 

gratings are deep subwavelength grating and diffraction grating, where the period of 

grating is far less or larger than the interrogation wavelength, respectively. The 

following is diffraction relation of the grating vectors and wavevectors of different 

diffracted orders. 

2𝜋

𝜆0
𝑛𝑜𝑢𝑡𝑠𝑖𝑛𝜃𝑜𝑢𝑡 =

2𝜋

𝜆0
𝑛𝑖𝑛𝑠𝑖𝑛𝜃𝑖𝑛 + 𝑚𝑘𝑔, 𝑚 = 0, ±1, ±2, …   (6.1) 

where n is the refractive index of the medium, m is the diffracted order, 𝑘𝑔 = 2𝜋 𝑑⁄  is 

the grating vector and d is the grating period; subscript 𝑖𝑛  and 𝑜𝑢𝑡  denotes the 

incident medium and exit medium. 

As a specialized structure with well-defined dimensions, high contrast grating 

(HCG) was proposed and has gained significant attention in the field of photonics and 

integrated optics [185-187]. The concept of HCG arises from the field of diffraction 

gratings, which are periodic structures that convert energy between different diffracted 

orders of light [186]. Unlike the conventional diffraction gratings, HCG are designed 

to have very high refractive index contrast between the grating bars and the 

surrounding media. This high contrast of refractive index enables precise control over 

the manipulation of light. By adjusting the period, duty cycle, grating depth, HCG can 

be engineered to reflect or transmit light with high efficiency (nearly 100%) at a 

desired wavelength with high quality factor Q or within specific bandwidth 

functioning as an optical filter. The key feature of the HCG is that it allows only two 
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modes to propagate in the grating structure and just a single propagating mode outside. 

This places severe constraints on the energy partition which leads to powerful 

properties. This places well defined constraints on dimensions and properties of the 

structure. The period of the grating has to fall in a well-defined range between the 

wavelength inside the high refractive index medium and the low refractive index 

medium. 

In this chapter, a grating based FP (GFP) structure is presented with the aim for 

ultrasound and photoacoustic sensing. Although this structure is quite different from 

the high contrast grating it shares the feature that few modes exist in the cavity and 

only a single mode exists outside. In the structure, no lossy components (metal) are 

used, instead, two subwavelength grating layers are used as reflectors. The period of 

the grating is well defined so that only two modes propagate inside the FP cavity and 

only the zero-th order propagates outside the structure. In the structure proposed the 

zero order and the two first order diffracted beams propagate, since these have the 

same phase velocity the condition for two modes withing the cavity is satisfied. The 

structure is capable of operating as a high-Q resonator, a broadband reflector and 100% 

transmission. Within the same structure, among different resonance peaks, variation of 

Q can be greater than 3 orders of magnitude. Simulation is obtained with a proposed 

coupled-Bloch-mode model and always compared with rigorous coupled wave 

analysis (RCWA) for verification in the defined wavelength range. 
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6.2 Theoretical Analysis of GFP 

6.2.1 Brief Revisit of the Fabry-Pérot Resonator 

Fig. 6.1 shows a simplified schematic of the FP resonator where a polymer layer is 

sandwiched between a partial reflector for light coupling and a total reflector to allow 

maximum light reflection. FP resonators operate by a change in thickness h marked in 

Fig. 6.1 as the acoustic wave impinges on the resonator. 

 

 

Fig. 6.1. Schematic diagram of the conventional Fabry-Perot resonator. 

 

Two major issues faced by the conventional FP that affect the acoustic field 

distribution inside the polymer cavity: the backing material and the thickness of the 

transducer. For metal reflectors, the thickness of the partial reflector is less than 20 nm 

and that for the total reflector is more than 100 nm. The thickness is significantly less 

than the acoustic wavelength. A stiff backing layer means the acoustic pressure that is 

seen by the transducer is almost doubled compared to the input pressure. For a 

backing layer with similar acoustic impedance to the transducer, the pressure imparted 
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onto the transducer similar to the incident pressure of the sound wave [184]. The 

thickness issue resembles the trade-off argument between sensitivity and bandwidth 

discussed in Chapter 4 [164]. As the thickness increases, strain is integrated over a 

larger range, and transducer response is increased. However, as the thickness 

increases to a comparable level to the wavelength, the strain, as a phasor, starts to 

cancel out, therefore, the detection bandwidth of the transducer is limited. 

