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RESUME

Le role de plus en plus important des senseurs optiques dans une multitude d’applications
scientifiques et industrielles, incluant la détection biologique, le diagnostic médical, 1’industrie
alimentaire, le controle des procédés et le monitoring environnemental, a mené a un regain de
vitalité dans les efforts de recherche et développement dans ce domaine. Pour ces senseurs, la
fibre optique peut étre une technologie prometteuse en raison de ses nombreux avantages tels que
la portabilité, la protection face I’interférence électromagnétique, la possibilité de les utiliser dans
des environnements explosifs, ou encore celle d’avoir une mesure quantitative et qualitative
continue. Aujourd’hui, une vaste gamme de senseurs a fibre optique a été proposée et développée.
Cependant, la plupart de ces senseurs fonctionnent sur la base d’un couplage évanescent des
modes de réflexion totale interne (RTI) a proximité de I’analyte. Ceci comporte plusieurs
désavantages, tels que le faible chevauchement du mode avec 1’analyte, une distance de
sensibilité plus petite, le besoin d’apporter des modifications complexes a la fibre, ainsi qu’une

faible robustesse mécanique de la fibre.

Afin de surmonter ces limitations et simplifier I’implémentation pratique, dans cette these,
nous proposons [’utilisation de fibres de Bragg a cceur creux opérant dans des plages
fréquentielles distinctes (le visible et les térahertz) pour effectuer de la réfractométrie dans des
analytes liquides et de surface. Nous ménerons des analyses théoriques et des caractérisations
expérimentales des guides d’onde proposés et nous étudierons leur potentiel d’applications dans

une variété de domaines industriels.

Dans la premiére partie de la thése, nous explorerons la capacité d’utiliser des fibres de
Bragg a cceur creux dans le visible pour simultanément détecter la partie réelle et imaginaire de
I’indice de réfraction d’analytes liquides. Ce senseur de Bragg est constitué d’un large cceur creux
(diametre d’environ 0.7 mm) entouré de couches alternantes de polymethyl methacrylate (PMMA)
et de polystyrénse (PS) qui agissent essentiellement comme des réflecteurs de Bragg. Nous
utiliserons ce senseur pour le monitoring de la concentration de liquides de refroidissement
commerciaux. La stratégie de détection s’appuie sur une double mesure de la position spectrale
du centre de la bande interdite et sa transmission en amplitude. Les deux mesures sont hautement
sensibles a I’indice de réfraction de 1’analyte qui sera introduit dans le cceur creux du guide

d’onde. Ceci permettra de déterminer la concentration des liquides de refroidissement. La fibre
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proposée intégre intrinséquement la détection optique et la microfluidique, permettant d’ouvrire
la voie au monitoring en temps réel de la concentration de plusieurs fluides industriels tels que les
liquides de transmission de chaleur ou les fluides de sciage avec une précision de moins de 1% en

volume.

Dans la deuxiéme partie de la thése, nous démontrerons une fibre de Bragg a coeur creux
dans le visible pour une détection en surface. En utilisant une modalité spectrale, le senseur est
capable de détecter des changements dans 1’épaisseur d’un analyte déposé dans la surface interne
du cceur. En effet, les spectres de transmission sont grandement modifiés en raison du phénomeéne
d’évitement du croisement, a proximité de la longueur d’onde qui satisfait la condition de phase
entre le mode du cceur guidé et celui de la couche d’analyte. Ceci permet donc de mesurer les
changements de propriétés de cette derniere. Comme démonstration pratique, nous appliquerons
le guide d’onde pour observer la dynamique de dissolution d’un film de polyvinyl butyral (PVB)
déposé sur la surface interne du cceur. Nous observerons un fort shift spectral durant la
dissolution du film et nous déterminerons expérimentalement une sensibilit¢ d’environ 0.052
nm/nm avec des échantillons aqueux. De plus, nous démontrerons qu’une pression physique de la
fibre méne a une augmentation du chevauchement des modes guidés et de surface, menant a une
augmentation significative de la sensibilit¢ de surface du senseur. Ce guide d’onde ouvre de
nouvelles applications des guides d’ondes a bande interdite dans la détection en temps réel des
dynamiques des liaisons et affinités chimiques, pour un large éventail d’échantillons chimiques et

biologiques.

Dans la troisiéme partie de la thése, nous étendrons I’étude des fibres de Bragg a coeur
creux aux fréquences térahertz pour la détection des larges constituants biologiques tels que les
bactéries et les cellules ou des échantillons sous forme de poudre. En utilisant un guide d’onde
THz opérant en régime monomode, nous démontrerons une amélioration de la limite de détection
de senseurs similaires. Le principe d’opération repose sur le suivi de la fréquence
d’anticroisement entre le mode de cceur et le mode de défaut. Cette fréquence se manifeste par un
minimum étroit de transmission dans le spectre THz qui est relativement large. Ceci est accompli
en introduisant un défaut géométrique dans la premiére couche du réflecteur de Bragg. La largeur
du minimum (3 GHz) est parmi les plus étroites jamais réalisées pour un résonateur THz. La
position spectrale du minimum est hautement sensible aux propriétés optiques de la couche de

défaut (son épaisseur et son indice de réfraction). Pour calibrer le senseur, nous déposerons des
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couches de PMMA de différentes épaisseurs sur la surface interne du cceur. Nous déterminerons
ainsi une sensibilit¢ de 0.1 GHz/um. Nous utiliserons également une poudre de a-lactose
monohydratée comme échantillon. Le phénomeéne d’anticroisement entre le mode du cceur guide
et le mode de défaut sera expérimentalement vérifié en imageant directement le mode a la sortie
de la fibre de Bragg a ’aide d’un systéme de microscopie THz fibré. Le senseur sera caractérisé
en utilisant un systeme de spectrocopie THz (TDS) dans le domaine du temps et un systéme
continue (CW). Ceci nous permettra de conclure que le systéeme CW est plus approprié pour notre
guide d’onde, car il a une meilleure résolution spectrale. La possibilité de modifier les propriétés
spectrale du guide d’onde de Bragg en concevant une géométrie particuliére implique qu’il
devient un outil versatile pour plusieurs applications industrielles, tels que la détection de poudres,

le monitoring en temps réel des polluants environnementaux ou la détection de bactéries.
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ABSTRACT

The expanding role of optical sensors in numerous scientific and industrial applications,

including biosensing, medical diagnostics, food industry, process control, and environmental
monitoring, has led to a growth of research and development efforts in this field. Optical fibers
can be used as a very promising platform for these applications, due to many appealing properties
such as compactness, high degrees of integration, safety in explosive environments and potential
to provide real time and remote analysis. To date, a wide range of fiber-optic sensors have been
proposed and developed. Most of these sensors, however, use an evanescent coupling of total
internal reflection guided modes to the test analytes, which typically suffers from many
disadvantages, such as poor modal overlap with the analytes, limited probing length, as well as

complicated fiber modifications and poor mechanical robustness in fiber structures.

In order to circumvent these limitations and simplify the practical sensing implementation,
in this thesis, we study using hollow-core Bragg fiber sensors operating in different frequency
ranges (i.e., visible and terahertz range) for bulk refractometry of liquid analytes and surface
sensing applications. We then carry out the theoretical and experimental characterizations of the

proposed sensors, and study their applications in various industrial fields.

In the first part of the thesis, we explore the capability of using the hollow-core Bragg
fibers operating in the visible range to simultaneously monitor both the real and imaginary parts
of liquid analyte refractive index. The Bragg fiber sensor features a large hollow core (diameter:
~0.7mm) surrounded by an alternating polymethyl methacrylate (PMMA)/polystyrene (PS)
multilayer as a Bragg reflector. We then apply this fiber sensor to monitor the concentrations of
various commercial cooling oils. The sensing strategy relies on a two-channel sensing modality
that simultaneously interrogates the bandgap center position of the Bragg fiber as well as the
fiber transmission amplitude at the bandgap center. Both measurands are highly sensitive to the
complex refractive index of the analyte filled in the fiber core, thus enabling efficient
determination and cross correlation with the concentration of cooling oils. The presented fiber
sensor inherently integrates optical detection with microfluidics without any fiber modifications,
thus allowing for real time monitoring of the concentrations of many industrial fluids, such as

heat transfer fluids, sawing fluids, and other industrial dilutions with sub-1%v accuracy.
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In the second part of the thesis, we demonstrate the hollow-core Bragg fibers operating in
the visible range for surface sensing applications. The fiber sensor operates using a spectral
sensing modality to monitor changes in the thickness of an analyte layer deposited on the inner
surface of the fiber core. Due to the phenomenon of avoided crossing in the vicinity of the phase
matching wavelength between the core-guided and the analyte layer bound modes, fiber
transmission spectra are significantly modified, thus allowing for monitoring the changes in the
analyte layer properties. As a practical demonstration, we apply the sensor to monitor the
dissolution dynamics of a polyvinyl butyral (PVB) film coated on the inner surface of the fiber
core. Strong spectral shift is observed during the dissolution of the PVB film, and a surface
sensitivity of ~0.052nm/nm is achieved experimentally with aqueous analytes. Moreover, we
demonstrate that squeezing a section of the Bragg fiber can effectively increase the overlap
between the core-guided modes and the analyte layer, which, in turn, significantly enhances the
surface sensitivity of the fiber sensor. The proposed fiber sensor opens up new sensing
applications of photonic bandgap fibers such as real time detection of binding and affinity, study

of kinetics, etc. for a wide range of chemical and biological samples.

In the third part of the thesis, we extend the operation of the hollow-core Bragg
waveguide sensor into terahertz range for the detection of larger targets, such as bacteria and cells,
as well as other analytes in powder forms. More importantly, by using THz waveguide sensors
operating in an effectively single mode regime, we have significantly improved the detection
limit of such sensors by directly tracking the anticrossing frequency between the core-guided
mode and the defect mode, which manifests itself as a sharp transmission dip in the relatively
broad transmission window. This is accomplished by introducing a geometrical defect in the first
layer of the Bragg reflector. The experimentally achieved linewidth (3GHz) of the resonant dip is
among the narrowest measured for any resonator in the THz range. Spectral position of the
resonant dip is found to be highly sensitive to the optical properties of the defect layer (i.e.,
thickness and refractive index). In order to calibrate the sensor, we use PMMA layers of different
thicknesses attached to the waveguide inner surface, and the surface sensitivity is found to be
0.1GHz/pym. Moreover, an example of THz resonant surface sensing using a-lactose
monohydrate powder as the analyte is demonstrated experimentally. The anticrossing
phenomenon between the core-guided mode and the defect mode is confirmed by imaging of the

modes propagated in the waveguide using a fiber-coupled THz imaging setup. The waveguide



sensor is characterized using both a time domain spectroscopy (TDS) setup and a continuous
wave (CW) setup. We conclude that the CW setup with higher frequency resolution is more
suitable for applications that require high sensitivity and precision. The ability to tailor the
spectral properties of the Bragg waveguides by properly designing their geometrical parameters
means that the proposed sensors become a viable platform for many industrial sensing
applications, such as detection of various powders and online monitoring of environmental

pollutants, as well as detection of bacteria.
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solutions. The weight concentrations (wt.%) and the corresponding RIs of the NaCl
solutions are listed as following. DI water: 1.333, 2%: 1.3366, 4%: 1.3400, 6%: 1.3435, 8%:
1.3470, 10%: 1.3505. (b) Spectral shifts of the fiber maxima transmission peaks obtained
from the experimental measurements and their linear fit. (c) Transmission amplitudes at the
maxima transmission peaks obtained from the experimental measurements and their linear
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Figure 4.6 (a) Experimental set-up for bulk absorption measurements using a cut-back technique,
inset: containers of different length (5cm, 10cm, 15cm). (b) and (c) Optical beam output
spot at the end-face of a container filled with the low-loss heat-transfer fluid. (d) and (e)
Optical beam output spot at the end-face of a container filled with the high-loss sawing fluid.
During measurements, the output spots at the end-face of the container are somewhat
distorted and vary with time, the time intervals between (b) and (c), as well as (d) and (e) are
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Figure 4.7 (a) Absorption coefficients of distilled water and NaCl solutions at concentrations of
3%, 6%, and 9% (by weight) measured using a cut-back technique. (b) Absorption
coefficients of the low-loss-absorption oil (heat-transfer fluid) measured using a cut-back
technique and (c) Absorption coefficients of the high-absorption-loss oil (sawing fluid)

measured using a cut-back teChNIQUE. .........ccceeiuieiiiiiiieie e 55

Figure 4.8 (a) Experimental transmission spectra of the 24cm long Bragg fiber filled with heat-
transfer fluid at different concentrations (by volume). (b) Comparison of the refractive
indices measured in experiment and the reference data provided by the supplier. (c)
Comparison of the experimental concentrations with the concentrations predicted using the
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using the amplitude-based detection Modality. ..........cccoecieiiiiiiiiiieiiiieieceeee e 56

Figure 4.9 (a) Experimental transmission spectra of the 24cm long Bragg fiber filled with sawing
fluids at different concentrations (by volume). (b) Comparison of the refractive indices
measured in experiment and the reference data provided by the supplier. (¢) Comparison of
the experimental concentrations with the concentrations predicted by the spectral modality
and the BG model, as well as the concentrations calculated using the amplitude-based
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Figure 5.1 Schematic of the Bragg fiber (a) and the corresponding planar Bragg waveguide (b)
with the same material composition and layer thickness. The Bragg reflectors feature
alternating polystyrene (PS) /polymethyl-methacrylate (PMMA) layers. The green region
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Figure 5.2 Simulated modal dispersion relations of TM; (a) and TE; (b) modes in the water-filled

Bragg fiber featuring an analyte layer with thickness ranging from Onm to 200nm.
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Corresponding radiation losses of the TM; (c) and TE; (d) modes. Dependence of the
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as a function of the analyte layer thickness. Dependence of the wavelength of the lowest
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Figure 5.6 Experimental setup for the optical characterization of the surface sensitivity of the
squeezed Bragg fiber sensor. The 8cm-long Bragg fiber with a thin PVB coated on the inner
surface is integrated into the setup using two opto-fluidic blocks. A broadband
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a thin PVB layer (thickness~500nm) coated on the inner surface of the fiber core. A blue
shift is observed with dissolution of the PVB film. After the PVB layer is dissolved, the
fiber is purged with fresh ethyl alcohol, and a red shift of ~5nm is observed, which is



xxi
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Figure 5.8 (a) Experimental transmission spectra of the ~8cm-long Bragg fiber filled with
distilled water (a), (c), and 16%wt NaCl in water (b), (d), before and after the PVB film
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Figure 6.1 (a) Schematic of the THz Bragg waveguide. The gray region and white region
represent the high refractive index layer (printing resin) and low refractive index layer (air),
respectively. Both the resin and air layer have a thickness of 512um. The multilayers are
kept together with micro-bridge structures distributed uniformly along the waveguide cross
section. The number of bilayers is 10. Two mounts at the waveguide periphery are
introduced for convenient loading and aligning of the waveguide in the U-shaped holder.
The light blue region is a defect layer in the Bragg reflector. (b). Band diagram of the Bragg

waveguide with a core diameter of 4.5mm. The yellow solid line illustrates the air light line.
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Color of each dot indicates the fraction of power guided in the hollow core. The red-colored
curve represents the HE;;-like mode. A typical defect mode due to the presence of the
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Figure 6.2 (a) Band diagram of the Bragg waveguide with a defect layer (thickness: 300um). The
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CHAPTER 1 INTRODUCTION

Biosensors are electrical, optical, chemical, or mechanical devices that are capable of detecting
various biological and chemical species. During the past several decades, biosensors have been
extensively studied for a variety of industrial applications, such as biochemical sensing, medical
diagnosis, food quality control, and environmental monitoring. Particularly, these applications
include liquid refractive index sensing, detection of analyte layer thickness or trace amounts of
molecules, study of antigen-antibody interaction, and monitoring of surface dynamics, as well as

detection of particles or cells.

In order to convert the analyte information or the biochemical process into a quantifiable
signal, several kinds of transducers (e.g., electrochemical, optical, piezo-electrical, acoustic, and
calorimetric transducers) have been proposed and demonstrated. Among these configurations,
optical transducers are powerful analysis tools to address these applications by investigating the
changes in the optical properties of the sensors such as phase, intensity and frequency, manifested
because of the presence of the biological samples. Due to many desirable advantages including
high sensitivity, immunity to electromagnetic interference, safety in explosive and hazardous
environments, and potential to provide real time and remote analysis, a wide range of optical

biosensors based on different principles and configurations has been proposed and demonstrated.

Optical fibers or waveguides constitute a very promising platform to build optical
biosensors, as they offer miniaturization, high degree of integration, as well as distributed sensing
possibilities. Typically, in such sensors, the spectral properties of the fibers are sensitive to the
effective refractive index changes caused by the binding of biomolecules onto the fiber surface,
or due to the refractive index changes of the bulk analyte solution. Variations in the effective
refractive index of the surrounding medium cause changes in the light propagation conditions,
leading to changes in the properties of the reflected or transmitted optical waves. This sensing
modality is of particular interest in numerous industrial applications. First, since the refractive
index values of materials are related to their compositions, measurement of the analytes refractive
indices can be used for the determination of material purity and concentration, as well as
physical/chemical process monitoring [1-4]. Particularly, on-line monitoring of the solution
concentrations, including heat transfer fluids, coolant, or other dilutions, is of significant

importance in many industrial processes [5]. Second, detection of analytes refractive indices is



one of the most important chemical/biological analysis methods used in biosensors, because
many specimens can be identified by measuring their refractive indices [6-8]. Moreover, binding
events occurring on the fiber surface can be detected by analyzing the variations in the effective
refractive index of the surrounding medium. This kind of sensing mechanism is especially
relevant for biosensing applications, such as precise detection of analyte layers or trace amounts
of biomolecules, study of antigen-antibody interactions, and monitoring of surface dynamics, as
well as identification of bacteria pathogens [9-11]. Additionally, another highly attractive feature
of refractive index sensors is potentially being able to detect various analytes in powder forms
including illicit drugs, explosive or hazardous powders, and suspended powder pollutants,
because of changes of the refractive index in the vicinity of the fiber surface. This sensing
strategy has important applications in the pharmaceutical and food industry, as well as

environmental pollution control [12-14].

In general, fiber-based refractive index sensors can be categorized into two classes
according to different detection strategies, namely, an amplitude-based detection strategy and a
spectral-based detection strategy [15]. Each class has its own advantages and limitations. In an
amplitude-based detection strategy, one typically operates at a fixed wavelength and records
changes in the amplitude of an optical signal, which are then reinterpreted in terms of variations
in the analytes refractive indices. The principal advantages of the refractive index sensors based
on this strategy are low cost, ease of fabrication and simple signal acquisition and processing, as
well as compactness since no bulky spectral analyzers are required. An alternative detection
strategy is based on the spectral interrogation. This sensing modality is commonly employed in
resonant sensing configurations that feature sharp transmission peaks (or dips) in the fiber
transmission or reflection spectra. Perturbations of the refractive index of an analyte in the
vicinity of certain resonant structures (e.g., Bragg gratings [74], interferometers [186], and
whispering-gallery-mode resonator [16, 17]) would modify the resonant property of the structure,
thus leading to spectral shifts in the fiber spectra. There are several advantages offered by the
spectral-based detection modality. Firstly, the resonant peaks (or dips) used to infer the changes
in the analyte refractive index can be made very narrow via proper design of the resonator
structure, thereby allowing for resolving minute spectral shift caused by small variations in the
analyte refractive index, or the bio-layer thickness. Secondly, the sensors operating on a spectral-

based modality are generally less influenced by the fluctuations in the intensity of the light



sources and environmental conditions, which guarantees higher accuracy in the refractive index

measurements.

To date, many fiber-optic refractive index sensors based on different detection strategies
and configurations have been developed. One of the most commonly used configurations is using
an evanescent coupling of the total internal reflection (TIR) guided modes to the test analytes.
The evanescent wave arises when electromagnetic waves traveling in a medium undergo total
internal reflection at its boundary. Although the light propagates along the fiber by total internal
reflectance, there is energy penetrating into the cladding, with its electric field amplitude
decaying exponentially from the core-cladding interface. When this region is surrounded by a test
analyte, the transmission property of the fiber is modified due to coupling of the optical mode to
the analyte. However, these sensors generally have limitations when addressing liquid or gaseous
samples. Particularly, in a typical TIR-based fiber-optic sensor, to ensure an efficient overlap
between the analyte and the evanescent field of the fiber core modes, certain fiber modifications
such as stripping off a section of the fiber cladding or tapering the fibers into microfibers, have to
be first carried out. In practice, these laborious modifications of the fiber structure not only
undermine the mechanical robustness of these sensors, but also limit their effective sensing
lengths. Moreover, since the penetration depth of the evanescent field of the core-guided modes
is typically less than a single wavelength, these sensors suffer from a low sensitivity due to a poor
modal overlap with the test analytes, as well as difficulty in the detection of relatively larger

targets (such as bacteria with sizes of 0.5pum-10um).

Another alternative is to use liquid-core capillary fiber sensors [18-19], where the
refractive index of the fiber core is higher than that of the cladding material. While these sensors
are advantageous due to the enhanced interaction overlap between the optical field and the test
analytes, as well as the simplicity in their structures and sensing principle, the difficulty in
finding suitable cladding material with a refractive index lower than those of aqueous solutions

(n~1.33) limits the application range of the TIR-based liquid-core sensors.

Photonic crystal fibers (PCFs), also known as micro-structured optical fibers (MOFs),
have enormous potential for chemical and biological sensing. The micron-sized holes running
along the length of PCFs enable hosting of the biological/chemical samples in liquid or gaseous

forms inside the air holes in the immediate vicinity of the fiber core, thereby significantly



enhancing light-analyte coupling and ensuring high sensitivity. Of particular interest is the ability
of PCFs to guide in the analyte-filled hollow cores using a photonic bandgap effect. In such
fibers, guidance is possible with analytes of any refractive indices. Additionally, PCFs offer a
number of other unique benefits compared to the conventional TIR-based sensors. First, PCFs
naturally integrate optical detection with microfluidic channels, thus, allowing for continuous
monitoring of dangerous samples in real-time without exposing the personnel to danger. Second,
only a small volume of samples is required for sensing, due to the micro-sized holes of the fluidic
channels. Third, PCF-based sensors can be coiled into long sensing cells, thus dramatically
increasing the interaction lengths and their sensitivities, while the same is impossible to achieve
with traditional TIR-based fiber sensors, as the side-polishing step limits sensor length to only
several centimeters. Fourth, PCFs can be mass-produced using a commercial fiber drawing tower
in a cost-effective way, while traditional TIR-based fibers require significant post-processing

procedures before they can be used for sensing applications.

