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Abstract

Sensors are fundamental to modern technology, supporting applications from environmental
monitoring and industrial safety to structural health assessment and healthcare. However,
conventional electrical and mechanical sensors often face limitations in sensitivity, robust-
ness, and scalability. Rapid advances in optics and photonics are overcoming these challenges
by harnessing light-matter interactions to detect physical, chemical, and mechanical changes
with exceptional precision. These optical approaches enable remote, real-time, and multi-
plexed measurements while offering enhanced sensitivity and immunity to electromagnetic
interference. This thesis uses optical resonance-based sensors to study VOC diffusion in
polymers and to perform long-range strain sensing.

In the first part of this work, extraordinary optical transmission (EOT) through metal-
lic nanohole arrays (NHAs) is employed as a refractive index sensing platform to study the
diffusion kinetics of volatile organic compounds (VOCs), specifically o-xylene, into thin poly-
dimethylsiloxane (PDMS) films. Rigorous analytical models based on integrated solutions
to Fick’s laws of diffusion are derived for both permeable and impermeable polymer films,
extending classical approaches and enabling more accurate extraction of diffusion coefficients
from experimental data. The resulting NHA-based sensor platform is simple to fabricate,
operates in real time, and enables continuous, cost-effective monitoring of VOC sorption and
desorption, providing new insights into diffusion dynamics in polymer analyte systems.

The second part of the thesis presents a long-range, high-resolution fiber-optic strain
sensor based on a w-shifted fiber Bragg grating (m-shifted FBG) interrogated using the
Pound-Drever-Hall (PDH) frequency locking technique. Enhanced field localization in the
m-shifted FBG cavity, combined with sub-picometer wavelength resolution afforded by PDH
interrogation, enables nanostrain-level response over fiber tethers up to 75 km, eliminating
the need for in-line amplification. A coherent PDH scheme further improves the signal-to-
noise ratio, extending the theoretical sensing range beyond 150 km.

Together, these studies demonstrate how optical resonance phenomena - from plasmonic
nanostructures to resonant fiber gratings - can be harnessed to probe chemical and mechani-
cal processes with high sensitivity and range, paving the way for advanced sensing platforms

in environmental and structural applications.
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Chapter 1

Introduction

In an increasingly interconnected and technologically advanced world, the demand for re-
liable, accurate, and sensitive sensors is greater than ever. Sensors are used in range of
applications, from ensuring the structural integrity of critical infrastructure such as bridges,
aircraft, and pipelines, to enabling real-time monitoring of environmental conditions, indus-
trial processes, and human health.

The rapid progress in optical science and photonic engineering over the past few decades
has opened new avenues for sensor development, offering pathways to improve sensitivity,
selectivity, and robustness beyond what is achievable with conventional electrical or me-
chanical sensing approaches. Optical sensors leverage the interaction of light with matter to
detect physical, chemical, or biological changes with high precision. Their immunity to elec-
tromagnetic interference, potential for remote sensing, and compatibility with miniaturized
and multiplexed platforms make them attractive for next-generation sensing applications [2].
Examples of such sensors include optical fiber sensors for strain and temperature measure-
ments, interferometric biosensors, and plasmonic sensors for detecting changes in refractive
index or molecular binding events.

The sensitivity of optical sensors is ultimately determined by how changes in the envi-
ronment are transduced into measurable changes of the light field. A wide range of optical
parameters can serve as these sensing observables, including phase, intensity, wavelength,
polarization, and spectral line shape. Environmental perturbations - such as changes in
refractive index, strain, temperature, or pressure - can induce changes in one or more of
these properties, which are then monitored to quantify the underlying physical or chemical
change. The design of optical sensors often focuses on maximizing the device’s sensitivity to
these changes. This is typically achieved by enhancing the light-matter interaction through
strategies such as increasing the effective interaction time or distance between light and the

medium, or by amplifying the local electromagnetic field strength in the sensing region.



Interferometric sensors such as Mach—Zehnder and Michelson interferometers achieve
enhanced sensitivity by splitting and recombining light beams with different optical paths.
Small changes in optical path length due to external environmental parameters along one arm
lead to detectable phase shifts, enabling precise detection of environmental changes [3, 4].
Similarly, ring resonators and whispering-gallery mode (WGM) cavities further extend this
principle by circulating light many times around a closed-loop path, amplifying the effective
interaction length within a compact footprint [5].

Optical cavities (or resonators) confine light between highly reflective mirrors, causing
it to undergo multiple passes through the sensing region, thereby storing the light at high
powers for long times over which it interacts with the analyte. These cavities can be used
for gas detection and spectroscopy through time domain measurements such as the ring-
down time [6], but also serve as narrow band-pass filters for certain resonant wavelengths of
light due to constructive interference in the cavity. These resonances can be used for strain,
temperature and refractive index measurements [7].

Sensors can also contain photonic structures that increase the local electromagnetic field
intensity to strengthen the light-matter interaction at the sensing interface. Plasmonic
nanostructures, such as nanohole arrays, gratings, or nanoparticle assemblies, support col-
lective electron oscillations known as surface plasmon polaritons (SPPs) at metal-dielectric
interfaces [8]. These resonances enhance the local electromagnetic field, making them ex-
tremely sensitive to refractive index changes near the surface [9, 10].

Building on these fundamental strategies, this thesis explores two resonance-based optical
sensing platforms. Plasmonic nanohole arrays are employed as refractive index sensors to
monitor the diffusion kinetics of volatile organic compounds into a polymer, leveraging strong
near-field enhancement at the metal-dielectric interface to detect refractive index changes.
In parallel, m-shifted fiber Bragg gratings are developed as point-based optical strain sensors
capable of remote interrogation over tens of kilometers, where resonant field buildup within
a Fabry-Perot-like cavity enhances the detection of small mechanical perturbations through
precise tracking of wavelength shifts of the cavity resonance.

In the following sections, I briefly introduce the two main topics of this thesis - mon-
itoring the diffusion kinetics of volatile organic compounds through the surface plasmon
enhancement of an optical resonance, and monitoring strain and sound through locking a
laser wavelength to an optical resonance of a fiber grating. Both techniques take advantage
of optical resonance enhancement and derive the desired signal from a wavelength shift of
this resonance. Arguably wavelength shifts are a superior measurand compared to light in-

tensity measurements, since the latter is easily distorted by transmission losses, detection



responses and other processes that are difficult to quantify.

1.1 Extraordinary optical transmission-based sensors

This thesis presents a real-time, continuous, and cost-effective VOC sensing platform based
on extraordinary optical transmission (EOT) through metallic nanohole arrays. By tracking
resonance shifts induced by refractive index changes, the platform enables direct measure-
ment of the diffusion kinetics of volatile organic compounds (VOCs), such as o-xylene, into
polydimethylsiloxane (PDMS).

The phenomenon of extraordinary optical transmission (EOT) refers to the anomalously
high transmission of light through periodic arrays of sub-wavelength holes in metallic films.
Classical aperture theory, developed by Bethe in 1944, predicts that transmission through a
single hole smaller than the wavelength should be extremely weak, scaling as (d/\)*, where
d is the hole diameter and A is the wavelength of normally incident light [11]. However,
Ebbesen et al. [9] demonstrated in 1998 that periodic nanohole arrays in noble metal films
can transmit orders of magnitude more light than predicted (Fig. 1.1a). This unexpected
effect was largely attributed to the resonant excitation of surface plasmon polaritons (SPPs)
[12], making EOT a central topic in modern plasmonics and an enabling mechanism for
optical sensing applications.

The resonance condition depends on the local refractive index near the interface, and
as a result, any change in the surrounding medium alters the plasmonic resonance and
the transmission spectrum. Fig 1.1b shows typical EOT transmission spectra for different
refractive indices near the metal-dielectric surface.

Monitoring the resonance wavelength shift, rather than the absolute transmitted inten-
sity, offers a significant advantage for chemical sensing. Because the resonance condition
depends on the optical phase matching at the metal-dielectric interface, the spectral posi-
tion of the EOT peak remains largely insensitive to fluctuations in the intensity. As a result,
resonance shift measurements enable more robust, quantitative determination of refractive
index changes, and thus VOC concentration. This principle has been used to measure the
refractive index of liquids [13] and polymers [14] with high precision. Contrary to other
optical techniques that are used for VOC detection, the nanohole array-based is operated in
transmission mode, allowing for easier alignment, miniaturization and multiplexing [15, 16].
A conventional absorption spectrometer suffices for the measurement of the EOT signal.
The fabrication of the device that we developed below is facile, rapid, and does not require

a cleanroom.
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Figure 1.1: EOT transmission through nanohole arrays

Following the publication of the seminal work on EOT by Ebbesen et al. in 1998, there
have been numerous sensing systems based on nanohole arrays for refractometry [17, 13],
biosensing [12, 18, 19], as well as in multiplexed systems [20, 18]. Recent work has demon-
strated the use of nanohole arrays for gas detection [21, 22], though the systems were based
on monitoring intensity changes, rather than the plasmonic shift induced by refractive index
changes, and may therefore be more prone to noise from the light source and detector.

Polydimethylsiloxane (PDMS) is widely used in chemical sensing because of its high
permeability to volatile organic compounds (VOCs), chemical stability, optical transparency,
and ease of fabrication. Its hydrophobic nature and affinity for non-polar molecules make it
particularly suitable for detecting hazardous VOCs such as benzene, toluene, ethylbenzene,
and xylenes (BTEX). As VOCs diffuse into PDMS, they alter its local refractive index and
cause swelling of the polymer matrix, effects that can be transduced into optical signals.

In this thesis, we leverage these properties to develop a real-time, on-line VOC sensing
platform based on extraordinary optical transmission (EOT) through metallic nanohole ar-
rays. By coating the arrays with a thin PDMS layer, we demonstrate that tracking shifts in
the plasmonic resonance provides a powerful and intensity-independent method to monitor
VOC uptake and release dynamics and to directly extract diffusion kinetics from optical
measurements. This approach enables detailed characterization of VOC—polymer interac-

tions and establishes a versatile platform for chemical sensing.



1.2 Fiber-optic strain sensing

Fiber Bragg gratings are the most common optical sensor heads for localized strain sensing
as they provide all advantages of fiber optic sensors, while being relatively simple to fabricate
and interrogate. A fiber grating consists of a periodic variation of the refractive index within
the core of an optical fiber (Fig. 1.2a). They are commonly fabricated through means of
photo-inscription where high-intensity UV light with an interference pattern is incident on
the fiber core, which may be chemically sensitized. Upon absorption of the light, there is
change in the germanium-silicon dioxide bond, resulting in an increase in the refractive index
2].

When the pitch of the grating, A, is less than 1 pum, the resulting structure is referred
to as a Fiber Bragg Grating (FBG). Longer periods produce so-called Long Period Gratings
(LPGs) which have found many applications in refractive index sensing [23].

In case of an FBG, the fundamental modes in the forward and backward propagating

directions couple to each other, resulting in a narrowband reflection at the Bragg wavelength:

>\B = 2negA (11)

where nqg is the effective refractive index of the core [24]. The characteristics of the
reflection envelope are dependent on the grating parameters such as the period, difference in
refractive index and the length of the grating [2]. Fiber Bragg gratings are particularly useful
for sensing applications as both the pitch and refractive index change due to environmental
factors such as strain and temperature.

FBGs are particularly attractive for strain sensing because many physical phenomena
- including pressure, displacement, vibration, and acoustic fields - manifest as mechanical
deformation in a material. Structural deflection produces surface strain that can be used
to infer displacement or load distribution [25], while vibrations and acoustic waves induce
periodic strain fluctuations that can be monitored with high sensitivity. In geophysical and
civil applications, strain measurements reveal pressure changes, seismic events, or ground
motion [2], and in biomedical contexts they are used to track heartbeat, respiration, and
muscle activity [26].

Specialized FBG structures can be created that exhibit unique spectral properties. A
Fabry-Perot cavity can be formed with two identical matched FBGs separated by a few
millimeters. Similarly as in free space, the cavity will allow for high transmittance for certain
resonant frequencies, uniformly spaced apart, with a spectral width much smaller than that of

the envelope [28]. Among the various FBG configurations, the m-shifted fiber Bragg grating
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spectrum for 7-FBG gratings. This figure was taken from Reference [27]

(m-FBG) is particularly well suited for precision strain sensing. By introducing a m-phase
discontinuity within the grating (Fig. 1.2a), a Fabry—Perot-like resonant cavity is formed at
the Bragg wavelength, which leads to strong localization of the optical field within the grating
29, 30]. This field localization creates a sharp transmission resonance within the reflection
envelope of FBG (Fig. 1.2b). The enhanced field-matter interaction within the 7-shifted
cavity allows for the detection of picostrain-level changes in the fiber [31]. Furthermore,
m-FBG sensors retain the advantages of standard FBGs - such as compactness, passive
operation, and multiplexing capability - while offering superior sensitivity, making them
particularly attractive for long-distance remote sensing in environments where maintenance-
free operation is essential.

In this work, we focus on tracking the resonance wavelength of a m-FBG, a narrow spectral
feature that shifts in response to strain-induced changes. Because the resonance arises from
optical phase-matching within the grating, its position shifts predictably with strain and can
be monitored with high precision, independent of broadband intensity variations. Building
on this principle, we developed a long-range, passive, all-fiber strain sensing system that
interrogates the 7-FBG using the Pound-Drever—Hall (PDH) technique. PDH interrogation
is particularly well suited for this approach, as it converts minute resonance shifts into
high signal-to-noise error signals that remain detectable even at very low return powers. By

locking a diode laser to the m-FBG resonance, the system achieves nanostrain-level sensitivity



over fiber tethers up to 75 km without requiring in-line amplification, demonstrating the

feasibility of long-range strain sensing in harsh or inaccessible environments.

1.3 Thesis outline

This thesis investigates how optical resonances - both plasmonic and grating-based - can be
used to enhance light-matter interaction and enable high-sensitivity sensing of chemical and
mechanical phenomena. The thesis is structured as follows:

Chapter 2 develops the theoretical foundation for describing diffusion kinetics in thin
polymer films. By revisiting and extending Crank’s classical solutions to Fick’s laws of diffu-
sion, exact integrated equations are derived for both impermeable and permeable boundary
conditions. These models form the mathematical basis for interpreting experimental data in
Chapter 3.

Chapter 3 applies these diffusion models to the detection of volatile organic compounds
(VOCs) using metallic flow-through nanohole arrays (NHAs). The chapter details the design,
fabrication, and optical characterization of the plasmonic sensor platform, and demonstrates
its ability to monitor VOC sorption and desorption in real time. The extracted diffusion
coefficients are compared with literature values, and the influence of surface functionalization,
film thickness, and delivery methods on sensing performance is analyzed.

Chapter 4 explores a long-range fiber-optic strain sensor based on a m-shifted fiber Bragg
grating (m-FBG) interrogated using the Pound-Drever-Hall (PDH) locking technique. The
chapter presents the experimental setup, noise analysis, and sensor characterization, demon-
strating nanostrain-level sensitivity over fiber tethers up to 75 km. Furthermore, we demon-
strate a coherent PDH scheme that enhances the error signal’s signal-to-noise ratio, enabling
laser locking with return powers as low as -58 dBm (< 2 nW). This removes the need for
optical amplification and theoretically extends the sensing range to 155 km.

Chapter 5 summarizes the key findings of the thesis, highlights their broader implica-
tions for optical sensing technologies, and outlines directions for future research, including
potential improvements to the VOC detection platform and the application of the long-range

strain sensing setup for a fiber optic hydrophone and free-space configurations.



Chapter 2

Exact integrated equations to describe diffusion

kinetics

This chapter first derives and introduces the modelling of diffusion constants through per-
meable membranes by revisiting Crank’s solution to Fick’s diffusion from 1950. This part
of the chapter is from a submitted publication that builds upon work done by Dr. John
Saunders and Dr. Jack Barnes, a previous PhD student and Senior Research Associate in
the Loock group. The diffusion equations were derived to develop a model that would allow

us to fit to the experimental data described in the following chapter (Chapter 3).

2.1 Introduction

In his seminal 1956 book “The Mathematics of Diffusion”, John Crank derived the differential
equations describing Fick’s Law of Diffusion for two limiting but common cases: (1) the
diffusion of an analyte into a film that is supported by an impermeable substrate, and (2)
the diffusion of an analyte into a free-standing film that has no analyte entering from the

opposing side [32] (Fig. 2.1).

impermeable permeable membrane

X
1 .  y=d

X2 0

Figure 2.1: Boundary conditions and integration bounds for a film (yellow) on an imperme-
able (left, grey) and permeable substrate (right) as described in the text. The concentration
above the polymer film (red) is held at a constant concentration of X; for both cases. For
the impermeable substrate, the concentration below the polymer is always 0 (grey region),
while the concentration below the permeable membrane (pink) is given by Xs.



Both are one-dimensional diffusion problems, and a straightforward and exact analytical
solution can be obtained by integration that describes the kinetics of diffusion. Indeed, the
measurement of the relative analyte concentrations in a film as a function of time is one of
the most common methods to determine the diffusion rate.

Experimental concentration measurements, obtained either as an average of the concen-
tration of the analyte in the entire film or taken at a particular distance from its surface,
can be used to obtain the diffusion constant for the particular film:analyte system by fitting
to the equations describing the diffusion kinetics. The concentration is obtained from some
measured property, X (y,t), that has to scale linearly with the concentration of the analyte
and could be the mass of the film [33], or its polarizability volume [34, 35], its fluorescence
intensity [36], or its absorbance [37], among others. Since the measurement site and the
film thickness, d, are usually known, these fits only require two variables, i.e. the diffusion
constant, D, and a property that describes the equilibrium concentration of the analyte
in the film, X . These properties can be determined from primary measurements such as
optical transmission [37], refractive index measurements [35], optical [38] or mechanical [39]
resonance frequency shifts, etc.

While the exact diffusion equations are readily derived, most chemists use much simpler
equations to fit the diffusion kinetics, and to obtain the diffusion constants. These are based
on the exponential asymptotic growth function for analyte entering the film and on the

exponential decay function for analyte diffusing out of a film

X0 1w (020
0= Koo (-07)

With these equations one can obtain an expression for the diffusion constants based on

(2.1)

I

the saturated concentration by observing the half-concentration, the initial or the limiting
slope [33, 40]. As was mentioned previously, these functions are first-order approximations
to the exact analytical functions [34, 41], and provide a comparably poor fit in some cases,
particularly when there is uncertainty in the value of the saturated concentration. A 10%
deviation in the saturated concentration can lead to an error of up to 50% in the estimation
of the diffusion constant [42].

In this chapter, we derive “ready-to-use” integrated equations that allow a practitioner to
obtain accurate diffusion constants by fitting. Despite their slightly more complex form they
are readily incorporated into any fitting algorithm and use the same number of parameters

as their first-order approximations.
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2.2 Theoretical Model

In his book “The Mathematics of diffusion” in 1956 [32] John Crank derived equations to

describe the diffusion kinetics of analytes into a free-standing membrane and into a film
supported by an impermeable substrate. He solved Fick’s second law of diffusion

2

68_)25( = D%T)Q( (2.2)

for several different cases. In the following we assume that the diffusion constant, D, is,

in fact, a constant and that the film does not swell or shrink during the diffusion processes.

The Fickian diffusion model is appropriate for polymer networks for tracer diffusion,

i.e. when the analyte concentration is very low — an assumption that we consider valid

throughout this chapter. Fickian diffusion is also adequate at higher analyte concentrations,
when the temperature is well above the glass transition temperature of the film.

Crank solved the partial differential Eq. 2.2 by separation of variables:

X(y,t) =Cy)T(?) (2.3)

and obtained a general solution of the form:

X(y,t) = Z (A sin Ay + By, €08 Apy) exp (— A2, Dt) (2.4)

m=1
The constants A,,, B,,, and \,,, are determined using the respective boundary and initial
conditions of the problem. In the present cases we determine the boundary conditions to
represent a permeable membrane and an impermeable membrane, with the analyte concen-

tration being represented by the experimental observable, X.

2.3 Film on an impermeable substrate

Assume first that the film is accessible to the analyte at one face and impermeable at the
opposite face. We can then treat the problem as one-dimensional diffusion through a plane
of finite thickness within an infinite reservoir of analyte.

In this case, we assume that the surface of the membrane (y = d) is maintained at
constant concentration of X7, and we do not have any diffusion across the substrate support

of the membrane (y = 0). Thus, the boundary conditions are given by
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X(ya 0) = XO
X (d,t) = X, (2.5)
0X(0,t) _,

oy

With these boundary conditions, Crank analytically solved the problem of diffusion into
a film of finite thickness that is mounted on one impermeable wall [32] and obtained an

equation containing an infinite sum of exponentials

2

exp (—D(Qm + 1)2%> cos <(2m + 1)2—3)] (2.6)

X=X, [1gs (1
Xl—XO m+1

m=0

At short times, a large number of terms in the sum are required, and the following

approximate solution is more practical.

X(y,t) — Xo - m 2m+1)d —vy > . (2m+1)d +y
X, — X, :mz::()(—l) erfc( Wi >+Z(—1) erfc( D0 ) (2.7)

m—0

Balik described a blended model that uses one-term approximations of Eq. 2.6 and Eq.
2.7, and a switching function to shift the weight between the two equations as a function of
time [33]

X(y,t) — X
XD %0 50 F (5,0) + - 6 (]G (1.0 28)
X1 — Xo
where, F(y,t) and G(y,t) are the right-hand-sides of (1.6) and (1.7) truncated to a single
term (m = 0), and ¢(t) is the Fermi function

& (1) = [1 — exp (t/ - a)} B (2.9)

that shifts the weight between the two functions with time. The reduced time is t' =
Dt/d?, and a = 0.05326 and b = 0.004 were determined to give an optimal fit.

With today’s computing abilities there is no longer a need for these complications and

calculating 20-50 terms for very short time scales and at 3-5 terms at longer timescales is

readily possible, and probably simpler.
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2.3.1 Concentration gradients for the impermeable substrate

In Eq. 2.6 and Eq. 2.7, X, is the initial concentration in the film and X; is the equilibrium
concentration of the analyte in the film. If the film is initially free of analyte, Xy = 0, as is

the case for many absorption experiments, we can write Eq. 2.6 as:

2

X(y,t) =X; |1 — 4 io: (=" exp (—D(Zm + 1)27T—t) Ccos ((Qm + I)Ly)] (2.10)

T 2m +1 4d? 2d

m=0

The limiting case at t — oo gives the uniform equilibrium concentration X, = X;. The
other limiting case at t = 0 reduces Eq. 2.10 to Xy = 0, as the second term in the brackets

becomes unity when applying the Leibniz expression:

T (="
4 _mZ:Oszr 1 (2.11)

For the desorption case, we can take the initial concentration within the membrane to

be X, i.e. the equilibrium concentration for absorption, and since X; = 0, we obtain

2

X(y,t) = XOO% f: (=" exp (—D(Qm + I)ZW—t) Ccos ((Qm +1) 7r_y> (2.12)

Ad? 2d

Fig. 2.2 shows the concentration gradients, X(y,t), across the film for the absorption
process described by Eq. 2.10 (Fig. 2.2A) and the desorption process described by Eq. 2.12
(Fig. 2.2C). The diffusion coefficient was set to D = 1 x 107%cm?s™! and the thickness of
the film to d = 0.01ecm. The red traces show the concentration profile in the film at t = 0.1s
then from 1 s to 19 s in 2 second increments (blue) and finally from 30-150 s in 15 second
increments (black) using (1.10). The curves are separated by a time interval of At' = 0.15
(black curves) and At’ = 0.02 (blue) where the reduced time is ¢’ = Dt/d>.