Fig. 6.2 shows the integrated pressure with total thickness normalized to the 

acoustic wavelength of 2π and the acoustic impedance of the incident medium (water) 

normalized to 1. Green curve represents the case with a normalized transducer 

impedance of 2 and a very hard backing layer with a normalized acoustic impedance 

above 1000, the red curve represents the case with a normalized transducer impedance 

of 2 and a backing layer with a normalized acoustic impedance of 1, and blue curve 

represents the case with a normalized transducer impedance of 4 and a backing layer 

with a normalized acoustic impedance of 1. It can be seen from Fig. 6.2 that for 

thicknesses less than π/6, the gradient of the red curve is about half that of the green 

curve. 
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Fig. 6.2. Integrated pressure vs. normalized thickness of transducer (acoustic 

phase delay) across the transducer for a unit pressure wave input. The incident 

medium has a normalized impedance of 1. The green curve represents the 

case where normalized transducer impedance is 2 and backing normalized 

acoustic impedance is above 1000. The red curve represents the case where 

normalized transducer impedance is 2 and backing impedance is 1. Blue 

curve represents the case where normalized transducer impedance is 4 and 

backing impedance is 1. 

 

With the estimation of the mechanical responses to a given pressure, a change in 

optical reflectivity can be determined. Fig. 6.3 shows the relative change in 

reflectivity for an FP resonator with 0.1 nm thickness displacement and various 

thickness of thin metal layer, i.e., 5 nm, 10 nm and 15 nm for the red, green and blue 

curves, respectively. The input refractive index used in the calculation is 1.52, 
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whereas that of the polymer cavity is 1.57. It can be seen that the thickness of the thin 

metal layer affects the Q of the resonator peak sensitivity. In practice, most 

transducers operate with a 10 nm or 15 nm gold since below 10 nm, gold thin film is 

prone to island formation. Therefore, the peak response is approximately 0.04 nm-1 

and 0.08 nm-1 for 10 and 15 nm gold, respectively. 

 

 

Fig. 6.3. Response of 50 μm thick Fabry-Perot resonator as a function of 

wavelength. Red, green and blue curves represent the cases with 5, 10 and 15 

nm for thickness of the thin metal layer. 

 

6.2.2 Condition for GFP Modes 

Fig. 6.4 shows a schematic of a simplified GFP structure where the schematic is 

separated into three regions. Region 1 is the substrate with a refractive index of 𝑛1 

and the interrogation optical beam illuminates the structure from region 1. Region 2 is 
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the GFP consisting of a homogeneous polymer layer sandwiched between two grating 

layers of an identical period. For simplicity, it is assumed that the grating dimensions 

of the two grating layers are the same. Here, the grating and homogeneous layer are 

considered to have the same refractive index of 𝑛2. Region 3 with a refractive index 

of 𝑛3 is the superstrate of the structure and where the acoustic wave is projected onto 

the structure. 

 

 

Fig. 6.4. Schematic diagram of the double-layer grating Fabry-Perot resonator. 

Essentially, compared with conventional FP resonators, the mirror reflectors 

are replaced by a diffraction grating. 

 

Assuming normal incidence, since only one propagating wave is allowed in 

regions 1 and 3, and two non-degenerate modes are allowed in region 2, relationships 

between the refractive indices and wavelength can be worked out from Eq. (6.1). 

Because there is only one propagating diffracted order, i.e., zero-th order, in region 

1 and region 3, this means that any diffracted beam must be evanescent. That is 

𝑠𝑖𝑛𝜃1 =
𝜆0

𝑛1𝑑
> 1, 𝑠𝑖𝑛𝜃3 =

𝜆0

𝑛3𝑑
> 1                               (6.2) 
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𝜆0 > 𝑛𝐿𝑑                                                    (6.3) 

where 𝜃1  is the incident angle from the region 1 and 𝜃3  is the exit angle into the 

region 3 of the zero-th order, 𝜆0 is the free-space interrogation wavelength and 𝑛𝐿 is 

the largest of 𝑛1 and 𝑛3. 

There are at only the ±1 diffracted orders inside the polymer layer, i.e., zero-th and 

first orders, so the first order is propagating, and second order is evanescent, therefore, 

𝑠𝑖𝑛𝜃2 =
1𝜆0

𝑛2𝑑
< 1, 𝑠𝑖𝑛𝜃2 =

2𝜆0

𝑛2𝑑
> 1                                (6.4) 

𝑛2𝑑 > 𝜆0 >
𝑛2𝑑

2
                                               (6.5) 

where 𝜃2 is the propagation angle of the diffracted ±1 orders. 

To summarize, 

𝜆0 > 𝑛𝐿𝑑 𝑎𝑛𝑑 
𝑛2𝑑

2
< 𝜆0 < 𝑛2𝑑                                   (6.6) 

where 𝑛2  and 𝑛𝐿  are the refractive indices for the polymer layer and surrounding 

media, respectively. 

