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Abstract 

Sensors for real-time monitoring of environmental contaminants are essential for protecting 

ecosystems and human health. Refractive index sensing is a non-selective technique that can be used to 

measure almost any analyte. Miniaturized refractive index sensors, such as silicon-on-insulator (SOI) 

microring resonators are one possible platform, but require coatings selective to the analytes of interest. 

A homemade prism refractometer is reported and used to characterize the interactions between 

polymer films and liquid or vapour-phase analytes. A camera was used to capture both Fresnel reflection 

and total internal reflection within the prism. For thin-films (d = 10 ɛm - 100 ɛm), interference fringes were 

also observed. Fourier analysis of the interferogram allowed for simultaneous extraction of the average 

refractive index and film thickness with accuracies of æn = 1-7 ×10-4 and æd < 3-5%. 

The refractive indices of 29 common organic solvents as well as aqueous solutions of sodium 

chloride, sucrose, ethylene glycol, glycerol, and dimethylsulfoxide were measured at ɚ = 1550 nm. These 

measurements will be useful for future calibrations of near-infrared refractive index sensors.  

A mathematical model is presented, where the concentration of analyte adsorbed in a film can be 

calculated from the refractive index and thickness changes during uptake. This model can be used with 

Fickian diffusion models to measure the diffusion coefficients through the bulk film and at the film-

substrate interface. 

The diffusion of water and other organic solvents into SU-8 epoxy was explored using 

refractometry and the diffusion coefficient of water into SU-8 is presented. Exposure of soft baked SU-8 

films to acetone, acetonitrile and methanol resulted in rapid delamination. The diffusion of volatile organic 

compound (VOC) vapours into polydimethylsiloxane and polydimethyl-co-polydiphenylsiloxane polymers 

was also studied using refractometry. Diffusion and partition coefficients are reported for several analytes.  

As a model system, polydimethyl-co-diphenylsiloxane films were coated onto SOI microring 

resonators. After the development of data acquisition software, coated devices were exposed to VOCs and 
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the refractive index response was assessed. More studies with other polymers are required to test the 

viability of this platform for environmental sensing applications.  
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Chapter 1 

Introduction  

In this age of increasing urban population, industrialization and resource exploration, there are 

many contaminants entering the environment. Exposure to environmental contaminants through poor water 

or air quality can result in adverse health effects on the population. Some well-known contaminant types 

include pathogenic organisms, heavy metals, and organic hydrocarbons  

Pathogenic contamination of water sources can cause gastrointestinal and other serious health 

problems, including death.1 The contamination of the Walkerton, ON, water supply with Escherichia coli 

in the year 2000 resulted in seven deaths and made thousands of people sick.2 While this was a direct case 

of negligence, the delay between the contamination event and the availability of water quality test results 

increased the impact on the community.2 One way to reduce delays would be to use remote sensors to 

continually monitor water quality that could alert officials should a contamination event occur. 

Heavy metal contamination from lead is a common problem due to corrosion of aging water supply 

infrastructure.3 In Canada, lead was commonly used in water pipes until 1975.3 Recently, a state of 

emergency was declared in Flint, Michigan due to contamination in their city water supply with lead, which 

leached out of the municipal water pipes when the water source was switched to the more acidic Flint River 

in 2014.4-5 Children are particularly affected by lead toxicity, leading to effects on the nervous system that 

can result in developmental problems.3 Contamination of water sources with mercury is also a major 

problem. Mercury can accumulate in fatty tissues and is known to bio-accumulate in fish stocks, which are 

often food sources for surrounding communities.6 Mercury poisoning can cause neurological problems, 

including vision loss, hearing loss, paralysis, and death.7 In Ontario, the release of mercury from a chemical 

plant in Dryden, ON resulted in serious contamination of rivers around the Grassy Narrows and Whitedog 

First Nations communities between 1962-1970.8-9 Elevated blood levels, and adverse health effects have 

been reported from consumption of the contaminated fish stock.8-9 Remote sensors could be used to perform 
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routine analysis of the effluents leaving chemical factories, to identify the risk to the environment, and 

ensure that contaminants leaving industrial sites do not exceed an acceptable level.  

Developing nations and newly industrialized societies are particularly affected by environmental 

contamination, as legislation and/or enforcement have not kept up with emerging threats.10 For example, 

there are currently 5 million sites worldwide that have been reported to be contaminated with heavy metals, 

many of which are located in China.11 About 800,000 km2, i.e. 10% of the Chinese Farmland, has been 

reported to be contaminated with heavy metals including cadmium, mercury and lead due to irrigation with 

contaminated water.11-12 

Exposure to organic contaminants can also result in serious health effects over prolonged duration. 

Oil spills from tankers, off-shore platforms, and pipelines in remote areas can result in major contamination 

of the environment. Since pipelines often travel long distances between communities, leaks can take a long 

time to be discovered, causing irreversible damage to some ecosystems. In urban settings, high 

concentrations of BTEX (benzene, toluene, ethylbenzene, and xylenes) compounds are produced from 

chemical refineries, power production, transportation, and service stations and can result in serious 

respiratory problems and increased health risks.13-16 Many volatile organic compounds are used in the 

production of polymers and plastics and can accumulate in households from off-gassing of furniture, paints 

and waxes.17 The concentration of BTEX compounds in households can be up to 100 times higher than the 

outdoors.17 In particular, prolonged exposure to the BTEX class of contaminants have been shown to cause 

kidney, liver, respiratory, cardiovascular, and neurological effects.13-16 Sensors could be used to monitor 

VOC emissions from industrial sources or used to provide a quantitative measure of indoor air quality. 

The traditional method for analysing environmental contamination relies on collecting field 

samples and sending them to certified laboratories for analysis. This process can be very expensive and 

inefficient. There is also typically a large time delay between sample collection and analysis, which could 

result in prolonged exposure of populations to contaminants before a problem is identified. This is 

particularly problematic for remote communities, such as many First Nations communities. Furthermore, 

since samples are often collected intermittently, this method does not allow for the detection of spikes in 
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concentrations, and only average concentrations of contaminants are reported. Incorporating remote sensors 

that are capable of continuously monitoring the levels of contaminants in industrial effluents, or in water 

sources around pipelines would help identify harmful releases of contaminants into the environment, and 

minimize the effects from delayed response.  

Effective sensors need to be compact, and relatively inexpensive to produce and operate.18 

Additionally they must be selective to a contaminant of known interest and sensitive enough to detect 

relevant concentrations.18 Furthermore, typically sensors need to be reversible so that they can continue to 

be used and not require frequent replacement.18 They also need to be robust enough to survive in the 

elements and deal with significant temperature variability. With the increased global connectivity of 

modern technology, including the internet and cellular phone networks, much of the infrastructure needed 

for remote sensing may already be in place.19 Automated sensors could transmit routine reports or warnings 

when thresholds are reached through phones or the internet to regulatory agencies. This could also allow 

for measurements over very large geographic regions without requiring a significant number of highly 

qualified personnel.  

While electrochemical20-21 and gravimetric sensors22-23 are available, there are many advantages to 

the use of optical sensors for the detection of different types of analytes.24-25 They can be constructed using 

simple components, combining miniaturized light sources (e.g. LEDs) and detectors (e.g. CCD or CMOS 

chips) that can operate under a wide range of conditions and be powered using batteries. While absorption 

and fluorescence spectroscopy are highly sensitive methods to quantitatively measure and identify 

compounds, the interrogation wavelength must overlap with an absorption feature of the target molecule. 

This can be problematic if there are interferences from other compounds in the matrix having similar 

absorption spectra. Refractive index sensors are non-selective and can be used to detect target analytes at 

any wavelength. Since they are even less selective then absorption and fluorescence sensors, it is then 

necessary to introduce a selective enrichment step, which is specific to the target analyte. Many different 

platforms exist to detect chemicals through refractive index changes, as will be discussed in Chapter 2. For 

example, waveguide based interferometers26 and microring27 resonators can be reproducibly manufactured 
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on the wafer level, producing hundreds or thousands of identical devices in a single manufacturing run.28-

29 The resulting low cost and high sensitivity make these refractive index sensors ideal for the purpose of 

remote environmental sensing. Silicon-on-insulator (SOI) wire microring resonators27 and interferometers26 

can be coated with siloxane based polymers for the detection of airborne volatile organic hydrocarbons, as 

will be described in Chapter 8 of this thesis.  

One of the major challenges with refractive index sensors is the development of effective coatings 

and materials for analyte extraction. Materials need to be sensitive to target analytes, have minimal 

interferences, and be stable over a prolonged period of time.18 In order to assess the effectiveness of a 

material, it is important to understand how the optical properties of materials change during exposure to 

different analytes. Only once this behaviour is known is it possible to correlate the refractive index change 

of a sensor with the external analyte concentration. Thin-film interferometric refractometry is a technique 

that will be used in this thesis to characterize the behaviour of polymer films exposed to a range of volatile 

organic compounds. 

The development of remote sensors for monitoring contamination in the environment is essential 

to ensuring the safety of populations, especially in remote areas. Whether used to monitor the quality of 

water or air, sensors can help us identify and mitigate risks to society. Additionally, chemical sensors can 

help to identify contamination when it occurs instead of months or years later. This could help reduce 

environmental contamination and facilitate more proactive environmental stewardship within our society. 

1.1 Thesis Outline 

This thesis will begin with a description of the theory relating the refractive index to the electronic 

and structural properties of molecules in Chapter 2. A detailed review will be provided, discussing the 

current breadth of refractive index sensors. Optical methods for measuring the thickness and refractive 

indices of thin transparent films will also be discussed.  

In Chapter 3, a model relating the concentration of an analyte adsorbed in a film to simultaneous 

refractive index and thickness changes is derived. Fickian diffusion models are also presented that are 
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suitable for fitting to concentration changes in the bulk film and at the film-substrate interface. Approximate 

diffusion models that are frequently used in the literature are also discussed.  

The theory and experimental setup of the interferometric refractometer is presented in Chapter 4. 

A detailed discussion of the data processing methods used for measuring the refractive indices of both thick 

and thin liquid and polymer films is also discussed. 

Using a prism refractometer, the refractive indices of 29 common organic solvents are studied at 

1550 nm in Chapter 5. Refractive indices are also reported for series of aqueous sucrose, sodium chloride, 

ethylene glycol, glycerol, and dimethylsulfoxide solutions over their full soluble or miscible ranges. 

Polynomial functions are used to relate the weight fraction of analytes in solution with the solution 

refractive index to develop correlations that can be used for calibration of near-IR refractive index sensors. 

The diffusion of water into SU-8 epoxy films is studied as a model system using the interferometric 

refractometer in Chapter 6. The chemical compatibility of SU-8 with other organic solvents is also assessed. 

The diffusion of vapours of volatile organic compounds (VOCs) into polydimethylsiloxane films 

and polydimethyl-co-polydiphenylsiloxane copolymer films is studied using interferometric refractometry 

in Chapter 7. The saturated analyte concentrations within the film are also used to calculate partition 

coefficients in this chapter.   

Siloxane polymers are coated onto silicon-on-insulator Mach-Zehnder interferometers and 

microring resonators for the purpose of VOC sensing in Chapter 8. This chapter provides a detailed 

introduction into the scope of miniaturized waveguide refractive index sensing. The sensing of VOC 

vapours is then presented as a proof of concept of sensing applications on this platform.  

A summary of the entire thesis is provided in Chapter 9, with conclusions of the overall progress 

towards the development of a refractive index sensor for VOC detection. Future experiments and 

improvements to the refractometer and silicon-on-insulator microresonator setups are also described in 

detail in this final chapter. 
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Chapter 2 

Literature Review of Refractive Index Sensing 

This chapter will begin with an introduction to the theory relating refractive index to the structural 

and electronic properties of molecules. A detailed literature review will also be presented describing prism-

based, optical fibre-based, and chip level waveguide-based refractive index sensors. Several optical 

methods that can be used for measuring the refractive index and thickness of thin optically transparent films 

will also be introduced. Several different types of optical coatings will be presented for refractive index 

sensing of a variety of analytes. Finally, the specific objectives of this thesis will be presented.  

2.1 Introduction  

Chemical sensing can be performed using a variety of electrochemical, gravimetric, and optical 

techniques. Electrochemical sensors measure either conductivity, potential, or current to identify changes 

at the surface of conducting materials.1-2 Corrosion or degradation of sensor materials can cause significant 

challenges with electrochemical sensors.3-4 Additionally, electrical contacts are required, so electrochemical 

sensors may not be suitable for the detection of flammable or explosive compounds.  

Many gravimetric systems measure the change in the resonance frequency of the oscillation of a 

crystal (e.g. quartz) due to a mass changes in a thin coating material.5-7 These techniques are highly sensitive 

but can become complicated when studying thick flexible polymer systems where the coatings can dampen 

the crystal oscillations and the resonance frequency may no longer depend linearly on mass.8   

Optical sensors are sensitive non-contact methods useful for measuring the presence of a full range 

of analytes.9-10 The absorption spectrum of an analyte is characteristic of specific molecular vibrations or 

transitions in a molecule. While absorption is sensitive, either a broadband light source must be used, or the 

interrogation wavelength must be carefully selected to overlap with an absorption feature. Additionally, the 

absorption of a target species must not overlap with absorption spectra of other molecules in the matrix. 

For conjugated molecules with significant electron delocalization, fluorescence at wavelengths red-shifted 
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from the absorption peak can be an additional feature for determining the identity of compounds but is only 

practical for conjugated systems.  For many biosensing applications, fluorescent labels are added. Upon 

interaction with a target analyte, small fluorescent molecules are cleaved by enzymes and detected.11-12 This 

can be synthetically challenging, quite expensive and may also disrupt the way the compounds interact.  

Refractive index sensing is a label free method for analysing practically any type of chemical 

system. 9, 13-16The refractive index of a sample can be probed at any wavelength, and the change can be 

monitored for the uptake of any desired analyte. Since refractive index sensors are inherently non-selective, 

it is important to identify selective interactions of an extraction film or interacting surface that will 

preferentially bind the desired analyte. Alternatively, a range of different materials can be simultaneously 

measured and the relative refractive index response used to qualitatively and quantitatively determine the 

analytes. 

An enormous wealth of literature exists around refractive index sensors. Sensing has been 

demonstrated using prisms17-19, optical fibre systems9, 13 and more recently on-chip optical waveguide 

devices10, 20. While the development of novel sensing platforms continues, most are only tested by 

measuring aqueous sucrose or sodium chloride solutions. To date, little work has been done to incorporate 

selective chemical coatings with existing refractive index sensors for environmental applications. This 

project focuses on studying the binding behaviour of analytes in polymer films and on applying polymer 

coatings to refractometers and microphotonic devices to develop optical sensors for the detection of volatile 

organic compounds (VOCs).  

This chapter will begin with a description of the theory that relates the refractive index of a material 

to the physical properties of molecules. It will then illustrate different types of refractive index sensing 

platforms, such as interferometers, prism refractometers, optical fibre sensors, whispering gallery mode 

sensors, and surface plasmon sensors. Chip-level optical waveguide refractive index sensors will also be 

introduced. When studying polymer systems, it is important to be able to measure both changes in refractive 

index and also swelling of materials during exposure to analytes. Some methods of measuring both the 

refractive index and thickness of thin optically transparent films will also be discussed. Finally, several 
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different types of optical coatings for refractive index sensors will be presented and an overall research plan 

of this thesis will be described. 

2.1.1 Refractive Index Theory 

In order to relate the refractive index of a material to its other electronic and structural properties, 

some fundamental concepts must first be introduced. In this section we summarize the theory related to 

refractive index as described in Atkinôs Physical Chemistry.21 In polar molecules, the electron charge is not 

shared uniformly between the atoms such that partial charges of +q, and -q exist around individual atoms.21 

The electric dipole, µ, is related to the magnitude of the partial charges, q and the distance between them, 

d.21 

 qdm=   (2.1) 

Some molecules, like CO2 and CCl4, carry partial charges on their atoms, but have no permanent dipole due 

to the cancellation of individual dipoles through molecular symmetry. An instantaneous dipole can also be 

induced when non-polar molecules are placed in an electric field. The instantaneous dipole, µ* , is related 

to the polarizability of a molecule, Ŭ, which is a measure of the distortion of the electrons within a molecule 

in the presence of an electric field with magnitude, E.21  

 * Em a=   (2.2) 

Polarizability is usually expressed in units of C2m2J-1, which can be cumbersome, so often it is simpler to 

use the polarizability volume, Ŭô, in units of m3 or Å3 (1 Å3 =1×10-30m3).21  
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Here, Ů0 is the vacuum permittivity (Ů0 = 8.854 ×10-12 C2J-1m-1). The permittivity of a material (or dielectric 

constant), Ů, is related to the reduction of the potential energy between two charges when immersed in a 

given medium.21 For any material, the relative permittivity,  Ůr, is related to the absolute permittivity, Ů, and 

the vacuum permittivity, Ů0.21 
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Additionally, the molar polarization is related to the relative permittivity, the density, ɟ, and the molar mass, 

M through the Debye equation.21 
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The molar polarization, P, is related to the polarizability of a dielectric material, Ŭ. The material may also 

have a permanent dipole, ɛ, and contributions from both the induced dipole and temporally averaged 

permanent dipole govern the polarizability. 21 
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Here, NA is Avogadroôs number, k is the Boltzmann constant, and T is the temperature in Kelvin.21 For 

experiments in the visible or UV region of the spectrum, the frequency of the electric field is high enough 

that the permanent dipoles are unable to stay aligned with the oscillating electric field and the temporal 

average of the permanent dipole contribution, i.e. the second term in equation (2.6) can be neglected.21 

Trivially, non-polar molecules do not have a permanent dipole contribution at all temperatures and EM 

oscillation frequencies.21 By combining (2.5) with (2.6) at high frequencies corresponding to the visible 

and UV regions of the spectrum, the Debye equation reduces to the Clausius-Mossotti equation, which 

relates the polarizability directly to the relative permittivity.21 
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The refractive index is a factor that describes the delay of light when travelling through a medium that is 

denser than a vacuum. It is expressed as the ratio of the speed of light in the medium, c, with the speed of 

light in a vacuum, c0.  