Generally, PCFs can be divided into two classes, i.e., solid-core PCFs and hollow-core
PCFs [15]. Solid-core PCFs typically guide with a modified total internal reflection principle,
which is similar to the guidance of traditional step-index fibers. Proposed by Monro et al. [92],
the holes in the cladding of an index-guiding PCF can be filled with liquid or gaseous analytes,
which are then detected by the evanescent field propagating in these holes. Careful design of the
geometry parameters such as core size, air-filling fraction allows an enhanced overlap between
the modal field of the fiber and the test analyte. When the cladding holes are filled with liquid
analytes with refractive indices higher than that of the fiber material, the guidance of the solid-
core PCFs turns into the photonic bandgap guidance. These sensors generally use a spectral-
based detection modality. Variations in the refractive index of a liquid analyte filling the fiber
would modify the bandgap guidance of the solid-core PCFs, leading to strong spectral shifts in
the fiber transmission spectra. Thus, the spectral shifts can be used to extract the changes in the
refractive indices of the test analytes. For example, D. K. C. Wu et al. [105] reported a solid-core
PCF refractive index sensor, which achieved very high sensitivity of 30100nm/RIU. However,
this design requires a complicated selective filling method to introduce the liquid analytes into
the porous cladding. Moreover, such sensors can only be used for the detection of analytes with
refractive indices higher than the fiber structure material, which limits their applications in

chemical/biological fields where n is ~1.33.

analyte



Another alternative is using hollow-core PCFs. In this case, the hollow-core is filled with
liquid samples. A highly attractive aspect of this configuration is that the modal field is almost
completely confined to the liquid samples. The sensing mechanism of these sensors is based on
the interrogation of spectral shifts in response to changes in the refractive indices of the liquids
filling the fiber core. For example, in [107], the authors experimentally demonstrated a liquid-
core refractive index sensor that features a hollow core surrounded by a porous cladding. A
sensitivity of ~5000 nm/RIU was reported. However, fabrication of the hollow-core PCFs
requires a sophisticated drawing technique, and the fiber is very expensive (thousands of dollars
per meter). Moreover, these sensors require a relatively long response time to introduce the test

analytes into the micron-sized holes of the PCFs.

Hollow-core photonic bandgap Bragg fibers (or simply hollow-core Bragg fibers) can also
be used for sensing the analytes refractive indices. In the cross section of such fibers, a hollow
core is surrounded by a periodic sequence of micron-sized layers of different materials in the
cladding, as shown in Fig. 1.1. This configuration avoids the problems of selective filling, at the
same time, achieves almost complete modal overlap with the test analytes. Due to the possibility
of having a relatively large core size (~Imm), the response time of introducing the test analyte
into the fiber core could be shortened to ~1s, thus allowing for continuous on-line monitoring of
liquid samples in a contained, highly integrated manner. In [110], K. J. Rowland et al. reported a
hollow-core high-refractive-index-contrast Bragg fiber sensor with a sensitivity ~330nm/RIU.
More recently, our group reported a hollow-core low-refractive-index-contrast Bragg fiber sensor
operating on a spectral modality [111]. We showed that such Bragg fiber sensors offer superior
performance in detection of changes in the real part of the analyte refractive index by monitoring
the spectral shifts in the transmission spectra. The sensitivity of our sensor, compared to that of
the sensor reported in [110], is considerably improved (~1400nm/RIU). In fact, we have argued
in [111], that low-refractive-index-contrast Bragg fibers are most suitable for liquid-core sensors,

while high-refractive-index-contrast Bragg fibers are most suitable for gas-core sensors.



Figure 1.1 A Bragg fiber featuring a large hollow core surrounded by a periodic sequence of high

and low refractive index layers.

In this thesis, we explore the capability of the hollow-core Bragg fibers operating in the
visible range to simultaneously monitor both the real and imaginary parts of the analyte refractive
index by interrogating the spectral modality and amplitude modality. Moreover, we demonstrate
the hollow-core Bragg fibers for surface sensing applications. The fiber sensor operates using a
spectral sensing modality to monitor changes in the thickness of an analyte layer deposited on the
inner surface of the fiber core. Finally, we extend the operation wavelength of the hollow-core
Bragg waveguide sensors into THz range, with a goal to improve the detection limit of such
sensors and, at the same time, enrich their sensing scenarios for the detection of larger targets
such as bacteria and cells, as well as other analytes in powder forms. The hollow-core Bragg
fibers can be directly integrated into the sensing systems without any fiber modifications, which
significantly simplifies the practical sensing implementations, and greatly enhances the
robustness of such systems. Other advantages of the proposed sensors include high sensitivity,
short response time, label-free detection, good repeatability and stability, cost-effective mass
production, and re-usability. We then carry out the theoretical and experimental characterizations
of the proposed sensors and study their applications in various industrial fields. In particular, the

objective of this thesis can be sub-divided into three parts.

In the first part of this thesis (Chapter 4), we investigate the capability of the hollow-core
Bragg fiber to simultaneously monitor both the real and imaginary parts of the analyte refractive
index. We then apply the fiber sensor to monitor the concentrations of various commercial

cooling oils. The sensing strategy relies on a two-channel sensing modality that simultaneously



interrogates the bandgap center position of the Bragg fiber as well as the fiber transmission
amplitude at the bandgap center. Both measurands are highly sensitive to the complex reflective
index of the anlyte filled in the fiber core, thus enabling efficient determination and cross-
correlation with the concentration of cooling oils. The main advantages of the two-channel sensor
compared to a single channel sensor is that, in principle, the measurement error can be
significantly improved if the two channels are independent and they offer comparable detection
errors. The presented fiber sensor can be used for on-line monitoring of concentration of many
industrial fluids such as heat transfer fluids, sawing fluids, and other industrial dilutions with sub-
1%v accuracy. We note that this accuracy is frequently used as a benchmark for evaluating the

performance of sensors [256].

In the second part of this thesis (Chapter 5), we demonstrate the hollow-core Bragg fibers
for surface sensing applications. The fiber sensor operates using a spectral sensing modality to
monitor changes in the thickness of an analyte layer deposited on the inner surface of the Bragg
fiber core. When a thin analyte layer is deposited on the inner surface of the fiber core, the
analyte layer supports its own-guided modes with their optical properties strongly affected by the
layer refractive index and thickness. Due to the phenomenon of avoided crossing in the vicinity
of the phase matching wavelength between a particular pair of the core-guided and the analyte
layer bound modes, fiber transmission spectra (bandgap shape) can be significantly modified,
thus allowing for monitoring of changes in the analyte layer properties. One of the design
challenges when using Bragg fibers for surface sensing is a weak overlap between the modal
fields of the core-guided and the analyte layer bound modes. This is due to the fact that the fields
of the core guided modes of a Bragg fiber decrease rapidly from the core center towards the core
inner surface where the analyte layer is located. In order to increase the field overlap and promote
hybridization between the core-guided modes and the analyte layer bound modes, we propose
squeezing of the Bragg fiber. Squeezing of the fiber decreases the fiber core size in one
dimension, which, in turn, leads to the field enhancement and mode overlap in the direction of
squeezing. As a demonstration of the surface sensing modality, we apply the fiber sensor to
monitor the dissolution dynamics of a polyvinyl butyral (PVB) film coated on the inner surface
of the fiber core. Simulations based on the transfer matrix method are conducted to validate the

experimental results. The proposed fiber sensor opens a new approach for a wide range of



applications, such as detection of molecular interaction and study of surface kinetics, as well as

bacteria detection and other applications involving surfaces.

In the third part of this thesis (Chapter 6), we extend the operation wavelength of the
hollow-core Bragg waveguide sensor into THz range, which is an asset for the detection of larger
targets such as bacteria and cells, as well as other analytes in powder forms. More importantly, by
using such a THz waveguide operating in an effectively single mode regime, we have
significantly improved the detection limit of such sensors by directly tracking the anticrossing
frequency between the core mode and the defect mode, which manifests itself as a sharp
transmission dip (3GHz) in the relatively broad high transmission window (45GHz). This is
accomplished by introducing a geometrical defect in the first layer of the Bragg reflector.
Spectral position of the loss peak is found to be highly sensitive to the optical properties of the
defect layer such as thickness and refractive index. In order to realize such sensors, we use 3D
stereolithography. The Bragg waveguide used in this work features a hollow core surrounded by
a periodic sequence of high/low refractive index multilayers, namely, printing resin (PlasClear,
Asiga), and air. As a practical demonstration, we apply this sensor for detecting PMMA films
with different thicknesses loaded on the inner surface of the waveguide core. Target film
thickness can be directly correlated to the position of the anticrossing frequency. Moreover, an
example of THz resonant surface sensing using a-lactose monohydrate powder as the analyte is
demonstrated experimentally using a fast rotating setup, where the powders are conveniently
spread on the waveguide core surface via the action of centrifugal force. The anticrossing
phenomenon between the core-guided mode and the defect mode is directly confirmed by
imaging the modes propagated in the waveguide using a THz microscopy setup. The Bragg
waveguide sensor is characterized using both a terahertz time-domain (TDS) spectroscopy setup
and continuous wave spectroscopy (CW) setup, and we conclude that the CW setup with higher
frequency resolution is more suitable for applications that require high sensitivities. The ability to
tailor the spectral properties of the sensors by properly designing their geometric parameters
means that the Bragg waveguides become a viable platform for a wide range of applications, such

as detection of various powder analytes including drugs, hazard powders and granular pollutants.

The rest of this thesis is organized as follows:



In Chapter 2, we review several types of fiber-optic sensors, and briefly summarize their
advantages and limitations. We then focus in particular on the research and development of PCF-
based sensors. Finally, we provide an up-to-date review of scientific reports that describe various

types of THz waveguide sensors.

In Chapter 3, we introduce two sensing modalities commonly used by fiber-optic sensors,
which are the spectral-based detection modality and the amplitude-based detection modality.
Then, we present the Bragg fiber design and the techniques used for the fabrication of the
hollow-core Bragg fibers. Finally, we briefly introduce the experimental setup used in this thesis

to characterize the transmission spectra of the proposed Bragg fiber sensors.

Chapter 4 is based on our research paper “Simultaneous monitoring the real and
imaginary parts of the analyte refractive index using liquid-core photonic bandgap Bragg fibers”,
which is published in Optics Express in 2015. In this chapter, we experimentally demonstrate a
hollow-core Bragg fiber sensor for bulk refractometry of liquid analytes. We detail the two-
channel sensing modality that simultaneously interrogates the bandgap center position of the
Bragg fiber, as well as the fiber transmission amplitude at the bandgap center. As a practical
application, we apply the fiber sensor to monitor the concentrations of various commercial

cooling oils.

Chapter 5 is based on our research paper “Squeezed hollow-core photonic Bragg fiber for
surface sensing applications”, which is published in Optics Express in 2016. In this chapter, we
propose and demonstrate a hollow-core Bragg fiber for surface sensing applications. We
demonstrate theoretically and confirm experimentally that squeezing a section of the Bragg fiber
can significantly enhance the surface sensitivity of the fiber sensor. As a practical demonstration,
we apply the fiber sensor for in sifu monitoring of the dissolution dynamics of a sub-micron-thick

polyvinyl butyral film coated on the surface of the liquid-filled Bragg fiber core.

Chapter 6 is based on our research paper “3D printed hollow-core terahertz Bragg
waveguides with defect layers for resonant surface sensing applications”, which is published in
Optics Express in 2017. In this chapter, we demonstrate that by using Bragg waveguides with
defect layers, we can significantly enhance the sensitivity and detection limit of such sensors. As
a practical application, we apply the sensor to detect PMMA films and lactose powders loaded on

the waveguide inner surface.
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In Chapter 7, we summarize the distinctive features of the proposed Bragg fiber sensors,
provide a general discussion of the achieved results, and indicate future research directions and

perspectives for this project.

Finally, in Chapter 8, the thesis is concluded with a summary of all the results.
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CHAPTER 2 LITERATURE REVIEW

In this Chapter, we review several of the most commonly used fiber-optic refractive index
sensors and briefly summarize their advantages and limitations. Then, we focus in particular on
the research and development of PCF-based optical sensors, and conclude that PCFs offer many
advantages for sensing of samples in liquid and gaseous forms, compared to conventional step-
index fibers. Finally, we review several waveguide sensors operating in the THz regime.
Considering that a prerequisite of fiber-optic sensors to function in industrial sensing applications
is the ability to detect the refractive index variations and surface binding events, we will review

these two sensing scenarios in parallel.

2.1 Review of fiber-optic sensors

2.1.1 Fiber-optic sensors based on the evanescent field detection

The evanescent wave, first described by Hirschfeld [21], arises when electromagnetic waves
traveling in a medium undergo total internal reflection at its boundary. Based on the principle of
total internal reflectance, light launched into a waveguide placed in a dielectric medium with
lower refractive index is totally internally reflected when the angle of light incidence is greater
than the critical angle. Although the light propagates along the fiber by total internal reflectance,
there is energy penetrating into the cladding, with its electric field amplitude decaying
exponentially from the core-cladding interface. The exponentially decaying evanescent field in
the cladding region is frequently used for developing different types of optical transductions such
as fluorescence or absorption [22-25, 66]. In a fiber with uniform diameter, the evanescent field
decays to almost zero within the cladding. Therefore, to create an efficient overlap between the
evanescent field of the core modes and the test analyte, the cladding of the fibers should be

partially or completely removed, as shown in Fig. 2.1.

In a fluorescence-based sensor, the fluorescence is excited and coupled back to the fiber
by the evanescent field [24-29]. Since the evanescent wave is a near-surface phenomenon,
sensors employing the evanescent wave to generate fluorescent signal are by nature surface
detections. Only the fluorescent molecules near the surface are excited, thereby enabling

discrimination of specific binding from non-specific absorption of sample components. In the
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case of absorption as optical transducer, the output light intensity is interrogated with the
complex refractive index of the surrounding medium. When the fiber core is exposed to the test
analyte, the evanescent field strength is influenced by the extinction coefficient of the analyte,
and the concentrations of the analyte can be detected by measuring the loss of the output power
of the sensing fiber. By immobilizing the biological receptor close to the optical fiber, or directly
on its surface, one can detect the binding of analytes that absorb the propagating light, thus
enabling detection of specificity [30-32]. For example, in [32], an evanescent wave absorption

sensor based on a multimode fiber is demonstrated for DNA concentration detection.

’ Evanescent field

Figure 2.1 Schematic of fiber optic sensors based on the evanescent-field detection.

Moreover, refractive index sensors based on the evanescent field detection have also been
reported [33, 34]. In such sensors, the presence of liquid analytes with different refractive indices
in the unclad region of the fiber can modify the modal confinement condition, thus leading to
changes in the transmission amplitude of the fiber. In [33], M. Sheeba et al. demonstrated a side-
polished evanescent-field fiber refractometer for the detection of adulterant traces in coconut oil
with a refractive index resolution of 10~ RIU. In [34], a refractometer based on a tapered fiber

was demonstrated, with the resolution in this case being found to be 10 RIU.

One critical parameter related to evanescent-field based sensing strategy is the penetration

depth of the core mode, d,, which is defined as the distance where the electric field amplitude

decreases to [I/e of its value at the core-cladding interface. The penetration depth is

mathematically given by [23]:
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where, A is the wavelength of the light source, # is the incident angle of light at the
core/cladding interface, and n,, and n, are the refractive index of the fiber core and the cladding,

respectively.

For example, analytes in biosensing applications usually have a refractive index of 1.33-
1.34. The fiber core typically has a refractive index of ~1.45, and the penetration depth is
estimated to be ~140nm for a light source with wavelength of 470nm [23]. Generally speaking,
the greater the penetration depth is, the higher the sensor sensitivity is, due to an increased modal
overlap with the test analyte. In this respect, the evanescent-field based fiber-optic sensors
become more sensitive to analytes with refractive indices closer to that of the fiber core [36, 37].
Other methods that can enhance overlap between the evanescent field and the test analyte include
employing different geometric designs, such as tapering fibers into microfibers [38, 39], U-

shaping of the unclad fibers [30, 31], or using side-polished fibers [35, 40-42].

The merits of sensors in this category are the simplicity of the structure, low cost, small
footprint, and a simple sensing mechanism, while the main disadvantages of such sensors are
their poor modal overlap between the evanescent field and the analyte (less than 1%), as well as
the poor mechanical robustness due to the cladding-stripping or fiber-tapering process. Moreover,
since the penetration depth of the evanescent field is typically less than a wavelength, fiber-optic
sensors employing evanescent wave excitation are, by their nature, surface-sensitive

measurements. Therefore, they can only detect the surface events rather than the bulk events.

2.1.2 Fiber-optic sensors based on the surface plasmon resonance (SPR)

Surface plasmons are the collective charge oscillation modes localized on the interface between a
metal and dielectric layer with unique light interaction properties. Propagating at the
metal/dielectric interface, surface plasmons are extremely sensitive to changes in the refractive
index of the dielectric medium. Typically, these sensors are implemented in the Kretschmann-
Raether prism geometry, where a p-polarized light is launched through a glass prism and
reflected from a thin metal (Au, Ag) film deposited on the prism facet, as shown in Fig. 2.2. The
presence of a prism allows phase matching of an incident light wave with a plasmonic wave at

the metal/dielectric interface, by properly choosing the light wavelength and the incident angle.
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Changes in the refractive index of an analyte adjacent to the metallic layer would modify the

phase-matching condition, thus leading to variations in the spectrum of the reflected beam.
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Figure 2.2 Sketch of the operating principle of the Kretschmann-Raether prism (SPW surface

plasmon wave) [Fig. 1 in Ref. 43]

Using optical fibers instead of the bulk prisms in plasmonic sensors offers miniaturization,
high degree of integration, and remote sensing capabilities. Fiber-optic SPR sensors operate near
the frequency of phase matching between a core-guided fiber mode and a high lossy plasmon
mode propagating at the metallized core/cladding interface. Being extremely sensitive to the
variations in the refractive index of the dielectric surrounding the metal film, fiber-optic sensors
based on surface plasmon resonance have attracted much attention, and they have been
implemented in many sensing structures [44-49]. In the simplest case (as shown in Fig. 2.3),
similar to the case of the evanescent field based fiber sensors, a small portion of the fiber
cladding is removed and subsequently coated with a thin metal layer (10-50nm). When this
region is surrounded by an analyte, the transmission spectrum of the fiber-based SPR sensor
features a spectral dip at a resonant frequency due to efficient excitation of lossy surface
plasmons. Variations in the analyte refractive index or the anlyte layer thickness adjacent to the
metal layer would result in the spectral shifts of the resonant wavelength, which constitutes the

operation principle of the fiber-based SPR sensors.
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Figure 2.3 Schematic of the fiber-based SPR sensor (Fig. 1 from Ref. [64])

Y. Lin et al. [50] reported a refractive index sensor based on SPR with a side-polished
multimode fiber. The experimentally demonstrated sensitivity was ~1570 nm/RIU. In Ref. [51], a
similar fiber-based SPR sensor with an improved sensitivity of ~2400nm/RIU was reported, by
optimizing the thickness of the metal layer. Several researchers fabricated an additional high-
index dielectric layer on the metal film to protect the metal coating and improve its sensitivity
[52]. By optimizing the thickness and the refractive index of the dielectric layer, the sensitivity
was significantly improved from ~2800 nm/RIU to ~5200 nm/RIU. Additionally, J. H. Ahn et al.
[53] demonstrated a fiber-based SPR configuration, in which a metal-dielectric-metal multilayer
was deposited on top of a side-polished fiber. The presence of dielectric layer sandwiched
between two metal layers allows precise tuning of the resonance wavelength and generation
multiple modes. These modes can be selectively chosen for suitable applications. In Ref. [54], the
authors demonstrated a tapered fiber-optic SPR sensor (waist diameter as small as 30 um) with a
semi-cylindrical shape thin metal layer. This configuration leads to the excitation of several
hybrid SPR modes, thereby generating several resonance dips in the fiber transmission spectrum.
The sensitivity of this sensor was found to be 1.2x10° nm/RIU, with an equivalent resolution as
high as 7x10” RIU. Another important application of the fiber-optic SPR sensors is to monitor
the thickness variations of thin films deposited on the fiber surface. For example, in Ref. [55], M.
Mar et al. used a fiber-optic SPR probe for in situ characterization of a multi-layered-Langmuir-
Blodgett film. Experimental results show constant shifts in the resonance wavelength as the

number of monolayers was increased. Similar configurations of using fiber optic SPR sensors for
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real-time monitoring of the growth of titanium-dioxide thin films [56], and nano-scale polymer

films [57], as well as formation of polyelectrolyte coatings [58], have also been reported.

Currently, fiber-based SPR sensors are among the most sensitive sensors, and thus, are
particularly suitable for biomedical sensing applications including monitoring the analytes
refractive indices, detection of the surface binding events and DNA hybridization, as well as
study of antigen-antibody interactions [59-65]. The advantages of the fiber-based SPR sensors
include ultra high sensitivity, label-free and real-time sensing capabilities, flexible sensing
structure designs, miniaturized sensor systems, and remote sensing capability, while the
drawback of this technique is a complicated fabrication process that requires fiber cladding
stripping and polishing, and precisely controlled metal-layer deposition. Moreover, since the
probing length of surface plasmon in the visible range is only on the order of 100nm, detection of
larger targets (such as bacteria with sizes of 0.5um-10um) is problematic using SPR-based fiber

SENSOrs.