The major difference between the GFP and a conventional FP resonator is that the 

grating layer scatters the incident light into two (or fewer) propagating modes that 

resonate inside the cavity. The mode conversion enabled by the grating allows far 

richer behavior than a conventional FP. 

6.2.3 Coupled Bloch Mode Model of GFP 

A coupled-Bloch-mode model is utilized when studying the GFP structure, which is 

similar to the approach by Lalanne et al. studying deep lamellar gratings [188] which 
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is a huge simplification compared to RCWA. 

The field inside the cavity is considered to be a superposition of two fields, one 

propagating in the positive z-direction and one in the negative z-direction. The field 

propagating in the positive z-direction inside the resonator is represented as 𝑬+, which 

is a 3 × 1 matrix representing the propagating modes only, i.e., -1, 0 and +1 diffracted 

orders. The propagation of the evanescent waves is completely neglected, since its 

intensity is far smaller than the propagating waves and its penetration depth is far 

smaller than the polymer thickness. Because energy conversion between different 

modes only happens at the grating, therefore the evanescent waves can be neglected. 

Similarly, the field propagating in the negative z-direction inside the resonator is 

represented as 𝑬−, which is also 3 × 1 matrix. A 3 × 3 diagonal matrix is defined as 

𝚽 to represent the accumulated phase for each mode propagates from the interface of 

regions 1 and 2 to the interface of regions 2 and 3 as follow: 

𝚽 = [
𝑒𝑖𝑘𝑧ℎ 0 0

0 𝑒𝑖
2π𝑛𝐻

𝜆
ℎ 0

0 0 𝑒𝑖𝑘𝑧ℎ

]                                    (6.7) 

where 𝑘𝑧 = √(2π𝑛𝐻/𝜆)2 − 𝑘𝑔
2

, ℎ  is the thickness of the resonator and 𝑘𝑔  is the 

grating vector. 

Similarly, another 3 × 3  diagonal matrix 𝚿  is defined to account for the shift 

between the grating layers without time-consuming recalculation. 

𝚿 = [
𝑒−𝑖𝜓 0 0

0 1 0
0 0 𝑒𝑖𝜓

]                                           (6.8) 
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where 𝜓 is the phase shift between the grating layers on each surface. 

The developed model offers two significant benefits in comparison to directly 

calculating with RCWA. Firstly, the terms used in our model are more explicit, 

making it easier to analyze the underlying physical mechanisms. Secondly, once the 

canonical problem of scattering at the interface is solved, it can be easily solved for 

various structures with different thicknesses and relative phases between the upper 

and lower gratings, without having to restart the electromagnetic calculation from 

scratch. 

Since only one mode exists in regions 1 and 3, reflectivity 𝑟𝑒𝑓 and transmissivity 

𝑡𝑟𝑎𝑛𝑠 are scalars and can be expressed as 

𝑟𝑒𝑓 = 𝒓12 + 𝒕21𝚽𝑬−                                      (6.9) 

𝑡𝑟𝑎𝑛𝑠 = 𝒕23𝚿𝚽𝑬+                                        (6.10) 

where subscript indicates the direction of the term from region of the first digit to the 

region of the second digit. 

And according to definition, the fields propagating in positive and negative z-

direction can be expressed as 

𝑬− = 𝚿∗𝒓23𝚿𝚽𝑬+          (6.11) 

𝑬+ = 𝒕12 + 𝒓21𝚽𝑬−                   (6.12) 

Substituting Eq. (6.10) into Eq. (6.11) gives 

𝑬+ = 𝑨−𝟏𝒕12                                             (6.13) 
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where 𝑨 = 𝑰 − 𝒓12𝚽𝚿∗𝒓23𝚿𝚽. 

Further substituting Eq. (6.12) into Eqs. (6.8) and (6.9) gives 

𝑟𝑒𝑓 = 𝒓12 + 𝒕21𝚽𝚿∗𝒓23𝚿𝚽𝑨−𝟏𝒕12                        (6.14) 

𝑡𝑟𝑎𝑛𝑠 = 𝒕23𝚿𝚽𝑨−𝟏𝒕12                                    (6.15) 

𝒓 and 𝒕 can be calculated with RCWA for scattering from a single isolated grating. 

In this discussion, it is assumed that refractive index for region 1 and region 3, 

therefore, calculated values for subscript 12 and 32, 21 and 23 is the same. For the 

waves incident from the resonator medium, it is also necessary to consider the oblique 

incidence that represents the ±1 diffracted orders as shown in Fig. 6.5.  