 0c
n

c
=   (2.8) 
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The refractive index, n, is directly related to the relative permittivity of a compound in the visible or 

ultraviolet region of the spectrum.21 

 2
rn e=   (2.9) 

The Lorentz-Lorenz equation relates the refractive index of a material to the polarizability of a compound 

and is analogous to the Clausius-Mossotti equation (eqn. (2.7)).21 
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Both the refractive index and relative permittivity are complex properties that are also related to the 

extinction coefficient of the compound, k. 

 n n ik= +   (2.11) 

One way to express the absorbance of a material, A, is through the absorption coefficient, Ŭ, over a path 

length, l.  

 A la=   (2.12) 

The absorption coefficient, Ŭ, is related to the extinction coefficient, k, through the following relation.22-23 

 
4 kp

a
l

=   (2.13) 

The refractive index is discontinuous over large wavelength ranges and passes through regions of 

anomalous dispersion (dn/dɚ > 0) around absorption lines as is shown in Figure 2.1 for the absorption and 

refractive index of water in the infrared region of the spectrum.23 Since the relationship between refractive 

index and wavelength is not linear, the dispersion of optical glasses and transparent polymers can be 

modeled using the Cauchy dispersion formula. The Cauchy coefficients, A, B, and C of the expansion series 

are reported for many materials and liquids.24-25  
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Figure 2.1: The refractive index and absorption of water in the infrared region of the spectrum. The 

data in this plot was published by J.E. Bertie and coworkers.23 The refractive index becomes 

discontinuous and shows anomalous dispersion at the absorption lines around 3 µm and 6 µm. 

The Sellmeier relation is more complicated, and often better describes the dispersion shape of optical 

glasses over larger wavelength ranges.24 Sellmeier coefficients are often available for optical glasses from 

commercial glass manufactures.26-28   
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The refractive index is not only wavelength dependent, but also depends on temperature. This is 

due to polarizability changes of the material with temperature as well as thermal expansion of the 

material.29-30 This thermal dependence of the refractive index is complicated to model as dn/dT can be either 

positive or negative depending on the material being studied.29 Over small temperature ranges thermo-

optical coefficients, dn/dT are reported in the literature for many optical materials.26  

The refractive index can also be approximated from an absorption spectrum using the Kramer-

Kronig relationship.22-23, 31 This function is an example of a Hilbert transform and is an example of an 

improper integral.32 The index can be calculated at a desired wavenumber,0v , through integration of the 

absorbance spectrum over all other wavenumbers, v , within the spectral region. In this relationship, nÐ is 
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the limiting refractive index away from the absorption line and CP is the Cauchy principal value which is 

a function that allows the integral to be evaluated when it becomes discontinuous.31 
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Now that the theory of refractive index has been discussed, the following sections will give a detailed 

account of how refractive indices are measured.  

2.2 Refractive Index Sensors 

Many different types of refractive index sensors have been reported in the literature. Typically their 

sensitivity is reported from tests with aqueous sucrose or sodium chloride solutions. While they might 

represent novel methods of measuring refractive indices, only few attempts have been made to demonstrate 

the sensors for more practical sensing applications. Additionally, many groups report the resolution of their 

instruments based on the minimum resolution of their detector and do not account for experimental baseline 

noise when quoting refractive index sensitivity.33-37 This results in inflated resolutions of ȹn = 10-5 ï 10-6 

are frequently presented as the state-of-the-art in this field.33-37 In practice, it is very difficult to specify the 

index of a material with an accuracy of better than ȹn = 10-4. For detection of small refractive index changes, 

ȹn < 10-4, temperature compensation and stabilisation is required. To give absolute refractive indices, 

comparison must be made to a reference material, where in many regions of the spectrum, including the 

near-IR around 1550 nm (the telecom C-band), refractive indices are not accurately known. 

2.2.1 Interferometers  

When two waves spatially overlap, they can be either constructively mixed, thereby increasing the 

amplitude of the resulting wave, or destructively mixed where the amplitudes of the two waves cancel each 

other out. Interferometers are devices where light is split between two arms of different effective lengths 

(nL) which are recombined to form a beating pattern known as an interferogram. The simplest form of 

interferometer is the Young interferometer, which is the basis of the double-slit experiment (Figure 2.2).38 

Light leaving two slits spaced apart by a distance, d, interferes on a plane at a distance, L, from the openings.  
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Figure 2.2: Schematic of the Youngôs double slit experiment. Light is shone from two channels or 

slits separated by a distance, d, and allowed to spatially interfere at a plane of distance, L. Typically 

L >> d, such that the angle, ɗ, is measured from a point source to the observation plane. The height 

from the centre of the interferogram is given by, y. In modern Young interferometers, the 

interferogram can be captured using an array detector.  

The intensity of the interferogram can be described as  
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where d is the separation of the two slits, L is the distance to the observation plane and y is the distance 

from the centre of the plane.38 The maxima of the interferogram at the plane a distance, L are related to 

the wavelength, ɚ, the spacing between the two slits, d, and the mode order, (m = 0, 1, 2é).38 
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The spatial distance between interference maxima, æy, at the observation plane can be described by:38 
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More generally, interferograms can be expressed by the superposition of two wave with complex 

amplitudes, U.39 

 ()expU I if=   (2.20) 

The intensity of the resulting interferogram is defined as the sum of the complex amplitudes of the two 

waves.39 
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This expression can be expanded with the complex conjugates of the amplitudes of the two waves.39  
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Combining the terms and applying Eulerôs formula yields the general intensity equation that describes most 

interferometers.39 

 ( )1 2 1 22 cosI I I I I f= + + D  (2.23) 

If the intensities in the two arms of the interferometer are comparable, then the equation can be expressed 

as a single intensity, I0.39  

 ( )02 1 cosI I fè ø= + Dê ú  (2.24) 

The relative phase shift of the interferogram, æʟ , is related to the wavelength, and the difference of the 

propagation length of the two arms, Dd. For sensing systems, the propagation length is related to the 

difference in optical path length between the two arms with refractive index, n, and arm length, L.39 

 ( )1 1 2 2

2 2d
n L n L

p p
f

l l

D
D = = -   (2.25) 

There are many different designs that can be used to build interferometers. Some of the most commonly 

used interferometer configurations are shown in Figure 2.3 for free space optics.39 In most cases, analogous 

configurations can be made using optical fibre or other optical waveguides. Some common uses of each 

type of interferometer are discussed in the following paragraphs.  

Young interferometers are arguably the simplest form of interferometer where light is shone from 

two slits and allowed to spatially interfere. The interferogram is then detected using a linear array detector 

or a camera. Changes to the effective path length of either arm will result in a phase shift to the 

interferogram. 

In Michelson interferometers, light is split into two arms of either the same or different lengths 

which are terminated with mirrors. The light is then recombined at the same splitter into a single output. 

When one of the mirrors is placed on a translational stage, Michelson interferometers can be used for 

wavelength multiplexing allowing samples to be probed simultaneously with a broadband light source.40-41 
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Michelson interferometers with a moveable mirror are the operating technique behind Fourier transform 

infrared (FT-IR) spectrometers.40 

 

Figure 2.3: Several common geometries of free space interferometers.  A) Young interferometers or 

double-slit interferometers emit light from two slits (or waveguide facets) and the diverging light 

spatially interferes. B) Michelson interferometers use a beam splitter to split the light into two paths 

that are reflected off two separate mirrors and then recombined. C) Mach-Zehnder interferometers 

splits the light into two distinct paths that are later recombined. One arm can pass through a sample 

while the second arm is used as a reference. D) Sagnac interferometers use a single beam splitter and 

a series of mirrors such that light simultaneously propagates in a clockwise and counter-clockwise 

direction within a ring cavity before being recombined.  

Mach-Zehnder interferometers split the light into two arms and then recombine the light from the 

two arms back into a single output at a second splitter. These types of interferometers are useful for external 

wavelength calibration and optical heterodyne systems where frequency multiplexing is desired.42-43 They 

are also commonly used for external intensity modulation of telecom lasers.44 

In the Sagnac interferometer, light is split into two beams that are counter-propagating within a 

ring cavity. The resulting path length of the clockwise and counter-clockwise light depends on any external 

rotation of the cavity. Both free space and fibre based Sagnac interferometers have been shown to be 

suitable for the construction of gyroscopes to measure the rotation of Earth and other objects.45-46  



18 

 

Many other types of interferometers also exist, and this is only a summary of the most common 

types of interferometers. There are many limitations of free space interferometer for sensing applications, 

such as alignment stability and contamination of optics. Integrated interferometers that are either based on 

monolithic platforms or on waveguides have been developed to address these issues. Optical fibre-based 

and chip-level interferometers will be discussed in Sections 2.2.3 and 2.2.6, respectively, with specific 

examples of refractive index sensing applications.  

2.2.2 Prism-Based Refractometers 

Prism refractometers are the simplest and most mature method for measuring refractive indices of 

liquids and solids. The first prism refractometer, the Abbé refractometer, was introduced more than a 

century ago. Since then, a variety of geometries have become popular (Figure 2.4). The Abbé-type 

refractometer (Figure 2.4A) sandwiches liquid samples between two prisms and uses a telescope with an 

eyepiece or a detector to measure the refractive index based on the angle of refraction through the sample.18 

This method was simplified using the Pulfrich17, 21, 47  or V-block refractometers17, 19, 48-49 (Figure 2.4B and 

C). In the Pulfrich refractometer, light is shone horizontally at the interface between a prism and a sample. 

The light then refracts into the prism with an angle dependent to the refractive indices of the sample and 

the prism. With the V-groove refractometer, light is shone into a liquid cell and the angle of refraction is 

measured directly. Finally, handheld refractometers (Figure 2.4D) are used as quick inexpensive 

instruments for measuring the refractive index of food stuffs to determine sugar content in juices or alcohol 

content in beer and wine.50-51 While handheld refractometers are inexpensive, they usually have poor 

accuracy of æn = 0.01 ï 0.001.52  

More complex refractometers have been reported such as those measuring total internal reflection 

in dove prisms.53 Alternatively, small refractive index changes can be measured using differential 

refractometry, i.e. by simultaneously measuring samples on two adjacent prisms.54 Some refractometers are 

also designed to measure the angle of total internal reflection at a prism-sample interface. If a collimated 

light source is used, then both the light source and detector need to be rotated around the prism to collect 
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the angular Fresnel reflection and total internal reflection profile related to the refractive index of the sample 

(Figure 2.5A). This technique was used to measure the refractive index of biological tissues.55 It was also 

used with a white light source and a spectrometer to simultaneously measure refractive indices of liquids 

between 400 - 900 nm.56 

 

Figure 2.4: Schematic of common prism-based refractometers. In each case, the sample is shown in 

blue and a telescope would typically be present between the refractometer and the eyepiece or 

detector. A) in an Abbé refractometer, a liquid sample is sandwiched between an illumination and 

an analysis prism, and the angle of refraction trough the sample is observed. B) in a Pulfrich 

refractometer, light is shone parallel to the sample-prism interface and the angle that it couples in to 

the prism depends on the sample refractive index. C) in a V-block refractometer, light is shone 

horizontally into a glass prism and is refracted as it passes into a sample. D) in a handheld 

refractometer a liquid sample is placed between a glass slide and a prism. When it is held up to the 

light, the angle of refraction at the sample-prism interface is observed.   

When laser light is shone directly onto an absorbing liquid, at normal incidence from the top of the prism, 

the angular intensity of the coupled light can be used to extract both the real and imaginary refractive indices 

as well as the thickness of thin films.57 If an expanded beam is focused down to a point or line at the prism-

sample interface and a camera is used as the detector, a larger range of angles can be simultaneously 

measured without having to rotate the source and detector around the prism (Figure 2.5B).58 For thin 

transparent samples, this technique can also be used to extract film thickness in addition to their refractive 

index as will be discussed again in detail in Chapter 4.58  
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Figure 2.5: Illustrations of total internal reflection prism -based refractometers. The refractive index 

of a sample can be determined from the critical angle of total internal reflection and the angular 

Fresnel reflection profile below the critical angle. A) if a collimated source is used, the source and 

detector need to be rotated around the prism to measure the sample. B) If an expanded beam is 

focused down using a lens, then a range of incident angles can be simultaneously probed and a static 

measurement using an array detector can be used to determine the sample refractive index. 

When a thin film is present on the total internal reflection prism refractometer, some of the light 

can be partially guided within the film (Figure 2.6). The resulting thin-film interference results in a series 

of equally spaced fringes that are indicative of the optical thickness of the film (nd). Measurement of the 

intensity of the first fringe while varying the incidence angle allows for measurement of the sample 

refractive index, while the fringe spacing allows for the thickness to also be extracted for thin films.59-61  

 

Figure 2.6: Schematic of a total internal reflection refractometer that can simultaneously measure 

film refractive index and thickness. Light can be quasi-guided within the thin-films resulting in an 

evenly spaced set of fringes. The fringe spacing is related to the refractive index and thickness of the 

film. The refract ive index can be independently separated from the intensity of the first fringe as the 

incident angle is varied.  

Typical commercial refractometers claim precision and accuracy of ȹn = 1×10-4 with an accuracy 

ȹn = 1-2×10-5 for temperature controlled models.62-64 A commercial refractometer also exists using total 

internal reflection inside of a prism, similar to the one in Figure 2.6, and can measure both film refractive 

index and thickness at wide range of wavelength with accuracies of æn = 1×10-4.65 
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The prism-based refractometers described in this chapter can easily be adapted to measure 

refractive indices of samples at any wavelength in the visible and near-IR. Typically, refractive indices are 

measured at the sodium-D line (l = 589 nm), though often the refractive index is required at other 

wavelengths as most materials have substantial refractive index dispersion with wavelength. The refractive 

index measurements of liquids and solutions will be discussed in detail in Chapter 5 of this thesis. 

Measurements of solvent refractive indices at 1550 nm will be presented using our refractometer66, and 

comparison will be made to other studies in the literature. Fourier analysis of images collected using a prism 

refractometer similar to the one in Figure 2.5B can be used to simultaneously measure the refractive index 

and thickness of thin films without needing to scan the incident angle.58 This method was used to study the 

diffusion of water into SU-8 epoxy films (Chapter 6), and the diffusion of volatile organic compounds into 

siloxane polymers (Chapter 7). In the following sections both fibre-based and waveguide-based methods 

of measuring refractive indices will be briefly described.  

2.2.3 Fibre-Based Refractive Index Sensors 

There are a wide range of fibre-based refractive index sensors in the literature. Typically, they can 

be characterized as either grating-based sensors, interferometer-based sensors or reflection-based sensors 

and will be described in the next three sections. For refractive index sensing, typically, a fibre region will 

need to be etched, tapered, or polished such that the evanescent field can have a stronger interaction with 

the surroundings. Several detailed reviews have been published that highlight many chemical and 

biosensing applications using optical fibre probes.9, 13  

2.2.3.1 Grating-Based Sensors 

Optical refractive index sensors can be made using fibre gratings, where the refractive index of the 

fibre core is intentionally modified in a periodic fashion. Many useful reviews have been published 

describing the different types of grating-based fibre sensors.67-70 Gratings can be permanently written by 

introducing defects into optical fibres using a phase mask and a high powered femtosecond IR71-72, or UV 

excimer laser73. An electric arc, for example from a fusion splicer, can also be used with a translation stage 
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to write gratings.74 Similarly, femtosecond lasers have been used to write gratings into waveguides.75 

Temporary gratings have also be reported where physical strain is used to compress regions of an optical 

fibre to generate a long period grating.76-77 Gratings can be uniformly spaced, made with a varying period 

or refractive index (chirped gratings)78 or even tilted relative to the fibre core68.  

There are two main types of fibre gratings, fibre Bragg gratings (FBGs) and long period gratings 

(LPGs). Fibre Bragg gratings have relatively short periods and act as mirrors reflecting a narrow range of 

wavelength.70 Fabry-Perot cavities can be formed by trapping light between two FBGs where the reflection 

envelope is governed by the reflection spectrum of the first mirror and the cavity fringes obey the standing-

wave conditions of the cavity. An illustration showing the reflection and transmission of FBGs and Fabry-

Perot cavities is shown in Figure 2.7A and B. FBGs and Fabry-Perot cavities are commonly used as 

vibration sensors69, 79-80 but can also be used for chemical sensing if the fibre is tapered or etched around 

the FBG grating or inside the Fabry-Perot cavity.81-82  

Long period gratings have longer periodicity than FBGs and instead of acting as mirrors, they 

couple light into a fiberôs cladding modes causing attenuation in the transmission spectrum of the core of 

the optical fibre. The wavelength of LPG resonance modes are related to the grating periodicity, ȿ, and the 

effective refractive indices of the fibre core and the desired cladding mode, neff, core and neff, clad, i, 

respectively.67, 83 

 , , ,i eff core eff clad in nl è ø=L -ê ú  (2.26) 

A schematic of LPGs with an illustrative transmission profile is shown in Figure 2.7C. One of the inherent 

challenges with LPG sensors is that the cladding refractive index must be adjusted such that a resonance 

will appear within the spectral window of analysis. This can require adding dopants to polymer coatings in 

order to raise or lower the refractive index of the fibre coating.81 Additionally, the resonance wavelength 

response of LPGs is nonlinear with refractive index, which may further complicate their use in chemical 

sensors.81 
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Figure 2.7 Schematics of fibre Bragg gratings, Fabry-Perot cavities of FBGs and long period gratings 

with illustrative reflection and transmission spectra. A) Fibre Bragg gratings act as mirrors reflecting 

a narrow range of wavelength. B) Fabry-Perot cavities of FBGs have the same envelope of the single 

FBG reflection but also contain a series of cavity fringes. C) Long period gratings couple light at 

specific wavelengths into cladding modes which can be observed as attenuation in the transmission 

signal.   