2.1.3 Fiber-optic sensors based on the fiber gratings

Fiber gratings can be generally categorized into fiber Bragg gratings (FBGs) and long-period
gratings (LPGs); both of them have been intensively studied for sensing applications. A FBG,
which features a grating constant on the sub-micron level, is usually inscribed in the core of a
single-mode fiber. It is able to couple a forward-propagating core mode of the optical fiber into
the backward, counter-propagating mode at the resonant wavelength of the Bragg grating,
thereby generating a spectral peak in the reflection spectrum or a spectral dip in the transmission
spectrum, as shown in Fig. 2.4. FBGs are usually used as physical sensors for monitoring the
temperature, strain, and pressure [67-69]. Some researchers also demonstrate sensors based on
FBGs for the detection of analyte refractive index or biolayer thickness. The operation relies on a
spectral-based sensing modality. Variations in the analyte refractive index or layer thickness
adjacent to a FBG would modify the effective refractive index of the fiber core mode, thus
shifting the resonant wavelength of the FBG. One typical implementation of such a sensor is by
partially etching the fiber cladding, so that the evanescent field of the fiber core mode could
couple with the test analyte [70-72]. In Ref. [71], A. Asseh et al. demonstrated a FBG
refractometer in which the cladding of the FBG is stripped using a chemical etching method. The

sensitivity of this FBG refractometer was calculated to be ~220 nm/RIU at a refractive index
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value of ~1.45. Since only a small portion of the evanescent wave interacts with the material
under test, the sensitivities of such devices are limited. To improve the modal overlap with the
samples, Zhou et al. [73] demonstrated a liquid-core fiber sensor fabricated by a chemical etching
assisted femtosecond-laser milling technique. A micro-slot engraved along the fiber Bragg
grating was used to construct liquid-core waveguide by filling the slot with index matching oils.
Experimental sensitivity was reported to be ~945nm/RIU, although the operation range of this
sensor is limited to analyte with a refractive index larger than 1.44. In recent years, FBG sensors
have also been proposed for biochemical sensing applications. By monitoring the changes of
refractive index, one can effectively study the binding events and surface interaction occurring in
the evanescent field of the core mode. In 2005, A. N. Chryssis et al. demonstrated an etched FBG
sensor for in situ monitoring of DNA hybridization [74]. Later, in 2008, S. Maguis et al. [75]
presented a biosensor based on a tilted fiber Bragg grating refractometer that enabled real-time
detection of target molecules, and the study of antigen-antibody reaction kinetics. A pronounced
advantage of the FBG sensor is that the linewidth of the spectral feature is relatively narrow,
which allows for measuring minute spectral shift due to small changes in the refractive index of

the surrounding medium.
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Figure 2.4 Schematic of the operation principle of fiber Bragg grating sensors [Fig. 4 in Ref. 88]
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A long period grating typically has a grating constant ranging from ten to several hundred
micrometers, as shown in Fig. 2.5. A LPG can couple a fiber core mode into multiple forward-
propagating cladding modes. Therefore, sensors based on LPGs generally do not require fiber-
cladding stripping. The transmission spectrum of a LPG normally features multiple spectral dips
corresponding to the distinct cladding modes. The propagation constants of the cladding modes
are very sensitive to the surrounding medium, which constitutes the operation principle of LPG

sensors. In 1997, V. Bhatia et al. [77, 78] demonstrated a LPG sensor based on a single-mode
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fiber for measuring the variations of the analytes refractive indices, and they achieved a
sensitivity of ~400nm/RIU in the refractive index range of 1.33-1.43. To improve the sensitivity,
LPG sensors fabricated on D-shaped fibers [79, 80], or tapered fibers [81-83] were reported, and
the experimentally demonstrated sensitivity was found to be 2733nm/RIU in the measuring range
of 1.45-1.454. Moreover, LPG-based biosensors have also been developed for the detection of
overlayer thickness [84, 85], chemical concentrations [76, 86], and study of specific antigen-

antibody interaction on the LPG surface [87-90].

We note that LPGs potentially could be developed into compact, highly sensitive sensors.
However, LPG-based sensors usually have broader resonance bands, as compared to those of
FBGs, which would make determination of the peak positions in fiber transmission spectrum
considerably less precise, which, in turn, makes such a sensor less sensitive compared to their
FBG counterparts. Moreover, sensors based on FBG or LPG generally have a relatively moderate
accuracy due to the cross sensitivity to the fiber strain, bending, and temperature, which is the
most pronounced disadvantage. Additionally, these sensors normally suffer from poor

mechanical robustness due to the fiber cladding modifications or tapering process.
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Figure 2.5 Schematic of the operation principle of long period grating sensors [Fig. 6 in Ref. 88].

2.2 Review of the PCF-based sensors

Photonic crystal fibers (PCFs), and photonic bandgap fibers (a subset of PCFs), refer to optical
fibers that have specially patterned, micro-sized holes running along the fiber length, or a
periodic sequence of materials in their structures. In general, PCFs can be divided into two
classes, i.e., solid-core PCFs [Fig.2.6 (a)] and hollow-core PCFs (HC-PCFs) [Figs. 2.6 (b) and
(c)]. Solid-core PCFs typically guide with a modified total internal reflection principle, which is

similar to the guidance of traditional step-index TIR fibers. HC-PCFs feature a hollow core
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surrounded by a periodically micro-structured region (e.g., several rings of small air holes or a
periodic sequence of high and low refractive index layers) designed such that certain wavelengths
cannot propagate through this region and are hence confined to the hollow core by photonic
bandgap effect [91]. PCF-based platforms offer numerous advantages for bio-sensing
applications. First, the test analytes can be probed by the guided light inside the holes without
removing the fiber claddings, thus maintaining the robustness of the sensors. Second, the air
holes of the PCF can hold a biological sample with a small volume (only a few nanolitres per
centimeter of the fiber), while achieving high sensitivity. This is a significant advantage for
biosensing applications. In addition, geometrical manipulation of the fiber cross-section gives
PCFs the flexibility to increase the interaction of the guided light with the test sample. There are
several types of sensing schemes using PCFs, according to different configurations and working

principles.
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Figure 2.6 Various types of PCFs. (a) Solid-core PCF featuring a solid core surrounded by a
periodic array of air holes. (b) Hollow-core PCF featuring a hollow core surrounded by several
rings of small air holes. (¢) Bragg fiber featuring a large hollow core surrounded by a periodic

sequence of high and low refractive index layers. (Fig. 2 in Ref. [91])

2.2.1 Solid-core PCF sensors

Proposed by T. M. Monro et al. [92, 93] in 1990s, the cladding holes of a solid-core PCF can be
filled with liquid or gas analytes, and the samples are detected by the evanescent field that
propagates in these holes. Careful design and optimization of the PCF features, such as core size,

pitch, and air-filling fraction in the micro-structured cladding, allows an improved overlap
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between the mode field and the test samples (more than 20%), whilst circumventing the problems
of short interaction length and fragility associated with traditional stripped claddings or tapered
fiber structures in evanescent field based fiber-optic sensors. After this pioneering work, many
PCF-based sensors have been designed and reported. For example, evanescent field based
absorption spectroscopy for aqueous samples in the holes of a PCF [94, 95], and qualitative
detection of aqueous solutions of fluorophore-labelled biomolecules positioned in the air holes
[96-99], have been demonstrated. Another demonstration of label-free biosensing was using a
silica PCF with a long-period grating (LPG) in order to measure the thickness of double-stranded
DNA [100, 101]. A spectral shift of 1.4nm in the resonance wavelength per nm of double-

stranded DNA layer was demonstrated.

Solid-core PCFs typically guide with a modified total internal reflection principle.
However, when they are used for the sensing of liquid analytes with refractive indices higher than

that of the fiber materials (e.g. n >1.45 for silica PCFs), the guidance of the solid-core PCFs

analyte
turns into the photonic bandgap guidance. In Ref. [103], a solid-core PCF sensor was
theoretically proposed for sensing of high-index liquid analytes, and the sensitivity was
calculated to be ~1200 nm/RIU with the analyte refractive index value of 1.58. X. Yu et al. [104]
experimentally demonstrated a solid-core PCF with high index infiltrations for refractive index
sensing. Strong shifts in the fiber bandgap positions are observed with the refractive index
variations of the infiltrated liquids. A sensitivity of~1500 nm/RIU was achieved experimentally.
In [105], D. K. C. Wu et al. reported a microfluidic refractive index sensor based on a solid-core
PCF. The sensor achieves very high sensitivity by coupling the core mode to a mode localized in
the adjacent analyte-filled waveguide at the frequency near the modal cut-off. The experimental
demonstrated sensitivity of this refractometer was as high as 30100 nm/RIU due to a strong field
overlap. However, these designs require a complicated high-pressure filling method to introduce
the liquid analytes into the porous claddings. Moreover, these sensors only work for analytes with
high refractive indices (n

>n_, ), which limits their applications in biological and chemical

analyte silica

field where n 1s ~1.33.

analyte
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2.2.2 Hollow-core PCFSs sensors

Hollow-core PCFs present an alternative for sensing applications to their solid-core counterparts.
The key functionality of such sensors is their ability to guide light directly in the hollow or
liquid-filled cores with a refractive index smaller than that of a surrounding cladding material by
photonic bandgap effect. Practically, bandgaps are defined as the frequency regions of enhanced
fiber transmission, and they are the result of destructive interference of the core-guided light
inside of the microstructured cladding [91]. When launching a spectrally broad light into a HC-
PCF, only the spectral components guided by the fiber bandgap will reach the fiber end, while all
the spectral components not located within the bandgaps will irradiate out near the fiber-coupling

end.

HC-PCFs based sensors typically operate using a spectral-based detection modality.
Variations in the refractive index of a liquid analyte inside the fiber core would modify the
bandgap position of the HC-PCF, leading to spectral shifts in the fiber transmission maxima. The
spectral shifts can be used to deduce the changes in the refractive indices of the analytes filling
the fiber core. Such sensors can achieve almost complete modal overlap with the analytes, thus
resulting in very high sensitivity to the refractive index changes. In [107, 108], the authors
experimentally demonstrated a highly sensitive liquid-core refractive index sensor based on a
commercial silica-based HC-PCF that featured a hollow core surrounded by a porous periodic
cladding. A sensitivity of ~5000 nm/RIU was reported. However, fabrication of such fibers
requires a sophisticated drawing technique, and the fiber is extremely expensive (thousands of
dollars per meter). Moreover, these sensors require a very long response time due to the necessity
of introducing the test analytes into the micron-sized holes of a PCF [~10 min for 20cm-long

PCFs].

As shown in Fig. 2.6(c), there is a special type of hollow-core PCF, i.e., hollow-core
photonic bandgap Bragg fiber, which features a large hollow core surrounded by alternating
multilayers of high and low refractive index layers. This configuration avoids the problems of
long filling time due to the large size of the hollow core and, at the same time, achieves almost

complete confinement of light within the test analyte. Moreover, the bandgap guiding mechanism
is valid for liquids with refractive indices smaller than that of the cladding material (n,~1.49-
1.58). This is important for many industrial and biochemical sensing applications, where n is

analyte



22

~1.33. Due to the possibility of having a large core (~Imm), the response time of the Bragg fiber
sensors could be shortened to ~1s, thus allowing for continuous on-line monitoring of liquid

samples in a contained, highly integrated manner.

In 2009, our group proposed the possibility of using a hollow-core low-refractive-index-
contrast Bragg fiber as a refractive index sensor [15]. It was theoretically predicted that such a
Bragg fiber based refractive index sensor could be on the order of 5000nm/RIU, which is
comparable to that of most commonly used SPR sensors. In 2012, K. J. Rowland et al. [110]
reported a HC high-refractive-index-contrast Bragg fiber sensor with a sensitivity of~330nm/RIU.
More recently, our group reported a HC low-refractive-index-contrast Bragg fiber sensor [111].
We showed that such fiber sensors offer outstanding performance in detection of changes in the
real part of the analyte refractive index by monitoring the spectral shifts of the fiber transmission
peaks. The sensitivity of our sensor, compared to that of the one reported in [110], is
considerably improved (~1400nm/RIU). The detection limit of this Bragg fiber sensor can be as
small as 7x10”°RIU, assuming that a spectral shift of 0.1nm can be detected reliably. We note that
the low-refractive-index-contrast Bragg fibers have certain advantages for liquid analyte sensing,
compared to their high-refractive-index-contrast counterparts. In fact, we have argued in [111,
113] that the high-refractive-index-contrast Bragg fibers are relatively suitable for gas sensing
(n~1), as for most high-refractive-index-contrast Bragg fibers filled with aqueous solutions
(n~1.33), the TM band gaps of the Bragg reflector tend to collapse at the light line of aqueous
material due to the Brewster angle phenomenon, leading to high loss for the hybrid (HE/EH)
modes. In contrast, the low-refractive-index-contrast Bragg fibers show large TM band gaps in
the vicinity of the light line of the aqueous core, thus resulting in a good guidance. We note that
the drawback of such sensors is that the plastic materials frequently used in Bragg fibers are

generally less chemically resistant than their silica counterparts.

2.2.3 PCF sensors based surface plasmon resonance

The combination of photonics and plasmonics is an emerging research area that benefits from the
improvements in the coating technology, and it attracts growing interest for biosensing
applications. Compared to other types of SPR sensors, PCF-based SPR sensing technology has a
number of advantages, such as a large mode area, and a wide tuning range of phase matching

condition [121-123]. In a PCF-based SPR sensor, plasmons on a thin metal film can be excited by
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a Gaussian-like leaky mode of a photonic crystal waveguide. It has been demonstrated that the
effective refractive index of the fiber core mode can be designed to be considerably smaller than
that of a core material, thereby enabling efficient phase matching with plasmons at any
wavelength of choice, while maintaining highly sensitive response to changes in the refractive
index of an analyte layer. In 2006, Kuhlmey et al. [124] provided a theoretical model for metal-
coated PCFs and showed that such fibers exhibited plasmonic resonances. Later in 2008,
Hautakorpi et al. [125] proposed a three-hole PCF based SPR sensor. This configuration offers
higher integrity by ingeniously combining analyte, surface plasmons, and the optical fibers.
Hassani and Skorobogatiy [126, 127] analyzed in detail the design principles for two different
PCFs structures with metallic coating for biosensing applications. In these designs, phase
matching was facilitated by the introduction of the hollow microstructure into the fiber core.
Improved microfluidics was addressed by the integration of large analyte-filled channels adjacent
to the fiber core. Detection limit of the amplitude-based sensor for measuring changes in the
aqueous analyte was found to be 5x107 RIU, assuming a 1% amplitude change detection limit.
The detection limit of the same sensor in the wavelength interrogation mode was found to be
3x10° RIU, assuming a 0.1 nm detection limit in the shift of a plasmonic peak. More recently,
Otupiri et al. [128] presented a theoretical investigation of a multi-channel SPR biosensor based
on PCFs. The relatively large air holes and fluidic channels of the biosensor would facilitate
aqueous sample loading with pressure or capillary action. The structure with metallized channels
shows better performance in terms of easy microfluidic flow of test samples and improved
mechanical robustness, compared to traditional fiber-based SPR sensor. Unfortunately, in
practice, the metallization of these micron-sized holes along the PCF has proved to be

experimentally difficult, and most of the work in this area is still in theoretical level [129-133].

To summarize this section, we have reviewed several optical sensors based on PCFs, and
we found that a PCF by itself can be used as a platform for the sensing of liquid or gaseous
analytes. In fact, the function of a refractive index sensor can also be implemented on PCFs
utilizing fiber Bragg gratings [134-137], long period gratings [138-144], fiber interferometry
techniques [145-151], as well as non-linear effects [152]. All these techniques significantly
enrich the sensing scenarios of PCF-based sensors, and make PCFs very promising for the

development of the next generation of fiber-optic sensors.
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2.3 THz waveguide sensors

Currently, most of the investigations of fiber-optic sensors are limited to the visible and near-IR
regions. However, since the probing lengths of the evanescent fields in these spectral ranges are
deeply sub-wavelength, detection of larger targets (such as bacteria with sizes of 0.5pum-10um) is
found to be problematic. In order to extend the probing depth of the surface wave to longer
distance for macromolecular or bacteria detection, one can pursue biosensors operating at longer

wavelengths (such as THz).

The THz range, with frequencies lying between 100 GHz and 10 THz, has strong
potential for a wide range of technological and scientific applications including biosensing,
imaging, communications, and spectroscopy [116-120, 153, 154]. Among these applications,
THz biosensing has attracted wide interest due to many appealing properties of THz waves. First,
THz waves are non-ionizing. Therefore, they pose no damage to the biological samples. Second,
many molecules have vibrational and rotational modes in the THz regime, resulting in unique
absorption spectral signatures. Third, the probing length of THz surface wave is a natural fit for

detection of macromolecules, cells, and bacteria of relatively large sizes.

Designing of THz waveguides for flexible delivery of THz radiation with low loss and
efficient light-matter interactions is an important step towards practical sensing applications. The
concept of using waveguides for sensing is well established in other frequency ranges, but has
only recently started maturing in the THz range. One principal difficulty for realizing low-loss
THz waveguides is that most materials exhibit large absorption losses in the THz region. In order
to circumvent the loss limit imposed by the absorption of fiber material, subwavelength [155-
158], porous [159-161], and hollow-core THz waveguides with various structures [162-164], are
developed. In particular, hollow-core or porous waveguides are of great interest for biosensing
applications. Such configurations allow the test samples to conveniently access to the waveguide
core and the evanescent part of the guided waves. Moreover, the relatively large channels could
be further functionalized with bio-recognition elements (such as phages) that can bind and
progressively accumulate target bacteria, thus enabling detection of specificity. In what follows,
we review several up-to-date waveguide platforms operating in the THz range that have been

developed for sensing experiments.
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2.3.1 Anti-resonant reflecting hollow waveguide (ARRHW) sensors

One of the most common configurations of THz waveguides for sensing applications is based on
ARRHW, which features a hollow core surrounded by a ring-shaped dielectric cladding. In this
configuration, the core modes can oscillate and radiate through the cladding since the refractive
index of the waveguide core is smaller than that of the cladding material. The guiding mechanism
of these waveguides is similar to the anti-resonant reflecting optical waveguide model [165-167,
170]. The cladding of such waveguides can be considered as a Fabry-Perot (F-P) resonator. For
the wavelengths that satisfy the resonance condition, constructive interference occurs, which
means that the F-P resonator is highly transparent for these wavelengths; therefore, light cannot
be reflected and leak out of the cladding structure (leaky modes). On the other hand, for the
wavelengths under the anti-resonant condition of the cladding (i.e., the wavelengths that do not
satisfy the resonance condition), destructive interference takes place, light is well reflected by the
F-P resonator, and confined in the air core as guided modes. A schematic of a typical THz-
ARRHW sensor with a double-layered cladding is illustrated in Fig. 2.7 [168]. A thin film
attached to the ring waveguide cladding of the THz-ARRHW results in resonant-frequency shifts.
Thus, one can sense the tiny variations in the refractive index or thickness of an adsorbed

molecular film near the ring cladding.

Figure 2.7 Schematic cross-section diagram of a typical THz-ARRHW sensor [Fig. 1 in Ref. 168].

The position of the non-transmission wavelengths can be described by the following

equation:
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A« =2(d1\]n12_n§+d2 an_ng) (22)
m

m

where n,, n, and n, are the refractive indices of air, waveguide cladding, and sample layer,

respectively. d, and d, are the thicknesses of the waveguide cladding and the sample layer; m is
a positive integer.

From Eq. (2.2), we can see that the resonant wavelengths are determined by the thickness
and effective refractive index of the cladding. Based on this mechanism, various sensing
applications have been proposed. For example, in [168], the authors experimentally demonstrated
the use of a simple hollow tube for the detection of sub-wavelength-thick molecular overlayer
adhered to the inner-core surface of tubes. Due to the strongly localized THz evanescent wave at
resonant frequency, which is sensitive to the optical-path length of the tube wall, a tiny thickness
variation of the molecular layer deposited on the tube would result in an obvious frequency shift
of the resonant dip in the transmission spectrum. The demonstrated sensitivity was found to be
0.003mm/pm for a carboxypolymethylene-molecular overlayer. In another implementation [169],
the authors demonstrated a similar pipe waveguide as a terahertz refractive index sensor for
powder and liquid-vapour sensing. Loading various powders in the ring cladding or inserting
different vapours into the hollow core of the pipe waveguide leads to a significant shift of
resonant frequency, and the spectral shift is related to the refractive-index changes. The proven
detection limit of molecular density was found to be 1.6nano-mole/mm’ and the highest
sensitivity to changes in the analyte refractive index was found to be 22.2GHz/RIU. The
demonstrated sensors based on ARRHW have the advantages of flexibility and compactness, as
well as remote sensing capability. They are potentially suitable for applications, such as

biomedical or industrial sensing applications, and environmental pollutant monitoring.