 

 

Fig. 6.5. Required RCWA calculation of coefficients of two semi-infinite 

media. (a) From substrate to structure, calculate 𝒓12 and 𝒕12 for the zero-th 

order of the incident beam, and (b) from structure to substrate, calculate 𝒓21 

and 𝒕21 for the propagating zero-th order and ±1 diffracted orders inside the 

structure. 
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The dimensions of the 𝒓 and 𝒕 terms are listed in Table 6.1. Assuming 𝜓 in Eq. (6.7) 

equals 0 or π, which effectively means two grating layers have the same or opposite 

phase, the values for ±1 diffracted orders are the same, therefore, the dimensions of 

matrix can be shrunk down to 2 × 2. But the utilization of the 3 × 3 formulation is 

more convenient when arbitrary displacement of the grating layers needs to be 

retained where the two diffracted orders typically exhibit a non-zero phase shift. The 

phase shift can be then represented with by a 2 × 2 matrix. Canonical solutions then 

can be solved for all thicknesses of grating. 

 

Table 6.1 Dimensions of r and t Terms 

Terms Dimensions Grating in phase 

𝒓12 scalar scalar 

𝒓21 3 × 3 2 × 2 

𝒓23 3 × 3 2 × 2 

𝒕12 3 × 1 2 × 1 

𝒕21 1 × 3 1 × 2 

𝒕23 1 × 3 1 × 2 

 

In another case with single grating layer at the bottom of the structure, ±1 

diffracted orders will experience total-internal-reflection at the interface of the 

polymer cavity and superstrate. Therefore, 𝒓23 becomes a 3 × 3 diagonal matrix with 

the first and last elements as unity; the first and the last elements of 𝒕23 become zero. 
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Similar arrangements can be defined for the case with single grating layer at the top of 

the structure. 

It should be mentioned that the evanescent diffracted orders are not represented in 

the model, but they are considered in the calculation for 𝒓 and 𝒕 in RCWA in order to 

match the boundary conditions. This is the only role of the evanescent waves when 

the thickness is greater than the penetration depth. 

Comparison with 81-order RCWA shows that within the wavelength well-defined 

by Eq. (6.6), the model can give complete agreement with RCWA for both the double 

grating layer structure and the single grating layer structure. Once the scattering with 

a single isolated grating layer is calculated, the matrix approach significantly reduces 

computing time by at least two orders of magnitude, enabling faster exploration of 

parameter domains. 

6.3 Performance Analysis 

6.3.1 Single Layer Grating FP Structure 

The analysis starts with GFP with a single layer of grating at the bottom where the 

light illuminates. Fig. 6.6(a) shows a schematic diagram of the single layer GFP. The 

results are calculated for a structure with a single grating layer with grating period of 

1.1 μm, resonator thickness of 10 μm, refractive index of resonator of 1.7 and 

surroundings 1.33. 
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Fig. 6.6. Schematic diagram of the single-layer grating Fabry-Perot resonator. 

 

Fig. 6.7(a) and Fig. 6.7(b) illustrate the reflectivity for TE polarization and TM 

polarization, respectively. Because there is only a single layer of grating, the behavior 

of the structure is a high-Q resonator with limited variation on the dynamic range of 

resonance. These figures are not valid for wavelengths less than 1.463 μm, since the 

±1st diffracted order propagating inside the cavity at smaller wavelength, and above 

1.87 μm since the second diffracted orders would be propagating inside the cavity at 

larger wavelength, because there will be more than one diffracted order propagating 

outside the resonator. At these wavelengths, the results from the coupled Bloch mode 

model do not agree with the RCWA. 
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Fig. 6.7. Modulus of reflection coefficient for single-layer grating Fabry-Perot 

structure as a function of grating depth and incident wavelength for (a) TE 

polarization and (b) for TM polarization. The grating period was 1.1 μm and 

the resonator thickness was 10 μm. 

 

Fig. 6.8 shows a wavelength scan with a 750 nm thick single grating layer and its 

response to 0.1 nm change in cavity thickness. The maximum response is 2.2 nm-1, 

which is 55-fold improvement over conventional FP with 10 nm thick gold layer and 

28-fold improvement over conventional FP with 15 nm thick gold layer. 
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Fig. 6.8. (a) Modulus of the refraction coefficients for 750 nm single layer 

grating Fabry-Perot structure as a function of incident wavelength for TE 

polarization. (b) Response to 0.1 nm thickness displacement of the resonator 

thickness. 