 Despite any potential challenges, several chemical sensing systems have been described using 

LPGs in the literature. Siloxane polymer coated LPGs have been demonstrated for sensing of volatile 

organic compounds (VOCs).81 Calixarene coated LPGs have also been presented for the detection of BTEX 

(benzene, toluene, ethylbenzene and xylenes) compounds in solution.84 Sulfide functionalized mesoporous 

silicate coated LPGs have also been show as suitable materials for detecting lead and other heavy metals in 

water.85  

2.2.3.2 Fibre-Based Interferometers 

There are many different geometries of optical fibre interferometers presented in the literature.86-87 

Mach-Zehnder (MZ) interferometers can be formed by offsetting the core of a centre optical fibre (Figure 

2.8A),88 and by splicing in a section of multi-mode fibre35, 89 (Figure 2.8B), thinned-core optical fibre90 or 

photonic crystal fibre between two single-mode fibres36, 91-92. Similarly, MZ interferometers can be made 

using two fibre tapers93-94 or two long period gratings95 to couple light between core and cladding modes. 
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The interference in each case is formed from the beating of light travelling in the core and the cladding of 

optical fibres. A sensing region may be formed either by tapering or etching the waveguide to expose the 

evanescent field of the cladding mode, increasing the interactions with the surroundings.36 MZ 

interferometers have also been reported using two fibre couplers to split the light between two arms and 

then recombine them back to a single arm (Figure 2.8C).96-97 In this case, one of the arms is either tapered 

or etched to expose the evanescent field while the second arm is left as a reference. Similarly, Michelson 

interferometers have been reported using a fibre coupler terminated with either fibre Bragg gratings or 

metallic mirrors and an optical circulator is used extract the back-reflected light (Figure 2.8D).1-2, 69, 87, 98 

 

Figure 2.8: Sample geometries of optical fibre interferometers. A) The core of a region of fibre can 

be offset between two optical fibres causing light to interfere between core and cladding modes. B) 

MZ interferometers can also be formed by splicing a piece of multi-mode fibre or photonic crystal 

fibre between two fibres. C) MZ interferometers can be made using optical couplers to split the light 

into two arms and then recombine them to a single output. D) Michelson interferometers can be 

constructed using an optical circulator, C, and a fibre coupler where both arms are terminated in an 

FBG or a mirror.  

 While the majority of examples of fibre interferometers have only been characterized with sucrose 

solutions, there are several other sensing examples in the literature. For example, interferometers using PCF 

fibres have been used by our group and others to measure the refractive indices of gases and vapours of 

volatile organic compounds.92, 99 100-101 
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2.2.3.3 Reflection-Based Sensors 

The refractive index of solutions can also be measured using the Fresnel reflection off the end of 

an optical fibre. The intensity of the reflected signal, R, at normal incidence from one medium into another 

is related to the refractive indices of the two media, n1 and n2.39 

 

2

1 2
12

1 2

n n
R

n n

å õ-
=æ ö

+ç ÷
  (2.27) 

Intensity measurements are frequently subject to noise from the light source and alignment in experiments. 

Using the ratio of the reflected intensity from a reference channel and from the sample can help compensate 

for fluctuations.  
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This equation can be re-arranged to solve for the refractive index of the sample, nsample. 
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A simple Fresnel reflection setup has been reported where a pulsed laser was shone through a 50/50, 2×2 

optical coupler with two different lengths of optical fibre.102-103 One fibre end was placed in the sample and 

a second in a reference solution. The light pulses were reflected from the end of each fibre end and, after 

recombination in a fibre coupler, they were detected with a photodiode. A schematic of this experimental 

setup is shown in Figure 2.9. While this is a very simple technique for measuring refractive indices, it is 

difficult to measure samples close to the refractive index of the fibre, which limits measurements to 

solutions of lower or higher refractive index than nSiO2 ~ 1.45.  

 We have constructed a similar apparatus to measure the refractive indices of cinnamaldehyde 

(Sigma Aldrich) solutions in 95% ethanol at 1550 nm. A sample oscilloscope trace and the two roots of 

equation  (2.29) for a series of cinnamaldehyde solutions are shown in Figure 2.10. A 1 km fibre spool was 
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used on the sample arm so that the peaks could be spatially resolved, and an erbium doped fibre amplifier 

(EDFA) was used to amplify the laser light in the system.  

 

Figure 2.9: Refractive index sensing from Fresnel reflection off the end of an optical fibre immersed 

in a solution and reference liquid.  This figure is based on the experimental setups of Chang and Kim. 
102-103 Light from a pulsed source is split into two fibres using a 50/50 2×2 optical coupler with one 

immersed in a solution and the second in a reference liquid. The Fresnel reflection from the fibre tips 

was collected with a photodiode and analysed using an oscilloscope. The length of the two arms 

needed to be different so that the reflections could be temporally resolved.  
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Figure 2.10: Sample data from Fresnel reflection experiments.  A) A sample oscilloscope trace shows 

the reflection off a reference arm in air and a sensing arm in cinnamaldehyde. B) The two roots of 

equation (2.29) for a series of cinnamaldehyde solutions in 95% ethanol are shown. The points 

highlighted in black and the linear fit show points where the refractive indices could accurately be 

measured. The measurements were not reliable for refractive indices that were close to the refractive 

index of the fibre core. 
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Alternatively, a continuous-wave laser may be used with the setup in Figure 2.9. The refractive index 

change of the sample solution can then be observed from either the attenuation or from shifts in the 

interference pattern due to the phase difference in the Michelson interferometer.104  

 Single channel self-referencing interferometer probes have also been presented to measure solution 

refractive indices using Fresnel reflection at a fibre-liquid interface. Illustrations of three types of self-

referencing fibre probes are shown in Figure 2.11. Reflection probes that can be immersed in solution have 

been demonstrated using a Fabry-Perot cavity made from two weakly reflecting FBGs105 (Figure 2.11A), 

and a Michelson interferometer from splicing a section of multi-mode fibre within the single-mode fibre 

probe89 Sengupta and coworkers used a bifurcated fibre probe to measure the refractive index of solutions 

from the interference between the Fresnel reflection off the fibre probe and the light reflected off a 

submersed mirror.106 Similarly, Mudhana and coworkers used a lensed photonic crystal fibre (PCF) and a 

micro-machined mirror to create a probe for measuring the refractive index of solution (Figure 2.11B).33 

Pevec and Donlagic reported a self-referencing fibre probe created using a series of splicing and etching 

steps to create two optical cavities within a spliced fibre probe.107 The first cavity was made by etching 

defects into the fibre core to measure temperature effects, and the second was made by etching an external 

cavity into a weakly resistant piece of optical fibre that was later coated with a TiO2 mirror for refractive 

index sensing (Figure 2.11C).107 
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Figure 2.11 Illustration of self -referencing fibre-based reflection probes.  Using two separate mirror 

cavities allows for the simultaneous compensation of temperature effects during experiments. A) A 

fibre probe can be made using two fibre Bragg gratings where the Fresnel reflection off the end of 

the fibre can be used for refractive index sensing of solutions.105 B) A lensed PCF can be spliced onto 

the end of a standard optical fibre and the refractive index of solution determined from Fresnel 

reflection off the fibre tip and an external mirror. 33 C) Fibre probes can also be made using a series 

of etching and splicing steps.107 Wet etching was used to introduce fibre core defects to create an 

optical cavity for temperature compensation.107 A second cavity was generated by etching a weak 

section of fibre to create a sample reservoir for refractive index sensing of solutions. 107 

2.2.4 Whispering Gallery Mode Sensors 

The concept of whispering gallery modes (WGM) is the photonic equivalence of the acoustic 

phenomena where sound can travel with low loss around the walls of a circular or domed room. Standing 

waves of whispering gallery modes (i.e. ring-cavity modes) occur at wavelengths that are an integer 

multiple of the effective mode path (nL, approximately the circumference). Light can be coupled into WGM 

of microring resonators or microsphere resonators using a fibre taper or prism coupler.108-109 As a 

consequence of cavity enhancement the light intensity is increased within these optical cavities. The quality 

factor is a measure of the amount of light within the cavity compared with the round trip loss.39 Many 

microsphere and microtoroidal resonators have very low loss with quality factors of Q = 106 ï 1010.108, 110-

111 Most silicon microdisk and microring resonators have much lower quality factors of 103-105.112-113 The 

quality factor depends on the interrogation wavelength, the refractive index and absorption of the resonator 

material.114  
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WGM in microresonators may be used for chemical sensing, as molecules can accumulate on the 

surface of microresonators. When molecules bind, the diameter of the resonator increases and the WGMôs 

effective refractive index changes, which ï in turn ï causes measurable wavelength shifts and changes to 

the free spectral range (FSR) of the resonances. A number of different geometries exist for whispering 

gallery mode resonators including microspheres108, 115-116, microtoroids110, bottle resonators117-119, 

mircodisks120-121 and microrings112, 122. An illustration showing each of these types of resonators is presented 

in Figure 2.12.  

 

Figure 2.12: Schematic of several common types of whispering gallery mode micro-resonators. A) 

Microsphere resonators can be made using fusion splicers and high powered lasers. Typically light is 

coupled into microspheres using either a prism or fibre taper. B) Microtoroid resonators are 

fabricated directly on a substrate using lithographic and chemical etching processes. C) Bottle 

resonators can be formed by melting optical fibres. D) Microdisk and, E) microring resonators are 

fabricated on substrates using standard lithographic procedures.  

Whispering gallery mode resonators can be made out of a variety of materials including fused 

silica116, quartz123, silicon112, 120, 122, silicon nitride124, silicon carbide125, sapphire126-127, titanium dioxide128, 

calcium fluoride111, and many types of polymers129-130. Whispering gallery resonances can also be excited 

around the equator of liquid droplets.131-133  Since this thesis deals with silicon nanowire microring 

resonators and their use as refractive index sensor platforms, a detailed discussion of microring resonators 

with the theory governing their operation will be given in Chapter 8.   
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2.2.5 Plasmonic Sensors 

Surface plasmons are a phenomena of thin metal films (typically gold, silver or aluminum) where 

the momentum of the incident light causes a delocalized oscillation of the electrons in the metal film to 

occur.134  Surface plasmons can be excited by the evanescent field of an incident light beam during total 

internal reflection within a prism or an optical fibre.14, 134 They can only be excited by p-polarized light 

(transverse magnetic, TM), and not by s-polarized light (transverse electric, TE).134 When the photon 

momentum in the plane of the metal film is equal to the surface plasmon propagation constant, ɓ, the 

reflected light at the metal film is attenuated as a surface plasmon resonance (SPR) is excited.134-135 The 

propagation constant of the evanescent field of the p-polarized light is related to the wavelength of light, ɚ, 

the refractive index of the prism, np and the incident angle, ɗ.134-135 
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The propagation constant of the surface plasmons, ɓ, depends on the angular frequency of the light, ɤ, the 

speed of light, c, and the dielectric constants of the metal, and the surroundings, Ům and Ůs.134-135 
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A schematic of a prism based SPR instrument using the Kretschmann configuration is shown in Figure 

2.13. A series of lenses can be used to simultaneously probe a range of incident angles at the prism-gold 

interface. In this process, only a narrow range of incident angles will generate plasmon waves. This is 

indicated by the black line in the reflected light. An SPR spectrometer based on this configuration was 

constructed by Ms. Amy MacLean and others in our group. Simple and inexpensive SPR instruments can 

also be constructed using, a collimated laser that can rotated around the prism to collect the same angular 

reflectance information.135-136 The inset of Figure 2.13 shows the excitation of a surface plasmon wave from 

a single angle of incident light.   
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Figure 2.13: Schematic of a simple surface plasmon resonance instrument. An expanded beam is used 

to probe the prism metal surface from a range of incident angles. Only a narrow range of angles will 

be able to excite plasmon waves and the reflection will be attenuated. The inset shows a small range 

of angles exciting a plasmon wave on the metal surface.   

Since the momentum of the evanescent field must match the energy needed to excite plasmon modes in the 

gold surface, the resonances can be probed by varying either the incident angle or wavelength of the light.14, 

134 A schematic showing the shape of a typical SPR resonance is shown in Figure 2.14.  

 

Figure 2.14: Illustration of a typical SPR resonance curve.14 The reflected intensity will go through a 

resonance by either scanning the incident angle or the wavelength of the light. The small initial dip 

marks the critical angle of total internal reflection. The blue curve shows the resonance shift that 

would occur if the refractive index above the metal film changes by æn. 

While many prism-based SPR instruments are commercially available,137-138 it is also possible to 

excite plasmons using metal gratings139, metal coated optical fibres,140-142 or metal coated planar waveguide 
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devices143. Fibre-based SPR sensors have also been developed with sensing elements using gold, silver and 

aluminum in series on the same probe.144 Localized plasmon resonances can be excited using nanohole 

arrays and metal nanoparticles.145-147 Several detailed review articles have been published showing the full 

ability of SPR for both chemical and biological sensing applications.14, 148 

 SPR is most commonly employed for bio-sensing applications.15-16 Thiols,149-151 and more recently 

carbenes152 can be used to functionalize gold coatings with organic compounds to allow tethering of 

antibodies and other proteins to the surface of an SPR slide. These molecules can then react with antigens 

in solutions flowed over the device, resulting in a refractive index change at the metal layer. 

Surface plasmon resonance can be used for other types of chemical sensing148, 153 and has 

comparable sensitivities and detection limits with prism-based and waveguide-based refractometers. With 

commercial scanning instruments, there is a trade-off between angular range of measurement, and angular 

resolution when monitoring dynamic processes in order to maintain a suitable time resolution.   

2.2.6 Chip-Level Sensors 

Integration of refractive index sensors into chip-level devices has many advantages over optical 

fibre sensors. Chip-level optical waveguides can be made out of a variety of materials including silica154, 

silicon nitride124, 155-156, silicon112, 157and polymers158-159. Devices can be constructed with a high degree of 

accuracy and repeatability through lithographic and chemical etching processes.157 In many cases, devices 

can be made on large wafers producing hundreds of identical sensors in a single fabrication run.156-157 Since 

it is not trivial to incorporate light sources and detectors directly on optical waveguide chips, it is often 

preferred to couple light into optical waveguide chips from external light sources, and use either cameras 

or optical fibre coupled photodetectors to record transmitted light intensities. This may require 

high-precision alignment stages or optics.   

For many of the previously described fibre-based sensors, chip-level analogues have been 

presented. For example, on-chip Fabry-Perot cavities have been presented using silicon photonic Bragg 

gratings that were etched into a chip (Figure 2.15).160 Here, siloxane polymer coatings were cast into the 
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mirror cavity, and resonance shifts were observed from the deformation of the silicon gratings from the 

polymer swelling when exposed to volatile organic compounds.160  

 

 

Figure 2.15: Schematic of a chip-based Fabry-Perot cavity formed from two silicon Bragg gratings. 

The holes forming the mirrors, the well in the centre of the cavity, and the alignment grooves for the 

optical fibres were all made using deep reactive ion etching. Polymers could be solvent cast into the 

channel between the Bragg mirrors for analysis. The transmission spectrum will have the overall 

envelope of the reflection of the first mirror with a series of cavity fringes inside, as is illustrated on 

the right. 

Chip-level interferometers have also been demonstrated. A simple Young interferometer was 

developed using a set of parallel planar silicon nitride waveguides.155 A laser was coupled into the 

waveguides using a grating coupler. One of the channels was left exposed for functionalization while the 

other channel was buried under a protective layer of silica. The output of the two waveguides coupled out 

through gratings and the light spatially interfered. The interference pattern was detected using an 

inexpensive CCD or CMOS camera chip (Figure 2.16). The observed interferogram was the combination 

of diffraction from the individual waveguides and a two-beam interference. Using this technology, 

Edmiston and coworkers conducted ppt level detection of the vapours of explosives, including 

trinitrotoluene, TNT.155  

Mach-Zehnder interferometers can also be made from optical silicon nanowire waveguides, 

where one arm is buried under a protective overcoat while the other arm is exposed to the surroundings 
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for functionalization and chemical sensing.157 An example of a silicon waveguide MZ interferometer is 

shown in Figure 2.17A.157 
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Figure 2.16: Schematic and simulated interferogram of a chip-level Young interferometer. The laser 

is coupled into and out of both waveguides using grating couplers. The light from the two waveguides 

is spatially interfered and the pattern is captured using a CCD or CMOS camera. The resulting 

interferogram is a combination of single slit diffraction (blue dashed line) and two-beam interference. 

Silicon nitride Young interferometers were previously described by Edmiston and coworkers. 155 

 Microring resonators can be also constructed from these optical waveguides. Since the refractive 

index contrast between the silicon nanowire and the surroundings is very high, photonic wire waveguides 

can be coiled to reduce the surface area on chips (Figure 2.17B),112left as individual rings (Figure 2.17C), 

112 or elongated to form race track resonators.122 

 

Figure 2.17: Optical profiler im ages of silicon wire waveguide optical devices. A) A Mach-Zehnder 

interferometer is shown with coiled arms that are 1.76 mm long. B) A 936 ɛm long coiled silicon ring 

resonator. C) A pair of silicon ring resonators 185 ɛm and 134 ɛm in circumference.   
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 Many groups have used silicon photonic waveguides for a range of bio-sensing and environmental 

sensing applications. Carborg and coworkers created a microfluidic chip for simultaneous analysis of 8 

silicon nitride microring resonators.156 Silicon microring technology has been commercialized for 

simultaneous on-chip test for many different biomolecules in blood samples.161 Coated silicon microring 

resonators have also been demonstrated for the detection of ethanol vapour, ammonia and other VOCs.113, 

162-163 A more detailed description of the theory behind different optical devices fabricated out of photonic 

optical waveguides is presented in Chapter 8. 

2.3 Methods of Measuring the Refractive Index and Thickness of Thin Films 

It is important to understand the changes in the optical properties of polymers and other coatings 

when exposed to analytes in order to properly interpret the response of coated microphotonic devices. In 

this thesis, an independent method to determine both the refractive index and thickness of thin-films is 

described for this purpose. There are a number of different methods to accurately measure the thickness of 

thin films, and many of the conventional techniques require expensive and complicated instrumentation. 

For example, the thickness and surface morphology of samples can be accurately measured using scanning 

electron microscopy (SEM), and transmission electron microscopy (TEM), but these methods require a 

great degree of sample preparation, and either sputter coating samples with conducting metals or thinly 

slicing samples for measurements. This is not practical for dynamic experiments and can be damaging to 

samples. There are also contact methods including stylus profilometry and atomic force microscopy (AFM) 

where a cantilever is dragged over or dragged near a sample and the vertical displacement of the cantilever 

is measured through a change in electrical signal (current or voltage). While these techniques have a very 

high resolution they do not provide any information about the refractive index of thin films.  

For the purpose of this thesis, discussion will focus on optical techniques that can be used to 

simultaneously measure the refractive index and thickness of thin films. Some of these techniques, 

including spectroscopic reflectometry and optical microscopy techniques, are only able to measure optical 

thickness of a material (nd). Techniques like neutron reflectometry and spectroscopic ellipsometry are able 
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to independently resolve both the thickness and refractive index of thin film samples. The thickness and 

refractive index can be also measured using interferometric refractometry58 as will be discussed in great 

detail in this thesis, with the theory discussed in Chapter 4.  