2.3.2 Parallel plate waveguide (PPWG) sensors

Parallel plate waveguides [171-180] have also been extensively studied for THz guidance and
sensing experiments. PPWG is typically composed of two parallel metal plates separated with an
air gap, as shown in Fig. 2.8. One appealing property of such waveguides is that one can
selectively excite specific modes with different input polarizations. When the input Gaussian
beam is polarized parallel to the plates, one can excite the lowest-order transverse electric (TE,)

mode [171]. In contrast, when the input beam is polarized perpendicular to the plate, transverse
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electromagnetic (TEM) mode with low-loss and negligible dispersion can be efficiently excited
[172]. THz pulses propagating in the PPWG allows characterization of analyte liquids or
dielectric films loaded in the vicinity of the waveguide. In such sensors, sensing of thin dielectric
films is based on the analysis of resonant frequency or pulse delay in the presence of the test
sample. In 2009, the authors [173] described a THz resonator integrated with a parallel-plate
waveguide for highly sensitive, and noninvasive liquid refractive index monitoring. The
resonator is formed by machining a rectangular groove into one plate of a parallel-plate
waveguide, and can be efficiently excited via the transverse-electric (TE,) mode. When the cavity
is filled with the dielectric liquid material, the resonance frequency shifts correspondingly. The
demonstrated refractive index sensitivity was found to be 3.7x10°nm/RIU. This resonator
features an extremely narrow linewidth (3GHz at 0.3THz), which was the narrowest achieved in
that frequency range. Such resonators can be easily integrated into microfluidic platforms for
real-time monitoring of various samples. Later in 2012, the same research group [174] realized a
similar parallel-plate waveguide sensor with two independent integrated resonant cavities. The
resonant frequency of each cavity exhibits an approximately linear dependence on the refractive
index of the material inside the cavity, and each cavity is demonstrated to respond independently
with no measurable crosstalk. In another implementation [175], the authors demonstrated THz
sensing of a thin dielectric layer using a parallel-plate waveguide. By inserting a single slit sheet
in the waveguide, two channels were thereby formed. When a thin dielectric layer was applied
on the upper surface of the channel, changes in the single resonance frequency could be
correlated to the layer properties, including length, thickness, and refractive index. The
experimental demonstrated sensitivity was found to be 2.4GHz/mm. Moreover, Zhang, et al. [176]
demonstrated a waveguide terahertz time-domain spectroscopy for the characterization of
nanometer-thick water layers on the surface of a parallel-plate metal waveguide. Both the
absorption and refractive index of the water layer were measured by comparing the signal from
an empty waveguide with that from the waveguide containing the water layer. This technique has
the advantage of simplicity both in the fabrication and implementation. In addition, the open

geometries of PPWG are ideal for the sensing of thin films and powder analytes.
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Figure 2.8 Schematics of a parallel plate waveguide sensor [Fig. 3 in Ref. 177].

2.3.3 Micro-structured THz waveguide sensors

Another major category of waveguides that have been proposed and developed for THz sensing
applications is micro-structured waveguides. These waveguides offer better confinement and
lower losses due to less material residing in the core compared to solid-core waveguides, and
they have great potential for sensing applications. For example, in Ref. [181], the authors used a
suspended core polyethylene THz fiber for the detection of E. coli bacteria based on an amplitude
modality. Selective binding of the E. coli bacteria to the surface of the fiber core modifies the
THz transmission properties of the suspended core fiber due to enhanced scattering and
absorption losses. Changes in the fiber propagation loss can then be correlated to the
concentration of the bacteria in the liquid analytes. The sensor is capable of E. coli detection at
concentrations in the range of 10*-10° cfu/ml. Presented bacteria detection method is label-free,
and it does not rely on the presence of any bacterial “fingerprint” features in the THz spectrum.
In another implementation [182], the authors proposed a planar porous dielectric waveguide
featuring periodic sequence of deeply sub-wavelength air/dielectric bi-layers for potential
applications as low-loss waveguides and sensors in the THz spectral range. The design of this
waveguide maximized the fraction of power guided in the air to reduce the waveguide loss due to
material absorption, thus providing a conveniently accessible microfluidic channels for sensor
measurements. Additionally, authors in [183-185] proposed a hybrid refractometer based on
plasmonic THz waveguides that feature two metallic wires inserted into a porous dielectric
cladding. The introduction of even lossless analytes into the fiber core leads to significant

changes in the modal losses, which is used as a transduction mechanism. Refractive index
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sensitivity on the order of 107 RIU is theoretically demonstrated for gaseous analyte based on an
amplitude detection modality. Such a sensor is potentially capable of identifying various gaseous

analytes and aerosols or measuring the concentration of dust particles in the air.

2.4 Conclusion

In this Chapter, we review the main types of the fiber-optic sensors and briefly summarize their
advantages and drawbacks. Firstly, we review the fiber-optic sensors based on the evanescent
field detection, surface plasmons resonance and fiber Bragg gratings. We then focus on the
research and development of PCF-based sensors. Finally, we review several waveguide sensors
operating in the THz range. All these techniques, which are summarized in Table 2.1,
significantly enrich the sensing scenarios of fiber optic sensors. We find that PCFs, in particular,

hollow-core Bragg fibers, offer many advantages for the sensing of liquid analytes.

Table 2.1: Summary of the most commonly used fiber-optic refractive index sensors.

Sensor configuration Spectral range Sensitivity RI range Ref.
I. Evanescent field detection
Side-polished/D-shaped fiber | 1480-1580nm 107 RIU 1.33-1.45 [35, 42]
Tapered fiber 850nm 10° RIU 1.36-1.46 [38, 39]
U-shaped fiber 400-1600nm 10%A41/RIU 1.25-1.45 [40, 41]
II. Sensors based on SPR
Based on side-polished fiber 400-1200nm 6x10° RIU 1.3-1.39 [50, 51]
Based on tapered fiber 900-1600nm 7x107 RIU 1.44-1.45 [54]
II1. Sensors based on FBGs
Based on FBGs 1400-1600nm 945nm/RIU 1.3-1.6 [73]
Based on LPGs 1200-1600nm 2733nm/RIU 1.45-1.46 [81-83]
IV. Sensors based on PCFs
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Based on solid-core PCFs
Based on hollow-core PCFs
Based on Bragg fibers
Based on SPR

Based on FBG

Based on LPG

V. THz waveguide sensors
Based on ARRHW
Based on PPWG

Based on MOFs

1460-1560nm

600-1200nm

500-800nm

500-1500nm

1500-1550nm

1500-1625nm

0.1-0.5THz

0.1-0.5THz

0.5-1THz

3x10*nm/RIU
5000nm/RIU
1400nm/RIU
5x10”° RIU
1300nm/RIU

2260nm/RIU

22.2GHz/RIU
3x10°nm/RIU

107 RIU

~1.5

1.33-1.39

1.33-1.36

1.33-1.34

~1.41

1.33-1.35

1.35-1.5

1.39-1.43

1-1.5

[105]
[107]
[111]
[127]*
[136]

[140]

[169]
[173]

[183]*

AI/RIU: Intensity changes per refractive index unit;

* Only theoretical values.
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CHAPTER 3 METHODOLOGY

In Section 3.1, we first summarize the two sensing modalities (i.e., amplitude-based detection
modality and spectral-based detection modality) used by the fiber-optic sensors. Then, in Section
3.2, we describe the design principles and the techniques used for the fabrication of the Bragg
fibers operating in the visible and the terahertz range. Finally, in Section 3.3, we present the

experimental setup used for characterizing the proposed hollow-core Bragg fiber sensors.

3.1 Detection strategies of the proposed fiber-optic sensors

In this Section, we describe the amplitude-based modality and spectral-based modality that
exploit changes in their transmission spectra in the presence of a target analyte. This section

follows closely the contents of the Book Chapter of Prof. Maksim Skorobogatiy [15].

In an amplitude-based detection methodology, one typically operates at a fixed
wavelength A and records changes in the amplitude of a signal, which are then re-interpreted in

terms of changes in the analyte refractive index. To characterize sensitivity of a fiber-based
sensor of length L, one employs an amplitude sensitivity function S (A, L), which is defined as a
relative change in the intensity P(J,A,L) of a transmitted light for small changes in the
measurand 0 . Note that § can be any parameter, which influences the transmission properties of
the fiber sensor. This includes concentration of absorbing particles in the analyte, thickness of a
bio-layer that can change due to capture of specific bio-molecules, as well as real or imaginary
parts of the analyte refractive index. Amplitude sensitivity is then defined as:

P(8,A,1) - P(0,A,L) 9P(6,A,1)/39],

3.1)
5-P(0,A,1) P(0,A,L)

S.(A4,L)= 151£r01

Denoting, a(J,A) to be the fiber propagation loss at a fixed value § of a measurand,
light intensity at the fiber output can be written as:
P(,A,L)=P, (A)exp(-a(d,A)L) (3.2)
where P, (A) is the light intensity launched into a fiber. Substituting Eq. (3.2) into Eq. (3.1),
amplitude sensitivity function can be then expressed as:

S,(AL)=-0a(6,1)/90|,_, "L (3.3)
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As follows from Eq. (3.3), sensor sensitivity is proportional to the sensor length L. In turn,
as follows from Eq. (3.2), the maximal sensor length is limited by the absorption loss of a fiber.
Defining P, (A) to be the power detection limit at which changes in the light intensity can still

be detected reliably, the maximal sensor length allowed by the power detection limit can be

calculated from Eq. (3.2) as:

| _ log(B,(A)/ B, (A)

O (3.4)

Defining 177,,(A) =log(B,(4)/P,

et

(A)) , maximal sensitivity allowed by the power

detection limit can be written using (3.3) as:

da(8,4)/09|,
a(0,1)

So(A) = =14 (1) (3.5)

Here, we assume that 77, (A4) =1, which allows us to characterize an inherent sensitivity

of a sensor system, while separating it from the issue of a power budget that might bring
additional sensitivity enhancement. Finally, given sensor amplitude sensitivity, to estimate sensor

resolution of a measurand 6, one can use Eq. (3.1). Assuming that the minimal detectable

relative change in the signal amplitude is (AP/ P)min (which is typically on the order of 1% if no

advanced electronics is used), then the minimum value of a measurand that can be detected by

such a sensor is:

(AP/P),,
min — (36)
S,(A)
Another popular sensing methodology is spectral-based. It uses detection of
displacements of spectral singularities in the presence of a measurand with respect to their
positions for a zero level of a measurand. This sensing approach is particularly effective in the

resonant sensor configurations that feature sharp transmission or absorption peaks in their spectra.

Defining 4 (6) to be the position of a peak in a sensor transmission spectrum as a function of a
measurand value ¢, spectral sensitivity function can be defined as:

S, =04(6)/99|,_, (3.7)

Given sensor spectral sensitivity, to estimate sensor resolution of a measurand J , one can

use expression (3.7). Thus, assuming that the minimal detectable spectral shift in the peak
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position is (A/lp) ~ (which is typically on the order of 0.1nm in the visible spectral range if no

advanced optical detection is used), then the minimum value of a measurand that can be detected
by such a sensor is:

Oin = —(Aif )“““ (3.8)
A

3.2 Design and fabrication of the hollow-core Bragg fibers operating

in the visible range

As a low-refractive-index-contrast Bragg reflector, we use polystyrene (PS)/polymethyl-
methacrylate (PMMA) multilayers with refractive index of 1.58 and 1.49 at 589nm. This material
combination is chosen owing to their good thermo-mechanical compatibility. As a result, they
can be thermally co-drawn into a multilayer structure without cracking or delamination. Another
advantage of using PMMA as the structure material is that many biomolecules can be directly
attached to the surface without any chemical functionalization [99], which means that the
fabricated Bragg fiber sensor could be conveniently used as a promising platform for a wide
range of biochemical sensing applications. Moreover, because of the commercial abundance of

these moderately priced polymers, we can build fiber sensors with a relatively low cost.

Bragg fibers confine light in their hollow cores by photonic bandgap effect. When a
broadband light is launched into the analyte-filled core of a Bragg fiber, only the light with
frequencies within the fiber bandgap of Bragg reflector will be confined and guided in the fiber
core, while the light with frequencies outside of the bandgap will irradiate out in the first several

centimeters of the fiber. From the basic theory [113] of the Bragg fibers, the resonant center

wavelength A, , of the fiber fundamental bandgap can be calculated as:

ﬁ=dm/€[—€c’ +d\e - ¢ (3.1

2

where, d, and d, are the thicknesses of the low- and high- refractive index layers in the Bragg

reflector, &/, &, are the real parts of the corresponding dielectric constants, while &, is the real

part of the dielectric constant of the core material.
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Therefore, by adjusting the thickness of the multilayers in the Bragg reflector, we can
target specific bandgap positions. In this project, we fabricate Bragg fibers with their primary
bandgaps located in the visible range (600nm-750nm), because the aqueous solutions involved in

this work are relatively transparent in this wavelength range.

In order to theoretically verify the resonant sensing mechanism of the Bragg fibers for the
detection of analyte refractive index, we calculated the loss spectra of the fundamental HE;;
mode of the hollow-core Bragg fiber based on the Transfer Matrix Method (TMM) [201, 214].
The geometry of the Bragg fiber is chosen to have its fundamental bandgap located in the visible
range (i.e., 680nm), when it is filled with water. In our simulations, the refractive index of the
hollow core is changed from 1.33 to 1.355 with a step of 0.005. As shown in Fig. 3.1, the
transmission bandgap shows a blue shift as the refractive index of the fiber core increases. This
demonstrates that the transmission property of the Bragg fiber can be modified by the refractive
index of the fiber core, which constitutes the spectral based sensing modaly of this Bragg fiber

for the detection of analyte refractive index.

107!

107 k n=136 |

0.55 0.6 0.65 0.7 0.75
Wavelength [um]

Figure 3.1 Simulated loss spectra of the fundamental mode (HE;; mode) of the Bragg fiber filled

with solutions with different concentrations.

In Fig. 3.2, we plot the bandgap center (point of lowest propagation loss) as a function of

the fiber core refractive index, and a linear dependence is observed, which, at the same time,
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shows excellent agreement with the calculation based on Equation 3.1. A spectral sensitivity of
1600nm/RIU is expected from our simulations. This sensitivity will be able to detect analyte
refractive index with a resolution of 6x10”°RIU, assuming a spectral shift of 0.lnm can be

reliably resolved by the spectrometer.
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Figure 3.2 Bandgap center (point of lowest propagation loss) of the Bragg fiber obtained from the
TMM simulation (red circles) and calculation based on Equation 3.1 (blue line) when the fiber

core refractive index is varied from 1.33 to 1.36.

In order to fabricate the hollow-core Bragg fibers, we use a stack-and-draw technique
[109]. In particular, we first fabricate a macroscopic preform by co-rolling commercial
PMMA/PS films (each film has a thickness of 50pum). To enhance the mechanical robustness, the
hollow preform is clad with a thick PMMA tube (thickness: 3mm), and then consolidated by
heating it at 80°C under vacuum for one week. After fabrication of the preform, hollow-core
Bragg fibers are manufactured by preform heating and drawing in an optical fiber drawing tower.
Geometry of the final fiber can be controlled by adjusting the parameters in the drawing process,
such as temperature distribution in the furnace, fiber drawing, and preform feed speeds, as well as
the pressurization of the hollow core. In our experiment, we find that by simply controlling the
drawn-down ratio via changing the drawing speed, we can control the bilayer thicknesses in the

Bragg reflector, thus targeting specific bandgap positions. During the fiber drawing process, the
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fiber diameter is monitored using a laser micrometer. In Fig. 3.3, we present the bandgap
scalability of the hollow-core Bragg fibers (filled with water), by changing the fiber outer
diameter from 800um to 950um. We note that with the increase of the fiber outer diameter, the
bandgap position of the Bragg fiber shifts toward longer wavelengths. Transmission through
~15cm of such hollow-core Bragg fibers (filled with distilled water) is studied by coupling a
broadband supercontinuum light source into the fiber core using an objective. Our observations
reveal that, upon launching a broadband light, all the spectral components, which are not guided
by the reflector bandgap of the Bragg reflector irradiate out in the first 1-3cm along the fiber
length. Only a particular colour region guided by the bandgap is propagated to the fiber end, as
shown in the bottom panel in Fig. 3.3. Therefore, by changing the periodicity, or equivalently the
overall scale to which the fiber is drawn, we can target the bandgap positions at selectable

wavelengths.

D=800um

1.5x1072

1.0x1072

Transmission a.u.

5.0x107+

T T T : T T
600 650 700 750
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(a) (b) ©

Figure 3.3 Scalability of the bandgap positions of the water-filled Bragg fibers by controlling the
outer diameter. Bottom panel: Photographs of the transmitted light for the water-filled Bragg

fibers with different outer diameters when they are excited by a supercontinuum light source.
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3.3 Design and fabrication of THz Bragg waveguides using 3D
stereolithography

Figure 3.4 shows the cross section of the THz waveguide used in our work, which features a
hollow core surrounded by a periodic sequence of high/low refractive index multilayers, namely,
the printing resin and air. The thickness of each layer is designed to be 463um, with a predicted
fundamental bandgap center at 0.2THz, according to the basic theory of Bragg fibers [214]. This
frequency region is chosen due to the following reasons: first, there are no water vapor absorption
lines in the 0.2-0.3THz region, and waveguide sensors operating in this range are, therefore, less
influenced by the environmental conditions; second, a single mode Bragg waveguide operating in
this frequency range (the corresponding wavelength is around 1.5mm) has a relatively large core
size, which is an asset for practical sensing applications, as it simplifies the introduction of
analyte into the waveguide core. Moreover, a relatively large waveguide core size is also
essential for the efficient coupling of THz beams. The number of the bilayers in the Bragg
reflector is ten. The light blue region in Fig. 3.4 represents a defect layer. The defect layer is
formed by a supplementary material deposited on the inner surface of the waveguide core, which
effectively modifies the thickness of the first layer in the reflector. In order to maintain the
mechanical stability of the Bragg reflector, a set of micro-bridges are introduced into the

waveguide cross section, as indicated in Fig. 3.4.

In order to fabricate the THz Bragg waveguides, we used a commercially available 3D
printer (Pro 2, Asiga). 3D printing begins with a 3D model of the object, which is then digitized
and sliced into model layers with a special software. The objects are built from photopolymer
resins, which are liquid chemicals that can be solidified when they are exposed to ultraviolet light.
By solidifying successive layers of photopolymer against each other, a physical model is built.
This process is also called “stereolithography”. Currently, 3D printing has been widely used for

rapid prototyping of microelectronic and optical devices.

The 3D stereolithography system used in this thesis has a transverse resolution of 50pum,
and a longitudinal resolution of 1pm (along the waveguide length), which is sufficient for the
fabrication of THz Bragg waveguides. This system can print objects with a maximum size of

96mmx*54mmx*200mm.
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Figure 3.4 Schematic of the THz Bragg waveguide. The gray region and white region represent
the high refractive index layer (printing resin) and low refractive index layer (air), respectively.
The multilayers are kept together with micro-bridge structures distributed uniformly along the
waveguide cross section. The number of bilayers is 10. The light blue region is a defect layer in
the Bragg reflector. The defect layer is formed by a supplementary material deposited on the

inner surface of a core, which effectively modifies the thickness of the first layer in the reflector.

3.4 Experimental setup for the characterization of liquid-core Bragg

fiber sensors

The schematic of the experimental setup for the characterization of the liquid-core Bragg fiber
sensors operating in the visible range is shown in Fig. 3.5. To integrate the hollow-core Bragg
fiber in the setup, we use two opto-fluidic blocks, which enables both optical coupling and the
flow of the target analytes. Specifically, the Bragg fiber tip is sealed hermetically in the
horizontal channels of the opto-blocks with tread seal tape (or polytetrafluoroethylene tape). A
thin glass window is attached at the other end of the horizontal channel to facilitate optical
coupling into the fiber core. Each block also features a vertical channel, which is connected to the
horizontal channel, thus allowing for a continuous fluidic injection of liquid analyte into the

Bragg fiber. A syringe is used to pump the liquid analytes into the Bragg fiber core. During the
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experiments, both ends of the fluidic channels are submerged into a water-filled beaker in order
to avoid the existence of air bubbles in the sensing system, which would supress the fiber
transmission. After pumping the liquid into the hollow-core Bragg fiber, a broadband
supercontinuum beam is launched into one end of the liquid-core Bragg fiber using an objective,
and the output spectrum of the fiber sensor is registered by a grating monochromator. The Bragg
fiber used in the sensor has a core diameter of ~0.7 mm. Such a large core results in a short
response time of the sensor, since the flow resistance decreases rapidly as the core radius
increases. The experimental response time of the sensor is <ls, which represents an obvious

advantage compared to other MOF sensors [107] (typical response time ~1 min/1 cm).
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Supercontinuum M Opto-fludic blocks

Spectrometer
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Figure 3.5 Experimental setup for characterizing the liquid-core Bragg fiber sensors operating in

the visible range.

3.5 Experimental setup for characterizing the 3D printed THz

Bragg waveguide sensors

3.5.1 Terahertz time domain spectroscopy (THz-TDS)

THz-TDS is emerging as an important tool to characterize the spectroscopic signatures and
optical properties of samples in the terahertz range. In our THz-TDS setup, a femtosecond near-
infrared (NIR) laser is used as the pump source and two identical low-temperature grown
Gallium arsenide (LT-GaAs) photoconductive antennas are used as THz emitter and detector. A
photoconductive emitter relies on the generation of photo-carriers, which are accelerated by a DC
bias field, the carrier dynamics on a time scale of picosecond results in THz frequency radiation.
In our system, we use an antenna with a dipole structure, which consists of two strip lines that are

separated by a small gap. When a pump pulse with photon energy larger than the bandgap of the
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semiconductor is focused onto the small gap between the electrodes, photo-carriers are excited.
The photo-carriers are then accelerated and form a current flowing between the electrodes,
thereby generating a linearly polarized light aligned in the direction of the current flow.
Photoconductive detection of THz pulses relies on the same physical principles as
photoconductive generation, while the only fundamental difference is that the electrodes are not
biased. It is, instead, the incoming THz electric field that works as a time dependent bias field,
which can be probed by measuring the current when a femtosecond laser pulse excites free
carriers in the detector gap. In the setup, the NIR laser pulse is split into two parts by a beam
splitter. One part is focused onto the photoconductive emitter to generate the THz pulse. After
passing through the sample, the THz beam is recorded by the photoconductive detector. The
other part goes through a variable delay line and ultimately terminates on the detector. The delay
line allows the THz pulse to be mapped as a function of time. In the measurement, the detector is
sensitive to the actual electric field of the THz beam. Both the amplitude and phase information
can be retrieved by a point-by-point sampling of the THz pulse with the help of the variable delay
line. Properties of the sample, such as absorption and refractive index, can be obtained from the
detected amplitude and phase information, respectively. Therefore, THz-TDS provides more
information than the conventional Fourier transform spectroscopy, which is only sensitive to the

amplitude. More details about the THz-TDS experimental setup are presented in Chapter 6.