We now evaluate X (t) for two limiting, but common cases. We derive two equations that
permit the determination of the diffusion constant from either the average concentration of
the analyte in the polymer film or from the concentration near the film-substrate interface.
When measuring the temporal evolution of measurement X(¢), we can then distinguish
between these two cases.

Case (A): the measurement samples only a small sliver of the film (thickness: dy) near

the bottom (y = 0) or top (y = d) surface,
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Figure 2.2: (A) Concentration gradient of an analyte in a film mounted on an impermeable
substrate as a function of time from ¢ = 0.001 to 1.5. The red curve represents the profile
at ¢ = 0.001. Each curve is separated by At" = 0.02 for the lower 10 curves (blue) and
by At’ = 0.15 for the top 9 curves (black). (B) Uptake curve of an analyte diffusion into
a film mounted on an impermeable substrate. The red curve shows the total concentration
throughout the film; the blue curve shows its average concentration in the bottom 10% layer
of the film. (C) and (D) as in (A) and (B) but for a desorption case.

oy

_ 1

X(pt) = 5 [ Xy (2.13)
y=0
y(id

Case (B): the measurement samples the concentration of the analyte over the entire film
thickness:

_mwzé/xwﬁw (2.14)
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Examples for the first case are measurements of the evanescent wave absorption or fluo-
rescence, or when plasmonic interactions or critical angles are used to determine the film’s
refractive index near the substrate interface. Case (B) applies when gravimetric or optical

density measurements are used to follow the analyte concentration.

2.3.2 Interface concentration (impermeable substrate)

For Case (A) measurements, one integrates Eq. 2.10 between y = 0 and dy.

2

i 2(”_111)1 exp (—D(2m + 1)22_0;) cos ((Qm + 1)%)] dy

m=0

N |

X. [1 -
(2.15)
which yields

X(t) = Xoo [1 - wfgly Z (25;:_)7:)2 exp (— Dm (2I;2+ D t) sin ((2m + 1)%)] (2.16)

m=0

For the desorption case, we can perform a similar integration with Eq. 2.12 and the

average concentration near the interface is thus given by:

X(t) = Xoo [;ﬁgy 3 (2(77;27:)2 exp (—D7T (2£2+ Y t) sin ((Qm + 1)%’)] (2.17)

m=0

Although Eq. 2.16 and 2.17 contain infinite sums of exponential functions, fitting is
straightforward, since the arguments of the exponential functions are easily evaluated and
the amplitude factors (—1)™/(2m + 1)? converge quickly to zero. For most scenarios a fit
with m = 3 to 5 should be sufficient.

2.3.3 Integrated concentration (impermeable substrate)

In Case B the average concentration of the film for absorption can be calculated by integration
of Eq. 2.10 across the film’s thickness, d, to obtain:
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- 1 [ 4N (—1)m T2t Ty
Xt)=-] Xx.o|1-= —D(@m+ 122 (2 L—)d
0=3] % [ W;Qmﬂexp( (m+>4d2)608 (2m+ 1)o7 ) | dy
(2.18)
which simplifies to
— 8 > 1 27T2t)
Xt) =X, |1—— ——exp| —D(2m+1)"— 2.19
Similarly, the average concentration during desorption is given by:
- 8 — 1 QHv
X () =X |— ———exp | —-D(2m+1)"— 2.20
(t) [7r2mz:0(2m+1)2 p( ( ) Ad? ] (2:20)

Again, the diffusion coefficient, D, may be obtained by fitting as long as the thickness,
d, is known.

Fig. 2.2B shows the concentration X (y,t) near the substrate interface, from Eq. 2.16
and the average concentration through the entire film, from Eq. 2.19, whereas Fig. 2.2D
shows the respective desorption curves calculated using Eq. 2.17 and 2.20. Fifty exponential

terms were included in the calculation of concentration profiles and of X (t).

2.4 Film on a permeable support

Absorption and desorption processes involving diffusion into a free-standing film, i.e. having
either a fully permeable support or no support, can be described in analogy to the case of

the supported film (see Fig. 2.1). The boundary conditions are now given by:

X (0<y<d0)=f(y)
X (d,t) = X4 (2.21)
X (0, t) - X2
2.4.1 Concentration gradients for the free-standing film

The general solution of 2.4 with the boundary conditions in Eq. 2.21 is given by
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B Y 2= Xicosnm— X, | nmy Dn’m%t
X(y,t) = Xo+ (X4 —XQ)E—F;; - sin g exp (— 7
+ 2 00 . n’ﬂ—y Dn2,ﬂ.2t d f ( /) ) nﬂ_yl d . (222>
pi sin 7 exp 7 ; y') sin o d

n=1

Here f(y) describes the initial distribution of analyte within the film. In most absorption
experiments f(y) is either equal to zero or a constant. For the two-sided desorption pro-
cess, we consider an initial constant concentration throughout the film, as well as a linear
concentration gradient as it might be obtained following one-sided absorption process.

Setting y = 0 reduces Eq. 2.22 to X (0,t) = X, for all times. Similarly, at ¢ = 0 equation
Eq. 2.22 yields f(y), i.e. the boundary conditions are met.

During absorption, we typically assume that the film is initially free of analyte, f(y) =0
and that the analyte emerging from the low concentration face is carried promptly away,
X5 = 0. We can then simplify Eq. 2.22 to obtain

Y 2x= (=)™ . nmy Dn*mt
X(y,t) =X, E+;;TSIHTGXP S (2.23)

Fig. 2.3A shows the concentration gradients described by Eq. 2.23 following one-sided
absorption into a permeable film, where we assume that the analyte can be completely
removed from the opposite surface. Note that the red, blue and black lines correspond to
lower time intervals than in Fig. 2.2A,C. The steady-state analyte distribution following
one-sided absorption into a permeable membrane (Fig. 2.3A) is simply given by

fl) =" (2.24)

For the desorption case for the permeable membrane, we may consider two different cases.

We first consider the situation where at the start of the process the linear concentration

gradient of Eq. 2.24 is present. The concentration gradients are in this case evaluated using
Eq. 2.22 with 2.24, and for X; = X5, = 0:

2X1 o (—=1)" Dn’m?t
X(y,t) = WIZ< n) sinng‘yexp (— nr ) (2.25)

n=1
The concentration gradients of the desorption process from Eq. 2.25 are given in Fig.

2.3C. Alternatively, we can consider the case when the analyte within the film is at a constant
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uniform concentration Xg, and, as before, the initial conditions are given by X; = Xy = 0.

Applying these boundary conditions to Eq. 2.22 gives

41X, | = 1 D(2 1)27%¢ 2 1
X(y,t):TO[Z exp(— (2m + 1) )sin(m+ )™y

(2.26)

2m +1 d? d

m=0

These gradients are presented in Fig. 2.3E.
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Figure 2.3: (A) Concentration gradient of an analyte in a film mounted on a permeable
substrate as a function of time from ¢ = 0.001 to 0.5. The red curve represents the profile
at ¢ = 0.001. Each curve is separated by At" = 0.01 for the lower 10 curves (blue) and
by At' = 0.04 for the top 10 curves (black). (B) Uptake curve of an analyte diffusion into
a film mounted on a permeable substrate. The red curve shows the total concentration
throughout the film; the blue curve shows its average concentration in the bottom 10% layer
of the film. (C) and (D) show the desorption curves with a permeable membrane for a case
of linear initial concentration. (E) and (F) show the desorption curves for a uniform initial
concentration.
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2.4.2 Analyte flow through the permeable film

Many researchers determine the diffusion constant, and the solubility of the analyte in the
film using the rate, dQ/dt, at which the analyte emerges from the low-concentration side of

the film. The total analyte emerging from the film is given by *

iQ _ (0X
@ =P (a—y) (227

and can then be determined from Eq. 2.22 with f(y) = X, as

t 2d = Xycosnm — Xy Dn?n%t
Q:D(Xl—XQ)E‘i‘F — n2 (1—6Xp<—T
- "= (2.28)
4X,d 1 D(2m + 1)*m%t
+ g 1l—exp|—

2 2
T = (2m+1 d

In most experiments the analyte concentration can initially be set to zero, Xy = 0, and
the concentration at the low concentration side of the film can also assumed to remain zero,
X5 =0 so that Eq. 2.28 is simplified to

Q Dt 1 2K (-1 Dn’n?t
Xd @ 8wl e P (2.29)

n=1
At steady state t — oo and all exponential terms in Eq. 2.29 tend to zero. Only the
first two terms remain, giving a linear concentration gradient between the top and bottom

surface of the film.

X(y,00) = Xo + (X1 — Xa) % (2.30)
With an average concentration of
- X1+ X
Xoo = % (2.31)

This forms a steady-state concentration gradient that is maintained even though analyte

continues to flow through the film. From Eq. 2.29 the production at steady state is given as

I This equation differs from Crank’s equation by a negative sign due to our coordinate system that places
the high-concentration, X1, side of the film at the position y = d.
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DX &
== . (t— 6—D> (2.32)

The flow rate at steady state is constant at
dQ DX,
d  d
and depends on the analyte concentration, X, at the top (y = d) of the film. The

(2.33)

diffusion constant can also be determined from the time lag, i.e. the intercept of Eq. 2.32:

d2

which no longer depends on the concentration.

2.4.3 Interface Concentration (free-standing film)

Although the concentrations at the top and bottom surface of the film are bounded by
equation Eq. 2.21 to give X; and Xs, respectively, it is for some experiments important to
consider the concentration in a small sliver of the film as it might be interrogated by e.g.
surface-specific optical techniques.

Similar to the impermeable membrane, we can find the average analyte concentration
for absorption within a region defined by y; and ys through integration of Eq. 2.22 with
f(y) = Xy to obtain:

(X1 - X)) ]
O = X) (5 )
2d = X; cosnm — Xy (c LY mry1> Dn?n?t
- — 0 — cos exp | ————
. n? L n? d a)P\TT e
X(t) =X+ -
( ) ? Y2 — U1 B 4dX1 Z 1 o (2m + 1)7Ty2 — cos (2m + 1)7Ty1
2 m 1) d d
D(2m + 1)*r%¢

X exp | — =

) (2.35)

Assuming that all analyte which is exiting the film is carried away (X, = 0) and that the
initial concentration throughout the film is Xy = 0, the equation for the absorption process

becomes:
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X(t) _ (5 —i)
X1 2d(y2— 1)

2d i (=)™ <cos nTys n7ry1> . Dn?r?t
_ _ <p [ —
(y2 — y1) w2 n? d d P d?

n=1

(2.36)

Within the range of the evanescent interactions (y; = 0;y2 = dy), we obtain the simple

expression for an analyte uptake process

oym? n?

— B Sy  2d = (—1)" nmoy Dn?r?t
X(0y,t) = X4 [ZZ + Z (1 —cos—— Jexp | —— (2.37)

n=1

which approaches asymptotically the constant concentration

_ %

X (2.38)
The blue line in Fig. 2.3B describes the time evolution of the measured concentration
according to Eq. 2.37.
For the two desorption cases (X; = Xo = 0; f(y) # 0) mentioned above, we can, again,
consider a constant initial concentration, Xy = X (dy,00) . Within the range of evanescent

interaction, we obtain the integrated expression:

= = 4d | & 1 (2m + 1)7dy D(2m + 1)*n%t
X<t> = X(&U, OO) Sy L;) m (1 — COS T) exp (_ = )]

(2.39)
The blue line in Fig. 2.3D describes the time evolution of the measured concentration
according to Eq. 2.39.
Alternatively, we can consider the case with a linear concentration gradient described by
Eq. 2.24, and perform a similar integration of Eq. 2.25 within the range of the evanescent
field to obtain

X(t) = X, [ 5;2 i (—n12)n <cos ”ﬂjy - 1> exp (—Drjfzt)] (2.40)

n=1

This time evolution is given by the blue line in Fig. 2.3F.
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2.4.4 Integrated concentration (free-standing film)

When calculating the concentration of analyte upon one-sided absorption into a freestanding
film, the average concentration of the analyte across the entire film can be calculated as a
function of time by integration of Eq. 2.22 across the film’s thickness, d. The average analyte

concentration upon absorption is then given by

o0

X() = X, E -5 0= 1w (—D@”Qt)] 2.1

which can be simplified by omitting all terms with zero value from the sum:

i 1 4¢ 1 . _D(2m +1)*r%t
X(t) =X, [2 Z—( E p< - )] (2.42)

2 — 2m +1

where we, again, assumed that X5 = 0 and that the initial concentration is Xy = 0. The red
line in Fig. 2.3B describes the time evolution of the measured concentration in Eq. 2.42.

For the desorption process we, first, consider a uniform initial concentration, Xy = X..
With X; = X, =0, we have

X(t) 8 — D(2m + 1)%7%t
-2 2.4
X(doo 7T22 +1 ep( & (2.43)

The red line in Fig. 2.3D describes the time evolution of the measured concentration

according to Eq. 2.43. If we, instead, start out with a concentration gradient as in Eq. 2.24,

the average analyte in the film during desorption is given by:

X +1)

This time evolution is given by the red line in Fig. 2.3F. In all figures shown here, we

included fifty exponential terms.
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2.5 Summary

It may be surprising that a discussion of one-dimensional diffusion processes is of relevance
nearly 70 years after Crank laid the foundation of the mathematical models. This discussion
should have been published 65 years ago. And, yet, it appears that the exact numerical mod-
els collected and provided by Crank have either been forgotten or have not been commonly
applied. We hope that our work may help those who need to extract accurate diffusion
constants from experimental data, and believe that future diffusion models no longer have
to rely on a first-order approximation as given in Eq. 2.1.

The equations derived in this chapter are used to fit to the sorption curves obtained with
the nanohole array gas sensing setup described in Chapter 3.

Appendix A.1 provides the equations presented in this chapter as Matlab functions to
which experimental data may be fit. The average concentrations are calculated either by
integrating over a small sliver of the film or over the entire film. The former is relevant,
for example, for evanescent field or plasmonic interaction measurements (index “ev”). The
latter pertains to gravimetric, optical absorption or bulk refractive index measurements of

concentration (index: “film”).
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Chapter 3

Detection of volatile organic compounds using metallic

flow-through nanohole arrays

This chapter describes a real-time, on-line, continuous, cost-effective VOC sensing system
that is based on the phenomenon of extraordinary optical transmission (EOT). The results
presented in this chapter are analyzed and modeled using the equations derived in Chapter
2 to investigate the diffusion of o-xylene into PDMS. Many parts of this chapter are found in
an article, submitted for publication, in collaboration with researchers at Queen’s University.
This chapter begins with an introduction of the sensing principle of using nanoholes to detect
VOCs, then provides a detailed description of the experimental setup and methods used in
the chapter. Finally, the results and a discussion of the experimental methods and results

are provided.

3.1 Introduction

The detection of anthropogenic and biogenic volatile organic compounds (VOCs) is an im-
portant field in gas phase analysis and is relevant to, for example, food production, environ-
mental monitoring, health care and industrial processes [43, 44, 45, 46, 47, 48, 49]. Benzene,
toluene, ethylbenzene and xylenes (BTEX) form a subcategory of VOCs, whose monitoring
is of particular importance as they pose a potent risk to human health at high concentration
and/or prolonged exposure. Health risks include but are not limited to respiratory diseases,
reproductive adversities, and cancer [50, 51].

BTEX compounds are typically detected and quantified using separation techniques such
as gas chromatography mass spectrometry (GC-MS) [52, 53, 54], high-performance liquid
chromatography (HPLC) [52], and capillary electrophoresis (CE) [55]. Samples can be con-
trollably enriched in BTEX concentrations using Solid-Phase Micro-Extraction (SPME), a

rapid, solvent-free sample preparation method pioneered by the Pawliszyn group and others
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[56, 57]. In solid-phase micro-extraction (SPME), the extraction efficiency and analytical re-
liability critically depend on the diffusion kinetics of analytes through the polymer coating,
most commonly polydimethylsiloxane (PDMS) [58]. During SPME, volatile organic com-
pounds (VOCs) partition from the sample phase into the PDMS layer, where they diffuse
until equilibrium or a quasi-steady state is reached. The rate and extent of this diffusion
fundamentally determine how rapidly the coating accumulates analyte, the sensitivity and
linearity of the extraction process, and whether equilibrium is achieved within practical
sampling times [59, 58].

Polydimethylsiloxane (PDMS) is a commonly used extraction matrix for SPME. It is an
elastic, chemically inert, hydrophobic polymer with optical transparency in the ultraviolet-
visible (UV-Vis) region of light [60, 61] . PDMS, like other silicon-based inorganic polymers,
bears a strong affinity to non-polar molecules. This allows VOCs to be readily absorbed into
the polymer causing physical and chemical changes [62, 34]. For instance, the uptake of VOCs
into PDMS results in the alteration of its refractive index. The increase or decrease of RI of
the polymer is strongly dependent on the VOC optical properties, solvent-polymer affinity,
and sorption kinetics [34, 63]. To optimize PDMS-SPME probes for optimum extraction time
and film thickness, it is important to understand the diffusion kinetics of these compounds
through PDMS.

The diffusion kinetics through PDMS have previously been investigated through gravi-
metric sensors [40, 64, 65], time-lag permeation [66], and through the measurement of refrac-
tive index and swelling using a interferometric refractometer [35, 34]. Gravimetric sorption
methods are among the most direct approaches, relying on the precise measurement of mass
uptake as VOCs partition into a PDMS film over time. In such experiments, the polymer
sample is exposed to a controlled vapor environment, and the time-dependent mass increase
is recorded using a sensitive microbalance or quartz crystal microbalance (QCM) [40, 64].
The time-lag permeation method measures diffusion coefficients by monitoring the delay
(time lag, 0) before a permeating VOC first appears on the downstream side of a polymer
membrane after exposure to a constant concentration on the upstream side. The diffusion
coefficient D is then calculated from this lag time using D = [?/66, where [ is the mem-
brane thickness [66]. More recently, interferometric refractometry has emerged as a powerful
optical approach for probing VOC diffusion in real time by measuring the refractive index
and thickness changes to a thin polymer film upon the absorption of different VOCs [35].
With this method, a thin polymer film is deposited on a reflective substrate that acts as an
optical cavity. The refractive index and thickness measurement were obtained by capturing

the interference pattern of the Fresnel reflected light near the critical angle.
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Although there has been numerous studies conducted to investigate the diffusion kinetics
of VOCs, there is a significant spread in the reported values for these constants. For example,
the diffusion constants for xylene vary in two orders of magnitude, with reported values
between 3 x 10~8cm?s™! to 1.2 x 10 %cm?s™! [40, 65, 67, 34].

In this chapter, we present a real-time, on-line, continuous, cost-effective VOC sensing
method that is based on the phenomenon of extraordinary optical transmission (EOT) to

investigate the diffusion kinetics of o-xylene into PDMS.

3.1.1 Extraordinary optical transmission through nanohole arrays

When light is incident on a periodic metal array of apertures, the SPPs are excited on the
surface due to grating coupling of the incident light. The energy from the enhanced field
at the surface tunnels through the apertures and is scattered into the far field in transmis-
sion. We can derive an expression for location of the EOT resonances by considering the
momentum-matching condition to allow for their propagation.

The emergence of SPPs can be explained by applying Maxwell’s equations to a simple
geometry where we have light incident on a single flat interface consisting of a non-absorbing
dielectric with a positive dielectric constant €4, and a conductive metallic layer with dielectric
function ,,, in which the Re[e,,] < 0. In the following, I summarize the relations as presented
in reference [68] and [69].

If we are to apply Maxwell’s equations and the appropriate boundary conditions for the
case of transverse magnetic (TM) mode incident on the boundary, we can solve for the

dispersion relation, kspp, for a SPPs propagating at the interface

EdEm
k =koy| ——— 3.1
SPP 0 cqt e ( )

where ky is the magnitude of the incident wave-vector. The real part of the dispersion
equation is always less than the light line, implying that the SPP mode is evanescent and
cannot be directly excited by propagating light as the free-space photon does not have enough
in-plane momentum. To excite the SPP modes, an additional momentum component G along
the SPP propagation plane is required and provides the phase matching conditions required
for the excitation of these modes. For extraordinary optical transmission, this additional
momentum is provided by the periodic structure of the apertures, and we can express the

condition by:
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kspp = k| + G (3.2)

where k| is the in-plane momentum of the incident light, and Gy, is the reciprocal-lattice
vector of the structure. In most cases, we consider normally incident light, thus k| = 0, and

the above condition simplifies to a simple scalar condition given by:

kspp = |Gl (3.3)

If we consider a hexagonal lattice structure, the corresponding reciprocal basis vectors

and reciprocal-lattice vector are given by

2 1 2 2
b= (1,-—), by=2(0,—=). G, =mby+nb 3.4
' a( \/§> ? a( \/§> P (34)

where a is the pitch of the structure. The magnitude of the lattice vector is

2
G| = (3.5)

a\/‘gl (m2 + mn + n?)

Using Equations (3.1), (3.3) and (3.5), we can apply the momentum-matching conditions

to derive an approximation for the EOT resonance peak positions at normal incidence:

)\max mn — a md (36)
’ 4 (12 2\ V Em + €4
3 (m? +mn + n?)

where m and n are scattering orders of the array. It should be noted that the above equation

does not consider the presence of the holes, Fabry-Perot effects and its associated losses.

This expression highlights two key dependencies: (i) the geometrical parameters of the
two-dimensional array (periodicity and symmetry), and (ii) the refractive index of the adja-
cent medium. The latter is particularly relevant for sensing applications, as changes in the
local refractive index shift the resonance condition, which can be observed as spectral shifts
in the transmission spectrum.

In this chapter, we demonstrate the use of a PDMS-covered nanohole arrays as a novel
VOC sensing method. With the high time-resolution and high sensitivity that this sensor
affords, we obtain insights into the diffusion kinetics of o-xylene into PDMS. The kinetics
of o-xylene diffusion through a thin layer of PDMS are investigated by measuring the peak-
shift of the plasmonic signal. The increase of the refractive index of PDMS with o-xylene

concentration is analyzed using a new one-dimensional diffusion model based on a rigorous
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integration of Fick’s Laws of Diffusion, presented in Chapter 2.

3.2 Methods

The overall setup for the nanohole array gas sensor system can be separated into three
groups: the NHA chamber with the PDMS-coated nanohole arrays, the optical setup to
interrogate the NHAs in a transmission-based geometry, and the analyte-loading gas flow
system to introduce the VOCs to the NHA chamber. This experiment was carried out at
both Queen’s University at Dr. Carlos Escobedo’s lab and then at the Loock Laser Lab
at the University of Victoria (UVic). Both systems had similar optical and NHA chamber
designs, but the gas flow setup at Queen’s used a gas bubbler to introduce the analyte to
the chamber, which was later replaced with a nebulizer system at the University of Victoria.