2.3.1 Thin-Film Spectroscopic Reflectometry 

The intensity of reflected light at normal incidence from a surface, R12, is the square of the reflection 

coefficient, r12, and is dependent on the refractive indices of the two boundary media, n1 and n2 .164 
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When light is reflected off of a transparent thin film at normal incidence, it partially reflects from the top 

and bottom surfaces resulting in thin-film interference fringes. The spacing of the fringes is related to the 

product of the filmôs refractive index, n2, and thickness, d.164 Here, n1 is the refractive index of air, n2 the 

refractive index of the film and n3 the refractive index of the substrate beneath the film. The reflection 

coefficient r23 is calculated analogous to r12 in equation (2.32). 

 

2

12 23

2

12 231

i

total i

r r e
r

r r e

b

b

-

-

+
=
+

  (2.33) 

The phase delay from reflection within the film is denoted as ɓ.164 
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The reflectance intensity is then the square of equation (2.33) containing the complex conjugates of the 

imaginary components.164  
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This technique can also be used for angles besides normal incidence, in which case, the reflection spectrum 

will depend on the polarization and the incident angle of the light.   

A thin-film spectroscopic reflectometry experiment operated at normal incidence can easily be 

assembled with a fibre probe, broadband light source and a spectrometer as is shown in Figure 2.18. The 
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intensity of reflection from a film may be quite weak, so multi-fibre probes can be used to collect more 

light for the spectrometer. The thin-film reflectance spectrum was calculated using equation (2.35) for a 2 

µm thick fused silica film on a high index N-SF11 glass slide, and is also shown in Figure 2.18. The 

wavelength dependent refractive indices of both materials were calculated from dispersion information 

available in the literature.165-166 
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Figure 2.18: Schematic of a simple thin-film reflectance experiment with simulated data using 

equation (2.35). Typically the reflectance signal will be quite weak, and a multi-fibre probe can be 

used to collect more reflected light for the spectrometer. A simulated reflectance spectrum is shown 

for a 2 µm fused silica film on an N-SF11 high index glass substrate, with the wavelength dispersion 

accounted for using coefficients from the literature.165-166 

One of the major challenges with spectral thin-film reflectometry is finding the wavelength 

dispersion information for the refractive indices of the film and the substrate. To effectively account for the 

dispersion, the refractive index must be calculated for each wavelength using Cauchy or Sellmeier 

coefficients and these may be difficult to obtain for complicated materials and polymers. The refractive 

indices of fused silica and Schott N-SF11 high index flint glass are shown in Figure 2.19 between ɚ = 370-

700 nm to highlight this effect.165-166 The second challenge with thin-film reflectometry is that the refractive 

index and thickness are intertwined and only the optical thickness can be determined (nd). In order to 

separate these two parameters, either the film identity must be well known so that Sellmeier or Cauchy 

parameters can be used, or the thickness must be previously well defined. Despite these challenges, several 

commercial instruments have been developed to measure thin films of thicknesses from 20 nm to several 
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microns with the specific limits dependent on the transparency and refractive index of the films being 

studied.167-169  
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Figure 2.19: Refractive index dispersion for fused silica and Schott N-SF11 high-index glass. The 

refractive indices were calculated between ɚ = 370-700 nm from Sellmeier coefficients in the 

literature. 165-166 

Thin-film reflectometry has been shown to be useful for the in-situ thickness measurement of 

silicon dioxide layers formed during reactive ion etching of silicon substrates.170 It has also been 

demonstrated in conjunction with ellipsometry to study the oxidation of copper films exposure to oxygen 

gas at high temperatures.171 Spectroscopic reflection is useful for the measurement of metal and inorganic 

materials where the composition and thickness are stable and can be well defined. However, using 

spectroscopic reflectometry to study polymer films is complicated. Polymers may both swell and have 

refractive index changes when analytes partition within them.  

2.3.2 Microscopy Techniques 

Besides electron microscopy, there are a couple of modern optical microscopy techniques which 

are suitable for measuring film thickness and refractive index. Optical microscopy, or optical profilometry, 

has the added benefit that it can probe the film roughness or thickness over a larger field of view. Both 
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confocal microscopes and white light interferometric microscopes can be used to measure the morphology 

of thin films.  

Confocal laser scanning microscopes focus an expanded laser beam using a microscope objective 

onto a sample surface. If the surface is at the focal point of the laser, the light reflects back over the original 

path, where it is focused down using a lens and passed through a narrow pinhole or slit to be measured by 

the detector (Figure 2.20).172-174 If the surface is above or below the focal point of the laser, the light will 

strike the beam block and will not pass through the slit to the detector (red and blue lines in Figure 2.20).172-

174 When the height is scanned between the objective and the sample, two high intensity peaks will be 

observed (one from reflection off the top surface of the film and a second from reflection off the substrate 

at the bottom of the film). A sensitive stepper motor is used to accurately define the optical height (nd) of 

the film with a vertical resolution ~ 2 nm175, and a lateral resolution of ~200-300 nm.174  

 

Figure 2.20: Schematic showing the simplified operating principle behind confocal laser microscopy. 

A laser is first expanded and then focused onto the surface of a sample using an objective. If the 

sample is at the focal point then the light will reflect back through the original path where it is focused 

down through a pinhole to the detector. When the sample is above or below the focal point of the 

laser, then the light will strike the beam block and not reach the detector (red and blue lines). The 

distance between the objective and the sample is varied and two intense reflection peaks are observed 

from the top and bottom surfaces of the film.  
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Confocal microscopes are frequently used for biological sectioning, where a dichroic beam splitter or filter 

can be used to detect fluorescence at a longer wavelength than the initial excitation source.173 This allows 

for greater image resolution of bacteria and other types of cells.176-177 

 White light interference microscopy is another technique that can be used to measure thin-film 

thickness with high accuracy. In this technique, the light from a white light source (eg. white light LED) is 

shone onto a surface through a Michelson or Mirau interferometer objective. The interferometer objectives 

contain a fixed mirror to act as a reference arm, which interferes with the reflected light off the sample. As 

the height between the sample and the objective is scanned the interferogram is different for each 

wavelength, and the combined interferogram of the wave packet will pass through a maximum intensity 

(Figure 2.21). When coupled to a CCD camera, the corresponding interferogram of the sample is measured 

simultaneously at each pixel over the field of view of the objective. When scanning over transparent films, 

two maxima are observed in the interference envelope, i.e. from reflections off the top surface and off the 

substrate below the film. The height difference between these two peaks is related to the optical thickness 

of the film. Just like confocal microscopy, white light interferometry only measures the optical thickness 

(nd) and knowledge of the materialôs refractive index is needed to obtain the film thickness and vice versa. 

When a section of the film is removed to expose the bare substrate, the film thickness can be accurately 

measured from the step to the substrate. While this does not provide information on the film refractive 

index, it can be used to calibrate the thickness so that the refractive index can be extracted when measuring 

an adjacent section of the bulk material. 

 The next two techniques, neutron reflection and ellipsometry are optical techniques that allow for 

simultaneous measurement of a filmôs refractive index and thickness and will be discussed in the following 

paragraphs.  
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Figure 2.21: Schematic of the operating principle behind scanning white light interferometry.  A 

white light source is shone through a beam splitter so one arm is reflected off the sample (red lines) 

and a second reference arm is reflected off a stationary mirror (blue lines). The two beams are 

recombined and the interference intensity is measured using a CCD camera where each pixel 

represents a different spatial location on the film. The microscope head is lowered using a stepper 

motor and the height where each pixel passes through an intensity maximum is correlated to the 

optical thickness of the film.  

 

2.3.3 Neutron Reflection 

Similar to light, neutrons can also be used to measure the thickness and refractive index of thin 

films.178-180 According to the particle-wave duality, a collimated beam of neutrons will behave similar to 

light and can undergo both reflection and interference. When neutron beams strike a surface above the 

critical angle of incidence, they are totally reflected off a surface. At smaller incident angles, similar to 

light, neutrons undergo Fresnel reflection.178-180 When neutrons reflect off a thin film, interference fringes 

are observed in the Fresnel region of reflection.178-180 This process is similar to x-ray reflection and may be 

compared to thin-film interferometric refractometry, which will be discussed in Chapter 4.  

Neutron reflection has a number of advantages over using photons when characterizing materials. 

Neutrons interact with the nucleus of the atoms while photons interact with the electrons around atoms.178, 
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180 This means that the scattering distance of neutrons in a material will be different for different atoms and 

even different isotopes of the same element.178 Neutron reflection can also be used for film profiling and 

can measure the change in film composition with depth.178 This provides a great deal of information that 

cannot be obtained using light. A clear disadvantage of neutron reflection is that the refractive index is 

measured at the de Broglie wavelength of the neutron (typically in the wavelength range of x-rays). This 

index is considerably different from the refractive index at visible and infrared optical frequencies. 

Additionally, neutron reflection requires specialized equipment. For example, neutron sources require 

either a nuclear reactor or a particle accelerator. Obviously, these infrastructure costs are prohibitive for 

research groups interested in examining a large number of samples.  

2.3.4 Spectroscopic Ellipsometry   

Spectroscopic ellipsometry is a powerful technique for determining the refractive index and 

thickness of multilayer thin-film systems.24, 181-182 Many commercial instruments are available that can 

measure film thicknesses from 0.1 nm to 50 µm while simultaneously measuring the refractive index of 

each layer.183 Ellipsometry uses a polarizer to switch between s- and p-polarized light and the ratio, ɟ, of 

the two reflection coefficients rp and rs is measured and is related to two angles, ɣ and ȹ.24 

 tan
p i

s

r
e

r
r yD= =   (2.36) 

The tanɣ term is related to the amplitude of the reflection, and ȹ is the optical phase difference between 

the two polarizations of the reflected light.24 A phase analyser is used to measure the reflected elliptical 

polarization and a broadband detector measures the intensity of each wavelength in the spectral range of 

the source.24 To ensure that the correct solution of the system is found, this process is repeated at a series 

of different incident angles, ɗ.24 Figure 2.22 shows a schematic of the spectroscopic refractometer with a 

photograph of a commercial device. 
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Figure 2.22: Schematic and photograph of a variable angle spectroscopic ellipsometer. A broadband 

source (240-1700 nm) passes through a polarizer to switch between s and p polarized light. The light 

is then reflected off a sample and a polarization analyser and a broadband detector is used to measure 

the amplitude and phase difference of the elliptically polarized reflected light. The photograph shows 

a commercial variable angle ellipsometer (J.A. Woolam, Lincoln, NE) 

Sample spectra of the two angular components of the polarization (ɣ and æ) are show for a 700 nm 

mesoporous silicate film at four incident angles (ɗ = 45-60°) in Figure 2.23. The film was prepared by Dr. 

Xiaowei Wu and the measurement and analysis was performed with Mr. Rodrigo Becerra (Department of 

Physics, Queenôs). 
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Figure 2.23: Sample spectra of the two angular components of the polarization (ɣ and æ) of a 700 nm 

silicate film on a silicon substrate for incident angles between 45° and 60°. The fr inge structure is 

related to the optical thickness of the film. The fitting model (not shown) included a 1.7 nm native 

silicon dioxide layer and a 1 mm silicon substrate.  



44 

 

 The experimental collection of data using variable angle spectroscopic ellipsometers is very quick 

and simple, but the analysis can be very complicated. Once the data is collected a model of the system must 

be created including the refractive indices, absorption coefficients and thickness of each layer in the system. 

For each layer in the model, the effects of dispersion must be accounted for and the refractive indices need 

to be calculated using Cauchy or Sellmeier equations. Once the model is created, the expected angles ɣ and 

æ are simulated, and the mean squared error, MSE, is calculated from the difference between the measured 

and calculated ellipsometer parameters (ɣ and æ) at each incident angle, ɗ. Here, ŭɣ and ŭæ are the 

uncertainties on the measured angles and M is the number of incident angles studied.181 
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The refractive index, absorption coefficient and thickness are all varied for each layer and a least squares 

fit is used to converge to the solution with the smallest MSE.  

 While ellipsometry is useful for measurement of static samples, it is difficult to study dynamic 

systems (e.g. partitioning of an analyte into a polymer film) as the beam path must remain unobstructed 

between the source and the detector. Additionally, both the refractive index and thickness parameters would 

have to be independently fit for each measurement taken. Special sample dosing chambers have been 

presented with windows for the beam to access the sample while allowing analytes to be exposed to a film 

under study.184-185 Ellipsometry can also be used to study absorbing films186 and can be modified to image 

surfaces187 

2.4 Chemical Refractive Index Sensing 

The challenge with developing suitable chemical sensors on refractive index sensing platforms is 

overcoming the non-selectivity of the sensing platforms. In order to achieve this, it is essential to find 

materials that will only interact with, or preferentially interact with a target group of analytes. A number of 

approaches can be taken depending on the type of analyte being studied. A brief introduction is provided 

in the next sections to describe what types of materials may be suitable for the detection of volatile 
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compounds, heavy metals and biomolecules. Two reviews of fibre-based refractive index sensors by Wang 

and Wolfbeis contain a detailed review of materials that have previously been used for a wide range of 

target analytes.9, 13 

2.4.1 Sensing of Volatile Compounds 

For small gas molecules, typically metal surfaces are used for refractive index sensing applications. 

Palladium coatings interact strongly with hydrogen gas and have been shown suitable for leak detection 

using different types of fibre sensors188 and SU-8 microdisk resonators130. Similarly, ZnO coatings have 

been shown for the detection of ethanol vapour on microresonators,113 and the detection of hydrogen sulfide 

gas (H2S) using fibre sensors and SPR.189 A polymethylmethacrylate (PMMA) coating incorporating 

bromocresol purple, as a pH indicator, has been demonstrated for the detection of ammonia using silicon 

microring resonators.162 Ammonia detection was also demonstrated using an optical fibre SPR device 

coated with a composite polymer of PMMA  and a reduced graphene oxide.142 

Siloxane polymers, for example polydimethylsiloxane, PDMS, are common extraction matrices for 

non-polar volatile organic hydrocarbons (e.g. hexane, cyclohexane, benzene, toluene, xylenes, etc.).190-191 

Siloxanes are non-selective absorbers of many gases, and need to be functionalized in order to add 

specificity. For example, polydimethylsiloxane can be functionalized with phenyl or naphthyl containing 

siloxanes to increase the affinity to aromatic compounds or functionalized with long aliphatic chains or 

with fluorinated siloxanes.81, 192-193 Polydiphenylsiloxane doped polydimethylsiloxane films were 

preciously demonstrated for the detection of m-xylene and cyclohexane vapours using an LPG sensor.81 A 

similar polymer was also coated onto a silicon-on-insulator microring resonator.194 While none of these 

polymers on their own are entirely selective to individual VOCs, the relative response of a series of different 

films can be used to determine the identity and the concentration of an exposed analyte. 

Molecularly imprinted polymers can be used to detect of larger molecules.195 A template molecule, 

similar or identical to the target species, is included within the polymer matrix and removed once the 

polymer has cured. This leaves voids in the material that are functionalized to have a high affinity to the 
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target compounds. This technique was used for the trace detection of explosives like dinitrotoluene, DNT, 

and trinitrotoluene, TNT. Edmiston and coworkers used molecularly imprinted siloxane-based polymers as 

a sensing layer on a silicon nitride Young interferometer device and detected TNT vapours in the ppt 

range.155 Similarly, molecularly imprinted methacrylic acid-divinyl benzene copolymers were also 

demonstrated for detection of TNT using an optical fibre SPR instrument.153  

2.4.2 Metal Sensing 

Many materials for the sensing of metal ions in solution use porous or cage-forming materials to 

chelate ions. Since metal ions are positively charged, extraction materials need electronegative elements in 

order to bind metal ions, such as oxygen, nitrogen or sulfur. For refractive index sensors, ion receptors need 

to be either covalently bound to the sensor surface or encapsulated inside a polymer coating. Molecules like 

ethlyenediaminetetraaceticacid (ETDA), have multi-dentate binding centres and have high affinities to 

metal ions like iron, nickel, copper and cobalt and lead.196 Porphyrin molecules attached to glass substrates 

were presented for the detection of lead, mercury, and cadmium through absorption and fluorescence 

spectroscopy.197 Cage compounds like crown ethers198 and calixarenes199 are also useful for the detection 

of cationic metal ions, though the relative affinity is related the size of the cavity.198 Alternatively, heavy 

metals can be trapped in porous materials like zeolites200 or mesoporous silicate materials.85, 201 Tetrasulfide 

containing mesoporous silicates have been demonstrated for the extraction of lead and mercury ions in 

solution. These materials have been applied to LPGs85 and silicon-on-insulator Mach-Zehnder 

interferometers163 for the detection of  Pb2+ and Hg2+ ions. Functionalized mesoporous silicates have also 

been used with UV-Vis spectroscopy to study the uptake of a wide range of heavy metals cations.202  

2.4.3 Biosensing 

There is a large industry and research area related to biosensing. Refractive index sensing is a 

desirable label-free option for sensing of biological compounds. Biomolecules can easily be attached to 

refractive index sensors through amines or carboxylic acids groups on functionalised silanes, or thiols in 

the case of metal SPR slides.151, 203 Once a protein or other biomolecule is covalently linked to a surface, it 
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can be used to perform assays with target molecules. Binding sites on biomolecules impart a high degree 

of selectivity, compensating for the inherent non-selective behavior typical of refractive index sensors.204 

Several review articles have been published with details of a wide range of biosensing applications on fibre-

based sensors9, 13 and surface plasmon-based sensors.15-16 Commercial instruments have also been 

developed for sensing of biomolecules (e.g. proteins, aptamers, and DNA) using microring resonators161 

and SPR instruments.137-138 

2.5 Specific Thesis Objectives 

Now that the theory behind refractive index sensors has been described in detail, the specific 

research objectives related to this thesis will be discussed. Part of this thesis builds upon the previous work 

of Weijian Chen on interferometric refractometry for characterizing thin films.205 The aim of this thesis was 

to develop an optical method for characterizing the interactions of analytes within polymer films. 

Specifically, interferometric refractometry was used as a method to measure both the changes in refractive 

index and thickness of polymer films in order to determine the concentration of analytes adsorbed within 

the material. Through this process robust fitting algorithms were designed to increase the repeatability of 

the analysis process. Since the eventual goal was to apply chemical coatings to silicon-on-insulator (SOI) 

microresonator devices, it was important to the study the polymer analyte systems in the near-IR during 

this process.  