 

6.3.2 Double Layer Grating FP Structure 

The double-layer GFP structure shows more varied behavior compared to single-layer 

GFP structure. Fig. 6.9 shows the modulus of reflection coefficient for double layer 

GFP structure with TE polarizations. It can be seen from Fig. 6.7 and Fig. 6.9 that TE 

polarization offers a richer behavior compared with TM polarizations, therefore, the 

discussion is more focused on TE polarization. 

The mode hybridization is more obvious as marked with white arrows and white 

square because of the additional grating layer. Points marked with white arrows 

indicate mode hybridization between GFP mode and faint conventional FP modes in 

the background, forming a high-Q resonance, which can be potentially used for 
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sensing applications. The white squared area marks the interaction between different 

GFP modes, forming a broadband reflector. 

 

 

Fig. 6.9. Modulus of reflection coefficient for double-layer grating Fabry-

Perot structure as a function of grating depth and incident wavelength for (a) 

TE polarization and (b) TM polarization. The grating period is 1.1 μm and 

resonator thickness is 10 μm. 

 

Fig. 6.10 shows the reflectivity for double-layer GFP with 50 μm polymer cavity. It 

can be seen that the behavior is even richer compared to the 10-μm-thick case. The 

thickness offers the potential for greater acoustic sensitivity and allows for direct 

comparison with the conventional FP discussed earlier. 
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Fig. 6.10. Modulus of reflection coefficient for double-layer grating Fabry-

Perot structure as a function of grating depth and incident wavelength for TE 

polarization. The grating period is 1.1 μm and resonator thickness is 50 μm. 

 

For a direct comparison with the conventional FP, selected peaks obtained at 840 

nm grating depth for TE polarization are analyzed as marked in Fig. 6.11 with ‘a’ - ‘e’. 

Fig. 11 shows the reflectivity of double-layer GFP with 840 nm grating depth and TE 

polarization. Response calculated with 0.1 nm displacement in thickness for peak ‘a’-

‘c’ are plotted in Fig. 6.12(a)-12(c), respectively. 
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Fig. 6.11. Modulus of reflection coefficient for double-layer grating Fabry-

Perot structure with 840 nm grating depth and TE polarization. Peaks referred 

to in the text are marked ‘a’, ‘b’, ‘c’, ‘d’ and ‘e’. 

 

Fig. 6.12(a) is calculated for one of peaks with very high Q, which is centered at 

1607.3 nm. Because of its sharpness, the responsivity is plotted against the relative 

deviation from the center wavelength. The peak response is around 0.72, therefore, 

the responsivity is about 7.2 nm-1, a 180-fold improvement over the conventional FP 

with 10 nm gold layer and approximately 90-fold improvement over the conventional 

FP with 15 nm gold layer. Naturally, the intrinsic dynamic range of this peak is much 

less than that of the conventional FP. The peak ‘b’ has sensitivity about a factor of two 

better than the conventional FP with 15 nm gold layer and the peak ‘c’ has sensitivity 

about a fifth of that for the conventional FP. Therefore, since we have a peak with 5 
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times less sensitivity compared to a conventional FP and one with 18 times 

improvement, we have a powerful 900-fold improvement in dynamic range. Therefore, 

a total of 900-fold improvement for double-layer GFP in intrinsic dynamic range can 

be estimated over the conventional FP with 10 nm gold layer. Intrinsic dynamic range 

is an important feature for applications, e.g., photoacoustic sensing, where generated 

signals of different objects can vary by order of magnitude. Otherwise, the detector 

can suffer from signal saturation or signal quantization error. Having a detector with 

resonances of different responsivity can also ensure that the signal-to-noise ratios for 

signals of different scales remain on similar levels. 

 

 

Fig. 6.12. Responsivity to 0.1 nm displacement for different peaks. (a) 

Response around peak ‘a’ at approximately 1607.3 nm. (b) Response around 

peak ‘b’ at approximately 1569.5 nm. (c) Response around peak ‘c’ at 

approximately 1585 nm. 

 

The improvement in dynamic range can be beneficial in situations where signals of 

different orders of magnitude exist in the same experiment. For a practical material, 
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e.g., PMMA, with a thickness of 50 μm, a sensitivity of 7.2 nm-1 can be well-saturated 

with a pressure of 22 kPa. For signals of higher amplitudes, a resonance with lower 

sensitivity can be used. Moreover, in terms of the additive Gaussian noise from the 

detectors, conventional sensors suffer more from noise in the case of small signals 

compared to large signals. Using sensors with various resonances and different Q 

values can ensure that signals of order-of-magnitude different amplitudes have a 

similar level of signal-to-noise ratio (SNR). Therefore, the compatibility of the sensor 

can be greatly improved to accommodate different samples. 