A detailed description of the setup is provided below.

Gas

Halogen NHA
_____________ | Lamp chamber Spectrometer

A - - S (a) N vOC
P B L jT

PC

Wlth Spin-coat Incoming light
Cr and Au with PDMS

QI

Figure 3.1: Schematic overview of the setup with the NHA preparation, nebulization stage
and optical setup.

BRI
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3.2.1 Optical setup

The optical transmission of the nanohole array gas sensor comprises of a simple spectrometer
design as shown in Figure 3.1. It uses a halogen lamp (Ocean Optics HL-2000, USA) as a
broadband light source, with a set of collimating optics to direct the collimated light on top
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of the NHA structure and to focus the transmitted light onto a UV-Vis spectrometer (Ocean
Optics, USB4000, USA).

A similar optical setup was used for both the Queen’s and UVic system, with a different
set of collimating optics. The Queen’s setup used a 10x objective lens and a biconvex lens
with an iris, while the UVic optical setup was mounted onto a 30 mm cage system, with
the use of two plano-convex lens (f = 50.2 mm), and fiber collimation package for the fiber-

coupled spectrometer for ease of alignment.

3.2.2 Nanohole array fabrication and assembly

The nanohole array chamber consisted of an array of sub-wavelength nanoholes that were
spin-coated with a layer of polydimethylsiloxane (PDMS), and placed in a custom 3D printed
chamber that allowed the flow of gas over or under the nanoholes.

The plasmonic NHA sensor head was prepared from a commercial sample-mounting
grid designed for transmission electron microscopy that we coated with gold. The sample-
mounting grid (Prod No. 21586-10, Ted Pella Inc., USA) consisted of 450 pum x 450 pm
perforated area with 200 nm holes arranged in hexagonal pattern with a pitch of 400 nm on
a 200 nm thick SizN, substrate. The nanohole grid was plasma-cleaned for 60 s and sputter
coated, first, with 5 nm of Cr as an adhesion layer and then, with 100 nm of gold. A scanning
electron micrograph (SEM) image was obtained of the coated structure, and the average ra-
dius and pitch were measured to be (99 £ 3) nm and (407 £ 6) nm respectively (Fig. 3.2).
The average pitch was measured through image analysis of the x20k magnification image to
determine the spacing between the holes, while the average radius was measured from the

area of the holes in the x45k magnification image to account for shape irregularities.

3.2.3 PDMS layer

The depth range of the refractive index measurement is governed by the penetration depth
of the surface plasmons; thus, it is essential to have a strong adhesion between the PDMS
and the gold layer.

Polydimethylsiloxane (PDMS) is a silicon-based polymer consisting of a repeating silox-
ane backbone —[Si(CHs)y—0],— with methyl side groups (Fig. 3.3). This molecular structure
provides PDMS with a unique combination of flexibility, chemical inertness, and low surface
energy due to the presence of nonpolar methyl groups. The chemistry of this backbone,
along with the ability to modify the surface by plasma or chemical treatments, determines

how PDMS interacts with substrates such as glass and gold.
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Figure 3.2: Scanning electron micrograph of nanohole array
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Figure 3.3: Molecular structure of PDMS

When PDMS is bonded to glass, both surfaces are activated using an oxygen plasma.
The plasma oxidizes the surface of PDMS, creating a thin silica-like (SiOx) layer that con-
tains silanol (Si—-OH) groups, while also creating similar silanol groups on the glass surface.
When these activated surfaces are brought into contact, condensation reactions occur be-
tween silanol groups to form covalent siloxane (Si-O-Si) linkages, resulting in a permanent
bond. This mechanism explains why plasma-activated PDMS, and glass form robust, often
irreversible seals widely used in microfluidics and optics applications.

In contrast, gold presents a chemically inert, nonhydroxylated surface. Plasma-activated
PDMS does not have compatible functional groups to covalently react with gold, leaving
only weak van der Waals interactions at the interface. As a result, PDMS bonds poorly to
gold films compared to glass, with detachment being a common issue in hybrid microfluidic
and plasmonic devices.

As gold surfaces have weak interactions with PDMS, two different self-assembled mono-

layers were tested to improve adhesion between the two surfaces:
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Figure 3.4: Comparison of bonding mechanism of PDMS with glass (left) and gold (right)

(3-mercaptopropyl) trimethoxysilane (MPTMS) and 11-mercaptoundecanoic acid (11-MUA).
Both are thiol-based molecules that are commonly used as a molecular adhesive. With
MPTMS, The three activated methoxy functional groups form siloxane bonds with PDMS,
while the thiol functional group can bind to the Au surface. To test the effectiveness of the
adhesion improvement, a peel and tape test were performed. The peel test used a pair of
tweezers to see how easy it was to remove PDMS layer off a gold substrate with the different
functionalizations. This was subjectively ranked from 1 to 5, with 1 being the weakest ad-
hesion between the two layers. The tape test affixed an adhesive tape onto the surface, and
the percentage of PDMS detached from the substrate was recorded. Table 3.1 summarizes
the results from the two testing methods. The monolayer of MPTMS showed consistent
improvement in the adhesion in all but one samples, while also out-performing the 11-MUA
in the tape test for most samples. It was concluded that a self-assembling monolayer of
MPTMS provided the better improvement to the adhesion and was used for the rest of
the experiments. A further study of adhesion between different SAMs was conducted using
a piezoresistive sensing setup, which confirmed that MPTMS showed the most improved
bonding strength and reproducibility [70].

To apply the PDMS layer, the gold-coated NHAs were submerged in a 10 mM ethanolic
solution of MPTMS for 20 hours to produce an MPTMS monolayer. The MPTMS was then
activated via plasma cleaning for 60 s before a PDMS layer (Dow Corning Sylgard 184, 10:1
mixing ratio) was spin coated onto the NHA directly thereafter. Here, the NHA was mounted
onto the spin-coater, the PDMS was dropped onto the NHA, and the NHA was spin coated
with the desired thickness - here 10 um. After spin coating, the PDMS film was cured for
10 min at 100°C and 20 min at 70°C on a hotplate. The thickness was set according to a

calibration curve obtained using an optical profiler as described in the next section.
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Table 3.1: Summary of results testing the effectiveness of MPTMS and 11-MUA in improving
the adhesion between gold and PDMS

Time | Condition MPTMS 11-MUA
Plasma Peel — 3.5 Peel — 1.5
18 hours Tape — 0% | Tape — 100%
No plasma Peel — 3 Peel — 3.5
Tape — 20% Tape — 0%
Plasma Peel — 1 Peel — 3
24 hours Tape — 100% | Tape — 100%
No plasma 52;16 731 0% N/a
Plasma Peel — 2.5 Peel — 2
48 hours Tape — 0% Tape — 50%
No plasma Peel — 3.5 Peel — 3
Tape — 0-20% | Tape — 0%

3.2.4 Thickness measurement

The thickness of the PDMS is determined by the spin speed and time of the spin-coater.
Initially, we used a home-built spin coater at Queen’s University, and later a commercial
spin-coater at the University of Victoria. The PDMS coating was applied in 3 phases, with
an initial acceleration phase of 5 s, followed by a constant spin speed (between 1000-8000
rpm) phase of variable time (1-10 mins), followed by a final deceleration phase of 10 s.

Due to a lack of surface profilometer instrumentation, the thickness of the PDMS layer
in the samples tested at Queen’s were not measured prior to the sorption runs. The PDMS
layer were measured retroactively to be about 40 pm, i.e much thicker that the intended
target of 10 pm.

The spin-coater at UVic was calibrated to produce reproducible PDMS film thicknesses.
The film thickness was determined by different spin speeds and coating times using an
optical profiler (Contour GT-X, Bruker). Fig. 3.5 shows the obtained calibration curve and
3D profile of the PDMS film of the nanohole array used for the experiment. Note that the
vertical axis is on a much-expanded scale compared to the in-plane dimensions. The PDMS
film in the experiments forms a smooth surface and has a thickness of 10.2 yum + 2.8 pm.
This film was spun at 5000 RPM for 1 min.
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Figure 3.5: Surface profile and thickness calibration of PDMS layer

3.2.5 NHA chamber

The PDMS-NHA structure was enclosed in a 3D printed in-house built chamber that allows
the transmission of light through the center of the chamber and allows for the gases to flow
on top of the PDMS-NHA structure. It consists of three main parts, i.e. two outer plates
and one central disc that holds the NHA (Fig. 3.6).

Figure 3.6: 3D printed NHA chamber

The chamber holding the PDMS-coated NHA was designed in-house and resin-printed
using a 3D printer. It consists of three main parts, i.e. two outer plates and one central

disc with a slot that holds the NHA. The plates have a 5 mm x 5 mm square open hole that
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is turned into an optical window using coverslip squares (Fisher Scientific, USA) that are
attached and sealed using epoxy resin. Facing inside, each plate has a square center recess
that forms the sample chamber. The sample chamber accepts sample gas through a bore
connected with 22 needle gauge tubing to the aerosol generator, while the second bore directs
the sample gas to waste after it has flown across the PDMS film which faces the white light
source. The right part of the chamber (Figure 3.6) has a similar design and, therefore, also

permits gas flow across the silicon nitride grid that forms the support for the NHA assembly.

3.2.6 Gas bubbler flow system

With the initial setup at Queen’s University, a gas bubbler was used to introduce the solvent
vapor into the carrier gas. In this setup, nitrogen gas is directed into a solvent (the VOC
analyte) reservoir, where it forms bubbles that rise through the liquid. As the bubbles travel,
solvent molecules evaporate into the gas phase, producing an analyte-containing gas at the
outlet (see Figure 3.1). The analyte concentration can be approximated from the solvent’s
vapor pressure and the total system pressure, assuming ideal equilibrium conditions and full
saturation of the gas with the solvent vapor.

In practice, complete equilibration between the solvent and carrier gas is not always
achieved, and multiple bubblers in series are often used to prevent undersaturation. The
actual analyte concentration depends strongly on the residence time of the bubbles, the
solvent viscosity, vapor pressure, and the gas flow rate. Due its dependence on many of these
factors, it was difficult to achieve control of the analyte concentration in the gas stream with

a single gas bubbler.

3.2.7 Nebulizer system

To generate a more defined VOC load of the carrier gas, a co-axial nebulizer system was
developed and set up at the University of Victoria.

The nebulizer itself consists of two co-axially mounted capillaries, with the inner capillary
supplying the liquid VOC through a syringe pump. Due to the steep pressure gradient, strong
shear forces are exerted on the liquid at the tip of capillary. This leads to the dispersion
of the ejected liquid into a fine mist, i.e. it is nebulized. The flow of heated nitrogen gas
from the surrounding larger capillary carries the mist towards the sample chamber while
ensuring complete evaporation of the VOC. Since the liquid and gas flow rates can be tightly
controlled, the VOC partial pressure of the sample gas can be finely adjusted.

The performance of the nebulizer is dependent on several design parameters that govern
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the atomization process due the presence of the shear forces at the tip of the capillary.
The gas flow rate and pressure govern the velocity and shear forces where the gas interacts
with the liquid stream as it exits the inner capillary. Higher gas velocities enhance droplet
breakup through increased shear, resulting in finer aerosol generation, but may also lead to
excessive dispersion or undesired turbulence. To investigate the performance of the nebulizer,
a Computational Fluid Dynamics (CFD) simulation (Ansys Fluent, USA) was performed and
coupled to a finite element analysis (Fusion360) using the experimental dimensions using the
experimental dimensions, with the results shown in Fig. 3.7. The pressure is set to 15 bar
which produces a Ny gas velocity of 50,000 ft/min (or 250 m/s). The outer capillary has an
inner diameter of 0.8 mm, while the inner capillary has an inner and outer diameter of 0.4

mm and 0.7 mm respectively.

T
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Figure 3.7: CFD simulation of the coaxial nebulizer.

We observe a strong velocity gradient at the tip of the inner capillary which indicates
there exists effective shear forces for atomizing the liquid. The pressure was simulated as 15
bar which shows a narrow and symmetric flow, indicative of uniform atomization. The outer
capillary through which the Ny gas was injected was heated to 50°C to counteract the cooling
due to evaporation and rapid expansion of the analyte. This increased the temperature of
the gas at the nozzle and in the tubing downstream from -15°C to room temperature and
prevented condensation of the analyte.

The range of operation of the nebulizer was determined as 10 ppm to 4000 ppm of o-
xylene in Ny by varying the flow rate and observing the onset of the formation of droplets at
the output. The nebulizer was tested at different pump flow rates to determine the limit at
which we do not observe complete nebulization of the solvent — apparent by the formation

of droplets. Similarly, we varied the temperature of the nitrogen carrier gas to observe the
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onset of condensation by observing the formation of droplets at the exit of the nebulizer.
Modeling of the gas flow was used to determine the effectiveness of the nebulizer perfor-

mance within that operating range.

3.2.8 Data preprocessing

The sensing system measures the change in refractive index near the metal-dielectric interface
by measuring the peak-shift of the extraordinary optical resonance due to the nanoholes. Fig.
3.8 shows the experimental obtained transmission spectrum with different refractive indices
above the nanoholes. The resonance spectrum shows a broad resonance peak centered around
660 nm. This peak, as evident from Eq. 3.6, is due to the combination of resonances due to
the gold-dielectric interface above the nanoholes, as well as the contribution of resonances

between the Si3/N,-Au interface.

(1,3)
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Figure 3.8: EOT resonance for different refractive indices. The location of the resonance,
given by Eq. 3.6, are indicated by the gold and gray arrows with their respective orders

The peak shift due to changing refractive index can be obtained in a number of ways. The
simplest approach would be to track the peak maximum of the resonance, however even in the

best case, the broadness of the peak and inherent intensity noise of the spectrometer limits
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the precision of peak-shift measurement of the system (Figure 3.9 (a)). More important
in our particular case, the primary EOT peak originating from the gold-PDMS interface
- which shifts in response to refractive index changes - appears only as a weak shoulder
beneath a much stronger resonance, and thus has minimal influence on the overall peak
position. Alternatively, the peak maximum can be retrieved by modeling the resonance
shape and fitting the spectra with a least-squares fit. This method can increase the precision
but would prove difficult to implement with his system due to complex peak shape as the
transmission spectrum is combination of multiple different EOT resonance peaks and fails
to handle changes to peak shape.

For our analysis, we opted to use the centroid of the resonance as it is able to effectively
capture peak shift with higher precision as it measures the “center of mass” of the peak. To
do this, the maximum of the spectrum was initially used to determine the full-width-at-half-
maximum (FWHM) of the peak. Using this value, the centroid of the peak was calculated

using all the wavelength within the FWHM of resonance using the equation:

Leen = Z xl[l
> 1

where x; are the wavelengths within the FWHM of the resonance, and I; are their respective

(3.7)

intensities. This method drastically improved the precision of the peak-shift measurement;
however, it was found to contain multiple outliers as a result of the inconsistency in finding
the peak maximum (to determine the FWMH of the resonance) due to the intensity noise
of the spectrometer. To combat this, additional smoothing was performed prior to deter-
mining the maximum intensity to find the FWHM. This resulted in a more consistent and
precise measurement of the peak shift. From Figure 3.9 (b), we can see evidence of this as
the centroid calculation eliminated the outliers in the peak shift measurement and further
increased the precision of the measurement. In this case, the uncertainty was calculated
from the standard error (i.e. standard deviation in the mean) of the centroid calculation of

10 consecutively obtained spectra.

3.2.9 Data collection

The data collection for different runs was performed with a custom designed python appli-
cation that plotted the observed spectrum and centroid shift in real-time to allow for the
monitoring of any changes to the signal. The data was captured with an acquisition time of
10 s with gas bubbler setup, which was then reduced to 500 ms for nebulizer setup, owing

to improvements in the data acquisition software. The centroid was determined from an
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Figure 3.9: Comparison of data processing methods
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3.3 Theoretical models

3.3.1 Determining analyte concentrations in polymer films

The experimental mole fraction of o-xylene diffused in the PDMS can be determined from
the refractive index change that was obtained experimentally using the centroid wavelength
from the EOT spectrum and the calibration curve (Figure 3.13). The mole fraction was

calculated using Eq. 3.8, an equation that had been derived previously [34],

"ppust2) (ML ®)—1
Peows |1~ (i525) (o)
n? n2 . (t)—
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"ppMSsS ™

X (t) = (3.8)

In deriving Eq. 3.8, it is assumed that the Lorentz-Lorenz equation holds, i.e. that molar
polarizabilities, P;, are linearly additive. Note that refractive indices, n;, are not linearly
additive. In this case, we also assume that swelling of the film is negligible (Ad = 0).
Although it has been observed that PDMS swells by up to 50% after 72 hours of exposure
to a saturated xylene atmosphere [62], the assumption holds in our experiments, since the
sorption experiments were much shorter and at a lower xylene concentration. Indeed, the
maximum swelling was estimated using thin-film interferometry to be between 2-5% and

assumed negligible for the modeling (See Section 3.4.6).

3.3.2 Diffusion constants of the VOCs

Since the experiments are conducted at temperatures well above the PDMS glass transition
temperature, T, = -123°C [71], we can use the derived equations in the Chapter 2 to model
the analyte migration of VOCs into PDMS.

The PDMS layer on the surface is thin compared to its lateral extension, and the hole
diameter is orders of magnitude smaller than the film thickness. Therefore, the problem was
analyzed as one-dimensional diffusion through a plane of finite thickness having an infinite
reservoir of analyte gas above the polymeric sorption film. Most of this film is supported by
the gold layer which is modeled to be an impermeable substrate (referred to as “supported
film”), and a smaller fraction that is suspended above the nanoholes is modeled as a “free-
standing film”.

We mathematically described the sorption kinetics of a thin PDMS film supported by an
array of nanoholes by integrating Crank’s solutions for a one-dimensional diffusion problem.
The derivation of these equations are presented in Chapter 2. The total analyte concentration

is obtained from the linear combination of the time-dependent mathematical expressions,
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describing an average mole fraction of the analyte over the range of the evanescent wave near
metal-film interface through an permeable film on a impermeable supported substrate (SF),
Xsr, and a free-standing film (FSF), X pgr . For the case of absorption, this corresponds to
Eq. 3.9 for X abs,sF and Eq. 3.10 for X abs,FsF - The integrated equation for desorption for
the film interface for the supported film and free-standing film are given by Eq. 3.11 and Eq.
3.12 respectively. For the free-standing film, we consider the case that we have a constant
uniform concentration in the layer, as the supported film accounts for 80% of the total area.
In these equations, the equilibrium mole fraction in the film, and the diffusion coefficient D
are determined from the fit to Eq. 3.13 or 3.14.

Xi(t)ans, s = a; ll— < 8d > (,_1) exp <—Dj (t —to) (2i +1)*n > 1n< (2i+1) 7T5y>] j=1,2
i=1

20y (20 +1)2 Ad2
(3.9)
- 5 2d \ o (—1)’ 5 D, t—t 2
Xj(t)abs, FsF = a; [(%) + <5yﬂ2> Z( i2) (1 Ceos T y) exp< j (t = to) °m )]
i=1
(3.10)
e 8d \ o (-1 D;(2i + 1) (t — to) 2+15 ,
Xi(Bacs, 5w = b5 [(W%y) 2(2(1' +)1)2 eXp ( < 4)d2 - > < : L y)] j=1,2
=1
(3.11)
= 4d 1 2 + 1)76 D2+ 10272 (t — 1
X (t)des, Fs¥ = b; [(Syﬂ'zz(% TP (1 — cos %) exp (_ i 212 ( 0))]
=1
(3.12)

The film thickness, d = 10.2 um, was obtained using an optical profiler (see Fig. 3.5)
and dy is the effective amplitude of the evanescent plasmonic wave into the PDMS and is
obtained by modeling - see below and Fig. 3.12. The total sensing area is 2.0 x 10°um?,
and the nanoholes, representing the FSF, account for 4.0 x 10*um? or 20% of the total area.

Therefore, the linear combination representing the total solvent mole fraction is:

)?abs = O-SXabs, SF + 0-2)_(abs7 FSF

_ -~ B (3.13)
Xdes = 0-8)(des7 sr + O-Q)(des7 FSF

The coefficients of this linear combination were further investigated using the FDTD sim-
ulation by considering the fraction of electric field intensity inside and outside the nanoholes.
As will be discussed below, most processes are best analyzed as concurrent sorption
processes having two different diffusion rates given by D; and D,, and Eq. 3.13 is therefore

best written as
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Xabs = 0.8 [a1 X aps, 57 (D1) + a2 X aps 57 (D2)]
+ 0.2 [a1 X aps,psr (D1) + a2 X aps,psr (D2)]

Xies = 0.8 [1 X ges 57 (D1) 4 boX ges,sr (D2)]
+ 0.2 [b1 X des,rsr (D1) + b2 X ges,psr (D2)]

(3.14)

where ay,as,by,bs, D1 and Dy are the optimized parameters for the least-squares fitting

algorithm.

3.3.3 FDTD simulation

To investigate the spatial extent of surface plasmon resonance (SPR) interactions within
the system, Jdy, a three-dimensional finite-difference time-domain (FDTD) simulation was
conducted using Tidy3D software package (Ver. 2.8.4, Flexcompute). Periodic boundary
conditions were applied along the x and y directions (1.4 pm and 1.2 pum, respectively),
corresponding to a small section of the hexagonal NHA. Along the z-axis, perfectly matched
layers, PMLs, were implemented to absorb outgoing waves and prevent reflections. To en-
sure the highest resolution near the plane of interaction an override mesh was employed
throughout the segment and with a height of 600 nm, centered about the TEM grid. The
best override mesh size was found to be 7 nm in the x- and y-axes with 0.5 nm in the z-axis.
The PDMS film, the Cr adhesion layer, and the silicon nitride substrate were modelled us-
ing the Sellmeier dispersion relation with parameters obtained from the Tidy3D database
[72, 73, 74], while the optical response of gold was described using a Drude model, as it more
accurately captures its plasmonic behaviour [75].

The FDTD simulation was used to determine the electric field spatial distribution across
the gold surface and at various depths within the PDMS. This was used to estimate the
sensing area ratio between the supported film over the gold surface versus the free-standing
film over the holes and was found to be consistent with 4:1 ratio obtained from the fractional
areas. This was achieved by applying a mask of the hexagonal pattern of the array on the
spatial field distribution at different depths into the PDMS layer. From Figure 3.11, we can
see that within the range of the plasmonic interaction (0y = 25 nm), the ratio of intensity
outside versus inside the holes is equal to 4:1, consistent with the ratio of areas used for the
modelling of diffusion coefficients in Eq. 3.13.