In order to model the concentrations of analytes within polymer films, the refractive indices of bulk 

reagents were needed at ɚ = 1550 nm. To date, there are very few studies in the literature that accurately 

report refractive indices of common solvents or solutions at this wavelength. To solve this problem, the 

refractive indices of many common organic solvents and a series of aqueous solutions were measured.66 

The relationship between analyte concentration and refractive index of aqueous sucrose, sodium chloride, 

ethylene glycol, glycerol, and dimethylsulfoxide solutions provided alternative calibration solutions for SOI 

devices and other near-IR refractive index sensors. 
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Once the refractive indices of the prospective analytes were measured, some model polymer 

systems were tested. SU-8 is a common photoresist used as a protective overcoat on some of the SOI devices 

that we planned to study later in this project. Generally speaking, SU-8 is thought to be chemically inert, 

though for sensitive refractive index studies it was essential to verify this ourselves. The swelling and 

refractive index change of SU-8 films was studied for the uptake of water and other organic solvents to 

ensure chemical compatibility of our devices in future SOI experiments.206  

The uptake of volatile organic compounds (VOCs) into siloxane polymers was used as another 

model system. Siloxane polymers are commonly used for sensing of VOCs and are employed as materials 

for solid phase microextraction (SPME). Polydiphenylsiloxane (PDPS) was added to polydimethylsiloxane 

(PDMS) films in an effort to increase the selectivity of the polymer films to aromatic compounds. The 

uptake of VOCs into both PDMS and PDMS-PDPS copolymer films were studied to determine the 

enhancement effect.   

Finally, siloxane polymers were coated onto SOI Mach-Zehnder interferometers and microring 

resonators as a proof of concept for chip-level refractive index sensing. The devices were then exposed to 

the same VOCs that were previously used in the refractometry experiments. Moreover, these experiments 

were also performed to ensure that polymer behaviour was reproducible between platforms.  
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Chapter 3 

Analyte Concentrations in Films and Diffusion Processes 

This chapter describes the theory used to determine analyte concentrations within polymer films 

from refractive index changes and film swelling during chemical uptake. We present equations that can be 

applied to interferometric refractometry and other miniaturized refractive index sensors including photonic 

wire micro-resonators and interferometers. The kinetics describing the concentration changes within films 

can then be related to diffusion. The theory behind diffusion and the mathematics that govern Fickian 

systems are described in detail. In a brief introduction, several experimental techniques that can be used for 

measuring diffusion are described. Concentration measurements can also be used at equilibrium to 

determine partition coefficients, as will be shown below.  

Our models are readily transferrable to different films, coatings, and varnishes. For example, solid 

phase microextraction (SPME) is a sample preparation technique that takes advantage of partitioning of 

analytes with a polymer film at equilibrium. Combining SPME coatings directly with refractive index 

sensors is a useful method to understand chemical systems as is later discussed in Chapter 7. Once 

characterized, SPME coatings can be applied to miniaturized refractive index systems for the development 

of chemical sensors as discussed in Chapters 8. 

3.1 Introduction  

The absolute analyte concentration in a polymer film can be difficult to measure. For films with 

comparably large volume and surface area, it is easiest to simply measure the mass change of the system 

upon exposure to an analyte.1-2 However, sample introduction in gravimetric experiments can be 

challenging, and balances may be subject to drift and instability over long periods of time. An alternative 

approach is to periodically weigh a sample material during its exposure to an analyte.3 This may result in 

increased noise, and limited temporal resolution of the uptake or release process. In some cases, thickness 

changes due to swelling can be used as an approximation of the film concentration. For example, the 

swelling of an SU-8 cantilever when exposed to water4 or the swelling of a hydrogel when exposed to 
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water5 was used as a proxy for the analyte concentration in the solid matrix. Unfortunately, when 

partitioning occurs into a film, a substantial density change may also occur and in an extreme case of a rigid 

porous film, a large amount of analyte may be partitioned into the film without any measurable thickness 

change. The concentration of a sorbent in a film can be determined much more accurately by measuring 

both the thickness and refractive index changes. The refractive index is not expected to change linearly with 

analyte concentration, as only the polarizabilities of the components should be additive. This is expected 

by the additivity of the Lorentz-Lorenz equation.6 In this chapter, I will develop a mathematical model to 

relate refractive index and thickness changes to the concentration of an analyte within a film. The 

determination of refractive index and thickness of polymer films using a large angle interferometric 

refractometer is discussed in Chapter 4.  

3.2 Determining Analyte Concentrations in Films 

The polarizability of molecules is related to the strength of their induced dipole within the presence 

of an electric field,7 as was discussed in Chapter 2. Classically, the induced dipole may be understood as a 

measure of how easily the electrons can be moved around within a molecule. The molar polarization of a 

compound, P, is related to the polarizability of individual molecules.7 
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Here, NA is Avogadroôs number, Ŭ is the polarizability of a molecule, and Ů0 is the vacuum permittivity. 

The polarizability, a ,is a tensor, and can be anisotropic, i.e. the distortion of the electrons depends on the 

direction of the electric field.6 In our case of a large assembly of disordered molecules, we treat the average 

polarizability as an isotropic (scalar) molecular property. The polarization can be related to the bulk 

properties of a material such as refractive index, n, density, ɟ, and molar mass, M.7  
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The combination of these two equations gives the Lorentz-Lorenz equation relating the polarizability, a, of 

a material to its refractive index, n.7  
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The overall refractive index of a mixture of compounds does not change linearly with the relative quantity 

of each substance. However, the polarization contributions are additive, such that the polarization of a 

mixture, Pmix, can be determined from the polarizations of the two components weighted by the respective 

mole fractions, X. In our specific case of a binary mixture with an analyte and a polymer matrix the two 

contributions are given subscripts A and P, respectively.  
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With equation (3.2), the polarization of the mixture can be related to its refractive index and density. 
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Equating equation (3.5) to equation (3.4) allows for the derivation of the relationship between the analyte 

concentration within a film and molar polarization. 
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Equation (3.6) can be expanded so it is easier for future rearrangement. 

 

2 2

2 2

1 1

2 2 A

mix mixA A A P P
A A P P

mix mixmix mix

n nX M X M M
X P X P P

n nr r

å õ å õå õ å õ- --
+ = - +æ ö æ öæ ö æ öæ ö æ ö+ +ç ÷ ç ÷ç ÷ ç ÷

  (3.7) 

This expanded equation can be rearranged to solve for XA. 
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It is often not possible to measure the density of the mixture ɟmix, so an expression must be derived and 

substituted for this term. Let us first consider the equation for the mole fraction, where the masses and molar 

masses are expressed as m and M respectively. 
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Equation (3.9) can be re-arranged to give an expression for ratio of the two masses.  
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The ratio of the density of the mixture, ɟmix, and the density of the polymer material, ɟP, can be described 

based on the initial thickness, d, the thickness of the mixture, d + ȹd, and the respective masses of each 

component, ma and mp. This equation assumes that the swelling during partitioning of an analyte into a film 

occurs in one dimension such that the filmôs footprint area, A, remains constant. 
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This can be simplified and re-arranged to derive an equation for the density of the mixture. 
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Substituting equation (3.10) into equation (3.12) gives an expression for the density of the mixture where 

the terms are either known constants (molar masses, M) or measurable properties (d and ȹd). 
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Substituting equation (3.13) into equation (3.8) gives an expression that uses only constants and measurable 

properties. 
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This resulting equation appears unnecessarily complicated. We simplify the equation by removing a factor 

of 
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 from both the numerator and denominator. 
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The molar polarization of the polymer film (equation (3.2)) is then rearranged.  
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Substitution of equation (3.16) into (3.15) brings us closer to the final equation. 
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After re-arrangement of equation (3.17), an expression is derived to relate the analyte concentration within 

the film, XA, to the film refractive index and thickness changes. 
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Where the refractive indices of the original polymer and mixture, nP and nmix, initial film thickness, d, and 

thickness change, ȹd, are experimentally obtained. The molar polarizations of the polymer and analyte are 

calculated using equation (3.2) from literature values of density and refractive index. For polymers, the 

molar mass, MP, is assumed to be the molar mass of a monomer unit of the polymer. The full rearrangement 

between equations (3.17) and (3.18) is described in Appendix 3.1.  

The dynamic analyte concentration within a film during chemical partitioning will often be 

diffusion controlled. The basic theory and mathematics behind Fickian diffusion are described in the 

following section. 

3.3 Diffusion Coefficients  

Polymers can exist in two distinct states: a rigid or glassy state, and at higher temperatures, a 

flexible rubbery state.8 The temperature change between these two states is known as the glass transition 

temperature.8 The migration of an analyte into a polymer can be described by Fickian diffusion at 

temperatures above the glass transition temperature of the material.9 Rubbery polymers are flexible and 

easily allow analyte permeation and mobility within a film.9 The glass transition temperature of PDMS is 

Tg = -123°C,10 which means that analyte diffusion at room temperature is expected to be Fickian. Films 

below the glass transition tend to be rigid and the polymer chain relaxation rate is either comparable or 

slower than the analyte diffusion.9 These materials can be modeled using other non-Fickian models.9  The 
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glass transition temperature for SU-8 2000 epoxy photoresist is Tg = 210°C,11 suggesting that diffusion at 

room temperature should be non-Fickian. For tracer diffusion at low concentration and at early times, the 

diffusion of water and other analytes into SU-8 has been shown to behave Fickian in the literature.4, 12-13 

Fickian diffusion will be used to describe the theory behind diffusion and provide suitable diffusion models 

that will be used later in this thesis.  

3.3.1 Theory of Diffusion in Polymer Systems 

Diffusion is typically explained as the migration of molecules from an area of high concentration 

to an area of lower concentration through a ñrandom walkò motion. The mathematics used to explain 

diffusion were developed by Fick and are analogous to the equations previously derived by Fourier to 

describe heat conduction.14 The flux, F, i.e. the rate of molecule transfer per unit area, is described by Fickôs 

First Law and is related to a diffusion constant, D, and the concentration gradient in the medium, ŭC/ŭx.7  
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In many applications flux may be difficult to measure, so it becomes more practical to measure diffusion 

through changes in concentration over time, ŭC/ŭt, as it is expressed in Fickôs Second Law for one 

dimensional diffusion.7 
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Here, the concentration change is related to a diffusion constant, D, and a second order differential equation 

with respect to position, x. While solutions to these equations are not trivial and depend on the boundary 

conditions that are applied, equation (3.20) has been rigorously solved for a variety of different conditions 

by Crank.14  

 For the diffusion into a film of thickness, d, that is attached to an impermeable boundary at x = 0 

(i.e. a glass substrate), the boundary conditions include a constant analyte concentration above the film, CÐ, 

an initial analyte concentration in the film of zero, and assume that the bottom of the film is constantly 

impermeable.14 
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The solution for diffusion into a film attached to an impermeable boundary at x = 0 with coordinates of 

0 < x < d is identical to the symmetrical diffusion from both sides into a film of twice the thickness 

(d < x < d) and can be expressed as an infinite sum of exponentials.14 
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Where CÐ, is the limiting concentration ast­¤. This equation agrees best over moderate and large times.15 

For short times, the concentration profile is better expressed by a sum of complementary error functions.15 
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For those who are unfamiliar with error functions, a brief primer has been included in Appendix 3.2.16  

When diffusion is assumed to occur from both sides of the polymer, the diffusion equations (eqns. 

(3.22) and (3.23)) will differ by a factor of 2 on d, as a result of a difference in the coordinate system.17 This 

is also true for the integrated version of this equation which is used to determine the average concentration 

within a film.18-19 This difference in coordinate system is described in Figure 3.1. When deriving diffusion 

expressions it is important to use the correct coordinate system in order to arrive at the appropriate model 

for the system. The equations for symmetrical diffusion are analogous to the equations presented in this 

chapter and are well summarized in the literature.20-21  

The time-dependent concentration profiles for a film with a thickness of d = 40 ɛm and a diffusion 

constant of D = 1.00×10-8 cm2/s were calculated using equations (3.22) and (3.23). The resulting profiles 

are shown in Figure 3.2. All the red curves were calculated using a sum of 10 exponential functions and all 

of the dashed black lines using a sum of 10 complementary error functions.  
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Figure 3.1: Graphical representation of different film coordinate systems used for the derivation of 

diffusion equations. A) Diffusion through a film of thickness, d, that is mounted on an impermeable 

boundary such that diffusion only occurs from the top surface of the film. The solution to the diffusion 

in A) is the same as that of B). B) Symmetrical diffusion into a film of thickness 2d. C) Typically 

symmetrical diffusion is expressed with a total film thickness h, which will differ by a factor of 2 or 

4 on d and d2 respectively in all diffusion equations.  
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Figure 3.2: Concentration profiles for diffusion of an analyte into a 40 ɛm thick film with a diffusion 

coefficient of D = 1.00×10-8 cm2/s. The top of the film x = 40 ɛm is where the analyte is exposed to the 

top of the film and the bottom at x = 0 ɛm represents an impermeable boundary at the film-substrate 

interface. Curves are shown from right to left for t = 5 s, for t = 10-100 s in 10 second intervals, and 

for t = 100-1500 s in 100 second intervals. In each case, the red lines show a sum of 10 exponential 

functions (equation (3.22)) and the black dashed lines a sum of 10 complementary error functions 

(equation (3.23)).  
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The sum of exponential functions model the concentration profile well at medium to late times but at early 

times many terms are needed to accurately model the concentration profile. To demonstrate this effect, the 

concentration profiles were modeled using equation (3.22) with 1, 3, 5, 7 and 10 terms respectively at 

t = 5 s, t =100 s and t =1000 s and are shown in Figure 3.3. It is quite noticeable that at t =5 s, the model 

requires more than 7 terms before the oscillations in the concentration profile disappear. At t = 100 s it only 

takes 3 terms to effectively model the profile and at later times of t = 1000 s a single exponential term is 

sufficient for modeling the concentration profile.  
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Figure 3.3: Modelling of concentration profiles using a sum of exponential functions at early, medium 

and late times.  Concentration profiles were calculated at t = 5 s, t = 100 s, and t = 1000 s using 1, 3, 

5, 7 and 10 exponential terms. At early times (t = 5s), more than 7 exponential terms are needed to 

suitably model the diffusion profile. Less than 7 terms results in oscillations in the concentration 

profiles. At medium times (t = 100s) only 3 terms are needed, and at later times (t = 1000s) only a 

single term is needed to give an accurate concentration profile.  

At early times, a sum of error functions can also be used to determine the concentration profile within a 

material. The concentration was modelled using the same number of terms and at the same times as shown 

for the exponential functions in Figure 3.3. The resulting curves are shown in Figure 3.4. For the ease of 

computation, a ten-term exponential fit is likely the simplest method for reliable analysis. It is important to 

emphasize that adding additional terms does not increase the number of fitting parameters even though it 

improves the model of the system.  

Experimentally, it is not easy to measure concentration profiles within a film. The concentration 

can be probed at the film-substrate interface, e.g. using microresonators, long period gratings or attenuated 

total internal reflection spectroscopy (ATR). 
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Figure 3.4: Modelling of concentration profiles using a sum of complementary error functions (erfc) 

at early, medium and late times.  Concentration profiles were calculated at t = 5 s, t = 100 s, and 

t = 1000 s using 1, 3, 5, 7 and 10 erfc terms. At early and medium times (t = 5 s, 100 s), only a single 

term was needed to model the diffusion profile. At later times (t = 1000 s), three terms were required 

to effectively model the concentration within the film. Moving further to later times will require even 

more terms to properly model the concentration.  

Alternatively, the average concentration throughout the bulk film can be measured gravimetrically 

or through mass spectrometry. When studying the concentration at a film-substrate interface, 

equation (3.22) can be solved at x = 0, causing the cosine function to go to unity.  
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A similar equation can be derived to describe the average concentration in a film by integrating 

equation (3.22). 
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The sine function produces odd multiples of 
2

p
 so it can be replaced with:  
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This yields the final equation for the average analyte concentration in the film.  
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The concentration at the film-substrate interface is delayed relative to the bulk as it takes time for the sorbate 

to diffuse to the bottom of the film before a response can be observed. This initial time lag is shown in 

Figure 3.5 for a modeled diffusion with a rate of D = 1.00×10-8 cm2/s through a 40 µm thick film. The two 

curves were calculated using ten term approximations of equations (3.24) and (3.27).  
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Figure 3.5: Modeled diffusion curves of concentration changes in the bulk film and at the film-

substrate interface of a 40 µm film with a diffusion rate of D = 1.00×10-8 cm2/s. The dashed blue line 

shows the average concentration in the film calculated using 10 terms with equation (3.27). The solid 

black line shows the concentration at the film-substrate interface calculated using 10 terms with 

equation (3.24). 

It is also possible to calculate the diffusion coefficient from the average concentration changes at early 

times using a complex sum of complementary error functions.14 
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To improve the fitting at both early and late times, Balik described a blended model that fits to 

equations analogous to (3.27) and (3.28) using a Fermi function to weight between the two equations as a 

function of time.20  
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Here, f(x) and g(x) represents the two functions and f is the Fermi function that weights between the two 

functions with time. A number of approximations are often used based on equation (3.27) to simplify 

determination of diffusion coefficients. Balik illustrated several different methods for extracting diffusion 

coefficients from gravimetric data of sorption in thin polymer films.20 The different approximations are 

explained and evaluated using the simulated data from Figure 3.5 in the following section. 

3.3.2 Approximat ions for Estimating Diffusion Coefficients  

The equations in the previous section are solutions for a film of thickness, d, with an impermeable 

membrane at x = 0. A number of different approximations based on the diffusion equations are used in the 

literature when solving diffusion coefficients. In the following section we compare these approaches, briefly 

explain the assumptions and test the methods with the modelled diffusion through a 40 µm film with a 

diffusion coefficient of 1.00×10-8 cm2/s. In each case the equations have been modified to agree with our 

reference frame as was discussed in the previous section. It can be quite challenging to accurately determine 

the saturated analyte concentration in the film, CÐ. The robustness of the various models and the resulting 

uncertainty of the diffusion constants was therefore tested by varying the asymptotic (equilibrium) 

concentration, CÐ, by ± 10%. The diffusion coefficients obtained using all of the different models will be 

summarized at the end. 