3.5.2 Continuous wave (CW) spectroscopy

Laser-based continuous-wave sources are recent developments in THz spectroscopy. This method
uses two near-infrared lasers having slightly different center wavelengths to generate a beat
signal that lies in the THz frequency range. The beat signal is then transformed into THz
radiation by a so-called photomixer, which acts as a transmitter. The signal is coherently detected
by a second photomixer (i.e., the receiver). This method offers several advantages, such as a
broad accessible frequency range, frequency selectivity, and a much higher frequency resolution
than that of TDS systems. The setup used in this work has two Distributed Feedback (DFB)
lasers with slightly different center wavelengths and balanced power (~30mW for each laser)
operating in the telecommunication region. The laser frequency can be tuned by controlling the
temperature of the active medium as the period of the Bragg grating changes due to thermal

expansion. A 50: 50 coupler combines and splits the two wavelengths equally into the emitter and
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detector arm respectively. The generated THz waves, which are the frequency difference of the
two lasers, are modulated with a bias voltage for lock-in detection. In order to measure the phase
information, each arm is integrated with a fiber stretcher. The two stretchers operate with
opposite signs, thus changing the optical path difference. Each fiber stretcher consists of a
polarization-maintaining, single-mode fiber wound around a piezo actuator. More details about

the CW setup are presented in Chapter 6.
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CHAPTER 4 ARTICLE 1: SIMULTANEOUS MONITORING THE

REAL AND IMAGINARY PARTS OF THE ANALYTE REFRACTIVE
INDEX USING LIQUID-CORE PHOTONIC BANDGAP BRAGG
FIBERS

This chapter is based on the paper “Simultaneous monitoring the real and imaginary parts of the
analyte refractive index using liquid-core photonic bandgap Bragg fibers”, which is published on
Optics Express in 2015. I am the primary author of this paper, and the co-authors are Hang Qu
and Maksim Skorobogatiy.

In this Chapter, we demonstrate simultaneous monitoring of the real and imaginary parts
of the liquid analyte refractive index by using a hollow-core Bragg fiber. We apply this two-
channel fiber sensor to monitor concentrations of various commercial cooling oils. The sensor
operates using spectral monitoring of the fiber bandgap center wavelength, as well as monitoring
of the fiber transmission amplitude at mid-bandgap position. The sensitivity of the fiber sensor to
changes in the real part of the core refractive index is found to be 1460nm/Refractive index unit
(RIU). By using the spectral modality and the effective medium theory, we determine the
concentrations of the two commercial fluids from the measured refractive indices with an
accuracy of ~0.57% for both low- and high-loss oils. Moreover, using an amplitude-based
detection modality allows determination of the oil concentration with accuracy of ~1.64% for

low-loss oils, and ~2.81% for the high-loss oils.

4.1 Introduction

Refractive index (RI) values of materials are related to their composition. Measurement of
analyte refractive index is important in numerous scientific and industry applications, such as
biochemical sensing, material purity determination, concentration prediction, physical/chemical
process monitoring [1-4]. In particular, on-line monitoring of the solution concentrations,
including heat transfer fluids, coolant, or other dilutions, is of significant importance in many
industrial processes [5]. Liquid-core optical fibers are a very promising platform for refractive
index sensing, as they inherently integrate optical detection with microfluidics, thus allowing for

continuous on-line monitoring of liquid samples in a contained, highly integrated manner.
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To date, a wide range of liquid-core optical fiber sensors has been developed for RI
measurement. For example, several sensors based on liquid-core fibers with total internal
reflection (TIR) guidance have been proposed and demonstrated [18, 19]. These sensors typically
operate using an amplitude-based sensing modality in which the transmission intensity of the
liquid-core fiber is interrogated as a function of changes in the refractive index of a test analyte.
While these sensors are advantageous due to their simple structures and sensing principle, the
difficulty in finding suitable cladding material with refractive index lower than those of aqueous

solutions (n~1.33) limits TIR liquid-core sensors for industrial applications.

Using sensors based on hollow-core (HC) photonic crystal fibers (PCFs) constitutes an
alternative to the fibers with TIR guidance [203-205]. A defining feature of the PCFs is the
presence of micron-sized air holes running along its entire length, which permits accommodation
of the biological and chemical samples in gaseous or liquid forms inside of the air holes in the
immediate vicinity of the fiber core [15]. Photonic bandgap fibers (PBGFs), a subset of PCFs, are
frequently used to build RI sensors. PBGFs sensors usually operate on a spectral-based detection
modality. Variation in the real part of the analyte refractive index modifies the bandgap guidance
of a fiber, leading to spectral shifts in the fiber transmission spectrum. The spectral shifts can be
used to extract changes in the refractive index of a test analyte. In [107], the authors
experimentally demonstrated highly sensitive liquid core RI sensors based on commercial HC-
PBGFs that feature a hollow core surrounded by a porous periodic cladding. A sensitivity of
~5000 nm/RIU was reported. However, fabrication of the HC-PBGFs used by the authors
requires sophisticated drawing technique, and the fiber is expensive (thousands of dollars per
meter). Moreover, these sensors require a relatively long response time for inducing the test

analytes into the micron-sized holes of the PBGFs [~10 min for 20cm-long PBGFs].

Hollow-core photonic bandgap Bragg fibers (or simply hollow-core Bragg fibers), which
are a subset of PBGFs, could also be used for sensing of refractive index of a liquid analyte. In
their cross section, a hollow core is surrounded by a periodic sequence of micron-sized layers of
different materials in the cladding. Due to the relatively large core of Bragg fibers, the response
time could be shortened to ~1s. In [110], K. J. Rowland et al. reported a HC high-refractive-
index- contrast Bragg fiber sensor with the sensitivity ~330nm/RIU. More recently, our group has
reported several HC low-RI-contrast Bragg fiber sensors [111]. We showed that such Bragg fiber

sensors offer superior performance in detection of changes in the real part of the refractive index
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of a liquid analyte by monitoring the spectra shift of the transmission spectrum. The sensitivity of
our sensor, compared to that of the sensor reported in [110], is considerably improved
(~1400nm/RIU). In fact, we have argued in [111] that low-RI-contrast Bragg fibers are most
suitable for liquid-core sensors, while high-RI-contrast Bragg fibers are most suitable for gas-

Core sensors.

In this paper, we explore the capability of the hollow core Bragg fibers to simultaneously
monitor the real and imaginary parts of the analyte refractive index. We then apply our fiber
sensor to monitor the concentrations of various commercial cooling oils. The sensing strategy
relies on a two-channel sensing modality that simultaneously interrogates the bandgap center
position of the Bragg fiber, as well as the fiber transmission amplitude at the bandgap center (the
point of fiber lowest propagation loss). Both measurands are highly sensitive to the complex
reflective index of the analyte filled in the fiber core, thus enabling efficient determination and
cross-correlation with the concentration of cooling oils. The main advantage of the two-channel
sensor compared to a single channel sensor is that, in principle, the measurement error can be
significantly reduced if the two channels are independent and they offer comparable detection

CITors.

The fiber sensor is first calibrated using NaCl solutions of different concentrations. By
measuring the spectral shift of the fiber bandgap, the sensitivity of the fiber sensor to changes in
the real part of the core refractive index is found to be ~1460nm/RIU, which translates into
2.6nm/w% sensitivity to changes in NaCl concentration. Additionally, using changes in the mid-
bandgap transmission amplitude of the fiber sensor, sensitivity of 3.55dB/w% for NaCl solutions
is demonstrated. We then apply this fiber sensor for monitoring the concentrations of various
cooling oils including heat transfer fluid and sawing fluid. By using the spectral modality and the
effective medium theory, we determine the concentrations of the two commercial fluids from the
measured refractive indices with an accuracy of ~0.57% for both low- and high-loss oils.
Moreover, we also demonstrate that using an amplitude-based detection modality allows
determination of the oil concentration with an accuracy of ~1.64% for the low-loss oils and an
accuracy of ~2.81% for the high-loss oils. The presented fiber sensor can be used for online
monitoring of concentration of many industrial fluids such as heat transfer fluids, sawing fluids,

and other industrial dilutions with sub-1%v accuracy.
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4.2 Operation principle of the liquid-core Bragg fiber sensors

4.2.1 Sensing mechanism for detection of the real part of an analyte refractive

index

The Bragg fiber used in our sensor features a large hollow core (diameter ~700um) surrounded
by periodic sequence of high- and low-refractive index layers, namely polystyrene
(PS)/polymethyl-methacrylate (PMMA) Bragg reflector with layer refractive indices of 1.58 and
1.49 at 589nm, respectively. The cross section of the Bragg fiber sensor is shown in Fig. 4.1. The

thickness of each PMMA/PS multi-layer is approximately 310nm.

PMMA/PS multilayer

Figure 4.1 (a) Cross section of the fiber sensor under microscope. (b) Cross section of the Bragg
reflector taken by a scanning electron microscope (SEM), which features alternating polystyrene

(PS) /poly-methacrylate (PMMA) layers, with thickness of approximately 310nm.

Bragg fibers confine light in their hollow cores by photonic bandgap effect. When a
broadband light is launched into the analyte-filled core of a Bragg fiber, only the light with
frequencies within the fiber bandgap of Bragg reflector will be confined and guided in the fiber
core, while the light with frequencies outside of the bandgap will irradiate out in the first several

centimeters of the fiber. From the basic theory [113] of the Bragg fibers, the resonant center

wavelength A, , of the fiber fundamental bandgap can be calculated as:

A =d\e - €. +d,\ e, - €. 4.1)

e
2
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where, d, and d, are the thicknesses of the low- and high- refractive index layers in the Bragg

reflector, &/, &, are the real parts of the corresponding dielectric constants, while & is the real

part of the dielectric constant of the core material.

Equation (4.1) is valid based on the assumption that the real part of any dielectric constant
is much larger than its imaginary part. From Eq. (4.1), it follows that variation in the refractive
index of the fiber core would modify spectral position of the Bragg fiber bandgap. In fact, one
observes a shift of the fiber transmission spectrum towards shorter wavelengths for larger values
of the core dielectric constant. Therefore, changes in the real part of the refractive index of a test
analyte filled in the fiber core could be inferred from the displacement of the transmission

spectrum, which constitutes the spectral-based sensing principle of a Bragg fiber sensor.

4.2.2 Sensing mechanism for detection of the concentration of additives in an

analyte

In many practical applications that involve mixtures of fluids, one is not so much interested in the
refractive index of a mixture, but rather in the relative concentrations of the constituent fluids. In
what follows, we consider a particular problem of monitoring concentration of cooling oils in
aqueous mixtures (suspensions). In this case, a small amount of cooling oil together with
surfactants is added into water to form a suspension. In such suspensions, spherical oil particles
are deeply sub-wavelength. As a result, such suspensions appear clear and without any obvious
phase separation, as shown in Fig. 4.2 (a). At the same time, many oils are colored emulsions and
have significant frequency-dependent absorption, as shown in Fig. 4.2 (b). In this section, we first
show that the oil concentration could be inferred by using the spectral modality for the detection
of the mixture refractive index and the effective medium theory for relating the oil concentration
to the mixture refractive index. We then demonstrate an amplitude-based detection modality of
the Bragg fiber sensor for determining the oil concentration in a suspension by analyzing the

transmission amplitude of an analyte-filled Bragg fiber at the bandgap center position.
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Figure 4.2 (a) Low-loss cooling oil (heat transfer fluid), (b) High-loss cooling oil (sawing fluid).

4.2.3 Oil concentration detection using the spectral modality

The effective medium theory relates macroscopic properties of a mixture with its composition,
and it has been widely used for the modeling of various optical, electrical, and thermal properties
of mixtures [206-210]. According to the effective medium theory, the effective dielectric constant
of a mixture can be written as a function of the dielectric constant and the corresponding
concentrations of its sub-components. For suspensions featuring small-to-medium concentrations
(0-30%) of oil droplets in water, we could use Bruggeman (BG) formulation [20, 211, 213] to
describe the dependence of the complex dielectric constant of the suspension on the oil
concentration:

c-ﬂ+(l—0)-ﬂ=0 (4.2)
E,+2 &y E,+2 Ey

where ¢,; is the complex effective dielectric constant of the oil suspension in water, ¢,and &,

are the complex dielectric constants of the pure bulk oil and water, respectively, and c is the

volume concentration of oil. If the bulk refractive indices of water and oil are known (note that

£ =~n”, considering that the imaginary part of the dielectric constant is much smaller than the real
part of the dielectric constant for the analytes involved in this work), using Eq. (4.2) one can
calculate the concentration of oil in a suspension from the effective refractive index of a
suspension. In turn, the effective refractive index of a suspension can be measured by using the

spectral modality of the Bragg fiber sensor, as discussed in Section 4.2.1.
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4.2.4 Oil concentration detection using the amplitude modality

When the Bragg fiber is filled with oil suspensions, the propagation loss of the fiber can be
considered approximately as the sum of the fiber radiation loss and the absorption loss of the

fiber core material.

The radiation loss is a direct consequence of the leaky-mode guidance in a core with
refractive index smaller than that of the cladding. The radiation loss of Bragg fibers is frequency
dependent. Consider, for example, a Bragg fiber with a certain number of bilayers in its Bragg
reflector and a large diameter of a fiber core (much larger than the wavelength of light).
According to Eq. 4.47 in [214], at the wavelength corresponding to the bandgap center, the

radiation loss coefficient of the fundamental core-guided mode «,,, can be written as:
arad =gt(n;’n2’n;adc’dhadl) (43)

where, R is a function dependent on the real part of the refractive index of the fiber core, as well
as the geometry parameter and refractive indices of the low- and high- reflective index layers in

the Bragg reflector.

When the concentration of a coolant increases, the refractive index of the coolant solution
also increases. Consequently, the core refractive index of the liquid-filled Bragg fiber becomes
closer to that of the fiber cladding. In the limit when the core refractive index becomes higher
than that of the fiber cladding, no radiation losses will occur as the guidance regime will become
total internal reflection rather than bandgap guiding. Therefore, the fiber radiation loss would
decrease with an increase of the core refractive index; in other words with an increase in the

coolant concentration.

Absorption of the fiber core material also affects the fiber propagation loss. Consider, for

example, filling the Bragg fiber with an analyte, which is a cooling oil diluted in water at

concentration c. The effective absorption coefficient of such mixture, ¢, can be written as:
ay =P, (c)a,+P,(c)a, (4.4)

where ¢, and «,, are the material absorption coefficients of the pure cooling oil and water,
respectively. The detailed expressions for ®,(c) and ®,,(c) are presented in the Appendix

section.
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With the fiber radiation loss and the fiber core absorption given by Eq. (4.3) and Eq. (4.4),

we now can write the transmission of an analyte-filled Bragg fiber at the bandgap center as:

T(A) = %0 = o (@t YL _ -[ReT( @y () oty (cyen )L (4.5)

where L is the length of the Bragg fiber, and / and /, are the output and input intensities of
light related to the fiber sensor. I' is the confinement factor, which is a measure of the overlap
between the optical mode and the fiber-core material. For a large-core Bragg fiber in our sensor,

the optical mode can be considered completely confined in the core region, and I" is very close to
1.

When the Bragg fiber is filled with a solution of low-loss cooling oil, little or no
additional absorption loss occurs when increasing the concentration of the oil. At the same time,
the fiber radiation loss decreases when increasing the oil concentration due to an increase in the
mixture refractive index. Therefore, the total effect of an increase in the cooling oil concentration
would be an enhancement in the Bragg fiber transmission, as shown in Fig. 4.3 (a). However,
when using high-loss cooling oils (those with a color tint), an increase in the oil concentration
leads to a significant increase in the absorption loss of the liquid core. This, in turn, can be more
pronounced than the decrease in the radiation loss, thus leading to suppression of transmission
through the liquid-core Bragg fiber, which results in higher attenuation at higher oil concentration,
as shown in Fig. 4.3 (b). In both cases, positions of the bandgap centers shift to shorter

wavelengths with an increase in the oil concentration, according to Eq. (4.1).

¢, AQL,.c,) Cp A(kgl,cl)
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Figure 4.3 Schematic of the two possible behaviors of the Bragg fiber spectra when increasing
the concentration of the cooling oil in the liquid-filled fiber core. (a) Low-absorption-loss cooling

oil, (b) High-absorption-loss cooling oil.
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In order to measure the concentration of an unknown suspension using the amplitude
modality, the Bragg fiber sensor should be first calibrated using a set of reference solutions (such
as NaCl solutions) with known bulk absorption losses. During calibration, the transmission
spectra of the Bragg fiber sensor filled with reference solutions are recorded. After calibration,
the sensor can be used to measure the concentration of an oil suspension by comparing the
transmission spectrum of the oil-filled Bragg fiber to the spectra of the fiber filled with the
reference solutions. If the bandgap center position of the oil-filled Bragg fiber matches that of the
Bragg fiber filled with a specific reference solution, the real parts of the refractive index of these
two solutions would be identical as follows from Eq. (4.1). Moreover, we note that the radiation
losses of the Bragg fiber filled with the oil suspension and the reference solution would be also
identical as long as they have the same bandgap center wavelengths, as seen from Eq. (4.3).
Therefore, the difference in the transmission intensities of the fiber filled with the oil suspension
and the reference solution sharing the same bandgap center wavelength are only attributed to the
different absorptions of the liquids filling the fiber core. By comparing the transmission of the

Bragg fiber filled with the oil suspension to the transmission of the fiber filled with a reference

solution (NaCl solution) for which the bandgap center wavelength A, is the same, we have:

—(R+T-aer )L
T;ef(ig) =e (R+Tctyer )
T(‘)ﬂ (Ag) — e—[m“rr'(‘bo(C)'O!o+¢w(c)'aw)]'L (46)

¢0(C) ", + ¢w(c) ‘a, = ai‘e_‘f + 1 . In(]—;e/(ﬂ’g))

UL Ta(4)

where, T,,(4,) and T,;(A,) refer to the transmission of the Bragg fiber filled with the reference
solution and the oil solution to be measured at the same bandgap center wavelength A,, a,, is
the absorption of the reference solution, and c is the concentration of the test oil. Note that «,,,,

a, and o, at wavelength A, should be measured using, for example, a cut-back method [212].

Based on Eq. (4.6), one could then calculate the concentration of the oil suspension by solving a

non-linear equation.
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4.3 Experimental setup and calibration of the Bragg fiber sensor

4.3.1 Experimental setup

The experimental set-up is shown in Fig. 4.4. The fiber sensor is integrated into the set-up using
two opto-fluidic blocks, which enable both optical coupling and flow of the target analytes. After
pumping liquid analyte into the sensor, a beam from a broadband supercontinuum source is
launched into one end of the fiber core using an objective. The transmitted spectrum is registered
by a grating spectrometer. The experimental set-up is kept the same in the subsequent
measurements to guarantee the same illumination, coupling, and environmental conditions.

Monochromator Input fluidic tubing

*  Opto-fluidic block Opto-fluidic block
S

[ . I‘ens ,/ c ™~ |3 Iri

1 X

/£ Objective - /

' \ : Liaui
B oy iquid- core Bragg fiber :
Output fluidic tubing g : E Objective

Figure 4.4 Experimental set-up for the characterization of the fiber sensor. The 24cm long Bragg
fiber is integrated into the set-up using two opto-fluidic blocks. A broadband supercontinuum
beam is launched into one end of the liquid-core Bragg fiber using an objective, and the output

spectrum of the fiber sensor is registered by a grating monochromator.

4.3.2 Calibration of the Bragg fiber sensor with NaCl solutions

A calibration measurement of the Bragg fiber sensor is first carried out using a set of NaCl
solutions with the weight concentrations ranging from 0% to 10% with a 2% increment step. The
RIs of NaCl solutions are obtained from [215]. As shown in Fig. 4.5 (a), the experimental
transmission spectra feature a blue shift as the RIs of the NaCl solutions filling the core increase
with increased concentration of NaCl. This can be easily rationalized using Eq. (4.1) by noting

that higher concentrations of NaCl in water lead to higher refractive indices of the resultant
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solutions. A spectral shift of around 26 nm is observed when the refractive index of the core
material increases from 1.333 to 1.3505 (with corresponding concentration from 0%w to 10%w),
as is shown in Fig. 4.5 (b). The spectral sensitivity is thus found to be ~1460nm/RIU, which
translates into 2.6nm/w% sensitivity to changes in the NaCl concentration. The demonstrated

sensitivity is comparable with those of the recently reported fiber-based refractive index sensors
[216-219].

Moreover, the transmission amplitude increases with the increase of the refractive index
of the fiber core. Figure 4.5(c) shows the transmission amplitude at the point of the lowest
propagation loss as a function of the refractive index of the fiber core. From the linear fit in Fig.
4.5(c), the amplitude sensitivity of the sensor is 301.7 dB/RIU, which translates into a sensitivity
of 3.55dB/w% for NaCl solution. In the following sections, we will use the obtained calibration
spectra, and the linearly fitted spectral and amplitude data presented in Fig. 4.5, in order to

measure the refractive index and concentration of the unknown aqueous mixtures.
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Figure 4.5 (a) Experimental transmission spectra of the ~24cm long Bragg fiber filled with NaCl
solutions. The weight concentrations (wt.%) and the corresponding Rls of the NaCl solutions are
listed as following. DI water: 1.333, 2%: 1.3366, 4%: 1.3400, 6%: 1.3435, 8%: 1.3470, 10%:
1.3505. (b) Spectral shifts of the fiber maxima transmission peaks obtained from the
experimental measurements and their linear fit. (c) Transmission amplitudes at the maxima

transmission peaks obtained from the experimental measurements and their linear fit.
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4.3.3 Measurements of absorption coefficients of pure oil, water and reference

solutions

In order to profit from a two-channel modality for the determination of the oil concentration, we
have to perform both spectral Eq. (4.1) and amplitude Eq. (4.6) measurements. The latter requires
knowledge of the bulk absorptions of the pure oil, water, and NaCl reference solutions. In this

section, we present a cut-back technique to measure the required absorption coefficients.

According to a cut-back technique, losses of the two identically prepared material samples
of different lengths have to be measured in order to determine the bulk absorption coefficient of
the material. Then, the ratio of the transmitted intensities through the samples of different lengths

(L,,L,) at wavelength 4 is:

]liquid (Ll s A’) ]liquid (LZ ) /l) - eaabx-(Lz -Ly)
Iempty (LIJA’) ]empty (LZ,A’)

4.7)

where the transmitted intensity through the empty tube /,,,, is used as a reference signal.