In addition, the integrated field intensity at the EOT resonance wavelengths was used to
evaluate the decay of the SPP-induced fields into the PDMS material to estimate dy = 25

nm, the effective decay length of the evanescent plasmonic wave (Figure 3.12). This decay
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Figure 3.11: (left) Spatial electric field distribution over the nanohole at the Au-PDMS
interface. (right) Plot of fraction of averaged intensities inside (solid blue) and outside (solid
red) the holes of the NHA surface for different depths. The dashed red and blue lines
represent the values used for modeling the diffusion kinetics as a linear combination of the
two contributions. The dashed black line represents the penetration depth of the evanescent
wave into the PDMS layer.

length, dy, governs the thickness of the layer in which the refractive index change can be
measured, i.e. it corresponds to the bounds of the integrals that lead to Equations (3.9)

to (3.12).
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Figure 3.12: Calculation of the depth of the evanescent wave into the PDMS layer. The red
curve shows the total average electric field intensity as a function of the depth, which includes
the contribution from the reflected field. After subtracting the sinusoidal contribution from
the reflected field, the exponential curve (blue) shows an evanescent intensity decay length
of 25 nm.
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3.4 Results

3.4.1 Sensor response curve

The diffusion mechanism of o-xylene through PDMS can be determined by measuring the
time-dependent mole fractions of o-xylene in the PDMS layer adjacent to the gold-film. The
mole fractions are obtained from the refractive indices during that process (Eq. 3.8). Over
the small refractive index range that we study, the experimentally obtained wavelength shift
of the EOT maximum (obtained using the centroid of the top 50% of the peak) correlates
linearly with the change in the refractive index of the dielectric medium above the gold layer.
A calibration series of mixtures, initially with dimethyl sulfoxide (DMSO, n = 1.473) and
water (n = 1.333 at 589 nm) mixtures at Queen’s University, then with glycerol (C3HgOs,
n = 1.475) and water mixtures at UVic, were measured to obtain the sensor’s sensitivity
(Fig. 3.13).
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Figure 3.13: Calibration of the sensor with two different solvents mixtures with water. The
spectra of all the solutions are shown in the inset. The linear fit yields the sensitivity of the
RI measurement as S = 175 + 2 nm/RIU and S = 170 £+ 3 nm/RIU. The horizontal width
of the lo-confidence interval (0.08 nm and 0.8 nm) indicates that refractive index can be
measured with an uncertainty of 0.0002 RIU and 0.002 RIU respectively.

This was achieved by placing a gold-coated nanohole array into a PDMS mould having
a b0 pum open channel to allow for the flow of calibration solutions using a peristaltic pump.
Each solution was directed over the NHA for a minimum of 60 s and the average centroid
wavelength for each mixture was obtained.

The sensitivity obtained from both sets of calibration solutions were consistent, with a
measured sensitivity of S = (175 + 2) nm/RIU and S = (170 £ 3) nm/RIU for the DMSO
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and glycerol mixtures, respectively. It should be noted that the measurement uncertainty
of the refractive indices differ by a factor of 10 (0.0002 RIU for the DMSO-water mixtures,
compared to 0.002 RIU for the glycerol-water mixtures). This is largely attributed to the
precision and accuracy of the different devices used to experimentally measure the refractive
indices, with the DMSO-water mixtures values obtained with an Abbe refractometer (ABBE-
3L refractometer, Bausch & Lomb), while the glycerol-water mixtures refractive values were

measured using a handheld digital refractometer (81150-56, Cole-Parmer).

3.4.2 Detection of o-xylene

Figure 3.14 (a) shows the response of the nanohole-array—based sensing system upon exposure
to the volatile organic compound (VOC) o-xylene using the gas bubbler setup. The average
centroid position of the extraordinary optical transmission (EOT) resonance is plotted as a
function of time, with data acquired every 10 s. The analyte concentration can be determined

by relating the sensor response to the refractive index change using Eq. 3.8.
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Figure 3.14: Centroid shift during the absorption and desorption of o-xylene. The two figures
shows a comparison of the calculated centroid wavelength when we performed additional
smoothing of EOT spectrum in order to determine the FWHM for Eq. 3.7

To establish a baseline, Ny gas is initially flowed through the system prior to analyte
introduction. During the absorption stage, the gas stream is directed through either the
bubbler or nebulizer to load it with o-xylene, which is then delivered into the nanohole array
chamber. Once equilibrium is reached, desorption is initiated by switching the chamber back

to pure Ny flow.
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Following the baseline period, the centroid wavelength increases until reaching an asymp-
totic value, as o-xylene molecules diffuse into the thin PDMS layer and distribute uniformly
throughout the film to the gold-PDMS interface, resulting in a measurable plasmonic re-
sponse. The observed redshift during absorption arises from the higher refractive index of
o-xylene (n = 1.5058) compared to PDMS (n = 1.4425).

The effect of data processing is highlighted in Figure 3.14, which compares centroid
shifts obtained with (a) and without (b) smoothing of EOT spectrum curve in obtaining the
centroid wavelength. The smoothed data processing method clearly exhibit reduced spread
and significantly lower standard error, as evidenced by the error bars. This improvement
yields a higher signal-to-noise ratio, thus enhancing the reliability of kinetic analysis of
VOC diffusion into PDMS. The benefit of smoothing is particularly important for extracting
meaningful physical parameters from the adsorption—desorption dynamics. Consequently,
for the remainder of this chapter, all detection curves will be presented using smoothed

centroids.

3.4.3 Effect of surface functionalization

Figure 3.15 presents multiple runs of o-xylene detection using the gas bubbler with two types
of nanohole arrays (NHAs): one with bare gold (no surface functionalization) and another
with gold surfaces functionalized with (3-mercaptopropyl)trimethoxysilane (MPTMS). The
analyte concentration was extracted from the centroid shift and is plotted as a function of

time, with data acquired every 10 s.
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Figure 3.15: Sorption curves for o-xylene obtained with the gas bubbler system
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For the control samples with bare gold, significant discontinuities are observed in the
response curves, most notably during the absorption phase. These irregularities are likely
caused by detachment or partial delamination of the PDMS from the gold surface, which
strongly affects the local refractive index and introduces discontinuities into the measure-
ment. This instability highlights a limitation of using unmodified gold surfaces for repeated
measurements with PDMS.

By contrast, the MPTMS-functionalized samples demonstrate improved stability and
reproducibility, as the chemical bonding between the thiol groups and the gold enhances
adhesion at the PDMS—Au interface. This minimizes the likelihood of detachment and
allows reliable reuse of a single sensing chamber across multiple runs.

Figure 3.15 also demonstrates the limitations of the gas bubbler setup. Despite main-
taining similar experimental conditions for all runs, the loading of VOC into the carrier
gas was not well defined, and as a result, the saturation levels of o-xylene varied between
experiments, as reflected in the different asymptotic concentrations across datasets.

These results illustrate both the challenges and partial solutions in controlling analyte de-
livery using the bubbler system. While MPTMS functionalization improved the mechanical
robustness of the sensor, the variability in analyte saturation underlines the need for more
precise vapor delivery methods to achieve reproducible concentration profiles and enable

accurate VOC detection for its use in kinetic modeling.

3.4.4 Nebulizer setup sorption curves

With the nebulizer setup, the VOC load in the carrier gas can be precisely controlled by ad-
justing the liquid flow rate through the thin capillary. From the flow rate, the corresponding
concentration within the carrier gas can be determined; for example, a liquid injection of 1
pL/min corresponds to approximately 295 ppm or a partial pressure of 30 Pa.

Figure 3.16 presents representative datasets for flow rates of 3 pL/min and 8 uL/min.
The use of the nebulizer clearly resulted in greater consistency between experimental runs
at a given concentration. This improvement is attributed to the controlled analyte delivery
and the constant nitrogen carrier gas flow of 750 mL/min. Notably, the results obtained at 8
pL/min further indicate that the diffusion of o-xylene within the polymer follows a two-step
diffusion process. In order the investigate the effect of o-xylene absorption and desorption,
the nebulizer setup was used to run multiple runs for flow rates between 2 plL/min to 10
pL/min with a minimum of 3 sorption runs captured for each flow rate. Figure 3.17 shows

one of the detection curves for each of the different analyte flow rates, with vertical offsets
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Figure 3.16: Sorption curves for o-xylene with a flow rate of 3 uL/min and 8 pL/min through
the nebulizer setup

applied for visualization.

By inspection, it is apparent that with increasing gas concentrations the rate of uptake
of o-xylene into the film increases, and that the desorption rate also increases. In addition,
the equilibrium value that is reached for each of the o-xylene partial pressures increases
with increasing concentration, consistent with SPME principles [57]. It is also apparent that
gas concentrations above 1770 ppm (179 Pa; 6 pL/min) show evidence for a second uptake
process that occurs at a slower rate and leads to a much higher loading of the film. Especially
the desorption curves show that the second slower process is time-delayed, as there is a clear
step in the desorption curves.

The kinetics of this process will be quantitatively analyzed in the next section by fitting

the experimental data to Crank’s analytical solution of Fick’s diffusion equation.

3.4.5 Determination of diffusion constants

In order to quantify the diffusion constants of the diffusion of o-xylene into PDMS, the
absorption and desorption curves were fitted separately by a least-squares fit using the LMfit
python package [76]. Briefly, the least squares fitting algorithm works by finding the set of
parameters in a model that minimizes the sum of the squared differences (residuals) between
the observed data and the model’s predictions using the Levenburg-Marquardt gradient
method. In other words, it adjusts the model parameters so that the curve fits the data as
closely as possible, penalizing large deviations more strongly than small ones.

The absorption and desorption curves were fit with both a single diffusion coefficient

and with two diffusion coefficients, i.e. using a weighted sum of the respective curves Equa-
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Figure 3.17: Sorption curves with nebulizer setup for different concentration of o-xylene.
The absorption and desorption curves were obtained for a nitrogen gas flow of 750 mL/min.
An additional offset is added for visualization. For the first 200 s, pure Ny is flown over the
chamber to establish a baseline, followed by 900 s of o-xylene saturated flow and pure Ny
flow again for absorption and desorption respectively.

tions (3.9) to (3.12) as expressed in Eq. 3.13 and Eq. 3.14, respectively. Table 3.2 sum-
maries the initial guesses and bounds used for fitting parameters. The bounds ensured that

the diffusion constants are physically meaningful and that the analyte concentration was
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non-negative.

Table 3.2: Initial guess and bounds for double sorption constant fit parameters

Parameter Initial guess Lower bound Upper bound

ay /by 3.0x 1073 0 N/a

as /by 1.0 x 1073 0 N/a

D, 1.0 x 107%cm?/s 1.0 x 107 "em?/s 1.0 x 10~ %cm?/s
D, 2.0 x 107%m?/s 1.0 x 107 "em?/s 1.0 x 10~%cm? /s

An additional baseline offset parameter was added to the equation to account for variation
between sorption curves but was set to a constant through the fitting process. For absorption,
the offset parameter was set to the value of first data point, and for desorption, the value was
set to the average of the last 200 data points, i.e. when the desorption process has reached
its asymptotic value.

In order to investigate if the diffusion processes are simultaneous or sequential, an addi-
tional delay time parameter, ¢y, was introduced to allow for one of the sorption processes to
start a certain time after the first process.

Figure 3.18 shows an example of the least-squares fit of the absorption and desorption
using 2360 ppm o-xylene (238 Pa, 8 pL/min flow rate) to Eq. 3.14 having two different
rates. Here, the fast and slow sorption processes were assumed to start at the same time
and to occur concurrently. We note that the step in Figure 3.18, and, indeed, in all sorption
curves with concentrations higher than 1770 ppm indicates that concurrent absorption may
not be a good model. Introducing the time delay of the slower process as an additional
fitting constant gave diffusion rates that were similar but had a larger variability, since the
additional fitting parameter made the model less constrained (see Appendix B.1). For these
practical reasons we retained the assumption that the slow and fast processes start at the
same time in our analysis.

An analysis similar to that shown in Figure 3.18 was conducted for all concentrations of
o-xylene and the two average diffusion coefficients for each flow rate were obtained by fitting.
Each datum in Figure 3.19 represents the average fitted diffusion coefficients, Dy, Do, of at
least three runs, with the uncertainty derived from standard error. The size of the circular
data markers is proportional to the asymptotic concentration, ay, as, b1, b, of the respective
equation in Eq. 3.14.

The data tables below shows the absorption (Table 3.3) and desorption (Table 3.4) dif-
fusion constants and asymptotic concentrations obtained by fitting the experimental data to
Eq. 3.14.
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Figure 3.18: Fitting of sorption curve with Eq. 3.14. The fit (solid red line) is a linear
combination of the bi-exponential fit (dashed green and orange line) for the absorption
(D; = 3.0x10—8 cm?/s, Dy = 9.0x 10— 10 cm?/s) and desorption (D; = 3.5x 10—8 cm? /s,
Dy =1.9 x 10 — 10 cm?/s). The residuals of each fit are displayed below each graph.

Table 3.3: Absorption diffusion constants and limiting asymptotic concentrations for each
diffusion process

Flow Conc. Diffusion con- Asymptotic Diffusion con- Asymptotic
rate [ppm] stant, Dy [em?s™!] concen., X; stant, Dy [cm?s™!] concen., X,
(1L /min] [mol. frac] [mol. frac]
2 590 (17+£3)x 107  15x107°% (5+2) x 1079 1.4 % 1073
3 885 (20+1) x 107° 3.1x1073 (3+£2)x107° 0.5x 1073
4 1180 (18+£2)x 107 26x10%  (6+3) x 1077 0.6 x 102
) 1470 (20 +£2) x 107° 3.1 x 1073 (3£1)x107° 0.9 x 103
6 1770 (20£2) x 107 31x107°  (04+02) x 107 3.4 x 1073
7 2060 (21 +£2) x 107° 3.2 x 1073 (0.64+0.3) x 107 3.4 x 1073
8 2360 (24+04)x107°  3.2x1073 (05+01) x 1077 4.4x 1073
9 2650 (27£3)x 107 37x10° (0.8+2) x 107 4.6 x 1073
10 2940 (24 +4) x 107° 3.3x 1073 (0.940.2) x 1072 4.5x 1073

The diffusion constants for the absorption processes are averaged to Dy = (22+6) x 107°
and Dy = (0.9 + 1.5) x 107, whereas averaging the diffusion constants for the desorption
processes yields D = (29 +21) x 107 and Dy = (2.5 4+ 0.7) x 107°. Here, the average was
determined from the average of the diffusion constants weighted by their relative contribution

to the process:
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Table 3.4: Desorption diffusion constants and limiting asymptotic concentrations for each
diffusion process

Flow Conc. Diffusion con- Asymptotic Diffusion con- Asymptotic
rate [ppm] stant, Dy [em?s™!] concen., X; stant, Dy [cm?s™!] concen., X,
(L /min] [mol. frac] [mol. frac]
2 590 (17+£4) x 107 18x 10~ (294+0.3) x 107 0.8 x 1073
3 885 (12+£2) x 1079 2.2 %1073 (2.1+£0.4) x 1072 0.9 x 1073
4 1180 (9+1) x 1079 21x107% (L74£0.2)x 107 0.9 x 1073
5 1470 (6+2) x 10~° 1.6x 1073 (2.94£0.6) x 10° 1.2 x 102
6 1770 (7T+£2) x 10~° 1.7x 1078 (2.3£05)x10~° 1.6 x 102
7 2060 (20£10) x 1079 22x10~%  (214£0.6) x 107 1.6 x 1073
8 2360 (58+£3)x 107  34x1073  (29+07) x107° 3.2x 1073
9 2650 (A7+£4)x 107 3.7x107°  (244£0.1) x 107 3.3 x 1073
10 2940 (A1+£4)x 10 35x 1078 (23+0.1)x 107 3.3 x 1073
D;j==2———— 3.15
S X (3.15)
The associated uncertainty
—\/S(Dy)2 + AD’ (3.16)

was determined from the respective weighted fit uncertainties of each of the measurement

AD; 5, and from the standard deviation of the measured diffusion constants S(D; 2)

AD; =

Z inADzn
Z in

’

in wn o

D,)

2

\/z

Z in

(3.17)
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Figure 3.19: Average absorption (top) and desorption (bottom) diffusion constants (D; and
D, given in ¢cm?/s) with the dashed grey line and shaded region representing previously
obtained diffusion coefficients [34] for m-xylene with their uncertainties. The desorption D;
diffusion coefficient for 2062 ppm (7 pL/min) shows a large uncertainty as not all fits were
successful in capturing the second desorption process.
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3.4.6 Estimation of swelling using thin-film interferometry

The EOT spectra obtained prior to analyte uptake and after the initial rapid shift of the
EOT centroid were subtracted to obtain a differential spectrum. The difference spectrum
contains the expected derivative line-shape near the EOT maximum but also amplifies the
effect of thin film interference arising from Fresnel reflections at the PDMS interface (Figure
3.20). These small oscillations suggest that a low finesse cavity is formed due to the thin
film of PDMS. Specifically, the oscillations in the difference spectrum arise from the swelling

of this layer, thus altering the thickness of the cavity.
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Figure 3.20: (top) Plot of the centroid shift for a full absorption and desorption run of o-
xylene. (bottom) The normalized difference in intensity between the average intensity of the
spectra in the ROT (highlighted in green) and a reference region (highlighted in red). The
differential spectrum was obtained by taking the difference between the two regions of 10 s
windows and smoothed using a Savitz-Golay filter with a window size of 11 and polynomial
order of 3.

These oscillations can be modeled using a transfer-matrix approach [28] where we consider
a three-layer system consisting of a PDMS film suspended in air. In this situation, we have
the top layer and bottom with a refractive index of n;, with a second layer of thickness
d with refractive index of ny. For light with incident angle of 6, we can derive the phase

accumulated through the second layer using Snell’s law:

. 27T7’L2d

3 cos 6 (3.18)
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If we consider normal incidence (f = 0), the total transmission through the film is

obtained by summing the infinite series of multiple reflected beams and is given by:

4dning eXP<_j90>
(n1+mn2)" — (n1 — n2)” exp(—j2¢)

t= (3.19)

To simulate the effects of swelling with the Fabry-Perot cavity in the differential spectrum,
we can adjust the thickness d in Eq. 3.18 and obtain the differential spectrum with respect
to the initial spectrum at the start of the sorption runs when no swelling had occurred.

Figure 3.21 shows the comparison of the experiment differential spectrum with that pre-
dicted by Eq. 3.18 and 3.19. This figure qualitatively shows very good agreement assuming
swelling of 3 % upon uptake of o-xylene. The model does not show the experimental varia-
tion below 660 nm as 3.19 ignores the plasmonic interaction due to the nanohole array and
the resulting EOT peak shift. The small difference between the location of the calculated
and experimental minima may be explained by our assumption of an ideal and perfectly flat
PDMS surface (Figure 3.5).
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Figure 3.21: Differential spectrum after the first absorption stage (orange) and the modelled
spectrum from Eq. 3.19 with a swelling of 3 %. The shape of the experimental curve below
650 nm is due to the peak shift of the EOT resonance.
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3.5 Discussion

The residuals in Figure 3.18 may be used to estimate the uncertainty of the measurement. We
can express this uncertainty either as the mole fraction of o-xylene in the film, 6.X = +0.0001,
or as the precision of the refractive index measurement 6n,,;, = £0.0001 (see Eq. (3.8)).
The precision of the refractive index measurement is much better than the accuracy obtained
through the calibration curve in Figure 3.13, which also depends on the accuracy of the RI
values determined for the calibration solutions (see Section 3.4.1.

Figure 3.19 shows that even at low concentrations of o-xylene the absorption and des-
orption curves can be well-fit using a process having two distinct diffusion constants. Both
diffusion constants are consistent with earlier measurements of diffusion of m-xylene (not
o-xylene) into a 20 pum-thick PDMS film interrogated by glancing angle thin-film interfer-
ometry [34]. The 1o uncertainty of these previously obtained diffusion constants is given as
grey bands in Figure 3.19.

The more robust measurements at concentrations > 1770 ppm (6 uL/min) give diffusion
constants that fall into the lower range of previously obtained values, which may be due to
the difference between m-xylene used previously and o-xylene used here, the slightly differ-
ent composition inherent with commercial PDMS formulations, or due to different boundary
layer chemistry — our PDMS film is chemically bonded to a gold film, whereas in the pre-
vious measurement PDMS was spin-cast onto glass [34], a plexiglass plate [77] or a rubber
membrane [67].

Importantly, the observed diffusion kinetics provide further evidence for a two-stage dif-
fusion process as first reported by Saunders et al. [34] In their model, the VOC fills the pores
within the PDMS resulting in a rapid change in refractive index. This process is followed by
a slower absorption that changes the internal structure of the PDMS and causes it to swell.
Both processes become faster with increasing VOC concentration of the surrounding gas, i.e.
they are consistent with a first-order process.

The diffusion coefficients we obtained are consistent with measurements by Saunders et
al. but they were 10-fold lower than those reported by other methods [67, 77, 40, 78] for
o-xylene and its isomers. This discrepancy has been rationalized by Saunders et al. as being
due to 1) the difference in PDMS manufacturers which has been shown to result in different
degrees of crosslinking, thereby altering the diffusion kinetics through the polymer, and 2)
the inconsistency of the mathematical modeling of the diffusion process through the PDMS,
which can change the diffusion constant by a factor of 2 for different models as reported by
Lue et al. [40, 64].
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3.6 Summary

The results presented in this chapter demonstrate that plasmonic nanohole arrays (NHAs)
coated with polydimethylsiloxane (PDMS) provide a sensitive and versatile system for de-
tecting volatile organic compounds (VOCs), specifically o-xylene, and for investigating the
diffusion kinetics of VOCs within polymer films.

The PDMS-coated NHAs exhibited clear and reproducible shifts in the extraordinary
optical transmission (EOT) resonance upon exposure to o-xylene, confirming their capacity
to detect refractive index changes associated with analyte uptake. The sensitivity of ap-
proximately 170-175 nm/RIU aligns well with reported values for other similar plasmonic
sensing systems [17, 19], while offering advantages in terms of simplicity of fabrication and
miniaturization compared to surface plasmon resonance or cavity-based optical methods.
The use of centroid-based signal processing, combined with data smoothing, significantly
improved measurement precision and reliability.

The experiments also revealed the critical role of adhesion between the PDMS layer and
the underlying gold surface. Sensors without functionalization exhibited discontinuities in
the response, likely due to detachment at the PDMS—gold interface. By contrast, function-
alization with (3-mercaptopropyl)trimethoxysilane (MPTMS) substantially improved inter-
facial stability, yielding reproducible and reliable performance across multiple experimental
runs.

The comparison of analyte delivery methods further emphasizes the importance of con-
trolled experimental design. The bubbler system provided initial proof of concept but was
limited by inconsistent and poorly controlled analyte concentrations, leading to variability
in saturation levels and reduced comparability between experiments. Transitioning to a
nebulizer system enabled fine-tuned control of analyte flow and concentration, resulting in
greater reproducibility.

Together, these results establish PDMS-coated nanohole arrays as a promising platform
for fundamental studies of polymer-VOC interactions. Beyond o-xylene, the method could be
extended to other VOCs of environmental, industrial, and biomedical relevance, providing
a versatile tool for monitoring air quality, assessing exposure risks, or probing polymer
transport processes.