6.4 Proposed Fabrication Process 

In the simulation of GFP structures, it is assumed that superstrate and substrate have 

the same refractive index as water. Low refractive index of the substrate is required to 

satisfy the inequality Eq. (6.6) so that there is only one propagating wave in the 

substrate and the first orders propagating inside the polymer are partially diffracted by 

the grating and totally internally reflected at the interface of the substrate and the 

structure. 

It may seem counter-intuitive that the structure is suspended in water. In reality, 

there are multiple options for the choice of the substrate with suitable refractive index 

below 1.4. The refractive index below 1.4 combined with a grating period of 1 μm or 

1.1 μm gives a low cut-off wavelength 1.4 μm to 1.54 μm, which would still allow a 

broad operating wavelength range for a commercially available tunable laser centered 
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at 1550 nm [189]. 

6.4.1 Fabrication Process for Single-Layer GFP 

The plan is to fabricate the structure on top of transparent coverslips. The substrate 

material with low refractive index plays a significant role in GFP to totally internally 

reflect the first diffracted orders coming from the polymer. The case is somewhat 

similar to the HARG-FP structure. 

It is worth noting that when the first diffracted order is reflected, an evanescent 

field is established at the interface and dissipates in the substrate. Therefore, the 

thickness of the substrate layer is a key factor, and it has to be considerably larger than 

the penetration depth of the evanescent wave so that the evanescent wave cannot 

reach the backing material, e.g., glass, and becomes a propagating wave again. For 

interrogation wavelengths around 1550 nm, a minimum thickness of 2 μm is 

suggested for the substrate layer so that there is enough separation between the 

polymer cavity and the backing material. 

For the choice of the substrate layer, both polymer and photonic crystal can be 

considered. For polymer, a fluoropolymer named Cytop (AGC Chemicals, Japan) is 

considered for its low refractive index of 1.33 at 1550 nm. The polymer can be spin-

coated. At a spin speed of 1000 rpm, the film thickness is about 3.5 μm for CTX-809A 

and 2 μm for CTX-809L. However, if polymer is used as substrate, the bottom layer 

grating is difficult to fabricate on top of the substrate. 
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For photonic crystals, wide selection of fluoride crystals is available with low 

refractive index, i.e., MgF2, LiF and NaF [190, 191]. The material can be sputtered 

with an RF gun or deposited with an electron-beam evaporator. 

Of the two choices, photonic crystal is more feasible for bottom grating layer, since 

with a combination of E-Beam Lithography (EBL) and lift-off process, Enhanced 

control over grating profiles can be achieved. 

For GFP structures with a single grating layer, the grating layer can be on either 

side of the polymer cavity, in contact with the substrate or water, respectively. For 

both cases, the performance does not differ much. But the grating layer at the bottom 

can allow more options for cavity materials since there is no need for the cavity to 

uphold another layer on top. Soft materials such as PDMS with excellent optical and 

mechanical properties can be used. 
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Fig. 6.13. a diagram for single-layer GFP fabrication. (a) E-beam deposition 

of MgF2, (b) spin coating E-beam Resist, (c) positive EBL process, (d) E-

beam deposition of MgF2 grating, (e) lift-off process to remove the positive 

PMMA resist and (f) spin-coating of the polymer FP cavity. 

 

Fig. 6.13 shows a brief diagram for single-layer GFP fabrication with six steps. 

with deposition of 2-μm-thick MgF2 can be prone to cracking due to the surface 

tension caused by the high fabrication temperature. Therefore, a 50-nm-thick Al2O3 

should be deposited for every 500-nm-thick MgF2. The process uses a combination of 

EBL and lift-off for grating fabrication with MgF2 as the grating material. After the 
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spin-coating, the single-layer GFP can be fabricated. 

6.4.2 Fabrication Process for double-Layer GFP 

An extra grating layer is required for double-layer GFP. Conventionally, an extra EBL 

process is required for PET or Parylene cavity. This process requires an additional thin 

conductive layer before spin-coating the E-beam resist for electron to dissipate, 

otherwise, there will be cracks on the surface. 

For a FP cavity made of PDMS, thermal or UV nano-imprinting process can be 

applied [192, 193]. A mold with the desired grating pattern is made with deep ultra-

violet lithography. After spin-coating of PDMS, the mold is attached to a membrane 

and applied onto the wet PDMS layer while the chamber between the membrane and 

trunk is deaerated to remove any air bubbles and the membrane is inflated with air to 

apply extra pressure on the mold. Depending on the types of PDMS, heat or UV light 

is applied to cure the PDMS layer. After the curing process, the mold is lifted off 

PDMS and the grating is printed. 