 If the analyte concentration in the saturated film is well defined, the diffusion coefficient can be 

determined from the time of half concentration (t0.5), where C/CÐ= 0.5. Taking a two term approximation 

of equation (3.27) gives the following relationship.15, 20-21  
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For the model diffusion into a 40 ɛm thick film with a diffusion coefficient of D = 1.00×10-8 cm2/s (Figure 

3.5), the half-concentration time was found to be t0.5  = 315 s. This corresponded to a diffusion coefficient 

of D = 0.99×10-8 cm2/s. If the saturated concentration was higher or lower by 10%, then t0.5 = 260-390 s, 

which yielded diffusion coefficients D = 0.81-1.21×10-8 cm2/s.  

Alternatively, diffusion rates may be determined from the initial uptake rate. The relative 

concentration C/CÐ forms a straight line when graphed against t1/2 using a single term approximation of 

equation (3.28) (Figure 3.6).20-21 At early times, the complementary error function is negligibly small and 

the first part of the equation will be dominant.  
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Figure 3.6: Estimation of the diffusion coefficient from the initial slope of the relative concentration 

with the square root of time. The red curve shows the relative concentration assuming no errors in 

the saturated concentration. The two blue curves show the fits if the saturated concentration was 

different by ± 10%. Each curve was fit from t = 0-400 s. 
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The linear slope from the correctly modeled data yielded a diffusion coefficient of D = 0.99×10-8 cm2/s. If 

there was a 10% error in the saturated concentration, the diffusion coefficient ranged from 

D = 0.82-1.23×10-8 cm2/s. 

Diffusion coefficients can also be obtained from the limiting slope at later times from a plot of 

ln(1-C/CÐ) vs t (Figure 3.7). This equation is derived from a single term of equation (3.27).20-21  
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Figure 3.7: Estimation of the diffusion coefficient from the limiting slope at late time of ln(1-C/CÐ) 

versus time. When the saturated concentration is underestimated the curve deviates from linearity 

at late times, as C/CÐ becomes greater than 1. In this case, the linear function was fit to data from 

t = 600-1000 s. For the actual data and the overestimated saturated concentration, the linear fit was 

taken from t = 800-1500 s. The fitting regions are shown by the dashed lines. 

If the saturated concentration is underestimated by 10%, the curve is no longer linear and will not give a 

good approximation of the diffusion coefficient.  When there is no error in the saturated concentration, the 

correct diffusion coefficient was determined as D = 1.00×10-8 cm2/s. When the concentration was different 

by ±10% the diffusion coefficient ranged from D = 0.55-1.65×10-8 cm2/s. 
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When the saturated film concentration, CÐ, is not well known, the diffusion constant can be 

calculated from the derivative of a single term of equation (3.27).20-21  
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At long times, the slope can be taken of a plot of ln(dC/dt) versus t as is shown in Figure 3.8.  
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Figure 3.8: Estimation of the diffusion coefficient from the limiting slope at late times of the logarithm 

of the derivative versus time. This model does not require the saturated concentration to be known, 

as this will only affect the y-intercept and not the slope. The red curve shows the actual saturated 

concentration and the two blue curves show ±10% error on the saturation concentration. In each 

case the linear fits from t = 600-1500 s yielded diffusion coefficients of D = 1.00×10-8 cm2/s. 

This method is independent of the saturation concentration and yielded diffusion of D = 1.00×10-8 cm2/s 

from the linear fits in all three curves.  

A final method determines diffusion coefficients from the full dataset by first integrating over the 

full sorption isotherm to calculate the sorption moment, Űs.20-21 
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Equation (3.34) can be equated to the integral of the remaining portion of a single term of equation (3.27) 

to relate the sorption moment to the diffusion coefficient.  

 

2

2 20

8
exp

4
s

Dt
dt

d

p
t

p

¤ å õ-
= æ ö

ç ÷
ñ   (3.35) 

After integration and rearrangement, the diffusion coefficient can be calculated from the following relation, 

which is often further approximated with an integer in the literature.20-21  
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A plot of 1-C/CÐ versus time is presented in Figure 3.9, with the sorption moment of the actual concentration 

indicated by the hatched region below the red curve.  
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Figure 3.9: The sorption moment is calculated by integrating under the curve of 1-C/CÐ with time. 

The red curve shows the diffusion when the correct saturation concentration is used, with the pink 

hatched area indicating the sorption moment. The two blue curves show an under and over 

estimation of the saturated concentration by 10%.  

The sorption moment was calculated as Űs = 481.3 from the correct saturation concentration which yielded 

a diffusion coefficient of D = 1.09×10-8 cm2/s. When the saturation concentration was off by ±10% the 

sorption moment was Űs = 379.4-583.2, resulting in diffusion coefficients of D = 0.90-1.39×10-8 cm2/s. 
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 While most of the above methods are approximations based on a single exponential term in 

equation (3.27), they  still adequately determine the diffusion constant when the saturation concentration is 

well defined. This parameter is often very difficult to determine accurately, so the 10% error on the 

saturation concentration used to assess the different techniques is realistic, especially with slow diffusion 

rates where it takes a long time for saturation to be achieved.  

 The most reliable method for determining the diffusion coefficients is to work directly with the 

solution of the true diffusion equation (eq.(3.27)). The fits using a single term approximation and a 10 term 

approximation are given in Figure 3.10. The inset shows that the single term approximate agrees well for 

t > 200s, and deviates greatly at early time. The ten term approximation should fit exactly as the simulated 

data was already generated using the ten term diffusion equation. The validity of a ten term approximation 

was already demonstrated in Figure 3.3. It is important to emphasize that the additional exponential terms 

does not add any additional fitting parameters and thus does not substantially increase the computational 

power required for the fit. 
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Figure 3.10: Comparison between a single-term and ten-term exponential fit to the simulated 

diffusion through a 40 µm film with a diffusion coefficient of D =1.00×10-8 cm2/s. The inset shows that 

at early time (t < 200s) the single term approximation (A) deviates substantially from the data. The 

ten term approximation (B) shows great agreement with the data throughout the entire fit.  

 We have shown several methods that are used in the literature for approximating diffusion 

coefficients in systems. While many of these methods are simple and require minimal computation power, 
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most require the saturation concentration to be well known. A 10% error in the saturation concentration can 

result in a 20% error in diffusion coefficients calculated using the half concentration time (t0.5), or the initial 

slope of the relative concentration versus square root time. When using the limiting slope of ln(1-C/CÐ) 

versus time, the diffusion coefficients can deviate even more by 45-65%. Using the sorption moment can 

result in deviation of 10-39%. The safest methods of determining diffusion coefficients is to take the 

limiting slope of the derivative or fitting with the exponential solution to the diffusion equation. As was 

shown in this section, even a single-term approximation only deviated by 2%, with the majority of the error 

at shorter times. Switching to a ten-term fit may be a bit more complicated to set up initially, but does not 

require any additional computation power to calculate. The ten-term diffusion fit was used for the studies 

presented in the rest of this thesis. The diffusion coefficients calculated using all of the methods described 

above are presented in Table 3.1 for comparison.  

Table 3.1: Comparison of diffusion coefficients calculated using a series of different methods. With 

each method, the diffusion coefficient was also calculated when simulating a ±10% error on the 

saturation concentration. The safest methods to calculate diffusion coefficients when the saturated 

concentration is not well defined is to use the limiting slope of the derivative or to fit the data with a 

sum of 10 exponential terms of equation (3.27).  

Method Diffusion Coefficients (×10-8 cm2/s) 

 D (No Error on CÐ) D (-10% Error on CÐ) D (+10% Error on C Ð) 

Half -Concentration 

(t0.5) 
1.00 0.81 1.21 

Initial slope  

(C/CÐ vs t1/2) 
0.99 0.80 1.20 

Limiting slope  

(ln(1-C/CÐ) vs t) 
1.00 1.65 0.55 

Limiting slope 

(ln(dC/dt) vs t) 
1.00 1.00 1.00 

Sorption Moment  

(ŰS) 
1.09 1.39 0.90 

Single Exponential Fit 

(Equation (3.25)) 
1.02 1.02 1.02 

10 Exponential Fit 

(Equation (3.25)) 
1.00 1.00 1.00 
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3.4 Experimental Methods for Measuring Diffusion 

Diffusion coefficients can be studied in a variety of ways both in real-time and through sampling 

materials exposed to an analyte for different amounts of time. In all cases, care must be taken to ensure that 

the temperature is consistent and that a uniform analyte concentration is available for dosing. Depending 

on the methods, this may also involve ensuring a gas-tight system around the material being studied such 

that no unwanted contamination or leaks occur. Sample papers from the literature are used to illustrate the 

range of different methods that diffusion coefficients can be measured. 

 Diffusion can be measured through the mass change of a film during the uptake of an exposed 

analyte. When measuring mass changes, the average film concentration is probed over time and the 

diffusion should follow equation (3.27). Blume and coworkers used an apparatus to generate saturated 

solvent vapours and then flowed the vapours over a PDMS film hanging inside of gas cell that was 

suspended from a balance.1 Using this apparatus, they measured the diffusion of several gases, water, 

ethanol, chloroform and toluene into PDMS.1 In a similar experimental setup, Kaltenecker-Commerçon and 

coworkers measured the diffusion of water vapour into a polyimide-polydimethylsiloxane copolymer.2 Lue 

and coworkers showed that the same studies can also be performed using microbalances to measure changes 

in thinner PDMS films when exposed to benzene, toluene and cyclohexane.21 Gravimetric measurements 

can also be made by sampling a material after different exposure times to an analyte. In the blot and weigh 

technique, a polymer sample is immersed within a liquid for different amounts of time, blotted dry and then 

weighed immediately.3 Cocchi and coworkers used this approach to measure the diffusion of aliphatic 

hydrocarbons, alcohols and food oils into PDMS.3 This technique is far less accurate as there may be 

adsorbed liquid still on the surface of the film and molecules will begin to diffuse out of the polymer as it 

is being measured. Gravimetric methods are very sensitive for determining the absolute amount of analyte 

in a film over time. Unfortunately, as we found experimentally, balances may be susceptible to drift and 

instability over long periods of time, and can be affected by vibrations and air movement in a lab. The 

results of our gravimetric experiments were inconclusive and are not included in this thesis.  
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 Another way to measure the mass uptake within a film is with a quartz crystal microbalance (QCM) 

or alternatively known as a thickness shear-mode resonator. This technique works by measuring the change 

in resonance frequency of a polymer coated quartz crystal as analyte diffuses into a film. For example, 

Hossenlopp and coworkers used a QCM to measure the diffusion of water into SU-8 photoresist.12 This 

technique works best for measuring diffusion in film with a thickness d < 100 nm, and can be complicated 

when studying flexible polymer films as damping terms need to be included to properly model the system.22 

 Several groups have also incorporated polymer membranes at the inlets to different types of mass 

spectrometers for analysis. Lapack and coworkers studied the diffusion of dichloromethane, acetone and 

chlorobenzene through a PDMS tube at the inlet of a quadrupole mass spectrometer.23 Similarly, Boscaini 

and coworkers studied the diffusion of a series of BTEX compounds, alcohols and ketones through a PDMS 

tube at the inlet with a proton transfer mass-spectrometer.24 Oh and coworkers used a polymer sheet 

membrane at the inlet of a time of flight mass spectrometer to study the diffusion of aromatic compounds, 

alcohols and fluorinated or iodated aromatic compounds through PDMS.25 While mass spectrometers allow 

for quantitative measurements of analyte concentration after calibration, they require high-vacuum systems 

and expensive equipment. While the results may be very useful, mass spectrometry is generally not a 

practical method for measuring diffusion coefficients. 

 Diffusion coefficients can also be measured using standard SPME where samples are collected with 

an SPME fibre and detected using GC or HPLC.17, 26 This technique requires repeated sampling over a range 

of exposure times resulting in sparse diffusion curves with more noise than real-time measurements. 

Repeated sampling is impractical for determining the diffusion in a system. The major strength of standard 

SPME is in measuring equilibrium concentration and partition coefficients of film -analyte systems.  

 Several optical techniques can also be used to measure diffusion into polymer films. Linossier and 

coworkers used attenuated total internal reflection Fourier transform infrared spectroscopy (ATR-FTIR) to 

measure the diffusion of water into polymethylmethacrylate (PMMA). This was observed my measuring 

the IR O-H stretch.27 Similarly, Balik and Xu used ATR-FTIR to measure the diffusion of water into latex 

paint.28 ATR spectroscopy is a quantitative technique for measuring concentrations at the bottom interface 
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of a film. The resulting diffusion can be fit with equation (3.24). A major limitation of this technique is that 

it is only suitable for systems where the target analyte has a distinct absorption peak that does not interfere 

with the polymer film. This can be problematic for measuring C-H stretches of non-polar compounds in 

organic polymers. This technique can however be quite useful when measuring hydroxyl, amine and 

carbonyl stretches of analytes absorbed in polymers.  

 An alternate optical approach to studying diffusion of analytes into polymer systems is through 

measurement of polymer refractive index changes. Refractive index is a non-specific property and can be 

used to study most polymer-analyte systems. The disadvantage is that refractive index measurements are 

non-selective and many different analytes may cause a change in a polymer refractive index. Many highly 

sensitive refractive index sensors exist and are practical for systems that are very well known and are free 

of interferences or if functionality can be added to the polymer film to enhance the selectivity. Refractive 

index sensors can be developed using highly precise lithographic procedures that are capable for mass 

production of optical chips with silicon wire waveguide microresonators29-32, silicon Bragg reflectors33 and 

silicon nitride waveguide interferometers34. Refractive index sensing can also be performed using fibre 

sensors35-36, fibre tapers37-38, long period gratings (LPGs)39-41, and photonic crystal fibres42-44. Additionally, 

Podgorsek and Franke showed that surface plasmon resonance can be used to study the diffusion of benzene 

and toluene into a Teflon AF coating.45 We have studied the diffusion of liquid water into SU-8 photoresist 

using an interferometric refractometer as will be discussed in Chapter 6 and the diffusion of vapours of 

volatile hydrocarbons into siloxane polymers as will be discussed in Chapter 7.  

 Interferometric refractometry is a versatile technique that can used to quantify the uptake of almost 

any analyte-film pair. Under controlled laboratory conditions it is one of the easiest methods for 

determining diffusion coefficients benefiting from simultaneously measuring the film thickness and 

refractive index. Unfortunately, it is currently not practical for field measurements, and is not able to 

identify complex analyte matrices. Complex analyte matrices may be studied by fingerprint analysis using 

a series of different polymer films where the relative response can be used to determine the identity and 

quantity of analytes exposed to a sensor. The understanding of film behaviour gained using our 
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characterization method can be applied to polymer-coated array sensors on micro-resonator chips for the 

development of more selective gas-phase analyte sensors.  

3.5 Partition Coefficients and Solid Phase Microextraction (SPME)  

A common property that can be measured in systems at equilibrium is the partition coefficient. The 

partition coefficient is the ratio of the equilibrium concentrations within two phases. This provides a 

measurement of the concentration magnification within one phase over another. For example, we can 

consider the volatility of a molecule which can be expressed by Henryôs Law, where the Henryôs Law 

constant, kH, is related to the vapour pressure of an analyte in the gas phase, Panalyte, above an aqueous 

solution with an analyte concentration of CWater.46 
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The Henryôs law constant can used to define the air-water partition coefficient of an analyte, Kaw.47  
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Here, the analyte concentration in air and water are denoted by Cair and Cwater respectively, R is the ideal 

gas constant and T is the temperature in Kelvin. A compound with a large Kaw ( > 1) has a higher 

concentration in air while a compound with a small Kaw ( < 1 ) has a higher concentration in the aqueous 

phase. 

 Partition coefficients for an analyte into non-polar organic compounds (for example into a polymer 

film) are often unavailable, but can be approximated by the partition coefficient of the analyte into octanol.48 

Octanol-water partition coefficients are useful for predicting partitioning of a compound into soil or into 

fatty tissues in organisms.49 This give rise to three partition coefficients between air, water and octanol. 

 air octanol octanol

water water air

aw ow oa

C C C
K K K

C C C
= = =   (3.39) 

Compounds that have a large Kow tend to bio-accumulate within organisms49 which can result in bio-

magnification within organisms of higher trophic levels.49 Partition coefficients are essential for predicting 
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the fate of contaminates in the environment, and can help determine if they will accumulate in water, soil 

or air.48 

 Alternatively, the partition coefficients can be used to determine the concentration magnification 

within a polymer film, with subscript, f. Here three partition coefficients between air, water and a polymer 

film can be expressed.  
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If a material has a large Kfw or Kfa it can be used to concentrate the analyte of interest making it easier for 

sensing. This pre-concentration technique is known as solid-phase microextraction (SPME).47 

 Solid-phase microextraction (SPME) has been developed as a solvent free sample preparation 

technique for the analysis of many volatiles compounds. A large wealth of literature has been published on 

this technique.47, 50 The most common device for SPME uses a gas tight syringe with a polymer-coated 

silica fibre that is used to extract target analytes.47 The syringe is inserted into a septum-sealed sample 

container filled with an aqueous solution or into the air headspace above a solution or a solid sample. The 

polymer coated fibre is then exposed and left to equilibrate with the surroundings before being retracted 

back into the gas syringe and sealed for later chromatographic analysis. The film concentration will be the 

result of either a two or three phase equilibrium as is shown in Figure 3.11. Alternatively, polymer coated 

stirring bars can be used to stir and extract target analytes from aqueous solutions.51 A list of common 

materials that are used in commercially available SPME fibres is provided in Table 3.2.  

 The concentration at equilibrium in the film, air, and water (fC¤, aC¤and wC¤) is related to 

the initial solution concentration, C0.47  

 0 w f f a a w wC V C V C V C V¤ ¤ ¤= + +   (3.41) 

This equation can be re-arranged and solved for the moles or mass within the fibre coating at equilibrium, 

depending on the units of the concentrations used ( )f fn C V¤= .47 
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Figure 3.11: Schematic drawing showing liquid phase extraction and headspace extraction using an 

SPME fibre. The optical fibre is shown in light blue with the polymer extraction coating shown in 

purple. In the first case, there is an equilibrium between the concentration in the polymer coating 

and the aqueous solution. In the second case, there is a three-phase equilibrium between the 

head-space air, the solution and the polymer coating. Once extraction is completed the fibre is 

retracted inside a gas syringe and sealed for later chromatographic analysis. 