Rewriting Eq. (4.7), one can calculate the absorption coefficient as:

]liquid (Ll ) A’) . Iemply (LZ ’ A’)
Iliquid (L2 s A’) Iempty (Ll ’ A’)
L, - L

In(

)

Oaps (A) = (4.8)

The experimental set-up for absorption measurement using a cut-back technique is
illustrated in Fig. 4.6 (a). We use three rectangular containers of different lengths (Scm, 10cm,
and 15cm) in our measurements. From the transmission spectra for each tube length and the
corresponding reference measurements, one can calculate the wavelength dependent absorption
coefficient using Eq. (4.8). An average absorption coefficient is calculated from several possible

combinations of the different sample lengths in Eq. (4.8).
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Figure 4.6 (a) Experimental set-up for bulk absorption measurements using a cut-back technique,
inset: containers of different length (5cm, 10cm, 15cm). (b) and (c) Optical beam output spot at
the end-face of a container filled with the low-loss heat-transfer fluid. (d) and (e) Optical beam

output spot at the end-face of a container filled with the high-loss sawing fluid. During
measurements, the output spots at the end-face of the container are somewhat distorted and vary

with time, the time intervals between (b) and (c), as well as (d) and (e) are both five minutes.

In Fig. 4.7 (a), we plot the measured absorption coefficients of distilled water and a set of
NaCl solutions at concentration of 3%, 6%, and 9% (by weight) from 650nm to 700nm with
interval of 2nm. We note that the experimental values of absorption coefficients measured using a
cut-back method in this work are 1.5 to 1.8 times higher than the values reported in [220-222].
This is probably due to the effect of unequal coupling into the spectrometer when the containers

are filled with solutions of different refractive indices.

From Fig. 4.7(a), we can extract the salinity correction coefficient for water absorption.
Thus, the absorption coefficient of NaCl solution at any concentration can be calculated [220]. In
Figs. 4.7(b) and (c), we plot the absorption coefficients of the low-loss cooling oil (heat transfer
fluid), and the high-loss cooling oil (sawing fluid). During the measurement, we notice that the
optical beam output spots at the end-face of the container are somewhat distorted and vary with
time, as it is shown in Figs. 4.6(b)-(e). This is most probably due to certain microscopic

movement, and relaxation dynamics of the cooling oils.
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Figure 4.7 (a) Absorption coefficients of distilled water and NaCl solutions at concentrations of
3%, 6%, and 9% (by weight) measured using a cut-back technique. (b) Absorption coefficients of
the low-loss-absorption oil (heat-transfer fluid) measured using a cut-back technique and (c)
Absorption coefficients of the high-absorption-loss oil (sawing fluid) measured using a cut-back

technique.

4.4 Two-channel characterization of the concentrations of heat transfer fluids

After the sensor calibrations described in Section 4.3, we use it to first measure the real part of
the refractive index of the cooling oil suspension by employing the spectral modality. We choose,
as the first analyte, a commercial heat-transfer fluid (Dynalene PG, US, shown in Fig. 4.2 (a)) at
three different concentrations 5%, 10% and 15% (by volume). As shown in Fig. 4.8 (a), the
transmission spectra show a blue shift of 7.2nm, 17nm and 24.7nm, compared to the transmission
spectrum of the Bragg fiber filled with water. Based on the linear fit of the refractive indices of
the reference solutions presented in Fig. 4.5 (b), we estimate the real part of the refractive indices
of these heat-transfer fluids to be 1.3380, 1.3432, and 1.3492, respectively. These measured

values show a good agreement with the reference data provided by the supplier as shown in Fig.

4.8 (b).
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We then reconstruct the concentrations of heat-transfer fluids with the algorithm based on
the effective medium theory presented in Section 4.2.3. Substituting the refractive indices of the
heat-transfer fluids in to Eq. (4.2), we calculate the concentrations of the corresponding analytes
based on the BG model. In Fig. 4.8 (c), we plot the experimental concentration and the
concentration predicted by the BG model as a function of the refractive index. The reconstruction
accuracy in determining the fluid concentration in this case is ~0.42% (relative accuracy of 2.8%)).
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Figure 4.8 (a) Experimental transmission spectra of the 24cm long Bragg fiber filled with heat-
transfer fluid at different concentrations (by volume). (b) Comparison of the refractive indices
measured in experiment and the reference data provided by the supplier. (c) Comparison of the
experimental concentrations with the concentrations predicted using the spectral measurement
modality and the BG model, as well as concentrations calculated using the amplitude-based

detection modality.

We now analyze the transmission amplitudes of the Bragg fiber filled with the oil
suspensions. From the previous experiment, we have established that suspensions of heat-transfer
fluid at concentrations of 5%, 10%, and 15% have the same refractive indices as that of NaCl
solution at concentrations of 3%, 6.4%, and 9.5%, respectively. Note that the transmission

amplitude of the Bragg fiber filled with NaCl solutions could be estimated based on the linear fit
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shown in Fig. 4.5 (c). The absorption coefficients of the pure heat-transfer fluid and the reference
NaCl solutions have been measured in Section 4.3.3. Using Eq. (4.6), we can now calculate
concentrations using the amplitude modality. The data is presented in Fig. 4.8 (c). The accuracy
in determination of oil concentration is found to be ~1.64%. We note that the error is mainly due
to two reasons. First, in our theoretical calculation, the scattering loss is assumed to be negligible.
However, in practice, small particles (such as dust particles) or air bubbles may be introduced
during fluid pumping, which leads to errors in the measurement of transmission amplitude.
Second, there is a certain error that comes from the cut-back measurement of the absorption
coefficient of the cooling oil. As we illustrated in Section 4.3.3, the optical beam output spot at
the end-face of the container varies with time when measuring the absorption coefficient, due to

certain microscopic movement and relaxation dynamics of the cooling oil.

4.5 Two-channel characterization of the concentrations of sawing fluids

Many commercial oils are colored emulsions, which have frequency dependent absorption. In
this experiment, we choose as a test analyte commercial sawing fluid (Lenox, US, as shown in
Fig. 4.2 (b)) that has a yellow tint upon visual examination. The transmission spectra of the fiber
sensor are shown in Fig. 4.9 (a). Despite the strong absorption loss, we see that the spectral
features (transmission peaks) in the transmission spectrum remain well pronounced. Using the
linear fit in Fig. 4.5 (b), the refractive indices of the emulsions are estimated to be 1.3332, 1.3342,
1.3351, 1.3375, when volume concentrations of sawing fluid are 1%, 3%, 5% and 10%,
respectively. These experimentally measured values of the refractive index are in good agreement

with the calibration data provided by the fluid suppliers as shown in Fig. 4.9 (b).

Using the effective medium theory, we can then extract sawing fluid concentrations from
the measured values of the refractive index by using the BG model. Fig. 4.9 (c¢) shows the
experimental concentrations and concentrations predicted by the BG model as a function of the

refractive index. The reconstructed accuracy in this case is ~0.57%.

We then apply the amplitude modality to determine the concentrations of sawing fluids
using the same methodology as presented in Section 4.4. In Fig. 4.9 (c), we plot the calculated
concentrations by the amplitude modality and the experimental concentrations as a function of

the refractive index. The accuracy in this case is found to be ~2.81%, which is worse than that for
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a low-loss heat-transfer fluid. The primary reason is due to low precision in the measured value

of the bulk absorption loss of the sawing fluid when using a cut-back method.
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Figure 4.9 (a) Experimental transmission spectra of the 24cm long Bragg fiber filled with sawing
fluids at different concentrations (by volume). (b) Comparison of the refractive indices measured
in experiment and the reference data provided by the supplier. (¢) Comparison of the
experimental concentrations with the concentrations predicted by the spectral modality and the

BG model, as well as the concentrations calculated using the amplitude-based detection modality.

4.6 Discussion

In this paper, we proposed two detection modalities for monitoring the concentrations of
commercial cooling oils by analyzing the bandgap center position and transmission amplitude at
the mid-bandgap of the analyte-filled Bragg fiber. First, when using the spectral-based detection
modality, oil concentration could be inferred from the suspension refractive index by using the
Bruggeman effective medium theory. Alternatively, when using the amplitude detection modality,
oil concentration could be found by fitting changes in the suspension absorption losses and

comparing them to the loss of a reference solution.

In principle, using multiple-channel detection modalities for measuring an experimental

value could enhance the detection accuracy, since the measurement uncertainty could become

smaller by a factor of 1/ JN, when N detection channels with comparable detection errors are
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used. However, because of unstable optical output of the cooling oils when measuring the
absorption coefficients using a cut-back technique, the accuracy of the amplitude detection
modality is much worse than that of the spectral modality, therefore, the accuracy of our sensor
for monitoring the oil concentration cannot be enhanced by using the two detection modalities. In
our future work, we will have to balance the accuracies of the two sensing channels in order to

enhance the overall accuracy of the two-channel Bragg fiber sensor.

4.7 Conclusion

In summary, we demonstrate simultaneous monitoring of the real and imaginary parts of the
liquid analyte refractive index by using a hollow-core Bragg fiber, and we apply this fiber sensor
to monitor concentrations of various commercial liquids by monitoring of the fiber bandgap
center wavelength, as well as the fiber transmission amplitude at the point of fiber lowest
propagation loss (bandgap center). The fiber sensor is first calibrated using NaCl solutions of
different concentrations. By measuring spectral shift of the fiber bandgap, the sensitivity to
changes in the real part of the core refractive index is found to be 1460nm/RIU, which translates
into a sensitivity of 2.6nm/w% to changes in the concentration of a NaCl solution. Additionally,
using changes of the transmission amplitude at the point of lowest propagation loss of the Bragg
fiber, a concentration sensitivity of 3.55dB/w% for NaCl solutions is obtained. By using the
spectral modality and the effective medium theory, we determine the concentrations of the two
commercial fluids from the measured refractive indices with accuracy of ~0.57% for both low-
and high-loss oils. Moreover, we demonstrate that using the amplitude-based detection modality
allows determination of the oil concentration with an accuracy of ~1.64% for low-loss oils and an
accuracy ~2.81% for the high-loss oils. The proposed Bragg fiber sensor has the advantages such
as simple structure, fast response, and low cost. One practical application of the proposed sensor
is precision monitoring of the cooling oil concentration in cooling solutions and sawing liquids,

where real time monitoring of oil concentration with sub-1%v accuracy is desired.
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CHAPTER S ARTICLE 2: SQUEEZED HOLLOW CORE PHOTONIC
BRAGG FIBER FOR SURFACE SENSING APPLICATIONS

This chapter is based on the paper “Squeezed hollow core photonic Bragg fiber for surface
sensing applications”, which is published on Optics Express in 2016. I am the primary author of

this paper, and the co-authors are Hang Qu and Maksim Skorobogatiy.

In this Chapter, we propose to use squeezed hollow-core photonic bandgap Bragg fibers
for surface sensing applications. We demonstrate theoretically and confirm experimentally that
squeezing a section of the Bragg fiber core increases overlap between the optical fields of the
core-guided modes and the modes bound to the sensing layer, thus significantly enhancing their
interaction via anticrossing phenomenon, which, in turn, enhances surface sensitivity of the fiber
sensor. As a practical demonstration, we apply our fiber sensor for in sifu monitoring of the
dissolution dynamics of a sub-micron-thick polyvinyl butyral (PVB) film coated on the surface of
the liquid-filled Bragg fiber core. Strong spectral shift is observed during the dissolution of the
PVB film, and a surface spectral sensitivity of ~70pm/nm is achieved experimentally with
aqueous analytes. The proposed fiber sensor offers a new sensing modality and opens new
sensing applications for photonic bandgap fibers, such as real-time detection of binding and

affinity, study of kinetics, etc., for a range of chemical and biological samples.

5.1 Introduction

Precise detection of bio-layer thickness, trace amounts of biomolecules, and identification of
bacteria pathogens is important in numerous biochemical applications including diagnostics,
genomics, proteomics, microbiology, and surface chemistry [3, 8, 225-226]. Optical biosensors
are powerful analysis tools to address these applications by means of fluorescence-based
techniques or label-free detection. Compared to fluorescence-based techniques, label-free
biosensors forgo the need of laborious labeling of samples and can detect target molecules in
their natural forms by measuring changes in the analyte refractive index [227], optical absorption
[228], or Raman scattering [229] in the presence of the biological agents. The label-free sensing
modality allows in sifu monitoring of surface kinetics and affinity, as well as other surface

interactions.
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Optical fibers constitute a very promising platform for label-free biosensing applications,
as they offer miniaturization, a high degree of integration, and continuously quantitative and
qualitative analysis. To date, a wide range of optical fiber-based biosensors have been proposed
and developed. One common implementation for surface sensing is by using an evanescent
coupling of the total internal reflection (TIR) guided modes to the bio-layer. This sensing strategy
has been applied in various configurations, such as tapered microfibers [230], U-shaped fiber
[231], side-polished fiber [232], and long period fiber grating (LPFG) [233]. However, in such
sensors, in order to ensure efficient overlap between the bio-layer and the evanescent fields of the
optical modes, certain fiber modifications have to be first carried out, such as stripping off a
section of the fiber cladding or tapering the fibers into microfibers, which undermine the
mechanical robustness of these fiber sensors and limit the interaction length between the optical

modes and the analyte.

Another popular implementation of the fiber sensors for surface sensing is based on the
phenomenon of surface plasmon resonance (SPR), which involves resonant excitation of the
electromagnetic surface waves at the metal-dielectric interface. Being extremely sensitive to the
refractive index changes of the surrounding medium, these sensors are particularly suitable for
biosensing applications such as monitoring molecule interactions, DNA hybridization, and
antigen-antibody reactions [234-236]. However, this technique requires a complicated fabrication
process, including fiber cladding stripping and precisely controlled metal-layer deposition.
Furthermore, the probing length of surface plasmon in the visible range is only on the order of
100nm [237], which limits its utility when detection of larger targets (such as bacteria with sizes

of 0.5um-10pum) is required.

In order to extend the probing depth of the surface wave to longer distances for
macromolecular or bacteria detection, one can pursue biosensors operating at longer wavelengths
(such as THz). Thus, in [181] the authors used a suspended core polyethylene THz fiber for the
detection of E. coli bacteria. The highly porous structure of the suspended core fiber allows the
target analytes to conveniently access to the fiber core and the evanescent part of the guided wave.
It was demonstrated that selective binding of the E. coli bacteria to the surface of the fiber core
can significantly influence the THz transmission properties of the suspended core fiber due to
enhanced scattering and absorption losses caused by the bacteria. Changes in the fiber

propagation loss can then be correlated to the concentration of the bacteria in the liquid analyte.



62

Additionally, You et al. reported a polypropylene hollow-tube based on an anti-resonant
reflecting hollow waveguidance (ARRHW) mechanism for the sensing of molecular overlayers
adhered to the inner surface of the tube [168, 169]. The strongly localized THz evanescent wave
enables detection of the subwavelength-thick overlayers (several microns to tens of microns)
attached on the inner surface of the hollow tube. Nevertheless, the strong absorption of THz

waves in water limits the sensor application in aqueous environment.

Using sensors based on hollow-core photonic bandgap Bragg fibers operating in the
visible-near infrared spectral range constitutes a viable alternative for surface sensing
applications in aqueous analytes, as Bragg fibers inherently integrate optical detection with
microfluidics, and water is relatively transparent in this spectral range. Due to the possibility of
having a large fiber core (~1mm), the response time of the liquid-filled Bragg fiber sensor could
be reduced to under 1s, thus allowing for continuous online monitoring of biological and
chemical samples in a contained, highly integrated manner. Furthermore, the large fiber core
could be further functionalized with bio-recognition elements that can bind and progressively
accumulate target biomolecules or bacteria, thus enabling detection of specificity. In general, one
distinguishes two types of Bragg fibers, namely low-refractive index (RI)-contrast Bragg fibers
and high-RI-contrast Bragg fibers. We note that low-RI-contrast Bragg fibers have certain
advantages for liquid analyte sensing, compared to their high-RI-contrast counterparts. In fact, we
have argued in [111, 113], that high-RI-contrast Bragg fibers show superior guidance in the
gaseous cores (n,~1), which makes them highly suitable for gas sensing applications. Meanwhile,
when these high-RI-contrast Bragg fibers are filled with aqueous solutions (7,~1.33), the TM
bandgaps of the Bragg reflectors tend to collapse at the light line of aqueous material due to the
Brewster angle phenomenon, leading to high loss of the guided modes. In contrast, the low-RI-
contrast Bragg fibers show large TM bandgaps in the vicinity of the light line of an aqueous
solution-filled fiber core, thus resulting in good guidance of all the polarizations. Therefore, the

use of low-RI-contrast Bragg fibers is preferred in the case of detecting aqueous analytes.

In our previous work, we have demonstrated using hollow-core Bragg fibers for bulk
refractive index sensing of liquid samples [112, 115]. The operation principle of such sensors
relies on the spectral modality, according to which variations in the analyte refractive index

modify the bandgap guidance of the fiber, leading to spectral shifts in the fiber transmission
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spectra. In this paper, we demonstrate a novel application of the hollow-core Bragg fibers for
surface sensing applications. The fiber used in this work is an all-polymer hollow-core low-RI-
contrast Bragg fiber, which features a hollow core surrounded by a periodic sequence of high/low
refractive index multilayers, namely, polystyrene (PS)/polymethyl-methacrylate (PMMA) Bragg
reflector. We then deposit a thin polyvinyl butyral (PVB) analyte layer on the inner surface of the
fiber core. The analyte layer supports its own-guided modes with their optical properties strongly
affected by the layer refractive index and thickness. Due to the phenomenon of avoided crossing
in the vicinity of the phase matching wavelength between a particular pair of the core-guided and
the analyte layer bound modes, fiber transmission spectra (bandgap shape) can be significantly
modified, thus allowing for monitoring of changes in the analyte layer properties. It is, in fact, the
hybridization of the core-guided modes of the Bragg fiber with the analyte layer bound modes in
the vicinity of their corresponding phase matching points that enables the surface sensing
modality of the Bragg fiber. One of the design challenges when using Bragg fibers for surface
sensing is a weak overlap between the modal fields of the core-guided and the analyte layer
bound modes. This is due to the fact that the fields of the core-guided modes of the Bragg fiber
decrease rapidly from the core center towards the core inner surface where the analyte layer is
located. In order to increase the modal overlap and promote the hybridization between the core-
guided modes and the analyte layer bound modes, we propose squeezing of the Bragg fiber.
Squeezing of the fiber decreases the fiber core size in one dimension, which, in turn, leads to the
modal overlap enhancement in the direction of squeezing. As a demonstration of the surface
sensing modality, we apply our sensor to monitor the dissolution dynamics of the polyvinyl
butyral film coated on the inner surface of the fiber core. Furthermore, we demonstrate that the
surface sensitivity of the fiber sensor could be greatly enhanced by squeezing a section of the
Bragg fiber, thus increasing the modal overlap between the core-guided modes and the modes
bound to the thin PVB film. Simulations based on the transfer matrix method are conducted to
validate the experimental results. The proposed fiber sensor opens a new approach for a wide
range of application, such as detection of molecular interaction and the study of surface kinetics,

as well as bacteria detection and other applications involving surfaces.
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5.2 Theoretical analysis of using Bragg fiber for surface sensing applications

Bragg fibers are well known for their ability to confine light in the core filled with analytes
having refractive indices lower than those of the fiber cladding materials. When a broadband light
source is launched into the Bragg fiber core, only the light with frequencies within bandgap of
the Bragg reflector will be confined and guided in the fiber core, while the light with frequencies

outside of the bandgap will irradiate out.

In order to theoretically study the surface sensing mechanism, we simulate the modal
refractive indices and the propagation losses of the guided modes inside of the Bragg fibers by
using the transfer matrix method (TMM) [210, 214], with an analyte layer deposited onto the
core inner surface. In our simulations, we approximate the circular Bragg fibers as planar Bragg
stacks with the same material composition and layer thickness. First, we consider a Bragg fiber
with a bilayer featuring refractive indices of #,, n,, and having corresponding layer thicknesses
of d,, d,. The core is assumed to be filled with water (n,=1.33) and has a diameter of D. The
number of bilayers in the fiber reflector is N . In Fig. 5.1, the green region represents an analyte

layer with a thickness of d, and refractive index of #, .

N

Figure 5.1 Schematic of the Bragg fiber (a) and the corresponding planar Bragg waveguide (b)
with the same material composition and layer thickness. The Bragg reflectors feature alternating
polystyrene (PS) /polymethyl-methacrylate (PMMA) layers. The green region represents the

analyte layer.
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5.2.1 Influence of the analyte layer thickness on the Bragg fiber spectral

features

In our first set of simulations of the Bragg fibers, we calculate the modal refractive indices and
the radiation losses of the TM; and TE; modes guided in the water-filled fiber core that features a
thin analyte layer with thickness ranging from Onm to 200nm. The thicknesses of PMMA/PS
bilayer are obtained from the scanning electron microscopy graphs of the cross section of the
Bragg fiber used in our experiments (dpy,,,=210nm. dps=210nm), as shown in Fig. 5.5. The
number of bilayers N in the Bragg reflector is twenty. The refractive indices of the PMMA, PS,

and water are (7py,,,=1.49, nps=1.58, n,,.,=1.33). The fiber core diameter is set to be D

water

=600um. The refractive index of the analyte layer is set to be 1.46, which is a typical value for

many biomaterials [100], as well as for the PVB layer used in our experiments.