Despite these strengths, several limitations must be acknowledged. The assumption of
negligible PDMS swelling, while justified for the timescales and concentrations used here,
may not hold under longer exposure or higher VOC loading, and future work should explicitly

quantify swelling effects. While the centroid method improved signal precision, it limits the
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sensitivity of the device as we are implicitly averaging over both shifting and constant parts of
the transmission spectrum. The complexity of overlapping EOT modes remains a challenge
for rigorous modeling and may require more advanced spectral fitting techniques in future
work.

In summary, the work presented in this chapter underscores the potential of plasmonic
nanostructures integrated with functional polymer coatings to advance VOC sensing tech-
nologies and to open new avenues for studying molecular transport phenomena at the

nanoscale.
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Chapter 4

Long-range strain sensing system using a

frequency-locked n-shifted grating

This chapter presents a passive, all-fiber strain sensing system capable of measuring localized
strain with a 75 km fiber tether using a diode laser locked to a w-shifted grating. The bulk of
the work described here has been published in a peer-reviewed article, for which I am the first
author [1]. Section 4.4 detailing the coherent Pound-Drever—Hall detection setup is based
on a second manuscript that has been submitted for publication, on which I am listed as
the second author. The chapter is organized to first provide the theoretical background and
experimental implementation of the sensing system, then present the characterization of the
sensor using erbium-doped fiber amplification, followed by the description and initial results
of the coherent detection system. It concludes with a discussion of overall performance
metrics and the implications of this sensing approach for long-range applications in harsh

environments.

4.1 Introduction

For the past six decades, the most common method to detect strain uses strain gauges con-
sisting of metallic foil patterned on an insulated layer. The strain is obtained by measuring
the change in electrical resistance of the gauge using a Wheatstone bridge as it is compressed
and /or stretched. These sensors are prone to degradation due to corrosion, electromagnetic
interference, and hysteresis.

The demand for sensing technologies that remain reliable and accurate under extreme en-
vironmental conditions has grown significantly across modern engineering and environmental
monitoring fields. Among the most challenging of these applications is underwater sensing,
where sensors must contend with high hydrostatic pressures, corrosive media, limited ac-

cessibility, and extended deployment distances [79]. Fiber optic sensors have emerged as a
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promising solution for these applications, offering several advantages including immunity to
electromagnetic interference, high sensitivity, and the ability to function over long distances
with low maintenance requirements [2].

Long-range strain sensing using fiber optic components can be classified into two cate-
gories: highly localized or point-sensing, and distributed sensing. Point-sensing techniques
use a single sensor head, most commonly a fiber Bragg grating (FBG) or its derivatives,
that act as a transducer to measure the strain [80, 81]. These sensors offer high sensitiv-
ity [82, 83, 30] and are best suited for acoustic (microphone/hydrophone) [84, 85, 86] and
acceleration measurements [87].

Distributed sensing methods utilize Rayleigh [88] or Brillouin backscattering [89] to detect
and localize strain along the length of the fiber [90, 91, 92]. With Rayleigh backscattering
(RBS) methods, the magnitude of the strain can be obtained either from the fluctuations in
the intensity or the phase of the backscattered light due to changes in the interference state
caused by the strain [91]. The localization of strain can be obtained from the time delay of the
backscattered light, which can be determined either by sending a short pulse through the fiber
using optical time domain reflectometry (OTDR) methods [93] or by mapping the delay to
the frequency domain [94]. Brillouin scattering distributed sensors use similar measurement
techniques to localize strain, but the magnitude of the strain is obtained by the Brillouin
frequency shift or by the spectral linewidth [95]. Distributed fiber optic sensors have gathered
significant interest in recent years for applications in submarine seismic sensing [96] due to
their capacity to utilize existing telecom infrastructure and deliver high (meters) spatial
resolution. However, the strain resolution of distributed sensors is limited to tens of micro-
strain in most systems [97, 98], with complex configurations [99] and phase demodulation
schemes [100] required to achieve resolution at the nano-strain (ne) level. In addition, optical
signals need to be amplified in regular intervals so that the small scattering amplitudes can
be discerned over distances of light travel [101].

In contrast, point-based sensors, particularly those based on fiber Bragg gratings (FBGs),
offer passive, compact, and highly sensitive solutions for localized strain detection. These
devices can achieve sub-microstrain resolution with simple architectures, and their inherently
passive nature - requiring no on-site electronics - makes them ideal for long-range deploy-
ment in remote or harsh environments, such as subsea sensing, geophysical monitoring, or
infrastructure assessment over distances exceeding tens of kilometers [80, 81, 102].

In this chapter, the long-range sensing refers to measuring sensing at a discrete highly
localized point (less than 6 mm) with long fiber tethers to allow for remote deployment. This

differs from long-gauge-length sensing which measures strain averaged over large distances
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such as bridge.

The sensing principle of a fiber Bragg grating (FBG) relies on the modulation of the
refractive index along the core of an optical fiber, which reflects a specific wavelength of
light - known as the Bragg wavelength - while transmitting others. This reflection occurs
due to constructive interference from the periodic index variation, and the Bragg wavelength
is directly determined by the effective refractive index of the fiber core and the grating
period. For a conventional FBG, this reflection envelope is typically between 0.2 nm to 0.5
nm. When the fiber is subjected to external perturbations such as strain, temperature, or
pressure, these parameters change the grating period and/or the refractive index, leading
to a measurable shift in the reflected wavelength. By precisely tracking this shift, FBGs
can measure mechanical or thermal changes into optical signals with high accuracy and
sensitivity [7].

Sensitive interrogation methods are required to resolve the narrow resonance shifts of
m-shifted gratings. In the next section, I will be briefly summarize the most common in-
terrogation methods for FBG-based strain sensors, and provide a description of the Pound-

Drever-Hall locking technique used for our experimental setup.

4.1.1 Interrogation methods of FBG-based strain sensors

There are several different configurations that can be used to measure the strain on a FBG
by either directly or indirectly measuring the shift in the Bragg wavelength. Although an
optical spectrum analyzer can be used to measure the shift, these instruments are costly,
slow and do not have the necessary resolution to measure shifts on the order of 107! m.
Below I will briefly describe the most common methods.

FBG-based ring resonators utilize the change in reflectivity to indirectly measure the
shift in the Bragg wavelength due to strain [103]. This is done by placing an FBG within
a ring resonator and observing the transmitted intensities (Fig. 4.1). Outside the narrow-
band reflection regime of the FBG, the system acts as a conventional ring resonator. The
(ring) cavity resonance results in a forward-propagating mode of the input light only if the
resonator is on resonance. If the wavelength of the incoming light also coincides with the
Bragg wavelength the FBG reflectance produces a counter-propagating mode. The coupling
between the two modes results in the splitting of the transmitted resonance into two spectral
lines [104]. The strain can be obtained from the difference in wavelength between the split
resonance lines, i.e., the coupling strength between the two coupled modes due to changes
in the reflectivity of the FBG.
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Figure 4.1: Schematic of FBG-based ring resonator strain sensing system. Figure from
Reference [103]

Filtering techniques can be used to map the shift in wavelength due to strain to a change
in intensity. In the simplest setup, a passive filter with linear attenuation near the Bragg
wavelength will produce a change in intensity as the wavelength of the reflected light shifts
due to strain on the FBG. This method is prone to fluctuations in the source intensity and
requires the use of a reference measurement [29]. In recent years, additional improvements
use a matched tunable filter, another FBG or FP cavity, thereby creating an “active filtering”
system, which has shown increased sensitivity [26] (Fig. 4.2).

Since accurate intensity measurements are difficult, especially when light losses are diffi-
cult to quantify and/or to control, wavelength (or phase) measurements are usually preferred.
The most straightforward phase measurements use a Mach Zehnder (MZ) interferometer, in
which the phase difference between light in two co-propagating modes is used to measure the
Bragg wavelength shift. In these configurations, the reflected envelope from the FBG could
act as a source for an MZ interferometer (Fig. 4.2). Any shifts in the Bragg wavelength, Ap,
result in a phase difference, and subsequently a change in the output of the interferometer
[26]. The interferometric phase can be demodulated through various methods using passive
processing [105], homodyne processing [106], and in the Fourier domain [107].

Alternatively, the Pound-Drever-Hall (PDH) technique can be used to lock the laser to the

resonance of an FBG. The PDH method is a frequency modulation technique that generates
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Figure 4.2: Schematic of active filtering and interferometric interrogation techniques

an error signal proportional to the degree of de-tuning from the cavity resonance. The strain
is obtained from the feedback signal that is sent to the source to maintain the lock. This
method thereby creates a signal that is directly correlated to the Bragg wavelength; it is

used in the present work and will be discussed in detail in the following section.

4.1.2 Pound-Drever-Hall (PDH) frequency stabilization

The Pound-Drever-Hall technique was first devised in 1983 by R.V. Pound, R. Drever and
J. L. Hall for laser frequency stabilization using a reference cavity [108]. It has since been
integral in interferometric gravitational wave detectors [109], laser spectroscopy [110] and for
many applications in atomic physics.

Previous attempts at laser stabilization with a cavity were performed by observing the
changes in the reflected intensity near resonance. However, as the intensity profile is sym-
metric, it is not possible to lock at the center of the resonance of the cavity, and the system is
susceptible to changes in the laser intensity itself [111]. To overcome this, the PDH method
uses the derivative of the reflected intensity, which is antisymmetric, as the error signal to
lock the laser. This is typically achieved by dithering the frequency of the incident light,
either by phase or current modulation, to generate sidebands. The error signal is obtained
by mixing the detected photodiode signal with the RF modulation and applying a low-pass
filter (Fig. 4.3).
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Figure 4.3: Basic PDH schematic with current modulation. CIRC: fiber circulator; BT: bias
tee; PD: photodetector; FG: function generator; MIX: mixer; LPF: low-pass filter.

In the following, I describe the PDH technique following the arguments made by Black
et al. [111], adapted by the author and Arthur Santos for the case for current modulation,
in place of phase modulation. When using current modulation, we have both phase and

amplitude modulation of the incident electric field (Fig. 4.4a):

Eine = Eo (1 4 o cos Q) gl@tHAsingh) .
~ Ey (1 + acost) [JO + Jyetwt Jlei(w—ﬂt)} .

where o is amplitude modulation depth, €2 is the RF modulation frequency, w is the
carrier frequency,  is phase modulation depth, Jy and J; are the Bessel functions of the

first kind.
The reflected electric field from the cavity is given by:

Eref = EO Fweth + #F_ei(w—‘rfl)t + aT_BF+€i(w_Q)t (42)

where F'(w) is the reflection coefficient function of the cavity. Here, I use a simplified
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notation for the reflection coefficients where F,, = F(w) and Fy = F(w £ Q).
The detected intensity by the photodetector is given by:

a+p 2 a—f 2
Pc=IE3\{J§|FwP+J%( ) e (250) e

2 2
+ JoiR [FLF;(B+a) — (B8 — a)FiF_] cosQt (4.3)
+ JoiS [FuF;(B+a) — (8 —a)FiF_]sinQt}
+ (292 and higher order terms)

The terms oscillating at the modulation frequency, €2, sample the phase of the reflected
carrier and contain information on the derivative of the reflected intensity (highlighted in
red in Fig. 4.4b). They can be extracted by mixing the photodiode output with the RF

modulation and retrieving the DC component through a low pass filter.
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(a) From current-modulated laser (b) After photodiode detection

Figure 4.4: Frequency components of PDH technique. The blue line represent the light
frequency component from the current-modulated laser, while the black lines represent the
radio frequency components after detection by the photodiode. The red line shows the
frequency component that is used to obtain the error signal

The error signal will be extracted from either the cosine term or sine term, depending on
the modulation frequency and the cavity linewidth. For modulation frequencies much lower
than the cavity linewidth (referred to as the ”slow modulation regime”), the standing wave
within the cavity has enough time to respond and will be in equilibrium with the incident
beam. In this case, the term at the modulation frequency is purely real, and can just can be

extracted from the cosine term. If you assume that % < FWHM, the error signal is given
by
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d|F(w)f?

Q(W) ~ 2RppBFoJo1 dio

Q (4.4)

where Rpp is the responsivity of the photodetector.

For modulation frequency much larger than the cavity linewidth, the sidebands are totally
reflected, and only the purely imaginary sine term remains. Conceptually, in this regime,
the error signal is generated by the relative phase difference between the incident beam and
the time-averaged phase over the storage time of the cavity [42]. For our setup, we operate
at the slow modulation regime, thus the error signal is given by Eq. 4.4.

Recent advances in the Pound-Drever-Hall (PDH) interrogation technique have ad-
dressed key limitations in measurement range and probe power for high-resolution fiber
grating sensors. To expand the dynamic range, the sideband interrogation method shifts the
PDH response to frequency-shifted sidebands [112], eliminating the need for laser frequency
tuning, while the high-order PDH technique exploits higher-order sidebands to generate
multiple error signals [113], effectively broadening the usable range without sacrificing sen-
sitivity. Liu et al. [114, 115] further proposed to use a heterodyne configuration with a
Pound-Drever-Hall technique to greatly improve the SNR of the error signal when the probe
power is low. This configuration divides the laser output into the probe beam and a local
oscillator that is coherently detected with the reflected light to generate a beat signal. The
PDH error signal can be retrieved by passing the beat signal through a band pass filter and
frequency doubler. This signal will be similar to that obtained with the conventional PDH
technique but the error signal is linearly proportional to the power in the LO arm, enabling
the maintenance of high power and high signal-to-noise ratio (SNR) in the error signal, even
at very low probe powers.

The Pound-Drever-Hall frequency stabilization method has been used previously with,
both, fiber Fabry-Perot cavities consisting of two identical FBGs [82, 116, 117] and with
m-shifted FBGs as strain sensors [31, 118, 119]. Gatti et al. demonstrated dynamic strain
sensitivity down to pe level for frequencies above 100 kHz [31]. We previously attempted to
add a tethered fiber (10 km) with such a system by locking a 1550 nm laser to a narrow (5-10
MHz) cavity resonance and found that the cavity resonances were susceptible to birefringent
peak-splitting — an effect that cannot be avoided given the birefringent nature of a bent or
strained fiber cavity [116]. It can also not easily be corrected when using longer tethers
due to polarization wander [120], although a feedback-controlled polarization stabilization
scheme has recently been demonstrated [121].

Previous attempts to utilize fiber Bragg gratings (FBGs) in localized long-range configu-
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rations have been limited to distances of 25 km due to the transmission losses, necessitating
the use of repeaters and optical amplification to extend their range [122, 123, 124, 125]. Ad-
ditionally, the operating range of these systems is in the micro-strain regime (up to 1000 pe)
[124] and is, thus, ill-suited in applications demanding the detection of minute strains, such
as hydrophones (50 ne to 1 pe). In recent years, fiber laser strain sensors have been used to
detect strain close to the thermodynamic resolution limit by detecting wavelength shifts in
an optical pumped fiber laser using an unbalanced interferometer [126]. These sensors offer
much higher resolution than passive FBG-based strain sensors. They may not be suited for
long-range sensing, however, as they are based on phase-sensitive measurement of strain and

require a very long coherence length [127].

4.1.3 Motivation and scope

In this chapter, we present a system for localized long-range (up to 75 km) strain measure-
ments with a high bandwidth (up to 100 kHz), high sensitivity and large dynamic range
(< 30 ne to about 20 ue). The system employs a w-shifted fiber Bragg grating (7-FBG) as
the sensor head, coupled with an erbium-doped fiber amplifier (EDFA) placed in front of
the photodetector to enhance the reflected signal. The 7-FBG offers a broader resonance,
reducing susceptibility to peak splitting, and the use of an EDFA to boost the low return
light signal is more advantageous than amplifying the low electrical signal of a photodetector.
The strain is measured using the Pound-Drever-Hall (PDH) method to lock the laser to the
resonance and is encoded in the feedback signal required to maintain the lock.

Furthermore, we demonstrate an improved coherent PDH setup to improve the signal-to-
noise ratio of the error signal to allow the system to lock to a laser with a very weak return
signal (-58 dBm; < 2 nW). This eliminates the need for an EDFA and is expected to allow
the system to measure strain with a fiber tether up to 155 km.

Our findings demonstrate the potential of this advanced strain sensing system to address
the challenges of long-range, high-sensitivity measurements in harsh environments, paving

the way for more robust and reliable underwater sensing applications.

4.2 Experimental methods

The PDH method uses the derivative of the reflected intensity as the error signal to lock
the laser wavelength to a resonance of an optical cavity. This is typically achieved by
dithering the frequency of the incident light, either by phase or current modulation, to

generate sidebands. The error signal is obtained by mixing the detected photodiode signal
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with the RF modulation and applying a low-pass filter. It is antisymmetric around the cavity
resonance and can therefore be used to provide negative feedback to the laser.

The demodulation of the photodiode signal to obtain the error signal was initially per-
formed with an all-analogue setup with a custom-built circuit with an on-board mixer, and
adjustable PI servo loop to send feedback to the laser (Fig. 4.3). The acquiring of the
feedback signal and locking of the laser were performed through a custom Python script
through a Raspberry PI [120]. This system was able to lock the laser to the resonance of the
m-shifted and obtain strain measurements over a fiber tether of 50 km, but the system had a
limited frequency bandwidth, < 100 Hz with 50 km of fiber, thus was not suited for acoustic
measurements required for applications such as building a fiber optic hydrophone. In order
to improve the frequency response and increase the range of fiber optic strain sensor, the de-
modulation of the photodiode signal and locking was done with an FPGA-device (Moku:Lab,
Liquid Instruments, USA), and improvements were made to the photodiode amplifier to re-
duce the detector noise in the system. In order to further improve the measurement range
of the strain sensor, a coherent PDH setup was employed whereby the weak return signal
is heterodyned with a frequency-shifted local oscillator arm to improve the signal-to-noise
ratio of the error signal.

I will first provide a description of the experimental setup with the use of EDFA to
amplify the reflected light and provide the full sensor characterization of the setup. Next, I
provide the description of the coherent Pound-Drever-Hall system, and initial results from

these strain measurements having an improved signal-to-noise ratio.

4.2.1 Experimental setup

In this work, a tunable DFB laser (Avanex A1905LMI) is radio frequency (RF)-modulated
at 11 MHz through a bias tee to produce the necessary side bands for locking (Fig. 4.5).
The modulated light is directed towards a m-shifted FBG mounted on a piezoelectric ceramic
cylinder (APC International Ltd, No. 42-1052) through a fiber circulator and single-mode
fiber tethers having lengths of approximately 3 m, 25 km, 50 km and 75 km. The reflected
light from the grating is amplified using an EDFA (Keopsys/Optocom Innovation) and de-
tected with a fast photodetector (Lucent 131N) through a low-noise photodiode circuit (see
Appendix C.1.1 for circuit design). The detected signal is processed by an FPGA hardware
device (Liquid Instruments, Moku:Lab) to obtain an error signal and to lock the laser to the
cavity resonance. This is achieved by mixing the photodiode signal with the RF-modulation

and applying a low-pass filter (4th-order Butterworth filter f., = 70 kHz). The error signal
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is sent through a proportional-integral (PI) controller towards the laser driver to maintain
the lock. The feedback control signal is also sent to a lock-in amplifier (Stanford Research

Systems, SRS 830) to accurately measure the amplitude of the feedback signal.
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Figure 4.5: Strain sensing setup. CIRC: fiber circulator; BT: bias tee; PD: photodetector;
FG: function generator; MIX: mixer; LPF: low-pass filter; FPGA: field programmable gate
array PZT: 38.1 mm diameter piezoelectric ceramic cylinder. Inset: Transmission spectrum
of m-shifted FBG obtained with an Optical Spectrum Analyzer having a bandwidth of about
15 pm.

The m-shifted grating is a 6 mm FBG produced at Toronto Metropolitan University
with a missing "tooth” that results in a sharp cavity resonance with bandwidth of 6 pm
(750 MHz) at 1550.304 nm (Fig. 4.5 inset). This grating is attached to a piezoelectric
transducer. Strain is applied on the sensor through radial expansion of the PZT cylinder
using a function generator and a piezo driver (PiezoDrive, MX200). Both the frequency and
amplitude of the expansion are controlled independently. The static strain applied on the
sensor, €, was approximated using the expression of the radial displacement given by the

piezoelectric constant, ds;:

t+1D\V
=d — 4.
c=da (2 (4.5)

where ¢, r, I D and are the thickness, radius, inner diameter of the cylinder, and V' is the
voltage supplied. The above equation can be used to estimate the dynamic strain amplitude

on the sensor for frequencies far from any mechanical resonances.
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4.2.2 Error signal and PDH locking

Fig. 4.6 shows the obtained PDH error signal and their respective signal-to-noise ratio (SNR)
for the system with different tether lengths. The signal-to-noise ratio (SNR) of the error
signal was measured to determine the maximum tether length possible with the setup. The
error signal was obtained by scanning the laser frequency through the laser current at 10 Hz.
The SNR was measured as the ratio of the peak-to-peak amplitude of the error signal divided
by the standard deviation of the dataset. Here, the peak-to-peak amplitude was determined
by applying a 10 kHz low-pass filter to eliminate the high frequency contributions to the
signal. The maximum tether length was limited to 75 km due to the low SNR of the error
signal (< 5) with longer tethers.
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(a) PDH error signal for each tether length (b) Signal-to-noise ratio for each tether length

Figure 4.6: PDH error signal and signal-to-noise ratio

To perform the PDH locking, a variation of the Ziegler-Nichols tuning was used to de-
termine the optimal proportional and integral gain for the PI controller. Aside from the
inevitable roll-off introduced by the bandwidth of the feedback loop, an additional phase
delay is introduced for the longer tether lengths due to the light round-trip travel time (253
us, 507 us, and 761 ps, for 25 km, 50 km, and 75 km respectively). To satisfy the Nyquist
criterion for stability in closed-loop systems, the gain for higher frequencies was therefore
reduced as the length of the fiber was increased. Due to the lower gain at higher frequencies,
we have a less "tight” lock which results in a marked amplitude response of the photodi-
ode signal in response to the applied strain. Note, that the photodiode registers a minimal
amount of light intensity when the laser is tightly locked to the resonance, i.e. at the peak
of the m-FBG resonance. As long as the laser remains locked at these high acoustic mod-
ulation frequencies, the photodiode signal can then be used to recover the high-frequency

information.
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The robustness of the FPGA-based locking algorithm allows for the system to remain
locked near the m-shifted FBG resonance even when strain is applied at frequencies above
the servo bandwidth (500 Hz — 20 kHz depending on the tether length). This allows us to
detect strain directly from the photodiode signal at acoustic frequencies higher than the cut-
off frequency. A similar technique was utilized previously to develop a fiber optic vibration
sensor with an ultrawide frequency range (from subsonic frequencies up to 10 MHz) [116].
It should be noted that it is difficult to recover the absolute magnitude of the strain from
changes in the photodiode signal intensity. Since the reflected intensity is proportional to the
FBGs reflectivity in the non-linear region of the FBG reflection spectrum, the photodiode
signal always contains higher harmonic frequencies.