 

Table 3.2: Summary of common commercially available SPME fibres indicating potential target 

analytes.52 Many custom functionalized materials have also been reported in the literature.53-54  

SPME Material Target Analytes 

Polydimethylsiloxane Non-polar and aromatic hydrocarbons.  

Carbowax (Polyethyleneglycol) Alcohols and other polar compounds 

Poly(acrylate) or Poly(acrylic acid) Phenols and other polar compounds 

Polydimethylsiloxane - Divinylbenzene Amines and nitroaromatics 

 

The partition coefficients were previously expressed in equation (3.40). 
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  (3.42) 

When working with heterogeneous materials, it is also possible that there could be additional equilibria in 

the system so the amount of analyte in the film at equilibrium can be instead expressed by a sum of the 

partition coefficients of phase, i, with water.47 
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 Typically, SPME fibres are inserted into the inlet of a gas chromatograph (GC) or high-performance 

liquid chromatograph (HPLC) for desorption of the analytes and concentration analysis.47, 50 While these 

methods are highly sensitive after an appropriate calibration, GCs and HPLCs are large instruments and are 

only practical for laboratory based analysis. Thus traditional SPME is not practical for field analysis. There 

has been development of mobile GCs and LCs though they lack the sensitivity of conventional lab 

instruments.55-56 Measurements of equilibrated samples only gives information of the average concentration 

during exposure and will not provide any information about time-dependent concentration spikes. 

Integration of the sample extraction (SPME) element directly with a transduction element is 

essential for the development of portable sensors for measuring volatile organics and other compounds that 

affect air quality. One method to achieve time-resolved measurements is through determining the refractive 

index and thickness changes within a film during the partitioning of volatile compounds. 

Polydimethylsiloxane was chosen as a sample material, as it is commercially available, reproducible, highly 

stable and well characterized in the literature. The analysis of the diffusion of organic compounds and 

partition coefficients into PDMS is described in detail in Chapter 7. Once the refractive index response was 

well characterized, other miniaturized refractive index sensors, e.g. silicon-on-insulator (SOI) 

micro-resonators were used to quantify the partitioning into polymer films. Experiments using siloxane 

polymer-coated SOI microring resonators and Mach-Zehnder interferometers are discussed in Chapter 8.  

3.6 Conclusions 

The analyte concentration in a polymer film can be determined from the refractive index and 

thickness changes when dosed with a target analyte. Equations have been derived to calculate film analyte 

concentration using the data from interferometric refractometry. These equations can be applied to other 

refractive index sensing platforms including fibre-based sensors, waveguide interferometers and 

micro-resonators. Using the change in analyte concentration, Fickian diffusion equations have also been 
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derived based on equations by Crank. Using a sum of exponential functions, diffusion coefficients can be 

extracted from the average concentration in a bulk film or at the film-substrate interface. A series of 

approximations on diffusion curves have been presented in the literature and the accuracy of each method 

has also been assessed. At equilibrium, refractive index sensing technologies can also be used to determine 

partition coefficients and are useful as transduction elements for Solid-phase microextraction (SPME). 

Polymer coatings on miniaturized refractive index sensors, such a wire waveguide microresonators, show 

promise for the development of fingerprint sensors for the detection of volatile organic compounds in air. 
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Chapter 4 

Theory of Interferometric Refractometry  

This chapter describes the theory behind interferometric refractometry and provides detailed 

information about the optical setup and analysis techniques. The methods described in this chapter were 

used during the data analysis in three different experimental studies presented in this thesis. The 

determination of near-infrared refractive indices of common solvents and solutions is presented in Chapter 

5.1 The diffusion of liquids into thin-films of SU-8 photoresist is discussed in detail Chapter 6.2 Lastly, the 

diffusion of solvent vapours into thin-films of polydimethylsiloxane (PDMS) is described in Chapter 7. 

Many aspects of this chapter are found in three articles that were published together with other researchers 

in the Loock group.1-3 First I will discuss the theoretical background of refractometry and interferometry. 

Then I will describe the instrument we developed and the analysis and interpretation of the data it produces. 

4.1 Introduction  

The theory behind refractometry and interferometry will be discussed in detail and used to derive 

all necessary equations to describe the optical phenomena observed when studying both thick and thin films 

of liquids and polymers using a large-angle interferometric refractometer. Selected experimental data is 

also presented to complement the theoretical discussion with actual images and data. Detailed methods for 

optimizing the accuracy and reproducibility of refractometer experiments are also presented. The accuracies 

of both the refractive index and thickness measurements obtained by Fourier analysis of thin-films are 

validated with additional experiments. Finally, future improvements to simplify the refractometer 

alignment and increase the robustness of the instrument are discussed.  

4.1.1 Theory of Refractometry 

When light passes from one medium into a second medium with a different refractive index, it is 

refracted according to Snellôs law.  
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 1 2sin sini tn nq q=  (4.1) 

Here, n1 and n2 represent the refractive indices of the two media and ɗi and ɗt are the incident and refracted 

angles, respectively. When light passes into a medium with a lower refractive index, there is a threshold 

incident angle where Snellôs law becomes undefined, and the light is completely reflected. This angle is 

known as the critical angle of total internal reflection, ɗC, and can be easily determined from the two 

refractive indices.  
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For incident angles smaller than the critical angle, some of the light will be reflected in a process known as 

Fresnel reflection. The intensity of Fresnel reflection is different for s-polarized and p-polarized light, Rs 

and Rp, and can be expressed using the Fresnel equations.4  
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The corresponding reflection amplitudes of the electromagnetic field in the absence of absorption are 

expressed as rs and rp.4 The reflection intensity profiles for s-polarized and p-polarized light when n1 = 

1.7434 and n2 = 1.4000 were simulated for the entire range of incidence angles (0-90°) in Figure 4.1. At the 

Brewster angle, ɗB, p-polarized light experiences no Fresnel reflection, and the numerator of equation (4.3) 

is exactly zero. The Brewster angle can be easily calculated for a given system.4  
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Experimentally, the angular range probed in the refractometer experiments in this thesis is small (~4°) and 

close enough to the critical angle such that the Brewster angle was not observed.  

Refractometry combines angle-resolved measurements of Fresnel reflection and total internal 

reflection within a calibrated system in order to measure the refractive indices of unknown samples. This 
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can be accomplished using prisms3, 5-9, optical fibres,10-13 gratings14-15 and micro-optical devices.16-19 A 

detailed review of different types of refractometers has already been presented in Chapter 2.  
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Figure 4.1: Simulation of the intensity profile for the reflection of s-polarized and p-polarized light. 

The refractive indices of the two media were set to n1 = 1.7434 and n2 = 1.4000.The s-polarized 

reflection is shown in black and the p polarized light is shown in red. The regions of total internal 

reflection (above the critical angle) were set to 1, as the Fresnel equations were undefined. The inset 

shows that the reflected intensity of p-polarized light at the Brewster angle ɗB å 40° is exactly zero.  

 

4.1.2 Thin Film Interference 

Interference is the effect from the superposition of two waves of light that have been spatially offset 

so that there is a phase difference between them, ȹʟ  (Figure 4.2). Depending on the phase difference 

between the two waves, they can be added constructively resulting in an overall enhancement of the 

amplitude of the resulting wave, or destructively where an overall reduction of the amplitude is observed. 

When studying thin films, interference can result from the superposition of light reflected from the bottom 

and top surfaces of a thin film. At different incident angles, the phase difference between the two waves 

differs and an interferogram is observed. The simplest model to describe our system is a two-beam 

interference model based on the reflection of light at the prism-film and film-air interfaces. This model had 

been originally developed by former M.Sc. Candidate Weijian Chen, and was used to describe the thin-film 
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refractometer.3, 20 His derivation is presented in an annotated version below to provide a complete discussion 

of the underlying principles behind the interferometric refractometer.  
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Figure 4.2: Schematic showing a ˊ/2 phase shift, ȹ,ʟ between two waves. The tick marks on the 

bottom axis show ˊ/2 spacing of the sine waves.  

A schematic drawing showing the reflection from the bottom and top surfaces of a film placed on 

a prism is presented in Figure 4.3. The coordinates labeled as A-D are given as reference points for the 

derivation of two-beam interference equations.  

 

Figure 4.3: Schematic showing reflection from the bottom and top surfaces of a thin film placed on 

top of a prism. The coordinates A-D are given as reference points for the derivation of interference 

equations. The angle indicated by the asterisk is equivalent to ɗi. 

The optical path length difference between the two waves, ȹL, can be expressed based on the coordinates 

labeled as A-D. 

 ( ) ( )2 1L n AB BC n ADD = + -   (4.4) 

The lines AB and BC  can be expressed in terms of the transmitted angle, ɗt, and the film thickness, d. 
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Using trigonometry, an expression can also be derived for the line AC .  

 2 tan tAC d q=   (4.6) 

The angle with the asterisk in Figure 4.3, is the same as ɗi which and can be used to define the line AD . 
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Substituting equations (4.5)-(4.7) into equation (4.4) gives an expression for the optical displacement 

related to the film thickness, the incident angle, and the transmitted angle. 
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This expression can be re-written with respect to only the transmitted angle using Snellôs law. 
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It can then be simplified by collecting the terms to yield: 
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This can be further simplified using the trigonometric identity ( )2 21 sin cosq q= + .   

 22 cos tL n d qD =   (4.11) 

For each integer number of wavelength that is optically displaced between the two beams, a 2 ́phase shift 

occurred. The phase difference, ȹʟ , is related to the optical path length difference, ȹL, and the wavelength 

of light, ɚ.4 

 24 cos2 tn dL p qp
f

l l

D
D = =   (4.12) 
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This expression can be re-written in terms of the incident angle using first a trigonometric identity to express 

the angle as a sine function and then substitution with Snellôs law.  
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Alternatively, the phase difference, ȹʟ , can be expressed as ( ʟï 0ʟ), where ʟ 0 represents a constant phase 

offset and ʟ  represents the phase as a function of incident angle. Squaring both sides of the equation will 

remove the square root from the equation. 
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The n2 terms can be consolidated to simplify the equation. 
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Expansion of all the terms and re-arrangement gives rise to the final expression relating the phase to the 

incident angle, and the refractive indices of both the prism and our samples n1 and n2, respectively.3, 20  
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By consolidating all terms that do not depend on phase into constants, we obtain a quadratic function that 

can be used to fit to the measured phase.  
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Here, the film thickness, d, and refractive index, n2, can be extracted independently from a quadratic fit to 

the phase data.3  
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4.1.3 Interferometric Refractometry  

When probing a thin-film with a narrow range of incident angles near the critical angle, a thin-film 

interferogram can be overlaid with the Fresnel reflection below the critical angle. If this interferogram can 

be spatially resolved, e.g. with a camera, it can then be used to extract the average film refractive index, 

filmn ,  and thickness, d, through Fourier analysis of the phase data. At the same time, the film refractive 

index at the prism-film interface, nFS, can also be extracted from the position of the critical angle of total 

internal reflection. The following sections describe the experimental setup and the data processing 

technique used with our homemade interferometric refractometer. Experimental results showing 

measurements of thick liquid samples, and thin polymer films are presented in Chapters 5-7.  

4.2 Experimental Optical Setup 

 The large-angle interferometric refractometer was constructed using a 1550 nm laser diode (LD) 

(Thorlabs LPS-1550-FC, 1.5 mW) as a high-coherence-length light source. A three-paddle fibre 

polarization controller (PC) and polarization filter (PF) were used to first rotate the polarization and to then 

select only p-polarized light. Two lenses, L1 and L2, were used as a Galilean beam expander to increase 

the laser beam diameter to approximately 1 cm. A folding aluminum mirror was used to reflect the light 

upward where the light was focused onto the top surface of a 25 mm high-density flint glass equilateral 

prism (Schott N-SF11, n1550 = 1.7434) using a cylindrical lens, L3 (f = 2.50 cm). A second cylindrical lens, 

L4 (f = 5.00 cm), was used to collimate the light reflected within the prism towards the near-IR CCD camera 

(Edmund Optics, NIR Camera # 56-567). This lens also focused parallel beams from multiple reflections 

within the film onto the same line of the camera. A schematic drawing of the entire optical setup is shown 

in Figure 4.4 with similar figures previously reported.3 Cylindrical lenses are preferred over spherical lenses 

to reduce aberration of the fringes in the images. Earlier versions of this optical setup used spherical lenses 

for L3 and L4 with f = 2.54 cm and f = 5.00 cm respectively.  
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Figure 4.4: Schematic of a homemade interferometric refractometer. A fibre -coupled 1.5 mW 

1550 nm laser diode (LD) was coupled to a 3-paddle polarization controller (PC). The beam was 

expanded to approximately 1 cm using a Galilean beam expander (L1 and L2). A linear polarized 

filter (PF) was used to select only vertically, p-polarized light. A cylindrical lens (L3) was used to 

focus the light to a line on the top surface of a high-index (N-SF11) prism so that a range of incident 

angles probed the samples. For convenience, samples were coated on N-SF11 slides that were index 

matched to the prism. Some of the light was total internally reflected within the prism/slide while 

light at smaller incident angles was partially refracted into the film. The final lens, L4, was used to 

collimate the diverging light towards a near-IR CCD camera. This lens was also used to focus down 

parallel beams from multiple reflections within the film onto the same line of the camera giving rise 

to the interference fringes in the sample camera image.  

For convenience and to avoid damaging the prism between samples, all films and liquids were placed on 

top of an N-SF11 glass slide (1 mm thick) that was index-matched to the prism using a refractive index 

standard (Cargille Labs) with nD = 1.7250 (n1550 = 1.6884). Cargille liquids closer to the refractive index of 

the prism contained sulfur that frequently crystalized making the fluids difficult to work with. A glass cap 

was attached to the top of the slide or film using either a bead of polydimethylsiloxane for gas sensing 

experiments or commercial ñ5-minuteò epoxy for liquid sensing with organic solvents.  

 When L3 and L4 were spherical lenses, there was significant aberration from focussing in the 

horizontal direction. This caused curvature in the fringe pattern of the thin-film interference. Once we 

switched to cylindrical lenses, there was no longer any horizontal focussing and the fringes became much 

straighter and sharper. This improvement is shown in Figure 4.5 for two SU-8 films measured using the 

two different optical setups.  
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Figure 4.5: Comparison between images of SU-8 films taken using spherical and cylindrical optics. 

The left image shows the thin-film interference for a 35 ɛm thick SU-8 film captured with spherical 

lenses. The curvature of the fringes near the interface is quite substantial. The right image shows a 

43 ɛm thick SU-8 film captured using cylindrical lenses. In this case, the fringes are no longer curved. 

In both cases there is a dark band without fringes that borders the bright region of total internal 

reflection.  

 One observation that can be made from Figure 4.5 is that the interference fringes do not extend all 

the way to the region of total internal reflection. For angles close to the critical angle, a large lateral 

displacement occurs, which can be described by the line AC  (equation (4.6)) in Figure 4.3. If this 

displacement is large enough, the two beams are no longer able to spatially overlap. This effect is discussed 

in more detail in Section 4.4.1.  

The camera used in the near-IR refractometer experiments contained a phosphor-coated silicon 

CCD array. Silicon photodiodes can only be used to detect photons with more energy than the silicon 

bandgap (1.1 eV),21 ɚ = 200-1100 nm.21-22 At 1550 nm, a phosphor coating was needed to absorb light 

through a multiphoton absorption, which was re-emitted at a visible wavelength that could be detected using 

the standard silicon CCD array. This phosphor-coated silicon CCD can only operate from 

ɚ = 1400-1600 nm and does not have a flat response over the full wavelength range. The intensity reported 

by the camera depends on the absorption spectrum of the phosphor coating which absorbs strongest near 

1550 nm.23 An alternative approach would be to use a CCD camera with a semiconductor material that 

absorbs directly in the near-IR (e.g. InGaAs). InGaAs cameras have relatively uniform response of greater 

than 70% efficiency over the entire wavelength range from ɚ = 900-1700 nm. Unfortunately, this 

technology is currently being marketed for surveillance and military purposes and is prohibitively expensive 

to be practical for a refractometer instrument. 



102 

 

4.2.1 Alignment Techniques 

One of the major challenges with the interferometric refractometer is changing the alignment when 

measuring samples with very different refractive indices, i.e. different critical angles. There are a variety of 

ways to align the current setup, though it is always best to use a systematic approach. The alignment 

procedure used in our experiments is detailed in this section as it may be useful for future students working 

with similar instruments. Possible improvements to the optical setup to improve the ease and robustness of 

alignment were explored during a brief internship at ABB Canada in Quebec City. A few suggested 

improvements resulting from this experience will be presented in the future work (Section 4.6).  

When aligning optical setups containing lasers, it is important that all necessary precautions are 

observed. High power laser systems require the use of eye protection and caution needs to be taken blocking 

the beam path when adding additional optics to avoid stray reflections. Index cards can be useful to observe 

the laser beam because no one should ever look directly into a laser. The specific procedures for laser safety 

are device and group specific and it is important to take time to inform oneself on all safety procedures 

prior working with lasers or aligning any optical systems. 

In order to effectively align the refractometer, it is important to know the refractive index range of 

the samples to be studied. Once the sample range is known, it is easiest to work back from the desired 

critical angle in the prism to determine the required angle of the folding mirror. Using the desired refractive 

index, the critical angle of total internal reflection, ɗc, can be calculated. An equilateral prism was used for 

the refractometry experiments, so all the internal angles were known to be 60°. Using Snellôs Law, it is 

possible to determine the amount of refraction that has occurred within the prism (i.e. the incident and 

transmitted angles, ɗt and ɗi, that occur when light enters the prism from air). Using the incident angle, the 

angle of the light relative to the vertical axis, ɗV, can be calculated. 

 60V iq q= ¯-  (4.19) 

The angle of the reflected light beam from the horizontal, ɗH, is twice the angle of rotation of the folding 

mirror, ɗmirror. This angle can be calculated once ɗV is known.  
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 90H Vq q= ¯-  (4.20) 

 ( )mirror

1
90

2 2

H
V

q
q q= = ¯-  (4.21) 

All of the angles described above are shown in Figure 4.6 with the mirror and the prism as reference points. 

The initial laser beam was horizontal prior to reflecting off the folding mirror which was mounted in an 

optical rotation mount with a resolution of 2° allowing for precise control of the mirror angle.  