Figures 5.2(a)-(d) illustrate the simulated modal refractive indices and the radiation losses
of the TM, and TE; modes guided in the Bragg fiber as a function of wavelength. We note that
introduction of an analyte layer into the fiber core results in the anticrossing phenomenon when
the fundamental mode of the Bragg fiber (closest to the light line of the core material) hybridizes
with the modes guided predominately in the analyte layer. This phenomenon happens in the
vicinity of the phase matching wavelength between the dispersion relations of the two modes,
and it results in apparent discontinuities in the modal dispersion curves, corresponding to the
anticrossings between the core-guided modes of the Bragg waveguide and the so-called defect

modes [238-240] guided in the analyte layer.
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Figure 5.2 Simulated modal dispersion relations of TM; (a) and TE; (b) modes in the water-filled
Bragg fiber featuring an analyte layer with thickness ranging from Onm to 200nm. Corresponding
radiation losses of the TM; (c) and TE,; (d) modes. Dependence of the wavelength of avoided
crossing of the TM; (e) and TE, (f) modes (obtained from (c) and (d)) as a function of the analyte
layer thickness. Dependence of the wavelength of the lowest radiation loss of the TM,; (g) and
TE, (h) modes (obtained from (c) and (d)) as a function of the analyte layer thickness.
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A schematic view of anticrossing between a particular pair of a core-guided mode and an
analyte layer bound defect mode is illustrated in Fig. 5.3. The dispersion relation of a core-guided
mode of a Bragg fiber (without analyte layer) is shown as a blue dotted line. Similarly, the
dispersion relation of an analyte layer bound mode (mode of a step-index slab waveguide) is
shown as a purple dotted line. The wavelength of crossing between the two dispersion relations is
called the phase match point between the two modes. When plotting the corresponding modes of
a Bragg fiber with analyte layer we observe anticrossing of the dispersion relations corresponding
to the core-guided and analyte bound mode in the vicinity of the phase matching point. In the
vicinity of the phase matching point (also wavelength of avoided crossing), there is a resonant
power transfer from the core-guided mode of a Bragg fiber into the defect mode of an analyte
layer. In turn, the defect mode in the analyte layer is phase matched with the radiation continuum
of the fiber cladding, thus resulting in a significant increase of the fiber propagation losses in the

vicinity of the wavelength of the avoided crossing.

The wavelength of the avoided crossing depends strongly on the analyte layer thickness.
When increasing the analyte layer thickness, the anticrossing wavelength shows a red shift. This
is easy to rationalize by noting that dispersion relation of the fundamental mode of the Bragg

waveguide (with analyte layer) shows red shift when the analyte layer thickness increases.

Moreover, we note that, upon introduction of the analyte layer, the original bandgap of the
Bragg fiber (without the analyte layer) becomes fractured due to the appearance of the loss peak
near the wavelength of anticrossing. This new structure of the bandgap suggests two modalities
for the detection of changes in the analyte layer thickness. The most direct modality (modality 1
in Fig. 5.2(e) and (f)) is to track the wavelength of the avoided crossing that appears as a
transmission dip inside of the original fiber bandgap (region of high transmission). From Figs.
5.2(e) and (f), one finds a nonlinear dependence of the wavelength shift with respect to the
analyte layer thickness. However, in practice, this modality is difficult to realize as the large core
Bragg fibers are highly multimode, so there is no single anticrossing wavelength. Thus, in place
of a single transmission dip, one typically observes a change in the bandgap shape. This
phenomenon is clearly observed in Figs. 5.2(c) and (d). Due to the avoided crossing, a
transmission loss peak appears inside of the bandgap. This peak splits the bandgap into two
smaller bandgaps. By tracking the shift in the wavelength of the lowest loss of the large bandgap
(modality 2 in Figs. 5.2(c) and (d)), one can indirectly track the changes in the position of the
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anticrossing wavelength (transmission dip in the fiber bandgap). We find in the following that
modality 2 is more relevant experimentally. In order to characterize the surface sensitivity of this
modality, we thus plot the wavelengths of the lowest propagation loss of the TM; and TE; modes
as a function of the analyte layer thickness, as shown in Figs. 5.2(g) and (h). An approximately
linear dependency with analyte layer thickness is found for both modes. The surface sensitivity of
the spectral method can be then defined as S, = dA,./dd,, where dA, is the wavelength shift
when the analyte layer thickness is changed by dd,. According to this definition, the simulated
surface sensitivities using modality 2 are found to be 0.046nm/nm and 0.04nm/nm for the TM,
and TE; modes, respectively. We note that the simulated surface sensitivity is mostly valid for the
Bragg fiber operating in the single mode or a few modes regime. In our experiments, the hollow-
core Bragg fiber features a relatively large core diameter (~600pum) and a relatively small length
of 8cm, which allows thousands of modes propagating in the fiber core. As a result, many higher-
order modes are excited when the light beam is launched into the fiber. These higher-order modes
have somewhat different modal overlap with the analyte layer, as well as different anticrossing
wavelengths and transmission bandgaps. Therefore, we expect that the surface sensitivity
measured experimentally would be a result of the combined contribution of many higher-order
modes, rather than only the fundamental TE; and TM; modes. At the same time, we note that
another effect of the multimode operation on the fiber transmission is in the broadening of the

transmission window and the overall increase in the propagation loss.
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Figure 5.3 Schematic of the modal dispersion relations of the core-guided (blue dotted line) and
the analyte layer bound modes (purple dotted line), as well as the dispersion relations of the
hybridized modes in a Bragg fiber with an analyte layer (green solid lines) near the point of phase

matching (anticrossing wavelength).

5.2.2 Effect of the fiber core size (degree of squeezing) on the surface

sensitivity

Now, we study the effect of the squeezed fiber core on the surface sensitivity of our sensor.
When dealing with the squeezed Bragg fibers, we approximate them as planar Bragg stacks with
the same material composition and layer thickness. When the fiber is squeezed, it can be
considered that the distance between the planar stacks (D) is reduced. In the following
simulation, we keep the analyte layer thickness constant (100nm) and calculate the surface
sensitivity of 10 possible even-symmetric TE and TM modes (closest to the light line) of the
squeezed fiber when D is decreased from 600um to 20um. In Figure 5.4, we plot the surface
sensitivities of the 10 TE and TM modes as a function of the squeezed core size D. One can
make several interesting observations from the simulation results. First, the higher order modes
show higher surface sensitivity compared to the fundamental modes, due to a higher modal

overlap with the analyte layer coated on the fiber inner surface. Second, when reducing the fiber
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core size, the surface sensitivity of the fiber sensor increases. This enhancement is especially
pronounced when the squeezed core size becomes smaller than 100pum. This remarkable
improvement of the surface sensitivity is attributed to an enhanced modal overlap between the
core-guided modes and the analyte layer. This demonstrates that, indeed, the surface sensitivity
of the fiber sensor can be enhanced dramatically by squeezing a section of the Bragg fiber core so
as to increase the modal overlap with the analyte layer. From the simulation results, one can find
that the largest sensitivity enhancement of the 10 TE and TM modes is ~52% when the fiber core
size is reduced from 600pum to 100um. Furthermore, this enhancement could reach up to ~12-fold
when the fiber core size is reduced to 20um. We note that, in practice, our fiber sensor operates in
a multimode regime. The extent of the surface sensitivity enhancement would be a result of the
combined contribution of a great number of optical modes propagating in the fiber core, with

higher order modes being more sensitive to changes in the fiber core size.
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Figure 5.4 Simulated surface sensitivity of 10 even symmetric TE (a) and TM (b) modes (closest
to the light line) when the fiber core size D is reduced from 600um to 20um. The PVB layer

thickness is kept constant and equals to 100nm in all the simulations.

5.3 Experimental realization of the Bragg fiber sensor

5.3.1 Deposition of the PVB layer

In order to experimentally study the squeezed Bragg fiber sensors and assess their potential for
surface sensing applications, we undertake the study of dissolution dynamics of a thin analyte

film deposited on the fiber core inner surface. A thin layer of polyvinyl butyral resin (Butvar®” B-
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98, Sigma-Aldrich) is chosen as the analyte material in this demonstration because it is
transparent in the visible spectral range and a PVB layer deposited onto the fiber core inner
surface can be easily dissolved using ethyl alcohol without damaging the PS/PMMA reflector. A
PVB layer fabricated using a solution-based method has a refractive index in the range of 1.45-

1.47, which is close to that of many practical biomaterials.

In order to deposit a thin PVB film on the inner surface of the Bragg fiber, 1.5g PVB is
first dissolved in 10 mL ethyl alcohol and mixed thoroughly. Then, the mixture is pumped into
the Bragg fiber via applying a negative pressure. Subsequently, the 8cm long fiber section is
fixed on the chuck of a spin coater (WS-400-6NPP, Laurel) and rotated at a speed of 3000RPM
for 60s. The cross section of the obtained fiber with a PVB layer inside is shown in Figs. 5.5(a)
and (b). From the SEM micrograph, the thickness of the PVB layer is estimated to be ~500nm,
while the thicknesses of the individual PMMA and PS layers are both ~210nm.

Hollow core

Figure 5.5 (a) Cross section of the hollow-core PMMA/PS Bragg fiber with a PVB layer under
optical microscope. (b) Cross section of the Bragg reflector taken by a scanning electron
microscope (SEM), featuring the alternating polystyrene (PS) and poly-methacrylate (PMMA)
layers with individual thickness of ~210nm, as well as a ~500nm-thick PVB layer.

5.3.2 Experimental setup

Experimentally, we use two opto-fluidic blocks to integrate the Bragg fiber sensor into the setup,
as shown in Fig. 5.6. The two opto-fluidic blocks enable both optical coupling and flow of the
target analytes, which are detailed in our prior work [112]. After pumping liquid analyte into the

hollow core Bragg fiber, a beam from a broadband supercontinuum source (500nm-1700nm) is
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launched into one end of the fiber core using an objective (x10). The transmitted spectrum is
registered by a grating-based monochromator (Oriel, 1/8m cornerstone, Newport). In order to
enhance the surface sensitivity of the Bragg fiber sensor, we increase the modal overlap between
the core-guided modes and the analyte film by squeezing the fiber using a metallic rod fixed on a

micro-positioning stage. The fiber can be squeezed in increments of 50um.

‘ Monochromator

Squeéiing rod
D~2.54cm

=" M O 5
Squeezed sectiopaIcm

Figure 5.6 Experimental setup for the optical characterization of the surface sensitivity of the
squeezed Bragg fiber sensor. The 8cm-long Bragg fiber with a thin PVB coated on the inner
surface is integrated into the setup using two opto-fluidic blocks. A broadband supercontinuum
beam is launched into one end of the liquid-core Bragg fiber using an objective, while the output
spectrum of the fiber sensor is registered by a monochromator. The metallic rod (diameter:
2.54cm) is fixed on a micro-positioning stage and is used to squeeze a section of the fiber in
increments of 50um. Inset: ~8cm Bragg fiber used in this experiment (top), squeezing sketch of

our setup (middle), as well as the squeezed section of the Bragg fiber (bottom).

5.3.3 Characterization of dissolution dynamics of the PVB analyte layer

First, we characterize the surface sensitivity of the Bragg fiber sensor without squeezing. The
fiber features a PVB analyte layer (with a thickness of ~500nm) at the start. We note that since a

grating based spectrometer is used to register the transmission spectra, each scan of the spectral
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region of interest (550-750nm) is relatively large, and it takes ~60 seconds. When introducing
ethyl alcohol into fiber, the analyte layer starts dissolving immediately and the Bragg fiber
spectra change continuously. Therefore, before pumping ethyl alcohol into the fiber (in order to
dissolve the PVB layer), we first register the reference transmission spectrum using chemically
inert 16%wt NaCl solution in water. This NaCl solution is chosen because it has the same
refractive index (n~1.36) as ethyl alcohol and thereby the fiber has the same bandgap position as
the one filled with ethyl alcohol. After acquiring the reference spectrum, the ethyl alcohol is
introduced into the fiber core in order to dissolve the thin PBV layer deposited onto the fiber core
inner surface. The time varying transmission spectra are then acquired every minute. As shown in
Fig. 5.7, with the dissolution of a PVB layer, the transmission spectra have an obvious blue shift
towards shorter wavelengths. The direction of the spectral shift is consistent with that found in
our numerical simulations. Moreover, as the PVB film (RI~1.46) dissolves in ethyl alcohol
(RI~1.36), we expect that the bulk refractive index of the fiber core should gradually increase,
which induces an additional blue spectral shift [112]. This assumption is well verified by noting
that when we purge the fiber with pure ethyl alcohol after the PVB layer is dissolved, a red shift
of ~5nm is observed, which is due to the decrease of the refractive index of pure ethyl alcohol
compared to that of the PVB-alcohol mixture. Therefore, based on the observed results, we can
make the following statement; the surface sensitivity of a Bragg fiber is made of two
contributions. The first contribution is due to a true surface sensing modality owing to the
thickness variation of an analyte layer attached to the inner surface of the fiber core, while the
second contribution is due to the changes of the bulk refractive index of the fiber core with the
dissolution of the analyte layer in the liquid material of a fiber core (assuming that the core liquid

is not continuously pumped through the fiber core).
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Figure 5.7 Experimental transmission spectra of the Bragg fiber during the dissolution process of
a thin PVB layer (thickness~500nm) coated on the inner surface of the fiber core. A blue shift is
observed with dissolution of the PVB film. After the PVB layer is dissolved, the fiber is purged
with fresh ethyl alcohol, and a red shift of ~5nm is observed, which is attributed to the fact that
the RI of ethyl alcohol is somewhat lower than that of the PVB-alcohol mixture.

Finally, we refill the fiber used in the prior experiment with 16%wt NaCl solution in
distilled water, and acquire their spectra after a complete removal of the PVB layer. Comparison
with the initial transmission peak positions that are measured before the dissolution process
allows us to calculate the surface sensitivity of the Bragg fiber. In Fig. 5.8, we plot the spectra of
the Bragg fiber filled with 16%wt NaCl in water before and after the PVB film dissolution. We
find that the presence of a ~500nm thick PVB layer leads to 23nm red shift in the fiber
transmission spectrum, compared to the spectrum of the fiber without a PVB layer. The
corresponding surface sensitivity of our sensor to changes in the layer thickness is then estimated
to be 0.046nm/nm. For completeness, we also present in Fig. 5.8(a) the transmission spectra of a
Bragg fiber with and without PVB layer when the fiber core is filled with distilled water. In this

case, we also observe a ~26nm shift of the transmission peak, thus resulting in a surface
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sensitivity of 0.052nm/nm. The experimentally demonstrated surface sensitivity is comparable to
that found in the numerical simulations. Additionally, from the time dependent date of Fig. 5.7,
we can estimate that the dissolution rate the PVB layer is ~2nm/s. We note that in the spectra of a
Bragg fiber with a PVB layer, a pronounced transmission dip at the left edge of the fiber
transmission window is well observed both in the case of water and 16%wt NaCl solution (see
Figs. 5.8(a) and (b)). The presence of this transmission dip is probably attributed to anticrossing
between the fiber core modes and the modes confined to the analyte PVB layer, as we have

observed in the simulated spectra in Section 5.2.
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Figure 5.8 (a) Experimental transmission spectra of the ~8cm-long Bragg fiber filled with
distilled water (a), (c), and 16%wt NaCl in water (b), (d), before and after the PVB film
dissolution. The ~500nm PVB film induces a red shift of 26nm and 23nm in the transmission

peak, respectively, when compared to transmission of the same fiber without a PVB layer.



76

5.4 Enhancement of the surface sensitivity by squeezing the Bragg fiber

Due to the large core of the Bragg fiber (significantly larger than the wavelength of light and the
analyte layer thickness), only a small fraction of the power of the core-guided mode is present in
the vicinity of the inner surface of the fiber core, thus leading to a poor modal overlap with the
PVB analyte layer; therefore, only a moderate surface sensitivity is observed experimentally. In
order to enhance the surface sensitivity, numerical simulations of Section 5.2 suggest that one has
to reduce the fiber core size. To verify this experimentally, we repeate the surface sensitivity
characterization experiment, when a section of the Bragg fiber is squeezed, thus, effectively
reducing the fiber core size. The advantage of a fiber squeezing technique versus drawing fiber of
a smaller diameter is that, in the case of a fiber squeezing, one can explore the tradeoff between
sensitivity enhancement and sensor response time increase observed for smaller fiber core sizes.
More importantly, such a fiber-squeezing technique can also serve as a flexible and independent
“knob” to adjust the surface sensitivity and the response time, in order to suit particular needs for

different applications.

The experimental setup for the squeezed fiber experiment is shown in Fig. 5.6. The
metallic rod with a diameter of 2.54cm is fixed on the micro-positioning stage, which enables
squeezing a one-centimeter-long section of the fiber (as shown in Fig. 5.6) in increments of 50um.
We choose the same Bragg fiber, as well as the same recipe for the PVB film deposition in order
to guarantee similar transmission properties of the Bragg fiber and similar PVB layer thicknesses

as in the case of experiments with non-squeezed fiber detailed in Section 5.3.

In Fig. 5.9, we plot the transmission spectra of the Bragg fiber filled with distilled water
when a section of the fiber is squeezed by displacements ranging from Oum to 500pum. The fiber
has a PVB layer with a thickness of ~500nm. We can see that although the transmission
amplitude of the fiber is decreased with the increase of the squeezing displacement, the

transmission peak positions are well conserved during the squeezing process.
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Figure 5.9 Experimental transmission spectra of the ~8cm long Bragg fiber filled with distilled
water before PVB layer dissolution, when a section of fiber is squeezed by displacements ranging
from Opm to 500um using a 2.54cm diameter cylinder. The fiber has a PVB layer with thickness
of 500nm.

Then, we register the time-varying spectra of the Bragg fiber during the dissolution of the
PVB layer using ethyl alcohol when a section of the fiber is squeezed. Two squeezing
displacements of 250um and 500um are used in our preliminary experiments. In Fig. 5.10, we
present the spectra of the Bragg fiber filled with distilled water and 16%wt NaCl solution in
water before and after the complete dissolution of the PVB layer with a goal of characterizing the
overall surface sensitivities and their enhancement due to the fiber squeezing. We remind the
reader that the refractive index of the 16%wt NaCl solutions in water is the same as that of ethyl
alcohol that we use for dissolution of the PVB layer. Moreover, the PVB film is not dissolvable
in NaCl solutions, which motivates us to use such a solution for the reference measurements
before and after the PVB layer dissolution. Measurement with pure distilled water is presented in

lieu of the potential applications of our sensor with aqueous analytes and bio-functional layers.
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Figure 5.10 Experimental transmission spectra of the ~8cm long Bragg fiber filled with distilled

water and 16%wt NaCl solution in water before and after the PVB film dissolution. The fiber is

squeezed by the depths of 250um and 500pum using a 2.54cm diameter cylinder. In the case of a
250um-squeezed fiber (D~350um), a ~500nm PVB film induces a red shift of 30nm (filled with

pure water), and 26nm (filled with 16%wt NaCl solution). In the case of a 500um-squeezed fiber
(D~100pm), the 500nm PVB film induces a red shift of 35nm (filled with pure water), and 29nm
(filled with 16%wt NaCl solution).
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By comparing the transmission peak positions of the fiber filled with distilled water and
16%wt NaCl solution before and after the PVB film is fully dissolved, we can calculate the
surface sensitivities of the Bragg fiber at those two different degrees of squeezing. As shown in
Fig. 5.11, the surface sensitivities of the squeezed fiber are enhanced by ~35% and ~30%, when
the fiber is filled with distilled water and 16%wt NaCl solution, respectively, compared to that of
a non-squeezed fiber. The extent of sensitivity enhancement shows reasonable agreement with
our simulation results. The mechanism of the sensitivity enhancement is due to increased overlap

between the core modes and the PVB analyte layer when the fiber is squeezed.
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Figure 5.11 Surface sensitivities of the squeezed hollow-core Bragg fiber sensor filled with

distilled water and 16%wt NaCl solution for various degrees of squeezing. The circular fiber core

has a diameter of ~600um. Inset: Schematic of the squeezed Bragg fiber with core size of D.

5.5 Discussion

In this paper, we propose using squeezed hollow-core Bragg fibers for surface sensing
applications. As a demonstration, we apply the fiber sensor to monitor the thickness variations of
a thin analyte layer deposited on the inner surface of the fiber core. When a thin film is
introduced onto the fiber inner surface, anticrossings between the core-guided modes and the

modes confined to the analyte layer are observed both theoretically and experimentally. In the
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vicinity of anticrossings, the optical energy is resonantly transferred from the fiber core modes to
the analyte layer modes, followed by a strong increase in the fiber propagation loss. The
wavelength of the modal anticrossing depends strongly on the analyte layer thickness, thus
allowing for monitoring of changes in the analyte layer thickness. The presence of the attenuation
peaks induced by the anticrossing phenomenon deforms the shape of the original bandgap of the
Bragg fiber and results in changes in the shape of a transmission spectrum. Experimentally, it is
easier to monitor spectral shift of the point of the lowest transmission loss than the anticrossing
wavelength (transmission dip). This spectral modality for monitoring of the analyte layer optical

properties is suitable for a wide range of surface sensing applications.

Due to the large size of the Bragg fiber core (which is much larger than the thickness of
the analyte layer), only a poor modal overlap between the core-guided modes and the analyte
layer modes is achieved, thereby leading to a moderate surface sensitivity. In order to enhance
surface sensitivity, we explore squeezing a section of the Bragg fiber, which enhances the core-
guided modes/analyte layer overlap. Numerical simulations show that squeezing the hollow-core
Bragg fiber could significantly enhance the surface sensitivity. This enhancement is especially
pronounced when the squeezed core size becomes smaller than 100um. However, due to the
moderate mechanical robustness and chemical resistivity of the all-polymer Bragg fiber when it is
filled with ethyl alcohol, the fiber breaks or cracks if it is squeezed by a displacement of more
than 500um (the resultant core size ~100um). As a result, only a moderate sensitivity
enhancement (~35%) is achieved in our experimental demonstration, when the core size is
reduced from 600um to 100pum. Despite the limited degrees of squeezing, we can still clearly
observe enhancement of the surface sensitivity when we squeeze the Bragg fiber. In our future
work, we will study the ways of increasing the mechanical robustness of the polymer Bragg

fibers to squeezing in order to further enhance the surface sensitivity.