With nano-imprinting technique, the time for fabrication of one grating layer can 

be shortened to under 10 minutes with going through the tedious and time-consuming 

writing process of EBL. 

6.5 Summary 

In this chapter, the concept of GFP is introduced and thoroughly investigated 



150 

 

theoretically. The relationship between grating period and incident wavelength is 

discussed for GFP modes. A simplified coupled-Bloch-mode model is presented, 

which shows excellent agreement with a rigorous analysis method, i.e., RCWA. The 

simulation for GFP modes is presented. It is shown that GFP structures can exhibit 

enriched behavior including resonance with highly varying Q and broadband pass 

filter. Then, we focused on the resonance and showed that the Q for different 

resonance with the same grating structure can vary from 3,000 to over 1,000,000, 

which can potentially provide over 900-fold improvement in intrinsic dynamic range 

compared to the conventional Fabry-Pérot structure. The peak response of the 

sharpest resonance can provide an approximately 180-fold improvement over the 

conventional FP with 10 nm gold layer. A discussion on fabrication of both single-

layer GFP and double-layer GFP is also included. Overall, with extensive behavior 

enabled by double-layer grating, GFP possess significant potential for ultrasound and 

photoacoustic imaging, with easy integration with other optical modalities, e.g., 

optical coherent tomography, because of its transparent nature at visible wavelengths 

and above GFP wavelengths. 
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Chapter 7 Conclusion and Prospects 

In this chapter, conclusions will be drawn, and future research work will be discussed. 

7.1 Conclusion 

In this thesis, three types of high performance Fabry-Pérot structures have been 

demonstrated for refractive index sensing, ultrasound detection and photoacoustic 

sensing, i.e., high-aspect-ratio-grating-based Fabry-Pérot (HARG-FP) structure for 

high figure-of-merit refractive index sensing, total-internal-reflection-based Fabry-

Pérot (TIR-FP) structure for ultra-sensitive and wideband ultrasound and 

photoacoustic sensing, and the grating based Fabry-Pérot (GFP) resonator as a highly 

sensitive ultrasound/photoacoustic sensor. Detailed conclusions are drawn for each 

type of novel FP structures. 

7.1.1 High-aspect-ratio-grating-based Fabry-Pérot structure 

In Chapter 3, a HARG-FP structure has been presented and investigated with both 

theoretical analysis and experiment with TM and TE polarization for high-FOM 

refractive index measurement at 633 nm optical wavelength. In theoretical analysis, a 

transmission line model and Smith charts was used to present more intuition into the 

physics behind the resonator and also provide a layer-wise analysis. 

Experimentally, a direct comparison between the conventional surface plasmon 
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resonator with a 48-nm gold layer, HARG-FP structure with TM and TE polarization 

for refractive index sensing within the same system. Grating structures with two 

different duty cycles were tested with TM polarization for comparison of performance. 

With a duty cycle of 23% for TM polarization, an FOM of 331 was recorded, which is 

a 10-fold improvement over conventional SPR, whereas with a duty cycle of 35% for 

TE polarization, an FOM of 1394 was recorded, which is a 44-fold improvement over 

conventional SPR samples tested within the system. In this discussion, sensitivity, 

defined with the noise-equivalent refractive index unit, was 1.87 × 10−8 RIU without 

frame averaging for TE polarization. Averaging 794 frames (approximately 1-second 

acquisition time) can improve the sensitivity to 1.61 × 10−9 RIU. 

With the abovementioned analysis, it is demonstrated that HARG-FP has the 

capacity to perform high-FOM sensing with outstanding sensitivity performance. The 

interrogation system is identical to the ones used for conventional SPR, and the 

excitation angles of the HARG-FP modes are similar to that of the SPR. Moreover, 

mass production can be done with nano-imprinting techniques at extremely low cost. 

Therefore, HARG-FP can be a ready substitute in the related sensing applications 

where SPR is widely used at present. 

7.1.2 Total-internal-reflection-based Fabry-Pérot structure 

TIR-FP structure was proposed and investigated for ultra-sensitive and wideband 

ultrasound and photoacoustic sensing applications at 1550 nm optical wavelength. 
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Chapter 3 presents the mechanical and optical analysis of TIR-FP with the transfer 

matrix method and Fresnel equations. Chapter 4 presents the experiment results and 

analysis of TIR-FP. The sensitivity of the TIR-FP comes from two aspects. The first is 

the deformation of the cavity and the other is pressured induced refractive index 

change, which results in a phase shift at the top interface. The former contributes high 

sensitivity within a relatively narrow bandwidth depending on the thickness of the 

cavity, whereas the latter, since its evanescent field decays quickly off the interface, 

has a considerable bandwidth. 