Furthermore, the use of current modulation to control the laser wavelength results in
amplitude modulation of the light output at the RF modulation frequency, in addition to
the desired frequency modulation. This provides unequal powers in the sidebands and leads

to a lock that is centered slightly off-resonance.

4.3 Sensor characterization

The performance of a strain sensing system is characterized by four main metrics: resolution
(or limit of detection), sensitivity, dynamic range, and its frequency bandwidth. These
metrics are quantified for the current system through amplitude and frequency modulation
of the PZT cylinder. Our measurements are also supported by a sound (music) recording
with both the feedback and photodiode signals. Of the two sound recordings, the recording
using the photodiode output has a lower signal-to-noise ratio compared to the recording

using the feedback signal.

4.3.1 Strain response

The theoretical strain dependence of the 7-FBG’s resonant wavelength Ag can be modeled

by differentiating Eq. 1.1 with respect to the length of the grating, L:

s (One, A

Multiplying by L and substituting e = OL/L yields Eq. 4.7, i.e., the strain sensitivity
of the wavelength measurement, where Oneg/0Oc is the strain dependence of the refractive

index.
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This equation can be expressed in terms of the properties of fiber:
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where p;; are Pockel’s coefficient of the stress-optic tensor and v is Poisson’s ratio of the
fiber-optic material. This strain dependence is valid for a FBG and a mw-shifted FBG as both
their resonances are centered at the Bragg wavelengths. Using the strain-optic coefficients for
SMF-28 fiber (p1; = 0.116 and p1o = 0.255 at 1531 nm [128]), Poisson’s ratio, v = 0.17 [129],
and the tuning characteristics of our laser (2.924 pm/mV), we can calculate the expected
system sensitivity to be 4.22 mV/pue.

Although the Bragg wavelength of an FBG is also temperature-dependent, this effect can
be neglected in our setup as we monitor dynamic strain signals occurring at much higher
frequencies than typical thermal fluctuations. Temperature changes in the fiber occur over
much longer timescales (seconds to minutes) and therefore remain effectively constant within
the dynamic measurement window, contributing negligibly to the strain-induced wavelength
shifts.

Fig. 4.7 shows the feedback signal output of the system in a frequency-locked state
under different amplitudes of applied strain at 10 Hz with the 75 km fiber tether. The power
spectral density of the unstrained output and strained output indicates the presence of line
noise with peaks at 60 Hz, 180 Hz, 240 Hz and 300 Hz. The strained output has further
peaks at the harmonics of the applied strain frequency.

Fig. 4.8 shows the strain response of the system for different tether lengths at a PZT
modulation frequency of 10 Hz. The voltage amplitude of the feedback control signal was
measured with a 1-second time constant on the lock-in amplifier (Stanford Research Systems,
SR830) to suppress frequency noise. The system sensitivity was measured to be 5.27 mV/ue
for a tether length of 75 km, with nearly identical values for 50 km, and 25 km and 3 m
tethers in fair agreement with the calculated value of 4.22 mV/pe.

The minimal detectable strain derived from the 30 confidence intervals of this linear fit
was determined to be 22-24 ne for all tether lengths [130].
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Figure 4.7: Feedback signal output and its power spectral density for applied strains of 2200

e (blue), 1100 ne (red), 540 ne (green), 54 ne (purple) at 10 Hz, and the frequency-locked
output of the unstrained fiber (orange). The raw data was captured with a sampling rate of
50 kHz.

4.3.2 Frequency response

The frequency response of the system was investigated by applying a constant amplitude
sinusoid over the acoustic frequency range to the PZT cylinder. The amplitudes of feedback
voltage and photodiode voltage were recorded using a frequency response analyzer (Liquid
instruments, Moku:Go) and are shown in Fig. 4.9.

The frequency response can be split into three regimes: (1) At low frequencies, we observe
maximum gain from the servo-amplifier which provides the highest sensitivity for measuring
strain through the feedback signal. The cut-off frequency for this regime (indicated by
vertical dashed lines) is dependent on the tether length and the time-of-flight of the photons.
We lowered the gain above the cut-off frequency to ensure the closed-loop stability of the
system. (2) Above the time-of-flight cut-off frequency, the feedback signal exhibits a lower
sensitivity, but the strain on the fiber can nevertheless be determined. In this regime, there
is a phase delay in the feedback signal that can be modeled based on the length of the tether
(not shown). Furthermore, in this regime, the less tight lock (due to lower gain) allows for
the measurement of the applied strain from the photodiode signal. (3) For frequencies higher
than the low-pass filter cut-off, and with high strain amplitudes, (at 25 kHz in Fig. 4.9), the
feedback signal is no longer proportional to the applied strain, but the laser remains locked
to the resonance of the cavity.

Fig. 4.10 shows the correlation between the feedback and photodiode signal for frequen-
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Figure 4.8: Strain response of the system with different tethers. The sensitivities for the
tether length of 3 m, 25 km, 50 km, 75 km were measured to be 5.33 mV /ue, 5.27 mV /ue, 5.28
mV/ue, and 5.27 mV /e, with a limit of detection of 22 ne, 22 ne, 24 ne, 23 ne respectively.
The inset shows a magnification of the measurements up to 100 ne. The residual from a
linear fit is shown below the figure.

cies up to 100 kHz. The 3 regimes can be clearly identified in this plot and the dynamic
range of the system can be obtained. At the lowest frequencies, we observe a constant re-
sponse from the feedback signal, with the photodiode signal being minimal. With increasing
frequency the lower gain leads to a less tight lock, resulting in a response in the photodiode
intensity. At even higher frequencies, the photodiode amplitude and the feedback voltage
remain linearly correlated with the amplitude of the photodiode signal increasing relative to
the amplitude of the feedback signal, which is apparent through the distinct displaced lines.
Interestingly, saturation of the highest amplitude signals leads to a curvature and even a
negative correlation at the highest photodiode amplitudes. Fig. 4.10 shows that the linear
dynamic range of the feedback and photodiode signals is around 30 dB and 50 dB, respec-
tively, at any of the frequencies. This corresponds to the strain measurement range from

about 25 ne to 20 pe using the feedback signal and up to 2 me using the photodiode/intensity
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Figure 4.9: Frequency response with (a) feedback signal (solid) and (b) photodiode signal
(dotted). 3m (blue), 25 km (purple), 50 km (green), 75 km (red). The dashed lines of the
respective colors represent the cut-off frequency due to the round-trip time delay.

signal.

The investigation of the phase information from the frequency response from Fig. 4.9
for a fiber tether of 50 km is shown in Fig. 4.11. This information on the acoustic phase
difference was obtained by comparing the difference in phase between the strain applied to the
mandrel and the feedback signal by the frequency response analyzer (Liquid instruments,
Moku:Go). Due to the time-of-flight delay, we expect an accumulation of phase that is
linearly proportional to length of the fiber used. From the slope of the phase plot, we
found the time-of-flight for fiber of 25 km, 50 km, 75 km to be 132 us, 254 us and 377 us

respectively.
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km, (c¢) 50 km, and (d) 75 km. The red and blue arrows represent the dynamic range for
the feedback and photodiode signals, respectively.

4.3.3 Impulse response

The impulse response of the system was measured to further characterize the acoustic fre-
quency response of the system. It was determined by observing the frequency output of the
system when an impulse, modeled as a Dirac delta function, is sent as the input to the piezo
mandrel. Assuming that our strain sensor is a linear time-invariant system, the impulse
response can be determined from the derivative of the step response. For low applied strain
this is a valid assumption as the error signal is then linearly correlated to the degree of de-
tuning from resonance. Here, the impulse response was calculated through a finite-difference
derivative of the feedback and photodiode signal response when the voltage applied to the
PZT cylinder was changed from 0 to 20 V within less than 1 us. The power spectral den-
sity of the impulse response was calculated using Python combined with the SciPy signal
processing package.

The measured acoustic impulse response with each fiber tether (3 m, 25 km, 50 km,
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Figure 4.11: Relative phase of feedback signal with respect to applied strain at different
frequencies with a 50 km tether. A linear fit of the phase gives the time-of-flight delay,
which was found to be 254 us.

75 km) is shown in Fig. 4.12. In the time domain, the photon time-of-flight delay can be
readily determined from the left panels as 130 us, 252 us, and 376 us for the four different
tether lengths. These values are consistent with an effective refractive index of approximately
neg = 1.48. The respective corresponding frequency responses may be compared with the
analysis provided in Fig. 4.9. As was observed in Fig. 4.9, the feedback signal response
is largely flat from subsonic frequencies to a cut-off frequency that depends on the tether
length. At frequencies above the cutoff frequency the feedback and photodiode signals are
correlated and exhibit the many of the same resonance frequencies associated with the PZT
cylinder. Compared to the frequency sweep experiment shown above, the impulse response

better captures the strongest resonances at 25 kHz without saturation.
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4.3.4 Sound recording

To demonstrate the fidelity with which sound can be recorded using the 75 km tether, we
amplitude-modulated the PZT cylinder with a hydrophone recording of a humpback whale
song with dolphin calls by Ocean Networks Canada [131]. The feedback and photodiode
signals were captured using a USB audio interface (Solid State Logic, SSL 2+).

The corresponding spectrograms are shown in Fig. 4.13. From these figures it is evident
that the feedback signal shows a clearer response to low frequencies, evident from the whale
calls below 200 Hz, while also reproducing high frequency harmonics of humpback whale
song. The photodiode signal exhibits higher sensitivity for higher frequencies but has a lower
overall signal-to-noise ratio due to much higher background noise, apparent as “graininess”
of the spectrogram. The horizontal lines in the spectrograms are due to line noise from the

photodiode amplifier.
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Figure 4.13: Spectrograms of the audio recording with a 75 km tether with feedback signal
(left) and photodiode signal (right). The spectrograms were generated with a Hanning
window size of 8192 and plotted on a Mel scale.

4.3.5 Noise characterization

An Allan-Werle variance analysis was performed to analyze the noise characteristics of the
system. Werle et al. first introduced this technique to identify the sampling interval that
provides the best detection limit in absorption spectroscopy [132], and the method has since
then been used for frequency stability analysis in inertial sensors [133]. Aside from yielding
the optimized sampling interval, the Allan-Werle analysis also provides information on the

type of noise present in the system.
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Here, the feedback signal and photodiode signal were sampled at 100 kS/s for 120 s with
the laser locked to the resonance, and the overlapping Allan deviation was calculated with
different sampling intervals (Fig. 4.14). The slope of the curve provides information on the

properties of noise present.
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Figure 4.14: Allan deviation of the feedback signal and photodiode for 3 m (blue), 25 km
(purple), 50 km (green), 75 km (red) tethers. The dashed lines correspond to the photon
flight times along the fiber tethers.

For the feedback signal, we identified three different noise sources: (1) For short sampling
-0.4 and -0.6,

indicating white noise as the dominant noise type; (2) for sampling intervals between 0.01

intervals, the slope of the curves, for each tether is between do(7)/dr

s and 0.1 s, the slope of approximately zero can be attributed to flicker noise, which likely
originates in the FPGA electronics; (3) for larger sampling intervals with a slope of +1, a
drift caused by changes in the temperature was determined.

For the photodiode signal, the slope do(7)/dr = —0.5 for each of the tethers, implying
that white noise is the dominant noise type. The magnitude of the Allan variance, o(7)
strongly depends on the length of the fiber and is largest for the longest tether as one might
expect given the large loss of light intensity along the fiber tethers. The observed shift of
the optimal sampling interval from 0.1 s to 2 s with increasing fiber length is consistent with
the expected lower signal to noise ratio for the long tethers (see also Fig 4.6b). By contrast,

the feedback signal is largely immune to the length of the fiber tether.
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4.4 Coherent PDH system

With the configuration presented above, we are amplifying the light in the return beam.
Light intensity noise is unfortunately also amplified, resulting in a low signal-to-noise ratio
of the photodiode signal for very long tethers. To improve the signal-to-noise of the error
signal and to extend the measurement range of the strain sensing system, we implemented
the coherent Pound-Drever-Hall technique, first reported by Liu et al. with our current
setup using a current-modulated laser. The improved setup (shown in Fig. 4.15) replaces
the photodetector with a balanced photodetector which coherently detects the light from the
m-shifted grating by interfering it with light from a local oscillator (LO) arm which introduces
a frequency shift from the laser.

With the conventional PDH technique, information on the phase of the reflected beam
(error signal) is obtained by interfering sidebands at +€) with the carrier wave at w to generate
a beat pattern using a photodetector. The error signal is extracted from the terms that are
oscillating at the modulation frequency Q (Eq. 4.3). The heterodyne method follows the
same principle but in a different frequency regime. The following derivation was developed
by Arthur Santos with the author’s assistance and review. Figure 4.16 show the frequency
components in the light before and after being detected by the balanced photodetector. The
probe and LO arm both contain the sidebands generated from the current modulation of the

laser and their respective electric fields are given by:

E, = Ey (1 + acost)
X [JoFue™ + JyFy ettt — g p it
Ero = E (14 acost)

v [Joeiwt+ Jlei(w+ﬂ)t . Jlei(w—Q)t] e—iQt+i<I>(t)’

(4.9)

where FEy and E; are the field amplitudes, « is the amplitude modulation depth, w is the
carrier frequency, €2 is the current modulation frequency, €2, is the acousto-optic modulation
frequency, F' is the reflection coefficient of the cavity, Jy and J; are Bessel functions of
the first kind. Following the coherent detection by the balanced photodetector, the beat
frequency components are isolated by a band pass filter (Fig. 4.16). These components
are similar to what one would expect in the conventional PDH but centered around the
acoustic-optic modulator (AOM) modulation shift frequency €2y in place of the carrier wave
frequency w. An frequency doubler is used to simulate the effect of a photodetector and

interfere the sidebands with the center frequency to retrieve a similar amplified error signal
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Figure 4.15: Coherent strain sensing setup. DFB: distributed feedback; RF: radio frequency;
BT: bias-tee; AOM: acousto-optic modulator; PC: polarization controller; CIRC: circula-
tor; SMF: single mode fiber; OA: optical attenuator; EDFA: erbium-doped fiber amplifier;
BPD: balanced photodetector; BPF: band-pass filter; FD: frequency doubler; FPGA: field-
programmable gate array; MIX: mixer; FG: function generator; LPF: low-pass filter.

at the modulation frequency €2 (highlighted in red in Figure 4.16) that is given by:

dw

where £ is the frequency doubling coefficient, R and G are the responsivity and the trans-

d|F(w)]?
g(w) ~ 4kG*R*PyP,J} (Jlﬂfz + 2aJ0|F|2) : (4.10)

impedance gain of the balanced photodetector, respectively. Compared to the previously
derived heterodyne PDH error signal [114], an additional term, 4kG*r? Py P,(2aJi|F|*) ap-
pears in Eq. 4.10. That term adds a DC offset in the off-resonance region of the error signal,
resulting in a slight distortion of the error signal line shape. These effects were also observed

in a strain sensor that employs the conventional PDH method with a current-modulated
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Figure 4.16: Diagram showing the evolution of the frequency components. BPD: balanced
photodetector; BPF: band-pass filter; FD: frequency doubler; w is the carrier frequency; €2
is the modulation frequency; €) is the acousto-optic modulation frequency. The frequency
component shown in red correspond to g(w) in Eq. 4.10. The diagram explicitly includes
the low frequency components resulting from a non-ideal setup. Figure made by Arthur
Giron-Santos.

laser [134].

This amplified error signal can provide a tight lock, and the acoustic signal is obtained
from the feedback voltage as before. The circuit design for the band-pass filter and frequency
doubler can be found in Appendix C.1.2. Details on the mathematical description of the

error signal and on the experimental results are given in a forthcoming publication.

4.4.1 Improvement of error signal SNR

Fig. 4.17a shows measurements of the error signal curve for 3 m, 25 km, 50 km, and 75
km of fiber. The power in the LO arm and the relative polarization between the arms were
adjusted to optimize the SNR of the error signal. The second row in Fig. 4.17 shows the
error signals obtained for 75 km of fiber with optical attenuators of 10, 20, 27, and 32 dB
in the probe arm. An EDFA was used to boost the return signal for the 27 dB and 32 dB
attenuators.

Fig. 4.17b shows the SNR improvement of the PDH error signal as the power of the LO
arm was increased from -8 to 2 dBm for the 75 km fiber tether, with a constant probe power
of -26.0 dBm. The SNR was determined using the ratio between the peak-to-peak voltage
and the standard deviation of the baseline.

At a power of more than -3 dBm in the LO arm, the SNR is no longer improved and
remains constant at 26 dB. Increasing the power in the LO arm above -3 dBm produces
thermal noise [135, 30], shot noise [136], and noise induced by stimulated Brillouin scattering

[137, 138] which then offsets the advantage of heterodyning the weak probe signal.
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Figure 4.17: (a) Error signal curves for fiber lengths of 3 m (blue), 25 km (yellow), 50
km (green), and 75 km (red), and in the second row for 75 km of fiber with additional
attenuations of 10 dB (purple), 20 dB (gray), 27 dB (brown), and 32 dB (cyan). (b) SNR
improvement as the AOM power increases for 75 km of fiber.

The full sensor characterization was performed by another PhD candidate, Arthur-Giron

Santos, and can be found in the submitted publication.
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4.5 Summary

In this chapter, we demonstrated the design, implementation, and performance evaluation
of a long-range fiber-optic strain sensing system employing a diode laser frequency-locked to
the resonance of a w-shifted fiber Bragg grating. Through detailed characterization of both
the feedback control signal and the photodiode response, the system was shown to deliver a
sensitivity of approximately 5.3 mV/ue, with a minimum detectable strain below 30 ne. Its
operational bandwidth extended from DC to 100 kHz, and the linear dynamic range reached
about 30 dB, corresponding to strains from tens of nano-strain up to tens of micro-strain.
Importantly, these metrics remained unchanged even when the sensing head was deployed
with fiber tethers up to 75 km in length.

While the strain sensor head, i.e. the w-shifted FBG, is not fundamentally different from
those described in previous reports [118, 31, 119] and has a similar sensitivity to strain, we
demonstrate that the weak reflected intensity is sufficient to provide a robust laser lock over a
surprisingly large range of acoustic frequencies. Interestingly, the propagation delay of several
hundred microseconds does not prevent us from recording acoustic signals at frequencies in
the kilohertz range.

The chapter further introduced a coherent Pound-Drever—Hall (PDH) detection scheme
designed to address limitations imposed by low probe power and noise amplification in
conventional configurations. By heterodyning the weak reflected signal with a frequency-
shifted local oscillator and coherently detecting it with a balanced photodiode, the coherent
PDH method enhanced the signal-to-noise ratio of the error signal by more than an order
of magnitude. This improvement enabled reliable laser locking with return powers as low as
—58 dBm (< 2 nW), effectively eliminating the need for EDFAs and extending the theoretical
maximum tether length to beyond 150 km.

The advantages of the system lie in its passive nature — it can be deployed with all active
and serviceable components at one end. The fiber optic cable and fiber sensor can also be
made rugged for use in hostile environments such as on the ocean floor or in remote locations,

with minimal maintenance and without concern for power delivery.
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Chapter 5

Conclusion and Future Work

5.1 Thesis Summary

This thesis presents two different optical sensing systems that use optical resonances to
enhance light-matter interactions for applications in environmental and human health mon-
itoring. The first approach uses plasmonic field confinement in metallic nanohole arrays to
investigate the diffusion kinetics of volatile organic compounds in polymer films, while the
second utilizes m-shifted fiber Bragg gratings to achieve sensitive, long-range strain sensing
capable of operating in harsh environments. Although these sensing systems target distinct
physical phenomena, they are unified by a common objective: to develop passive, high-
sensitivity optical sensors that can measure chemical and mechanical changes beyond the
capabilities of conventional techniques.

Chapter 2 provides the theoretical foundation for the VOC sensing system by deriving
exact integrated solutions to Fick’s second law of diffusion for analyte diffusion in thin
polymer films with either permeable or impermeable substrates. These models enable more
accurate determination of diffusion constants from experimental data than traditional first-
order approximations and can be broadly applied to various polymer-analyte systems.

Chapter 3 demonstrates a novel real-time, on-line, cost-effective VOC sensing plat-
form based on extraordinary optical transmission (EOT) through polymer-coated metallic
nanohole arrays. The sensor measures plasmonic resonance shifts using the centroid method
to allow for the detection of refractive index changes on the order of 10~ RIU, enabling the
investigation of the absorption and desorption dynamics of o-xylene in PDMS. Experimental
data was fitted to the diffusion models derived in Chapter 2, yielding diffusion constants con-
sistent with past work by Saunders et al. [34] and provided further evidence for a two-stage
diffusion process of VOCs into PDMS.

While the first part of this thesis focuses on chemical sensing through plasmonic res-
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onances, the second part applies the same resonance-based principles to mechanical sens-
ing. Chapter 4 presents the design, development, and characterization of a m-FBG-based
strain sensor interrogated via Pound-Drever—Hall locking method. The system achieves
nanostrain-level resolution over fiber tethers up to 75 km without requiring in-line amplifica-
tion, demonstrating its suitability for challenging environments. A thorough characterization
of the system was performed by investigating the strain and frequency response, impulse re-
sponse, and noise characteristics. By observing both the feedback control signal and reflected
photodiode signal, the system is capable of measuring strain below 30 ne, with operational
bandwidth up to 100 kHz, and a linear dynamic range of 30 dB. Despite the propagation
delay from the long tethers, we have shown that the system is capable of recording acoustic
signals. In addition, we demonstrated a coherent PDH system that improved the signal-to-
noise ratio of the error signal to allow for stable locking with return powers as low as -58
dBm (< 2 nW).

5.2 Future work

5.2.1 Detection of volatile organic compounds using metallic low-through nanohole

arrays

The detection and investigation of o-xylene has been demonstrated in Chapter 3, but further
work can be done with using the system to investigate the diffusion of other solvents, as well
as improvements to the setup to increase the sensitivity of the instrument, and its ability to

measure the thickness changes to the PDMS layer.

Investigation of the diffusion other solvents into PDMS or similar polymers

In the work presented here, we primarily focused on the diffusion kinetics of o-xylene as a
model compound to fully characterize and validate the sensing system. The natural next
step would be extend this approach to a wider range of VOCs, and assess the versatility of
the nanohole array sensor for broader chemical detection using PDMS and possibly related
polymers such as poly-diphenyl siloxane (PDPS) [139]. Preliminary experiments using ace-
tone as a test analyte with the gas bubbler system at Queen’s University (Fig. 5.1) highlight
the potential of this direction.

Acetone has a lower refractive index than PDMS (nacetone = 1.3483), and higher absorp-
tion and diffusion constants into PDMS than o-xylene [34]. This is evident from Fig. 5.1 as

we observe a blue shift in the centroid wavelength and faster absorption and desorption of
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Figure 5.1: Repeated absorption and desorption run with acetone

the solvent. These preliminary results also demonstrate the feasibility of identifying different

VOCs based on their kinetics and refractive indices.