 

 

Figure 4.6: Schematic showing the reflection geometry in the optical refractometer setup. All the 

angles used when calculating the angle of the folding mirror are indicated. The critical angle, ɗc can 

be calculated from nprism and nsample. The transmitted angle, ɗt, can be determined using trigonometry 

and the incident angle, ɗi can be calculated with Snellôs law. The angles ɗV, ɗH and ɗmirror  are all 

calculated using trigonometry. 

A fibre-coupled red diode laser (ɚ ~ 630 nm) was used during the alignment of the refractometer. 

While it is possible to use IR detection cards with the near-IR lasers, it can be very difficult to see when the 

light becomes diffuse, so using a visible laser makes the initial alignment easier.  

It is best to first align are laser, the mirror, the prism and the camera. This is easiest to do without 

any lenses of filters so that the collimated beam passes through the centre of each optical component. The 

mirror is set to the desired angle, and the prism inserted such that total internal reflection is observed and 

the laser is reflected. A liquid or film sample of the desired index must be placed on top of the prism in 

order to observe the correct angular range of total internal reflection. Once the prism is aligned, the camera 

can be placed such that the laser beam is centred with the camera. It is best to cover the camera with the 
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lens cap or use a diffuser to prevent the highly collimated laser light from damaging individual pixels on 

the camera.  

Next, lenses L1-L4 are added one at a time using an index card to ensure that the light passes 

through the centre of each lens and that each lens is perpendicular to the beam path. Aberration may be 

observed if the light does not pass perpendicularly through the centre of the optics. The distance between 

L1 and L2 should be set to the sum of the two focal lengths in order for the output of the second lens to be 

properly collimated. L3 must be placed such that the focal point is at the prism-sample interface, and L4 

must be placed such that the camera is at the focal length of the final lens. L3 was mounted on a linear 

translation stage to allow for fine tuning of the focal point with the prism.  

Once the optical setup was aligned with the visible laser, it was replaced with the near-IR laser. 

Some minor adjustments were still typically required with the lens positions, mirror angle and prism height 

to optimize the refractive index range of the system. The lenses were all purchased with near-IR anti-

reflective coatings and dispersed visible light differently than near-IR light. When making small alignment 

adjustments to the refractive index range, the mirror, prism, and camera could often be adjusted without 

having to follow the full alignment procedures outlined above. It is important to also rotate L3 and L4 to 

ensure that they are always normal to the beam path. Once the system is fully aligned, it is necessary to run 

a refractive index calibration with known standards. 

4.2.2 Calibration T echniques 

Refractive index calibration solutions were purchased from Cargille Labs (Cedar Grove, NJ). The 

refractive indices were provided for each solution at 1550 nm from the supplier. Through communication 

with Cargille Labs, we learned that the refractive indices were obtain by extrapolation from measurements 

at visible wavelengths, giving the near-IR refractive indices an accuracy of ŭn = ± 0.005. This was the 

largest source of error in our refractive index measurements, which can only be improved using better 

defined calibration standards, should they be available. Cargille refractive index liquids are available from 

nD = 1.3000-2.11 in step sizes of ȹn = 0.0002-0.0015 depending on the refractive index range.24 Each 
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solution is a mixture of different compounds; for example low refractive index liquids (nD = 1.3000-1.4000) 

typically contain several fluorinated hydrocarbons.24 Liquids for nD  = 1.4000-1.5700 contain mixtures of 

silicone, aliphatic and aromatic hydrocarbons.24 For refractive indices between nD = 1.572-1.640, 

brominated aromatic hydrocarbons, such as bromonaphthalene, are added to raise the solution refractive 

index.24 At even higher refractive indices, the brominated compounds are replaced with diiodomethane and 

sulfur (nD = 1.7000-1.8000).24  

In its current configuration, the large-angle refractometer probes a 4° range of incident angles. This 

requires re-alignment and calibration each time a different refractive index range is studied. For each range 

a series of 4-6 Cargille liquids were measured in triplicate to calibrate the system. The refractive indices of 

aqueous solutions of sucrose, sodium chloride, dimethylsulfoxide, ethylene glycol and glycerol were 

measured using the calibrated refractometer and the refractive index has been determined as a function of 

analyte weight fraction (Chapter 5).1 These aqueous solutions can now be used for calibration of the 

refractometer or other optical devices and are not oily like Cargille liquids, so they will be easier to remove. 

For higher refractive index calibration ranges, solutions of cinnamaldehyde (n1550 = 1.5767) were previously 

prepared in ethanol.20 It can be difficult to find a single liquid reagent with such a high refractive index, so 

cinnamaldehyde can be very effective for higher index calibration. However, care must be taken to make 

fresh calibration solutions as the ethanol is very volatile causing solution concentrations to change over 

time. Also, cinnamaldehyde reacts with moisture producing an insoluble precipitate and will degrade 

overtime. Cinnamaldehyde solutions have been previously characterized and will not be discussed in any 

more detail here.20  

When placing different Cargille liquids on the refractometer, the angle between Fresnel reflection 

and total internal reflection, i.e. the critical angle, shifts. A composite image of six calibration liquids from 

n1550 = 1.3154-1.3730 is presented in Figure 4.7 to demonstrate this effect. 
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Figure 4.7: Composite image of six Cargille refractive index liquids used to calibrate the 

refractometer.  The interface between Fresnel reflection (dark regions) and total internal reflection 

(bright regions) shifts to higher incident angle for higher refractive indices. For each solution, the 

refractive index is given at 1550 nm. 

The critical angle for each solution was determined by fitting the profile data with the Fresnel equation for 

the reflection of p-polarized light (equation (4.3). The full fitting procedure for determining the refractive 

index of thick liquid films is discussed in Section 4.3 and Chapter 5. The known refractive indices of 

Cargille liquids were plotted against the camera pixel at the critical angle, to calibrate the system (Figure 

4.8). Originally, a linear fit was used to relate the camera pixels to solution refractive index in earlier 

experiments (Figure 4.8A) (for example, studying the solvent uptake into SU-8 photoresist in Chapter 6).2 

A quadratic fit was found to give an improved fit and calibration (Figure 4.8B). In each plot, the fit is shown 

as a black line, with 99% confidence intervals given by blue lines above and below the fits. The fit residuals 

are also given below each fit. It is quite apparent from the structure of the residual from the linear fit that a 

polynomial function is needed to compensate for the curvature in the calibration.  
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Figure 4.8: Comparison of refractometer calibrations using linear and quadratic fits. A) The linear 

fit to the calibration points shows structure in the residual indicating that it does not properly fit the 

data. The 99% confidence intervals are shown as blue traces above and below the fit 

(ŭn = ± 2.1-2.5×10-3). B) A quadratic function fits the data better and gives a smaller, randomly 

dispersed residual. The 99% confidence intervals were calculated using MatlabTM  and are shown as 

blue traces above and below the fit (ŭn = ± 4-5×10-4). 

The refractive indices of Cargille liquids were provided by the supplier at 1550 nm with an accuracy 

of ŭn = ± 5×10-3. All the values were extrapolated from refractive index measurements at visible 

wavelengths, resulting in a rather conservative value for the accuracy. Experimentally, as will be discussed 

in Chapter 5, the accuracy of refractive index measurements of pure solvents when compared with literature 

values was found to be between ŭn = ± 1-20×10-4.1 When compared with literature values, our refractive 

indices for small polar compounds (acetontrile,1-propanol, methanol, ethanol and 1,4-dioxane) only 

deviated by ŭn = ± 1-3×10-4. For halogenated and aromatic compounds (chloroform, toluene and benzene) 

larger deviations of ŭn = ± 10-23×10-4 were observed. The precision of repeated measurements ranged from 

ŭn = ± 1-19×10-4 with typical values of ŭn = ± 5×10-4.1 The overall accuracy of this system can be improved 

with the availability of more accurate calibration standards, such as optical glasses for example. 
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4.3 Refractometry of Thick Films (Thicker than 100 ɛm) 

The large angle refractometer can be used to accurately measure the refractive indices of thick 

polymer or liquid films. The angular Fresnel reflection at a prism-film interface can be accurately described 

using the Fresnel equation for p-polarized light. This section describes the data collection and analysis 

methods when studying thick films. The refractive index measurements of thick liquid films of common 

solvents and solutions are described in Chapter 5.1 

4.3.1 Fresnel Reflection  

The reflection profile for thick films is governed by the Fresnel equation for p-polarized light, 

equation (4.3).4 Using Snellôs law, the equation can be re-written as a function of the incident angle, ɗi. 
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  (4.22) 

Some of incident angles are refracted into the liquid film and others are total internally reflected within the 

prism. A schematic showing this effect with a sample image and profile are presented in Figure 4.9. 
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Figure 4.9: Schematic drawing showing Fresnel reflection and total internal reflection of a thick film 

on the refractometer. A) Some of the incident angles are refracted into the sample; this corresponds 

to the darker region representing the Fresnel Reflection. The bright region of the reflection shows 

total internal reflection. B) A sample image is given for a Cargille liquid where n1550 = 1.3442. The 

corresponding profile is shown in C) with the fit to the Fresnel equation and the fit residual.  
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Since our camera relies on a phosphor coated silicon CCD chip, it has some interferences from 

background visible light. A sample liquid (25% w/w glycerol in water) was measured on the refractometer 

when the overhead room lights were both on and off (Figure 4.10A). It is apparent that the room light has 

a strong effect on the camera signal and the refractometer setup needed to be protected with a dark box to 

prevent stray room light during measurements. Additionally, the camera gain was found to be too low to 

collect the low intensity portion of the Fresnel reflection (camera pixels 1-300). Without this part of the 

curve it was impossible to fit the data properly with the Fresnel equation. The software gain of the camera 

was increased to find an optimal level in order to capture the full Fresnel curve (Figure 4.10B). The numbers 

in Figure 4.10B are an arbitrary brightness scale used in the National InstrumentsTM (Austin, TX) 

Automation Explorer software. Figure 4.10B showed that a gain of 10 set to the brightness scale was 

sufficient for collecting the entire Fresnel curve. Increasing the gain higher provided no additional benefit 

and increased the amount of pixel noise. 
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Figure 4.10: Experiments to determine the optimal camera conditions for the near-IR phosphor 

coated CCD. A) The profiles are shown for a solution of 25% w/w glycerol in water with the overhead 

lights both on and off in the room. When the lights were off the signal was much weaker and the 

camera gain was not strong enough to collect the weaker portion of the Fresnel reflection. B) With 

the room lights off, the camera brightness gain was adjusted for a solution of 25% w/w ethylene glycol 

in water to find the optimal setting to capture the whole Fresnel reflection. The optimal brightness 

intensity was found when the gain was set to 10.  
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The response of the near-IR camera was not linear, and camera signal, S, scaled with the light 

intensity, I, such that
1.41S I= .23 In order to fit the data with the Fresnel equation, the camera intensity had 

to be first rescaled linearly. The fits could be additionally improved by first normalizing the data using the 

profile from a fully bright image to remove the optical defects in the system and a fully dark image to 

remove the intensity offset of the camera.  
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When fitting the raw data to the Fresnel equation, a reasonable estimate of the critical angle can be made 

but the function does not fit the curve well (Figure 4.11A). Once the data was linearized and normalized, it 

fit very well to the Fresnel equation (Figure 4.11B). An amplitude and a y-offset term, A and Y0, were 

included in each fit. 
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Figure 4.11: Comparison of Fresnel fits to a raw refractometer profile and a normalized linear 

profile. A) The raw intensity profile is shown for a Cargille liquid, n1550 = 1.3442. The Fresnel function 

did not describe the shape of the reflection well because the camera signal was non-linear with light 

intensity. B) The same profile, once linearized and normalized, fit remarkably well to the Fresnel 

equation.  

The data analysis was originally implemented through excel macros and was later recoded using 

MatlabTM..The full discussion of the fitting technique is described in the next section.  
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4.3.2 Fitting Methods 

Two different procedures were used for fitting the Fresnel equation to experimental data: one where 

the solution refractive index was known (e.g. calibration samples) and a second when determining the 

refractive index of an unknown sample.  

During calibrations, a least squares algorithm was used to find the optimal Fresnel fit to the data. 

In this case, since the angular range was unknown, it was replaced with a linear approximation. 

 ( )Pixeli a bq= ³ +  (4.24) 

When substituted into the Fresnel equation, the revised fitting algorithm fit to a, b, A and Y0,. The refractive 

indices n1 and n2 were both known and set as constants.  
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In the region of total internal reflection (ɗi > ɗC), equation (4.25) becomes undefined so it is fit instead to a 

constant. 

 ( ) 0Y Pixel A Y= -   (4.26) 

Using a least squares algorithm, a piecewise function of equations (4.25) and (4.26) was used to determine 

the camera pixel at the critical angle. The camera ñcritical pixelò was plotted against the known refractive 

index to calibrate the system (Figure 4.8). A set of sample Fresnel fits are shown for a full series of Cargille 

refractive index liquids in Figure 4.12 spanning the range from n1550 = 1.3154-1.3730.  

When measuring solutions with an unknown refractive index, a two-step process was needed to 

accurately fit the Fresnel reflection. The critical angle of each calibration solution was calculated using 

Snellôs law and a quadratic fit was used to correlate the camera pixel to incident angle from the calibration 

data (Figure 4.13).  
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Figure 4.12: Fresnel fits to a series of Cargille liquids with known refractive indices. A) Cargille 

liquids with n1550 = 1.3154, 1.3202, 1.3346, 1.3442, 1.3538, 1.3730 are shown from left to right. The 

camera pixel at the critical angle was used for the calibration of the system (Figure 4.8). The 

corresponding fit residuals are shown in B). 
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Figure 4.13: A quadratic fit was used to correlate the camera pixel to incident angle from the 

calibration solutions. The critical angle was calculated using Snellôs law and the known refractive 

indices of the solutions. The 99% confidence interval of the fi is shown with blue lines and the 

correlation between pixel and incident angle was: ɗ = -5.15×10-9(Pixel)2 + 1.07×10-4(Pixel) + 0.846. 

 Once the incident angle was mapped onto the camera pixels, a least squares fit to the Fresnel 

equation (equation (4.27)) was used to determine the refractive indices of unknown samples, n2, and fitting 

parameters A, and Y0. The refractive index of the prism and glass slide (N-SF11) was n1 = 1.7434.25 
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Once n2 was determined, the data was fit a second time using the refractive index as a constant and replacing 

the incident angle with a linear approximation in the same method previously used with the calibration 

solutions. This two-step process was needed to ensure that the pixel corresponding to the critical angle was 

accurately defined. The solution refractive index was then calculated from the critical pixel and the 

quadratic fit to the Cargille calibration data. In principle, it should be possible to determine the refractive 

index using a single fit. However, it was found that the Fresnel equation did not fit the data well when the 

angular range was set by the calibration (Figure 4.14A). After the second fit, the critical angle was more 

accurately determined (Figure 4.14B). 
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Figure 4.14: A two-step fitting algorithm was used to accurately define the critical angle of samples 

with unknown refractive indices. A) The refractive index of a sample of 24% w/w aqueous sucrose 

was measured. In the first fit, the camera pixel was converted to incident angle using the previous 

calibration with Cargille liquids. B) The second fit used the refractive index fit, n2, from A) as a 

constant. The x-axis was replaced with a linear extrapolation (ɗi = a×Pixel +b) as was done previously 

when fitting the calibration solutions. The ñcritical pixelò was then converted to the sample refractive 

index using a quadratic calibration fit (e.g. Figure 4.8B).  

A full study was performed to determine the refractive indices of common solvents and a several series of 

aqueous solutions at 1550 nm and is described in Chapter 5. Prior to our study, most of the solvent and 
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solution refractive indices were unavailable at 1550 nm. Many groups used the refractive index at the 

sodium d line, nD (589 nm), as a stand-in when calibrating sensors in the near-IR.26-30 

4.4 Refractometry of Thin Films (Films 10-100 ɛm thick) 

When the refractometer samples are sufficiently thin, Fresnel reflection at the film-substrate and 

film-air interfaces can be superimposed resulting in thin film interference. This is observed for films 

10-100 µm thick. Unlike many other interference techniques, it is possible to extract the thickness and the 

average refractive index independently from the interferogram. This can be achieved using Fourier analysis 

of the image profiles as will be discussed in the following section. Experiments studying the uptake of 

liquids and solvent vapours into polymer films are discussed in detail in Chapter 6 and Chapter 7 of this 

thesis. This chapter focuses on the fitting techniques and optimization of the refractometer for thin-film 

analysis. 

4.4.1 Thin-Film Interference Refractometry 

The full optical setup of the interferometric refractometer was previously shown in Figure 4.4. 

When a film is sufficiently thin, the light reflected from the bottom surface (substrate-film) and top surface 

(film-air) interfaces will result in thin film interference. A schematic drawing showing multiple reflections 

within a polymer film is given in Figure 4.15A. The second lens serves two purposes: to collimate the 

divergent light cone and to focus parallel beams down to the same location on the camera resulting in the 

interferogram. The image in Figure 4.15B was obtained for a 43 µm thick SU-8 photoresist film. The 

intensity of the image profile is shown in Figure 4.15C.2 In Figure 4.15B and Figure 4.15C there is a 

noticeable dark band where the fringes do not extend fully to the critical angle of total internal reflection. 

This band occurs because there is a large enough lateral displacement such that the beams can no longer 

interfere with each other. The lateral displacement between the Fresnel reflection and first reflection within 

the film (AC) was calculated for the 43 ɛm SU-8 film (Figure 4.15B and C) and is shown in Figure 4.16. 
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Figure 4.15: Schematic and sample data for the analysis of thin films using the large-angle 

interferometric refractometer.  A) The light transmitted through the film can be refracted into the 

air or reflected back into the film. Each beam reflected in the film will give rise to a parallel beam 

that can interfere with the first Fresnel reflection at the bottom surface of the film. The second lens 

is used to focus the parallel beams down to the same line of the CCD camera resulting in the 

interferogram. B) A sample interference image for a 43 µm thick SU-8 film with the respective 

intensity profile shown in C). 

 

Figure 4.16: The lateral displacement between Fresnel reflection and a single reflection within the 

film.  Light that has undergone multiple reflections within the film, will be further displaced. The first 

dashed line is used to  indicate the position where the fringes end in Figure 4.15C, and the second 

dashed line the critical angle for a 43 ɛm SU-8 film assuming an interface refractive index, n1550 = 

1.5733. 




































































































































































































































































































































































































