Two sets of samples were tested with PDMS and PMMA as the cavity. PMMA- 

and PDMS-based TIR-FP exhibited responsivities of 5.45 × 10−8 Pa−1  and 4.5 ×

10−7 Pa−1 with 110 MHz and 75 MHz bandwidths with a 150 MHz photodetector, 

respectively, indicating a 3.6- and 30-fold improvement over the conventional system 

measured in the same system. Sensitivity for PDMS-based TIR-FP was measured to 

be 160 Pa with the UT excited with small signals generated from a function generator. 

Further improvement can be achieved with slightly more complicated optical system 

design for phase interrogation and common-path noise elimination. 

7.1.3 Grating Fabry-Pérot structure 

A GFP structure was introduced for pressure sensing applications in Chapter 6. The 

rich behavior of the GFP arises from the grating layer where the optical beam is 

diffracted, and energy transfer happens between different diffracted orders. With two 
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grating layers on each side of the polymer, the GFP can function as a high-Q and a 

wideband reflector. 

In the analysis, it was shown that within a double-layer GFP with 50 μm polymer 

cavity, resonances with Q varying from 3,000 to over 1,000,000 can be observed, 

providing extraordinary sensitivity and intrinsic dynamic range of detection. In a 

lateral comparison with the conventional FP structures with 50 μm, sharp peaks can 

provide a responsivity of 7.2 nm-1, a 180-fold improvement over the conventional FP 

with 10 nm gold layer and approximately 90-fold improvement over the conventional 

FP with 15 nm gold layer. In terms of intrinsic dynamic range, the double-layer GFP 

with 50 μm can easily provide 900-fold improvement compared to the conventional 

FP structures within the same structure. This will benefit situations where signals of 

huge scale differences are present, e.g., photoacoustic sensing. Low-Q resonance can 

be used to detect large signals to avoid saturation, whereas high-Q resonance can be 

used to detect small signals to avoid quantization errors of data acquisition electronics, 

simultaneously. Moreover, resonances with sensitivity of different scales can give 

similar signal-to-noise ratio for signals of different scales in terms of laser fluctuations 

and additive noise. This can be done by aligning two tunable investigation lasers onto 

the same sample region, alternatively, by using a broadband light source with a couple 

of filters. 
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7.2 Prospects 

This thesis proposed and analyzed three types of novel FP structures for sensing 

applications, and some recommendations for future work are given as follows: 

(1) HARG-FP worked effectively for sensing refractive index changes with a camera 

and a collimated beam projected onto the samples. In the latter stage, modest 

modifications, e.g., an additional SLM, can be done to the system so that the 

beam projected on the sample can be focused on multiple points to extract multi-

channel refractive index fluctuations for high-throughput sensing applications. 

This can greatly increase the throughput of the system. Another reference beam 

can be introduced to suppress laser fluctuations and common-path noise. 

(2) TIR-FP exhibited ultra-sensitive and wideband performance for ultrasound and 

photoacoustic sensing applications. Currently, the excitation beam of 

photoacoustic signals are 532-nm nanosecond laser pulses focused with a 

conventional achromatic lens with 50 mm focal length at visible wavelength, the 

NA of which is 0.24. If the beam is focused with an objective lens with adequate 

NA of 0.4 or higher instead, the system can be effectively applied for optical-

resolution photoacoustic microscopy (OR-PAM) with a lateral resolution around 

1 μm. 

(3) GFP exhibited huge potential for ultra-sensitive performance with large intrinsic 

dynamic range for acoustic sensing. GFP sensors can be fabricated based on the 
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proposed fabrication process and tested with the proposed backward-mode OR-

PAM system in Fig. 7.1. 

 

 

Fig. 7.1. Schematic diagram of proposed backward-mode OR-PAM system 

for GFP. PL: pulse laser; CWL: continuous-wave laser; BS: beamsplitter; DM: 

dichroic mirror. 

 

(4) GFP can be considered as a bimodal resonator, the fundamental idea of which is 

having one propagating mode outside and two propagating modes inside the 

structure. An analogy of GFP can be made in fiber form consisting of a single-

mode fibers and double-mode fibers. A double-mode fiber is fusion-spliced 

between two single-mode fibers. Acoustic sensing can be achieved with the 

double-mode fiber. Potential for sensing with compact design and portability can 

be expected. 
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