Sensitivity improvements

In the nanohole array gas sensing experiments presented in this work, the plasmonic reso-
nance shift was measured using the centroid wavelength of the transmission spectrum. This
approach was chosen because of the complex extraordinary optical transmission (EOT) spec-
trum and the relatively small magnitude of refractive index—induced peak shifts. Although
this has proven robust, it inherently reduces sensitivity by implicitly averaging over both
shifting and non-shifting parts of the spectrum. Only a portion of the broad resonance
around 660 nm exhibits a systematic shift with refractive index, suggesting that isolating
this spectral feature could yield more sensitive and higher-resolution sensing system.
Future work will focus on improving the sensitivity of the system through both improved
data processing and nanohole array design optimization. On the software side, we are cur-
rently exploring the fitting of EOT spectrum to extract peak positions directly. Specifically,
fitting the broad resonance to a combination of Lorentzian or Fano lineshapes can separate
the shifting resonance from overlapping background features, reducing noise and improving
the precision of plasmonic shift. We can further look into designing alternative nanohole

array geometries or compositions to that allows for the isolation of the EOT resonance that
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corresponds to the gold-PDMS interface. By combining these software and hardware strate-
gies, the sensing system could achieve significantly higher sensitivity and resolution, enabling

more reliable detection of weak VOC diffusion signatures in polymer films.

Interferometric EOT-based sensor

One of the assumptions that we make when modeling the diffusion kinetics with our setup
is that we neglect swelling of the PDMS as the VOCs goes through the absorption and
desorption phase. Although, this assumption is valid for o-xylene as we observe below 5%
swelling in the film, this would not necessarily be true for other VOCs such as toluene that
can see swelling up to 80% over 72 hours [62].

A promising extension of this work is the development of a dual-mode optical sensing
setup that simultaneously uses the extraordinary optical transmission (EOT) response of
plasmonic nanohole arrays (NHAs) in transmission and the thin-film interference fringes
generated in reflection from a PDMS layer. In such a configuration, a thin layer of poly-
dimethylsiloxane (PDMS) would be deposited atop the gold NHA structure, forming an
air-PDMS-NHA multilayer stack. The EOT resonance, governed by surface plasmon po-
lariton excitation and cavity-like transmission modes through the subwavelength apertures,
would remain accessible in transmission for refractive-index sensing, as demonstrated in
Chapter 3. At the same time, the partially reflective gold-coated NHA interface beneath the
PDMS film can act as a back reflector, enabling thin film interferometry to retrieve the thick-
ness of the PDMS layer from the interference fringes in the reflected spectrum as evidenced
by the results presented in Section 3.4.6. The ability to extract thickness through fringe peri-
odicity has been demonstrated extensively in thin-film reflectometry [140, 141], while recent
work has shown that plasmonic nano-structures themselves can serve as functional reflectors
within interferometric sensing schemes [142, 143]. Balderas-Valadez et al. integrated NHAs
with porous silicon to combine plasmonic and interferometric sensing modes [142], and Tu
et al. uses a micro-machined Fabry-Perot cavity to enhance the refractive index sensitivity,
validating the concept of using nano-structured metal films as reflective elements [143].

Future work will focus on optimizing the PDMS layer thickness and optical properties to
balance transmission of EOT resonances with sufficient reflectivity to produce high-contrast
interference fringes. This will involve controlled deposition or spin-coating of PDMS films in
the 10-50 pum range, where fringe spacing is well matched to the spectral resolution of stan-
dard spectrometers. Additionally, incorporating transfer-matrix modeling or FDTD simula-

tions that account for the complex, wavelength-dependent reflection coefficient of the NHA
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interface will enable more accurate thickness retrieval from measured reflectance spectra.

5.2.2 Long-range strain sensing system using a frequency-locked 7-shifted grat-
ing
Fiber optic hydrophone

Current hydrophone technology is almost exclusively based on piezo-electric transducers
(PZTs), i.e., electromechanical devices that produce a small voltage upon deformation. All
PZT devices require voltage or current amplification and transmission of this electric signal
over distances as long as 100 km. As a result, issues such as calibration, maintenance
requirements, electronic noise, and signal degradation limit their performance, particularly
for remote or deep-sea monitoring, and generally limit their deployment to environments
near power sources such as shore stations, marine vessels, or buoys [144].

Since their first demonstration in the late 1970s, fiber-optic hydrophones (FOHs) have
been recognized for their high sensitivity, immunity to electromagnetic interference, light
weight, and compatibility with multiplexed large-scale sensing arrays [145]. Considerable
progress has been made in both interferometric and fiber laser-based hydrophone designs.
Interferometric FOHs remain the most sensitive and are widely used for scalar pressure
detection in applications ranging from underwater surveillance and seismic exploration to
industrial monitoring [146, 147]. Fiber laser sensors (FLS) offer an alternative approach,
achieving near-thermodynamic noise limits by interrogating environmentally sensitive dis-
tributed feedback fiber lasers. Their short sensing length and wavelength-division multiplex-
ing capability enable compact, lightweight, and scalable array systems, such as the 8-element
seabed array demonstrated by Foster et al. [127]. While conventional FBG hydrophones are
generally limited in sensitivity, innovations such as slow-light-enhanced FBGs have demon-
strated sub-millipascal pressure resolution, highlighting their potential for future acoustic
sensing applications [148].

Building on these developments, we propose the use of the long-range strain sensing
system presented in this thesis toward fiber-optic hydrophone applications. Since we require
a mechanical conversion from sound/pressure waves to strain, we will focus on flex tensional
transducers such as cymbal-shaped transducers developed by the US Navy [149]. These
transducers have a limited axial motion that results in a high radial displacement upon
impingement of a sound/pressure wave. The proposed design, developed in collaboration
with Sea to Shore Ltd, aims to integrate a m-phase-shifted FBG directly into one of the end
caps of a cymbal hydrophone (Fig. 5.2). Embedding the grating directly into the cap will



91

allow the acoustic pressure-induced flexural deformation of the cymbal to be transduced into

radial strain on the grating, thereby modulating its resonance wavelength.
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(a) Cross section of proposed design (b) Pressure compensation coil

Figure 5.2: Proposed cymbal-shaped fiber optic hydrophone design. Design developed in
collaboration with Sea-to-Shore Ltd.

A critical aspect of the proposed system is pressure compensation to ensure stable oper-
ation across varying hydrostatic pressures, particularly for deep-sea deployment. the future
design will incorporate an oil-filled cavity within the opposing cymbal end cap. This cavity
will serve as a compliant volume, equalizing static pressure and isolating the sensing grating
from quasi-static strain that could shift its operating point. A coil-shaped internal structure
will be integrated into this chamber to enhance its compliance and pressure-relief character-
istics, allowing the hydrophone to maintain consistent responsivity and dynamic range even

at deep depths.

Free space interrogation

The coherent Pound—Drever—Hall (PDH) technique has demonstrated exceptional sensitivity
under ultralow probe powers by exploiting coherent detection with a strong local oscillator,
significantly improving the signal-to-noise ratio even when the reflected signal power is on
the order of —58 dBm. Building on this capability, we are investigating the feasibility of ex-
tending coherent PDH interrogation beyond fiber-based sensor networks to free-space optical
configurations. The primary motivation is to eliminate the dependence on long fiber teth-
ers, which introduce propagation losses, and complexity in field-deployed sensing systems,
especially in environments where fiber installation is impractical or undesirable.

Our preliminary approach replaces the conventional 75 km fiber link with a free-space
propagation path, using fiber collimators to send and collect the probe light from a -
shifted fiber Bragg grating (FBG) sensor. This configuration preserves the high-resolution
interrogation capability of PDH while testing the system’s tolerance to alignment errors,

beam divergence, and return power losses in free space.
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The next stage of this work aims to replace the m-shifted FBG with alternative opti-
cal resonators that provide comparably narrow resonances suitable for PDH locking. One
promising candidate is a m-shifted dielectric mirror, constructed as a multilayer Bragg stack
with a localized phase shift to support a narrow transmission resonance (Fig. 5.3a). Such a
structure would mimic the linewidth characteristics of a m-shifted FBG while being inherently

compatible with free-space optical interrogation (Fig. 5.3b).

22 layers ==
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(a) Proposed design of m-shifted mirror (b) Transmission spectra for different substrates

Figure 5.3: Proposed design for w-shifted mirror with their associated transmission spectra
with two different materials for the high refractive index (Titanium dioxide: blue, Hafnium
dioxide: red). Figure obtained from collaborators at University of Vienna.

Transitioning fiber strain sensing into free space introduces both opportunities and chal-
lenges. On one hand, it opens new avenues for remote, passive strain sensing, where struc-
tures could be interrogated without the need for fiber coupling or embedded sensors, signif-
icantly broadening deployment scenarios — for instance, in structural health monitoring of
large civil infrastructure or aerospace components, where fiber routing is impractical. On
the other hand, free-space propagation introduces sensitivity to alignment drift, atmospheric
turbulence [150], and mechanical vibrations, all of which could degrade the locking capabil-
ities of the system. Furthermore, unlike fiber-integrated FBGs, dielectric stack resonators
require precise angular and polarization alignment to achieve high-finesse coupling.

As our work Chapter 5 demonstrated, though, the strain sensitivity of the setup, and its
associated minimal detectable strain is not affected by the degraded signal, i.e. as long as
a laser can be locked to the resonator, the strain response is identical. This is in marked
contrast to all sensor systems that are based on light intensity measurements. If successful,

such a system would enable a new class of fully passive, remotely interrogated strain sensors,
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leveraging narrow-linewidth resonators without requiring physical fiber connections between

the sensor and the interrogation unit.

5.3 Overall conclusions

This thesis highlights the potential of optical resonance-based platforms to enable highly
sensitive detection of chemical diffusion and mechanical strain. Continued advances in optics
and photonics will be crucial for transforming these approaches into practical sensors that

meet real-world demands in environmental, industrial, and structural applications.
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Appendix A

Chapter 2 appendices

A.1 DMatlab code for diffusion equations



Contents
= PARAMETERS
o Hermrrersrees [VPERMEABLE FILM *s*xtstsssss
= Concentration gradients for absorption and desorption
= Absorption and desorption processes through evanescent wave
= Absorption and desorption processes integrated over film
o merekcerrres DERMEABLE FILM **++sssssses
= Concentration gradients for absorption and desorption
= Absorption and desorption processes through evanescent wave

= Absorption and desorption processes integrated over film

% The matlab functions that describe the diffusion kinetics are separated

% into the cases for an impermeable and permeable film. In each of those

% cases, functions are provided for concentration gradients (as a function
% of y and t), integration concentrations (as a function of time) for a

% plasmonic interaction near the interface and over the entire film for the
% absorption and desorption processes.

PARAMETERS

% X1 (float): Analyte concentration

% D (float): Diffusion constant, in units of cm”2/s

% d (float): Thickness of membrane, in units of cm

% dy (float): Height of evanescent wave interaction, in units of cm
% t (array of float/int): Time, in units of s

% y (array of float/int): Height, in units of cm

% num_terms (int): Number of terms to sum over

num_terms = 50;

dkkkkkkkkkkkkk I M P E RM EAB L E FI LM Fhkkkkkkkkkkk

Concentration gradients for absorption and desorption

Concentration gradient across impermeable membrane during absorption

function f=Imp_Abs_conc(X1,D,d,t,y)
i=e;
Terms(num_terms:length(y))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)=(-1)"j/(2*j+1)*cos((2*j+1)*pi*y/(2*d))*exp(-D.*(2*j+1) 2*pir2*t/(4*d"2));
end
SumofTerms=sum(Terms);
f=X1*(1-4/pi*SumofTerms);
end

% Concentration gradient across impermeable membrane during
% desorption



function f=Imp_Des_conc(X1,D,d,t,y)
i=0;
Terms (num_terms:length(y))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)=(-1)"j/(2*j+1)*cos((2*j+1)*pi*y/(2*d))*exp(-D.*(2*j+1)"2*pir2*t/(4*d 2));
end
SumofTerms=sum(Terms);
f=X1*(4/pi*SumofTerms);
end

Absorption and desorption processes through evanescent wave

% Integrated concentration through evanescent wave during
% absorption as a function of time
function f=Imp_Abs_ev(X1,D,d,t,dy)
i=e;
Terms (num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)= (-1)"j/(2*j+1)*2*sin((2*j+1)*pi*dy/(2*d))*exp(-D.*(2*j+1)"2*pir2*t/(4*d."2));
end
SumofTerms=sum(Terms);
f=X1*(1-8*d/(pin2*dy)*SumofTerms);

end

% Integrated concentration through evanescent wave during
% desorption as a function of time
function f=Imp_Des_ev(X1,D,d,t,dy)
i=0;
Terms(num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)= (-1)*j/(2*j+1)~2*sin((2*j+1)*pi*dy/(2*d))*exp(-D.*(2*j+1)"2*pir2*t/(4*d."2));
end
SumofTerms=sum(Terms);
f=X1*(8*d/(pir2*dy)*SumofTerms);
end

Absorption and desorption processes integrated over film

% Integrated concentration in film during absorption as a
% function of time
function f=Imp_Abs_film(X1,D,d,t)
i=0;
Terms(num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)= 1/(2*j+1)*2*exp(-D.*(2*j+1) 2*pir2*t/(4*d."2));
end
SumofTerms=sum(Terms);
f=X1*(1-8/pi”2*SumofTerms);
end

% Integrated concentration in film during desorption as a



% function of time
function f=Imp_Des_film(X1,D,d,t)
i=0;
Terms (num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)= 1/(2*j+1)~2*exp(-D.*(2*j+1) 2*pinr2*t/(4*d."2));
end
SumofTerms=sum(Terms);
f=X1*(8/pi~2*SumofTerms);
end

dekkkdkkdkkhkk PERMEABLE FILM Fdkkdkkhkkhkk

Concentration gradients for absorption and desorption

Concentration gradient across permeable membrane during absorption

function f=Per_Abs_conc(X1,D,d,t,y)
i=0;
Terms(num_terms:length(y))=zeros;
for j=1:num_terms
i=i+1;
Terms(i,:)=(-1)"j/j*sin(j*pi*y/d)*exp(-D.*jr2*pir2*t/(d*2));
end
SumofTerms=sum(Terms);
f=X1*(y/100+2/pi*SumofTerms);
%F=X1*(2/pi*SumofTerms);
end

% Concentration gradient across permeable membrane during
% desorption assuming linear concentration gradient
function f=Per_Des_conc_grad(X1,D,d,t,y)
i=0;
Terms(num_terms:length(y))=zeros;
for j=1:num_terms
i=i+1;
Terms (i, :)=(-1)"j/(F)*sin(j*pi*y/d)*exp(-D.*jr2*pir2*t/(d"2));
end
SumofTerms=sum(Terms);
f=-X1*(2/pi*SumofTerms);
%F=X1*(2/pi*SumofTerms);
end

% Concentration gradient across permeable membrane during
% desorption assuming constant initial concentration
function f=Per_Des_conc_const(X1,D,d,t,y)
i=0;
Terms (num_terms:length(y))=zeros;
for j=0:num_terms
i=i+1;
Terms (i, :)=1/(2*j+1)*sin((2*j+1)*pi*y/d)*exp(-D.*(2*j+1)"2*pin2*t/(d*2));
end
SumofTerms=sum(Terms);
f=X1*(4/pi*SumofTerms);
%F=X1*(2/pi*SumofTerms);
end



Absorption and desorption processes through evanescent wave

Integrated concentration through evanescent wave during absorption as a function of time

function f=Per_Abs_ev(X1,D,d,t,dy)
i=0;
Terms (num_terms:length(t))=zeros;
for j=l:num_terms
i=i+1;
Terms(i,:)=(-1)"j/j~2*(cos(j*pi*dy/d)-1)*exp(-D.*j 2*pir2*t/d"2);
end
SumofTerms=sum(Terms);
f=X1*(dy/(d*2)-2*d/(dy*pi”2)*SumofTerms);
end

% Integrated concentration through evanescent wave during
% desorption assuming constant initial concentration as a function of time
function f=Per_Des_ev_const(X1,D,d,t,dy)
i=0;
Terms(num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)=1/(2*j+1)"2*(1-cos((2*j+1)*pi*dy/d))*exp(-D.*(2*j+1) 2*pir2*t/d"2);
end
SumofTerms=sum(Terms);
f=X1*(4*d/(dy*pi~2)*SumofTerms);
end

% Integrated concentration through evanescent wave during
% desorption assuming linear concentration gradient as a function of time
function f=Per_Des_ev_grad(X1,D,d,t,dy)
i=0;
Terms (num_terms:length(t))=zeros;
for j=1:num_terms
i=i+1;
Terms(i,:)=(-1)"j/j*2*(cos(j*pi*dy/d)-1)*exp(-D.*j 2*pir2*t/d"2);
end
SumofTerms=sum(Terms);
F=X1*(2*d/ (dy*pinr2)*SumofTerms);
end

Absorption and desorption processes integrated over film

% Integrated concentration over film during absorption as a
% function of time
function f=Per_Abs_film(X1,D,d,t)
i=0;
Terms (num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)=1/(2*j+1)"2*exp(-D.*(2*j+1)"2*pin2*t/d"2);
end
SumofTerms=sum(Terms);
f=X1*(1/2-4/pi~2*SumofTerms);
end



% Integrated concentration over film during desorption
% assuming constant initial concentration as a function of time
function f=Per_Des_film_const(X1,D,d,t)
i=0;
Terms(num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)=1/(2*j+1)"2*exp(-D.*(2*j+1)"2*pin2*t/d"2);
end
SumofTerms=sum(Terms);
f=X1*(8/(pin2)*SumofTerms);
end

% Integrated concentration over film during desorption
% assuming linear concentration gradient as a function of time
function f=Per_des_film_grad(X1,D,d,t)
i=0;
Terms (num_terms:length(t))=zeros;
for j=0:num_terms
i=i+1;
Terms(i,:)=1/(2*j+1)*2*exp(-D.*(2*j+1)"2*pir2*t/d"2);
end
SumofTerms=sum(Terms);
f=X1*(4/(pi~2)*SumofTerms);
end

Published with MATLAB® R2022b
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Appendix B

Chapter 3 appendices

B.1 Sequential diffusion fitting

For the modeling of the diffusion constants of o-xylene into PDMS, we had assumed that
two processes begin immediately upon exposure of the PDMS film to the VOC environment.
Upon inspection of the sorption curves, we do observe a flat region between the curves, which
may indicative of a sequential diffusion process. This delay could, in principle, correspond
to a physical process where the swelling upon initial exposure of VOC changes the diffusion
kinetics. However, the introduction of this parameter also increases the flexibility of the
model, which carries the risk of overfitting experimental noise or system artifacts.

To test the performance of these two approaches, the sorption data was fit with an
additional fitting parameter, g, to allow for one of the sorption processes to start a certain
time after the first process. The two models were evaluated using the root mean square error
(RMSE) and mean absolute error (MAE), which quantify the average deviation of the model
from the experimental absorption—desorption curves. RMSE emphasizes larger deviations,
while MAE provides a measure of the typical error magnitude. Table B.1 summarizes the
RMSE and MAE calculated for the absorption and desorption process with both model, and
the percentage improvement (implying a reduction in RMSE and MAE) we observe when
using the sequential model. The sequential fits showed a 5 % improvement in error during
the absorption of VOCs into PDMS and a 3 improvement during desorption. These modest
reductions suggest that, although the sequential model can marginally improve numerical
agreement, the physical significance of this improvement is limited.

Upon visual inspection of the respective fits, we can gain further insights into the dif-
ference of the two fit . For the higher concentration runs, the sequential model clearly
produces a closer match to the experimental absorption profile as it better able to capture

the inflection point of the second absorption process (Figures B.1a and B.1b). However, in
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Parameter Absorption  Desorption
RMSE (conc.) 1.35x 107 1.22x 1074
RMSE (seq.) 1.28x 107* 1.17x 1074
Percentage Difference (RMSE) 4.5 % 2.5 %

MAE (conc.) 1.08 x 107* 0.96 x 1074
MAE (seq.) 1.01x 0% 0.93 x 10~
Percentage Difference (MAE) 5.1 % 3.2 %

Table B.1: Comparison of concurrent and sequential diffusion models for absorption and
desorption stages through RMSE and MAE metrics.

most practical datasets the sequential fits begin to track small fluctuations or experimental
artifacts after the initial uptake or release stage (Figures B.lc and B.le). This indicates
that the time-delay parameter is compensating for noise rather than capturing a genuine
transport mechanism. Consequently, while the sequential approach provides a better fit, the
concurrent model remains the more physically consistent description of VOC diffusion into

PDMS for the majority of cases examined in this study.
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B.2 Python code for analysis and fitting



## Import libraries

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

from mpl_toolkits.mplot3d import Axes3D

from scipy import signal, stats

from scipy.stats import sem

from scipy.optimize import curve fit, least_ squares, leastsq, differential evolution
from lmfit import minimize, Parameters, fit_report, Model

import datetime

import plotly.express as px

import plotly.graph_objects as go

from plotly.subplots import make_subplots
import kaleido

### Diffusion models (Supported and Freestanding)

def fsm(t, X0, X1, X2, D, yl, y2, t0, phase, d = 8e-4):
tl = x1
t2 ((X2-X1) * (y2**2 - y1**2))/((y2-y1)*(2*d))
£3 = 2*d/((y2-yl) *np.pi**2)
td = (4*d*X0)/((y2-yl) *np.pi**2)
num_terms = 200

sum_fsm = 0
sum_init = 0

t_shift = np.array(t - t0) + 5
# t_shift[t shift < 0] = float('nan’')
t_shift[t_shift < 5] = 0

for n in range(1, num_terms):
m=n-1

sum_fsm += ((X2*(-1)**n-X1)/n**2)*(np.cos (n*np.pi*y2/d) - np.cos(n*np.pi*yl/d))*(np.exp (- (D*n**2*np.pi**2*t_shift)/d**2))

sum_init += (1/(2*m+1)**2)* (np.cos((2*m+1)*np.pi*y2/d) - np.cos((2*m+1)*np.pi*yl/d))* (np.exp (- (D* (2*m+1) **2*np.pi**2*t_shift)/(d**2)))

if phase == 'abs':
return tl + t2 t3*sum_fsm - td*sum_init
elif phase == 'des':
return -td*sum init
elif phase == 'des (old)':

return -t3*sum _fsm

def sm(t, X, D, yl, y2, t0, phase, d = 8e-4):
£l =1
t2 = (8*d)/((y2-yl) *np.pi**2)
num_terms = 200

sum_sm = 0

t_shift = np.array(t - t0) + 5
# t_shift(t_shift < 0] = float('nan’)
t_shift[t_shift < 5] = 0

for n in range (num_terms) :

sum_sm += ((-1)**n/(2*n+1)**2) *np.exp (- ((D*np.pi**2* (2*n+1) **2* (t_shift))/(4*d**2))) * (np.sin(((2*n+1) *np.pi*y2) /(2*d))
if phase == 'abs':

return X*(tl-t2*sum_sm)
elif phase 'des':

return X*t2*sum_sm
## Diffusion equation for special case of nanohole array

def fit_sing_ abs(t, x_1, d_1, t0, o, &, dy = le-5):
phase = 'abs’
# Frational area calculation of support and free standing membrane
A_tot = 450%450
num_holes = 1125%1125
A_holes = np.pi*0.1**2*num holes

# Area of free-standing membrane
a_fsm = A_holes/A_tot

# a_fsm = 0.5

# Area of supported membrane
a_sm = l-a_fsm

return a_fsm*fsm(t, 0, 0, x_1, d_1, 0, dy, t0, phase, d = d) + a_sm*sm(t, x_1, d_1,

def fit_dbl abs(t, x_1, x2, d_1, d 2, t0, tl, o, d, dy = le-5):
phase = 'abs’
# Frational area calculation of support and free standing membrane
A_tot = 450%450
num_holes = 1125%1125
A _holes = np.pi*0.1**2*num_holes
a_fsm = A_holes/A_tot
# a_fsm = 0.5
a_sm = 1-a_fsm

return a_fsm* (fsm(t, 0O x_1, d_1,

def fit_sing_des(t, x_1, d_1, t0, o, d, dy = le-5):
phase = 'des’
# Frational area calculation of support and free standing membrane
A_tot = 450%450
num_holes = 1125%1125
A_holes = np.pi*0.1**2*num holes
a_fsm = A_holes/A_tot
#a_fsm = 0.5
a_sm = 1-a_fsm

return a_fsm*fsm(t, x 1, 0, 0, d_1, 0, dy, t0, phase, d = d) + a_sm*sm(t, x 1, d_1,

def fit dbl des(t, x 1, x 2, 4.1, 4.2, t0, t1, o, d, dy = le-5):

dy, t0, phase, d = d) + fsm(t, 0, 0, x 2, d_2,

((2*n+1) *np.pi*yl) /(2*d

x 1, d_1, 0, dy, t0, phase,



phase = 'des’

# Frational area calculation of support and free standing membrane
A_tot = 450%450

num_holes = 1125%1125

A_holes = np.pi*0.1**2*num holes
a_fsm = A_holes/A_tot
# a_fsm = 0.5
a_sm = 1-a_fsm
return a_fsm* (£sm(t, x 1, 0, 0, d 1, dy, t0, phase, d = d) + fsm(t, x.2, 0, 0, d_2, 0, dy, tl, phase, & = d)) + a_sm*(sm(t, x 1, d_1, 0, dy, t0, phase,
def fitting model(df, fr, r, phase, exp, p0, dy, a_o = 0, fit method = 'leastsq', data type = 'data diff x', cen per = 'X (50%)', x_inf = None, t0_vary = False
# print (df.loc[fr, r](data_type] [cen_per].loc['abs'] [0])
a_o = df.loc(fr, r][data_type] [cen_per].loc['abs'].values[0]
if (exp 'single'):
if (phase 'abs') :
mod = Model (£it_sing_abs)
mod.set_param_hint('d', value = df(['d'].loc[fr, r], vary = False)
mod.set_param hint ('dy', value = dy, vary = False)
mod.set_param hint ('t0', value df ['2s'].loc(fr, r], min = df['AS'].loc(fr, r], max = Af['AS'].loc[fr, r] + tO_range, vary = t0_vary)
mod.set_param hint('o', value = a_o, vary = False)
# mod.set_param_hint('x_1', value = np.mean(df.loc[fr, r]['data diff x'] [cen per].loc['abs'][-200:]), vary = False)
elif (phase == 'des'):
mod = Model (fit_sing_des)
mod.set_param hint('d', value = df['d'].loc[fr, r], vary = False)
mod.set_param_hint ('dy', value = dy, vary = False)
mod.set_param hint ('t0', value = df['DS'].loc[fr, r], min = Af['DS'].loc(fr, r], max = Af['DS'].loc[fr, r] + tO_range, vary = tO_vary)
mod.set_param_hint (o', value = np.mean(df.loc[fr, r][data_type] [cen_per].loc['des'] [-200:]1), vary = False)
if x_inf is not None:
mod.set_param_hint('x_1', value = x_inf, vary = False)
if x_inf is None:
params = mod.make_params(d_1 = dict(value = p0[0], min = le-14, max = le-2), #
x_1 = dict(value = p0[1], min = 0) #, min = 0
)
elif x_inf is not None:
params = mod.make_params(d_1 = dict(value = p0[0], min = le-14, max = le-2)) #
elif (exp == 'dbl'):
if (phase == 'abs'):
mod = Model (£it_dbl_abs)
mod.set_param hint('d', value = df['d'].loclfr, r], vary = False)
mod.set_param hint ('dy', value = dy, vary = False)
mod.set_param hint('t0', value = df['AS'].loc[fr, r], min = Af['As'].loc[fr, r], max = Af['AS'].loc[fr, r] + t0_range, vary = tO_vary),
mod.set_param hint('tl', value = df ['AS'].loc[fr, r], vary = tl_vary)
mod.set_param hint('o', value = a_o, vary = False)
elif (phase == 'des'):
mod = Model (£it_dbl_des)
mod.set_param hint('d', value = df(['d'].loc[fr, r], vary = False)
mod.set_param hint ('dy', value = dy, vary = False)
mod.set_param hint ('t0', value = df['DS'].loc(fr, r], min = A£['DS'].loc[fr, r], max = df['DS'].loc[fr, r] + tO_range, vary = tO_vary)
mod.set_param hint ('tl', value = df['DS'].loclfr, r]l, vary = tl_vary)
mod.set_param hint('o', value = np.mean(df.loc[fr, r] [data_type] [cen_per].loc(['des'] [-200:]), vary = False)
params = mod.make_params (x_1 = dict(value = p0[0], min = 0), # , min = 0
x_2 = dict(value = p0[1], min = 0), # , min = 0
d_1 = dict(value = p0[2], min = le-14, max = le-2), #
d_2 = dict(value = p0[3], min = le-14, max = le-2)) #
tt = df.loc[fr, r][data_type] ['Time'].loc [phase]
data = df.loclfr, r][data_type] [cen_per].loc[phase]
result = mod.fit(data, params, t = tt, nan_policy='omit', method = fit method)
# result = mod.fit(data, params, t = tt, weights = 1/uncer, nan policy='omit', method = fit_method)
# print (result.fit_report ())
return result
def fitting run(df, fr, r, p_guess = [[2e-8, 3e-3], [2e-9, 3e-3], [3e-3, le-3, 10e-9, 2e-9], [3e-3, le-3, 10e-9, 2e-9]], data_type = 'data diff x', cen per = '
result_sing_abs = fitting_model(df, fr, r, 'abs', 'single', p0 = p_guess[0], dy = dy, data_type=data_type, cen per=cen_per, fit method=fit_method, tO_vary=
if constantConc:
result_sing des = fitting_model(df, fr, r, 'des', 'single', p0 = p_guess[1][:2], x_inf = result_sing abs.params['x 1'].value, dy = dy, data_type=data_t
else:
result_sing des = fitting_model(df, fr, r, 'des', 'single', p0 = p_guess[1], dy = dy, data type=data_type, cen per=cen per, fit method=fit_method, t0_v
result_dbl_abs = fitting model(df, fr, r, 'abs', 'dbl', p0 = p_guess[2], dy = dy, data_type-data_type, cen_ per=cen per, fit method=fit_method, t0_var:
result_dbl_des = fitting_model(df, fr, r, 'des', 'dbl’, p0 = p_guess([3], dy = dy, data_type-data_type, cen_per-cen_per, fit_method=fit_method, t0_vary

if cen_per X (50%) s

df ['model_s'].loclfr, r] = [result_sing abs, result_sing_des]

df ['model_d'].loc(fr, r] [result_dbl abs, result_dbl_des]
elif cen_per X (33%) ':

df ['model_s 33'].loc(fr, r] = [result sing abs, result_sing_des]

df ['model_d 33'].loc[fr, r] = [result_dbl abs, result_dbl_des]
elif cen_per == 'X (25%)

df ['model s 25'].loc[fr, r] = [result_sing abs, result_sing des]

df ['model_d 25'].loclfr, r] = [result_dbl_abs, result_dbl_des]

# Functions to convert centroid wavelength to refractive index and then to analyte concentration

def wavelength to_refrac(df_ref, n_ref):

slope_50 # in nm/RIU
slope_33 = 180

slope_25 = 179

daf = df_ref.copy ()

= np.mean (df ['Centroids (50%)'].loc['bas']) slope_50*n_ref

inter_50_calc

df ['Centroids (50%)'][:] = (df ['Centroids (50%)'] - inter_50_calc)/slope_50
rel_se 50 = Af_ref['Centroid (50%) SE']/df_ref['Centroids (50%)']
df ['Centroid (50%) SE'][:] = rel_se 50

= (33%) '].loc['bas']) slope_33*n_ref
(33%) '1 inter_33_calc)/slope_33

SE']/df_ref['Centroids (33%)']

inter_33_calc = np.mean (df ['Centroids
df ['Centroids (33%)'][:] (df ['Centroids
rel_se 33 = df_ref['Centroid (33%)



df ['Centroid (33%) SE'] [:] = rel_se 33

inter_25_calc = np.mean(df ['Centroids (25%)'].loc['bas']) - slope_25*n_ref
df ['Centroids (25%)']1[:] = (df['Centroids (25%)'] inter_25_calc) /slope_25
rel_se 25 = df_ref['Centroid (25%) SE']/df_ref['Centroids (25%)']

df ['Centroid (25%) SE'][:] = rel_se 25

df .rename (columns = {'Centroids (50%)': 'RI (50%)', 'Centroid (50%) SE':

return af

# Function to convert the refractive index to a analyte concetration based on molar polarizability of the solvent.

# Saunders' PhD thesis Chapter 3.2

def refrac_to_conc(df_ref, mw_a, rho_a, n_a):

'Rel

(50%) SE', 'Centroids (33%)': 'RI (33%)', 'Centroid (33%) SE': 'Rel (33%) SE'

For more info on the equations used, refer t

mw_pdms = 74.15 # Molecular weight [g/mol]
rho_pdms = 1.03 # Density [g/cmA3]

n_pdms = 1.4225 # Refractive index

P_pdms = (mw_pdms/rho_pdms)* ((n_pdms**2 - 1)/(n_pdms**2 + 2))

P_a = (mw_a/rho_a)*((n_a**2 - 1)/(n_a**2 + 2))

term np = (n_pdms**2 + 2)/(n_pdms**2 - 1)

df = af_ref.copy ()

df['RI (50%) '] [:] = (P_pdms - P_pdms*term np*((df ['RI (50%)']**2 - 1)/(A£['RI (50%) ']**2 + 2)))/(P_pdms - P_pdms*term np*((df ['RI (50%)']**2 - 1)/(Af['RI (
ri_se 50 = (6*P_pdms*term np*P_a*df_ref ['RT (50%)'])/((P_a+term np*P_pdms-P_pdms) *df_ref ['RT (50%)']**2 - 2*P_a - term np*P_pdms - 2*P_pdms)**2

Af ['Rel (50%) SE'][:] = ri_se 50*df['Rel (50%) SE'][:]1*Af['RI (50%) '] [:]

df ['RI (33%)'][:] = (P_pdms - P_pdms*term np* ((df ['RI (33%)']**2 - 1)/(AE['RI (33%)']**2 + 2)))/(P_pdms - P_pdms*term np*((df ['RI (33%)']**2 - 1)/(Af['RI (
ri_se 33 = (6*P_pdms*term np*P_a*df_ref ['RT (33%)'])/((P_a+term np*P_pdms-P_pdms) *df_ref ['RT (33%)']**2 - 2*P_a - term np*P_pdms - 2*P_pdms)**2

Af ['Rel (33%) SE'][:] = ri_se 33*df['Rel (33%) SE'][:]1*af['RI (33%)'][:]

df ['RI (25%) '] [:] = (P_pdms - P_pdms*term np* ((df ['RI (25%)']1**2 - 1)/(AE['RI (25%) ']**2 + 2)))/(P_pdms - P_pdms*term np*((df ['RI (25%)'1**2 - 1)/(Af['RI (
ri_se 25 = (6*P_pdms*term np*P_a*df_ref ['RT (25%)'])/((P_a+term np*P_pdms-P_pdms) *df_ref ['RT (25%)']**2 - 2*P_a - term np*P_pdms - 2*P_pdms)**2

Af ['Rel (25%) SE']l[:] = ri_se 25*df['Rel (25%) SE'] [:]1*Af['RI (25%)'][:]

df .rename (columns = {'RI (50%)': 'X (50%)', 'Rel (50%) SE': 'X (50%) SE', 'RI (33%)': 'X (33%)', 'Rel (33%) SE': 'X (33%) SE', 'RI (25%)': 'X (25%)', 'Rel

return df

# Function to determine the average centroid value between time interval [t_s,

def get_avg_centroid(data, t_s, t_len, cen per = 'Centroids (50%)'):
avg_cen = np.zeros(len(t_s))
se_cen = np.zeros (len(t_s))
for i in range(len(t_s)):
data_filt = data.copy ()
t_filt s = data filt['Time'] >= t_s[i]

data_filt.where(t_filt_s, inplace = True)
data_filt.dropna(inplace = True)

t_filt e = data filt['Time'] <= t_s[i] + t_len
data_filt.where(t_filt e, inplace = True)
data_filt.dropna(inplace = True)

np.mean (data_filt[cen_per])
= sem(data_filt[cen_per])

avg_cen[i]
se_cen[i]

return avg_cen, se_cen

# Function to get a subset of the Pandas Dataframe

def get_ subset(data, t_s, t_e):
data_filt data.copy ()

t_filt s = data_filt['Time'] >= t_s
data_filt.where(t_filt_ s, inplace = True)
data_filt.dropna(inplace = True)

t_filt e data_filt['Time'] <= t_e
data_filt.where(t_filt_e, inplace = True)
data_filt.dropna(inplace = True)

return data_filt

# Function that splits and returns the baseline,

t_e] using the centroids percentage given by the string value of the column name

absorption and desorption sections of a particular run

def get_diffusioncurves(fpath, t_bas_s, t_bas_e, t_abs_ s, t_abs_e, t_des_s, t_des e):
data = pd.read_csv(fpath)
base = get_subset(data, t _bas s, t_bas_e)
absorp = get_subset (data, t_abs_s, t_abs_e)
desorp = get_subset (data, t_des_s, t_des_e)
return data, base, absorp, desorp
# Function used to add a run to a PD Dataframe
def add_run(df, fpath, flowrate, run, flowside, d, date, t_bs, t_be, t_as, t_ae, t_ds, t_de):
rawData, data_bas, data_abs, data_des - get_diffusioncurves(fpath, t_bs, t_be, t_as, t_ae, t_ds, t_de)
data_diff = pd.concat([data_bas, data_abs, data_des], keys=['bas', 'abs', 'des'l)
for cen_per in ['Centroids (50%)', 'Centroids (33%)', 'Centroids (25%)', 'Centroids (10%)', 'Centroids (5%)']:

abs_diff data_diff [cen_per].loc['abs'].iloc[0]
data_diff [cen_per].loc['abs'] [:] = data_diff [cen_per].loc['abs']

1.4225
106.16

# Molecular weight in g/mol

rho_oxyl = 0.8801 # Density in g/cmA3
n_oxyl = 1.5058 # Refractive index
M n2 = 28.05 # Molar flow rate in mol/min

- np.mean(data_diff [cen_per].loc['bas'])
- abs_diff



P_tot = 101325 # Total pressure in Pa

M oxyl = flowrate*le-3*8.28 # Molar flow rate in mol/min
X_oxyl = M_oxyl/(M_n2+M_oxyl) # Molar fraction of o-xylene
p_s = X_oxyl*P_tot # Partial pressure of o-xylene in Pa

data_diff_n = wavelength_to_refrac(data_diff, n_PDMS)
data_diff x = refrac_to_conc(data diff n, mw_oxyl, rho_oxyl, n_oxyl)

dataBntry = {'fpath': [fpath],'FlowRate': [flowrate], 'P_s': [p_s], 'FlowSide': [flowside], 'd': [d], 'Run': [run], 'Date':
df_entry = pd.DataFrame (dataEntry)
df_entry.set_index(['FlowRate', 'Run'l], inplace=True)

return pd.concat ([df, df_entry])

# Create a Dataframe with all variables

# Description of columns

# Fpath - Filepath for the data

# RawData - PD dataframe with raw data from the saved csv file

# FlowRate - Flow rate of the syringe pump in the run in uL/min

# Run - Run number for each flow rate.

# FlowSide - Whether the flow as from NHA or PDMS side

# d - Thickness of the membrane in centimeters

# Date - Date of run

# BS, BE - Start and end time (in secs) of the baseline dataset within the run

# AS, AE - Start and end time (in secs) of the absorption dataset

# DS, DE - Start and end time (in secs) of the desorption dataset

# data _diff - PD dataframe with baseline portion. Subset of RawData.

# data_diff_n - PD dataframe with absorption portion. Subset of RawData.

# data diff x - PD dataframe with desorption portion. Subset of RawData.

# model_s - List of ModelResult objects for single exponential fitting for absorption (index 0) and desorption (index 1)
# model_d - List of ModelResult objects for double exponential fitting for absorption (index 0) and desorption (index 1)
print(pd.__version_ |

cols = ['fpath', 'FlowRate', 'P_s', 'Run', 'FlowSide', 'd', 'Date', 'BS', 'BE', 'AS', 'AE', 'DS', 'DE', 'RawData', 'data diff',
df = pd.DataFrame (columns=cols)

df .set_index(['FlowRate', 'Run'], inplace=True)

# Example of adding a run to the dataframe

fpath = 'raw_data 2ul_ Feb28.csv'

df = add_run(df, fpath, 2, 1, 'PDMS (new) (F)', 10.2le-4, datetime.datetime (2025, 3, 5), 400, 620, 621, 1500, 1501, 2400)

# Running the fitting for a particular run
fitting run(df, 2, 1)

# To access the fitting results for double exponential absorption
print(df['model_d'].loc[2, 1][0].params.pretty_print())

[date], 'BS': [t bs], 'BE': [t_

'data_diff n', 'data diff x',



Appendix C

Chapter 4 appendices

C.1 Custom circuits

C.1.1 Low-noise photodiode amplifier circuit
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The photodiode amplifier circuit shown in Fig. C.1 was designed to minimize electronic

noise contributions to photodiode signal in the strain sensing system. Each section of the

circuit plays a specific role in suppressing noise sources and ensuring signal integrity. A brief

description of the functional blocks is provided below.
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Figure C.1: Schematic of photodiode amplifier circuit
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Transient Protection and voltage regulation

The input stage includes transient voltage suppressor diodes (D1, D2), which protect the
circuit from high-voltage surges such as electrostatic discharge (ESD) or power line tran-
sients. Preventing these events avoids the injection of large noise spikes into the circuit
and protects sensitive active components such as the operational amplifier and photodiode.
Low-noise power rails are essential for achieving low-noise amplification. The design employs
low-dropout regulators (Ul: ADP7118 for +5 V, VR1: ADP7118 for -5 V) with extensive
bypassing (C14—-C17). These regulators provide stable £5 V supplies with minimal output
ripple. The capacitors are placed locally to suppress high-frequency disturbances. By re-
ducing supply-induced noise, these regulators ensure that the operational amplifier operates
under stable and quiet conditions. Distributed decoupling capacitors (e.g., C10, C11, and
those surrounding the regulators) provide local charge storage and suppress noise from the
power supply at high frequencies. This reduces the likelihood of oscillations in the high-gain

transimpedance stage.

Photodiode Bias

The photodiode requires a stable reverse-bias voltage to operate in the photocurrent region.
A dedicated RC filter network (R2-R4, C5-C7) attenuates noise on the 15 V bias line. Since
bias voltage fluctuations translate directly into current noise at the photodiode, filtering
this voltage is critical to prevent excess noise from being amplified in the transimpedance
stage. The 15 V bias supply is generated from a +28 V input using an ultra-low-noise
linear regulator (IC2: LT3060). This regulator, combined with decoupling capacitors (C12,
C13, C15), minimizes broadband and low-frequency noise on the bias line. A low-noise bias
ensures reduced dark current fluctuations and prevents additional noise from coupling into

the photodiode current.

Transimpedance Amplifier (TIA)

The core of the circuit is the transimpedance amplifier, implemented with a high-speed,
low-noise operational amplifier (U2: OPA656). A feedback resistor (R1 = 1.33 k2) converts
the photodiode current into a voltage signal, while a feedback capacitor (C1 = 2.4 pF) sta-
bilizes the amplifier and limits high-frequency noise, setting a bandwidth of approximately
70.7 MHz. The feedback network is carefully selected to balance bandwidth and noise per-
formance. A protection diode (CR1) at the output prevents damage due to overvoltage

conditions.
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C.1.2 Coherent PDH: Bandpass filter and frequency doubler

The circuit shown in Figure C.2 implements a heterodyne detection stage comprising a band-
pass filter and an analog multiplier configured as a frequency doubler. Its primary purpose is
to generate a stable second harmonic signal for Pound-Drever—Hall (PDH) detection while
minimizing noise contributions from the power supply. Each section of the design is described

below.
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Figure C.2: Schematic of bandpass filter and frequency doubler for coherent PDH setup

Power Regulation and Protection

The input supply passes through diode protection and filtering components (F1, D1, D2),
which provide reverse polarity protection and transient suppression. The regulated 4+5 V rails
are generated using low-noise linear regulators (U1, VR1: ADP7118). Decoupling capacitors
(C7-C10) are placed locally to suppress high-frequency disturbances on the supply lines. As
in the photodiode amplifier, clean power rails are essential to reduce coupling of supply ripple
into the sensitive analog multiplier. Local capacitors (C11-C14) are distributed throughout
the design to provide high-frequency stability and prevent oscillations in the analog multiplier
and buffer. These components play a crucial role in suppressing noise and ensuring that the

frequency doubler operates reliably over the required bandwidth.
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Bandpass Filtering

The input RF signal is routed through a band-pass filter network (labelled ” Bandpass filter” ),
which provides spectral selectivity. By attenuating out-of-band noise and harmonics, the fil-
ter ensures that only the desired carrier frequency enters the multiplier stage. This improves
signal-to-noise ratio (SNR) and prevents unwanted mixing products. Careful grounding and

bypassing in this block minimize noise leakage.

Analog Multiplier (Frequency Doubler)

The central stage employs an analog multiplier (U2: AD834) configured as a frequency
doubler. When the input RF signal is applied to both multiplier inputs, the output includes
both DC and a component at twice the input frequency. The bandpass filter preceding
this stage ensures spectral purity, while the decoupling capacitors surrounding the AD834
suppress noise coupling. The doubling process is essential in PDH detection schemes, where
frequency-doubled signals provide the error signals necessary for laser frequency stabilization.
The use of a low-noise, broadband multiplier ensures accurate frequency conversion with

minimal additive noise.

Output Buffering

The frequency-doubled signal is buffered by a wideband operational amplifier (U3: BUF634A).
This stage isolates the multiplier from external loads, ensuring consistent output impedance
and amplitude. By providing additional drive capability, the buffer prevents distortion or

loading effects from subsequent electronics while maintaining low noise levels.
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