5.6 Conclusion

In summary, we study, both theoretically and experimentally, the use of hollow-core Bragg fibers
for surface sensing applications. The fiber sensor operates using a spectral sensing modality to
monitor changes in the thickness of an analyte layer deposited on the inner surface of the Bragg
fiber core. As a practical demonstration, we have applied this sensor to monitor the dissolution

dynamics of a thin PVB layer coated on the fiber inner surface. A surface sensitivity of
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0.052nm/nm is experimentally achieved with aqueous analyte. Moreover, we have also
experimentally demonstrated that squeezing a section of the Bragg fiber effectively increases the
overlap between the core-guided modes and the analyte layer, thus enhancing the surface
sensitivity of the fiber sensor. The highest surface sensitivity achieved in our work is 0.07nm/nm
with the squeezed fiber core size of 100pum. The experimental observations are validated by
theoretical simulation based on the transfer matrix method. The proposed liquid-core Bragg fiber
sensor is applicable to a wide range of surface sensing applications including molecular
recognition, bacteria detection, and monitoring of the biolayer thickness variation and others,
with the advantages of simplicity in sensing mechanism, short response time, ease of fabrication,

and relatively high sensitivity.
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CHAPTER 6 ARTICLE 3: 3D PRINTED HOLLOW CORE
TERAHERTZ BRAGG WAVEGUIDES WITH DEFECT LAYERS FOR
SURFACE SENSING APPLICATIONS

This chapter is based on the paper “3D printed hollow core terahertz Bragg waveguides with
defect layers for surface sensing applications”, which is published on Optics Express in 2017. 1
am the primary author of this paper, and the co-authors are Katirvel Nallappan, Hichem

Guerboukha, and Maksim Skorobogatiy.

In this Chapter, we study a 3D-printed hollow core terahertz (THz) Bragg waveguide for
resonant surface sensing applications. We demonstrate theoretically and confirm experimentally
that by introducing a defect in the first layer of the Bragg reflector, thereby causing anticrossing
between the dispersion relations of the core-guided mode and the defect mode, we can create a
sharp transmission dip in the waveguide transmission spectrum. By tracking changes in the
spectral position of the narrow transmission dip, one can build a sensor, which is highly sensitive
to the optical properties of the defect layer. To calibrate our sensor, we use PMMA layers of
various thicknesses deposited onto the waveguide core surface. The measured sensitivity to
changes in the defect layer thickness is found to be 0.1 GHz/um. Then, we explore THz resonant
surface sensing using o-lactose monohydrate powder as an analyte. We employ a rotating THz
Bragg fiber and a semi-automatic powder feeder to explore the limit of the analyte thickness
detection using a surface modality. We demonstrate experimentally that powder layer thickness
variations as small as 3um can be reliably detected with our sensor. Finally, we present a
comparative study of the time-domain spectroscopy versus continuous wave THz systems

supplemented with THz imaging for resonant surface sensing applications.

6.1 Introduction

Optical fibers have been extensively studied for biochemical sensing applications due to
numerous advantages, such as small footprint, high degree of integration, and continuously
quantitative and qualitative analysis. To date, a wide range of fiber-optic biochemical sensors
based on various configurations have been proposed and developed [3, 8, 226]. One common
fiber-based implementation for surface sensing is using an evanescent coupling of the total

internal reflection (TIR) guided modes to the analyte layer. This sensing strategy has been
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applied in various configurations, such as tapered microfibers [230], U-shaped fiber [231] and
side-polished fiber [232], as well as long period fiber grating (LPFG) [233]. Another popular
implementation of the fiber sensors for surface sensing is based on the phenomenon of surface
plasmon resonance (SPR). However, the probing length of those surface waves in the visible
range is only on the order of 100nm [237], which limits its utility when trying to detect of larger

targets (such as bacteria with sizes of 0.5pum-10um).

In order to extend the probing depth of the surface waves to longer distances for macromolecular
or bacteria detection, one can pursue biosensors operating at longer wavelengths (such as THz).
For example, in [181], the authors used a suspended-core polyethylene THz waveguide for the
detection of E. coli bacteria based on an amplitude modality. Selective binding of the E. coli
bacteria to the surface of the waveguide core modifies the THz transmission properties of the
suspended core waveguide due to enhanced scattering and absorption losses. Changes in the
waveguide propagation loss can then be correlated to the concentration of the bacteria in the
liquid analyte. Hollow tubes or dielectric pipes based on the anti-resonant reflecting optical
waveguide (ARROW) mechanism [168, 169] constitute an alternative to the THz micro-
structured waveguide sensors based on the amplitude modality. The strongly localized THz
evanescent wave enables detection of the subwavelength-thick analyte layers attached to the
inner surface of the hollow tube. By tracking the spectral shift of the resonant wavelength, one
can monitor changes in the analyte layer thickness. However, most of those sensors typically
have relatively broad spectral features, which dramatically reduce the sensitivity and detection
limit.

By employing sensors with narrow resonances, much higher sensitivities could be achieved. For
example, in [257, 258], the authors demonstrated thin film sensing by exciting high-Q Fano
resonances in planar terahertz metamaterials. Metamaterial structures have the advantage of
being able to support resonances at any desired frequency based on their structural geometry, and
these resonances are responsive to the changes in the thickness and the effective refractive index
at their surface. Such resonances with extremely narrow linewidths enable measuring minute
spectral shift caused by small changes in the thickness and refractive index of the surrounding
media. In another example [259], multipolar plasmonic resonances at terahertz frequencies have

been reported for designing ultra-sensitive sensors.
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In this work, the relatively broad transmission spectrum of Bragg waveguide (45GHz) is
modified by introducing a narrow spectral loss peak (3GHz). This is accomplished by introducing
a geometrical defect in the first layer of the Bragg reflector. The spectral position of the loss peak
is found to be highly sensitive to the optical properties of the defect layer, such as thickness and
refractive index. The present work is inspired by our recent report using hollow-core Bragg fiber
operating in the visible range for surface sensing applications [114]. It was demonstrated that a
thin analyte layer deposited on the inner surface of the fiber core results in avoided crossing in
the vicinity of the phase matching wavelength between the core-guided mode and the analyte
layer bound mode. The wavelength of anticrossing, and as a consequence, fiber transmission
spectra is strongly dependent on the analyte layer thickness, thus allowing monitoring of changes

in the analyte layer thickness.

In order to improve the detection limit of such sensors, we employ a THz Bragg waveguide
operating in an effectively single mode regime. By directly tracking the anticrossing frequency
between the core-guided mode and the defect mode, which manifests itself as a sharp
transmission dip within the relatively broad transmission window, we have significantly
improved the detection limit compared to the THz waveguide sensors reported in the literature
[168, 169]. In order to realize such sensors operating in the THz range, we use 3D
stereolithography. The Bragg waveguide used in this work features a hollow core surrounded by
a periodic sequence of high- and low-refractive index multilayers, namely, printing resin
(PlasClear, Asiga) and air. The thickness of each bilayer is 512um, with a predicted fundamental
bandgap centered at 0.18THz. The waveguide core size of 4.5mm is chosen to ensure an
effectively single mode operation within the fundamental bandgap region. In order to introduce a
transmission dip with narrow linewidth inside of the original bandgap, we increase the thickness
of the first layer in the Bragg reflector, thus introducing anticrossing (hybridization) between the
core-guided mode and the lossy modes confined in the vicinity of the defect layer. For sensor
calibration, we use PMMA films with different thicknesses attached to the inner surface of the
waveguide core. Then, an example of THz resonant surface sensing using a-lactose monohydrate
powder as the analyte is demonstrated experimentally. Simulations based on the finite element
method (FEM) are conducted to validate the experimental results. The anticrossing phenomenon
between the core-guided mode and defect mode is confirmed by imaging the modes propagated

in the waveguide using a fiber-coupled THz microscopy setup. The Bragg waveguide sensor is
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characterized using both time domain spectroscopy (TDS) and continuous wave (CW)
spectroscopy setup, and we conclude that the CW setup with higher frequency resolution is more
suitable for applications that require high sensitivities. The ability to tailor the spectral properties
of the sensors by properly designing their geometric parameters means that our Bragg
waveguides become a viable platform for a wide range of application, such as detection of

molecular and bacterial interactions, study of surface kinetics, monitoring of powder analytes, etc.

It is important to highlight several advantages of the proposed sensing system, which uses
resonant phenomenon in the THz waveguides versus more traditional ways for layer thickness
and composition monitoring such as the free space transmission mode spectroscopy. In particular,
compared to the free space transmission mode spectroscopy which monitors thin film properties
by observing the phase variations in the THz wave passing through an analyte film, our
waveguide sensor rather uses resonant interaction between its various guided and leaky modes in
the alayte layer while employing an amplitude (not phase) detection modality. Amplitude
detection requires considerably simpler (and cheaper) THz systems, at the same time, offer a
comparable sensitivity compared to the state-of the art phase detection modality employed in the
free space transmission mode spectroscopy. This is the major advantage for the development of
practical THz systems for industrial monitoring and sensing applications. Secondly, we note that
most of the current resonant THz sensors have relatively broad spectral features, thus, resulting in
lower sensitivities. In our photonic bandgap THz waveguide-based sensors, the modal field in the
hollow core is resonantly coupled to the field in the defect mode concentrated in the analyte layer.
This coupling is strongly wavelength dependent as it relies on the modal anticrossing
phenomenon. Moreover, the strength of the intermodal coupling (hence, the spectral width of the
transmission peak) can be designed to be as small as desired by simply displacing the analyte
layer into the reflector region away from the core. As a result, the resonant dip with narrow
linewidth in the waveguide transmission spectrum can be used to resolve minute spectral shifts in
the resonant dip positions caused by small changes in the defect layer thickness or refractive
index, which allows an improved detection limit, compared other conventional setups. Note that
in our system detection sensitivity is fundamentally limited only by the spectral resolution of the
detector rather than by that of the resonant waveguide sensor. In particular, we demonstrate that
for the same waveguide sensor designed to feature a ~3GHz transmission dip, when employing a

CW THz system that offers sub-GHz spectral resolution, we get considerably higher detection
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sensitivities compared to the case of using a standard TDS-THz system with >3GHz resolution.
We note that, by using a CW THz setup [259] capable of 4MHz spectral resolution, the
waveguide sensors discussed in this paper can be, in principle, designed for the detection of sub-
100nm changes in the layer thickness. To our knowledge, this is virtually impossible to achieve
with other more standard approaches. Thirdly, we note that waveguide-based sensing system
offers an opportunity for seamless integration of various conduits for the delivery of analytes (e.g.
liquids, powders, gases) into the optical setup. As an example, in this work, we demonstrate that
the spinning hollow core waveguide with minor modifications in its geometry can be used to
produce (via centrifugal force) and hold thin layers of powders for the detection of changes in
their mass (thickness), which, to our best knowledge, has never been reported before. This
sensing strategy is especially relevant for many practical applications, such as environmental
monitoring, among others applications. Finally, we note that by adjusting the waveguide
geometry, one can target specific frequency range of interest, and enrich the sensing scenarios.
For example, as proposed in our manuscript, by designing the operation frequency of the sensor
near the absorption peak of a-lactose monohydrate (at 0.53THz), one can simultaneously monitor
the layer thickness and the lactose concentration in the powders using the anticrossing frequency
and the absorption peak strength, respectively. Again, to our knowledge, this multi-parameter
sensing modality has never been reported before, and it is beneficial for the design of versatile,
and highly integrated sensors, which enables a comprehensive multi-parameter material

characterization by a single device.

6.2 Design of an effectively single-mode THz Bragg waveguide

Single-mode operation gives many advantages for signal processing and sensing applications.
The HE;; mode in a Bragg fiber has a Gaussian-like field distribution, and is generally favored
over the lowest loss TEy, mode [224], because the HE;; mode can be easily excited with a
linearly polarized THz input beam. In this section, we start by designing a THz Bragg waveguide

operating in an effectively single mode regime.

Figure 6.1(a) shows the cross section of the waveguide used in our work, which features a
hollow core surrounded by a periodic sequence of high/low refractive index multilayers, namely,
the printing resin and air. The thickness of each layer is designed to be 512um, with a predicted
fundamental bandgap center at 0.18THz, according to the basic theory of Bragg fibers [214]. This
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frequency region is chosen due to the following reasons: first, there are no water vapor absorption
lines in this region, and waveguide sensors operating in this range are, therefore, less influenced
by the environmental conditions; second, a single mode Bragg waveguide operating in this
frequency range (the corresponding wavelength is around 1.5mm) has a relatively large core size,
which is an asset for practical sensing applications, as it simplifies the introduction of analyte into
the waveguide core. Moreover, a relatively large waveguide core size is also essential for the
efficient coupling of THz beams. The number of the bilayers in the Bragg reflector is ten. In
order to maintain the mechanical stability of the Bragg reflector, a set of micro-bridges are
introduced into the waveguide cross section, as indicated in Fig. 6.1(a). In order to guarantee
consistent alignment of the Bragg waveguide sections during the cutback measurements, U-

shaped holders (see Fig. 6.3) are used.

The most straightforward method to achieve an effectively single-mode operation is to
reduce the waveguide core diameter until only one core-guided mode is supported. Reduction in
the core size results in increase in the waveguide propagation loss, because the fields of the
guided modes extend more into the waveguide cladding. Thus, not only the radiation loss due to
finite number of bilayers in the reflector, but also the absorption loss due to the loss in the
cladding material has to be considered. In order to achieve an effectively single-mode operation
at the fundamental bandgap, we compute the band diagram of the Bragg waveguide at different
core diameters using a commercial finite element software COMSOL. We note that the Bragg
waveguide used in this section features a perfectly periodic reflector (no defect layer). For the
frequency dependent refractive index and absorption loss of the reflector material, we use the

polynomial fits in Eq. (B. 2) and Eq. (B. 3) (See Appendix B).
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Figure 6.1 (a) Schematic of the THz Bragg waveguide. The gray region and white region
represent the high refractive index layer (printing resin) and low refractive index layer (air),
respectively. Both the resin and air layer have a thickness of 512pum. The multilayers are kept
together with micro-bridge structures distributed uniformly along the waveguide cross section.
The number of bilayers is 10. Two mounts at the waveguide periphery are introduced for
convenient loading and aligning of the waveguide in the U-shaped holder. The light blue region
is a defect layer in the Bragg reflector. (b). Band diagram of the Bragg waveguide with a core
diameter of 4.5mm. The yellow solid line illustrates the air light line. Color of each dot indicates
the fraction of power guided in the hollow core. The red-colored curve represents the HE;-like

mode. A typical defect mode due to the presence of the bridges is shown in the insert.

We start by computing the band diagram of the Bragg waveguide with a core diameter
much larger than the operation wavelength (1.5mm at 0.2THz), and gradually reduce the core
diameter until only the HE;; mode is guided in the waveguide. In our simulations, the
computational cell is terminated by a circular perfect-electric-conducting boundary located at the
waveguide periphery. To exclude the modes of a continuum that are concentrated in the vicinity
of the numerical boundary, we only present the modes that have more than 30% of the total
power confined to an area delimited by a radius equal to the 2/3 of that of the waveguide outer
boundary. We find that when the waveguide core diameter is reduced to 4.5mm, an effectively

single HE;; mode propagation can be achieved in the fundamental bandgap region (centered at
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~0.18THz). In Fig. 6.1(b), we plot the modal effective refractive indices of the guided modes as a
function of frequency in the range of 0.1-0.3THz. The color code indicates the fraction of the
modal power guided within the hollow core. The blue color defines the modes with power
localized mostly outside of the waveguide core, and the red color signals strong presence of the
modal fields in the hollow core. The yellow solid line in the diagram is the light line of air with
n= 1. As shown in Fig. 6.1(b), the bandgap, in fact, features several types of modes that can be
identified as core-guided modes and defect modes. The core-guided modes are the two almost
degenerate polarizations of the Gaussian-like HE;; modes [red-colored curves in Fig. 6.1(b). The
degeneracy is lifted due to the presence of bridges in the reflector structure. The same bridges
lead to appearance of radiation modes that are present within the fundamental bandgap. Such
modes have less than 20% of their modal power in the core, and they are difficult to excite [see
the inset of Fig. 6.1(b), for example]. Therefore, the Bragg waveguide operates in an effectively
single mode regime, when using a linearly polarized Gaussian beam. All the Bragg waveguides
used in the following sections have a diameter of 4.5mm, in order to ensure an effectively single-

HE;, mode operation.

6.3 Bragg waveguide with a defect layer

It is well known that one can introduce narrow loss peaks into the bandgap region by introducing
geometrical defects into the structure of a Bragg reflector [243, 244]. The geometrical defects in
the reflector can confine localized states (defect modes) whose frequencies lie within the reflector
bandgap. The defect modes can be considered as lossy Fabry-Perot (FP) cavity states localized in
the vicinity of the geometrical defects. The optical properties of the FP cavity states are highly
sensitive to the thickness of the geometrical defect. Thus, thicker defects (longer FP cavities)
result in resonant states at lower frequencies. Similarly, thinner defects result in resonances at
higher frequencies. In Bragg waveguides, the geometrical defects can be realized either by
thinning a particular reflector layer or by making it thicker. In our experiments, we pursue the
latter approach, as thicker layers are easier to realize experimentally due to finite resolution of
our 3D printer, as well as mechanical stability considerations when dealing with very thin
waveguide layers. As shown in Fig. 6.1(a), the light blue region represents a defect layer. It is
formed by adding material on the inner surface of the waveguide core, which modifies the

thickness of the first reflector layer.
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To demonstrate this phenomenon, we compute the band diagram of a Bragg waveguide
featuring a defect in the form of a thicker first reflector layer (thickness increase of 300um). In
the simulation, we limit the frequency region to 0.1THz to 0.3THz, where the Bragg waveguide
operates in an effectively single HE;; mode regime. As shown in Fig. 6.2(a), the introduction of a
defect layer into the waveguide core results in anticrossing between the core-guided HE;; mode
and the modes guided predominately in the defect layer. We note that the defect modes are bound
to the core/reflector interface, and thus, exhibit significant presence in the lossy cladding material
[see mode C in Fig. 6.2(c)]. Meanwhile, the core-guided mode [see mode A in Fig. 6.2(c)] has
most of the power guided in the low loss air-core region; therefore, its propagation loss is
relatively small. Over a certain frequency range, the core-guided mode hybridizes with the defect
mode. A hybridized mode is shown as mode B in Fig. 6.2(c), which is known as the anticrossing
phenomenon. Owing to the anticrossing, the dispersion relation of the core-guided mode is
significantly altered, as shown in the inset of Fig. 6.2(a). In the vicinity of the anticrossing
frequency, there is a resonant power transfer from the core-guided mode into the defect mode,
thus resulting in a significant increase in the waveguide propagation loss, and thereby resulting in
a narrow resonant transmission dip inside the waveguide transmission bandgap. In Fig. 6.2(b), we
present the loss spectrum of the fundamental HE; mode. As expected, the spectrum features two
loss peaks inside of the waveguide bandgap, which correspond to the two anticrossing regions

shown in Fig. 6.2(a).

Thus, by increasing the thickness of the first layer of the reflector, one can introduce
guided modes into the defect layer. At the point of anticrossing between the dispersion relations
of a lossy defect mode and that of a low-loss core-guided HE;; mode, strong modal hybridization
is observed, thereby resulting in strong increase in the propagation loss of the HE;; mode in the
vicinity of the anticrossing frequency. The frequency of avoided crossing depends strongly on the
defect layer thickness [114]. Therefore, by tracking the shift in the anticrossing frequency
(spectral position of the resonant dip), one can build THz waveguide sensors for monitoring

changes in the physical/chemical state of the waveguide core surface.
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Figure 6.2 (a) Band diagram of the Bragg waveguide with a defect layer (thickness: 300pm). The
two white dashed ellipses highlight the anticrossing regions between the core-guided mode and
the defect modes. Insert: magnified view of the anticrossing region. In order to show the
anticrossing phenomenon clearly, we use bigger dots to represent the core-guided HE;; mode and
the defect modes. The black circles refer to the different types of modes guided in the bandgap. (b)
Propagation loss of the HE;; mode. The two sharp loss peaks inside of the bandgap correspond to
the two anticrossing regions highlighted as dashed white ellipses in (a). (c) The longitudinal flux
distributions for those modes highlighted in the band diagram. A: Core-guided HE;; mode. B:
Hybridized mode. C: Defect modes localized in the immediate vicinity of the defect layer at the

waveguide core/reflector interface.

6.4 THz Bragg waveguides with a perfectly periodic reflector (no
defect)

We fabricate the THz Bragg waveguides using a 3D stereolithography system (Pro 2, Asiga),
which has a transverse resolution of 50um and a longitudinal resolution of lum (along the
waveguide length). We first fabricate five sections of Bragg waveguides with a perfectly periodic

reflector (without a defect). Each section has a length of 2.5c¢m [see Figs. 6.3(b-d)].

The transmission spectra are characterized using a terahertz Time Domain Spectroscopy
(TDS) setup shown in Fig. 6.3(a) and detailed in [241]. The setup comprises a frequency doubled
femtosecond laser (Ti: Sapphire laser, 90fs, repetition rate of 100MHz, Menlo System) used as a
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pump source and two identical low-temperature grown GaAs photoconductive antennas used as
the THz emitter and detector. A near infrared (NIR) laser pulse is split into two parts by a beam
splitter. One part is focused onto a photoconductive emitter for the generation of THz pulse. The
THz pulse is then collimated and focused onto the sample by a pair of parabolic mirrors. After
passing through the sample, the THz beam is re-collimated and focused onto the detector. The
other part of the NIR laser goes through a variable delay line and ultimately terminates on the
detector. The delay line allows the THz pulse to be mapped as a function of time. The
photocurrent in the detector is measured with a lock-in amplifier to ensure a good signal-to-noise
ratio. The operating frequency range is 0.1-3.0THz. The parabolic mirror that collimates the
beam after the sample is mounted on the translation rails. This arrangement allows easy insertion
of the THz waveguides and guarantees that both the input facet and the output facet are placed at
the focal points of the parabolic mirrors. The Bragg waveguide under test is fixed in a U-shaped
holder of equivalent length [see Figs. 6.3(b) and 3(c)]. The cross section of the fabricated Bragg
waveguide with a perfectly periodic reflector is shown in Fig. 6.3(d). The experimentally
measured average thicknesses of the high refractive index resin layer and the micro-bridge are
512um and 145um [see Figs. 6.3(e) and 3(f)], respectively, which are in good agreement with the
designed values. The U-shaped holders are mounted on a sliding track, which is placed between
the two parabolic mirrors. To prevent excitation of the cladding modes, an iris with a hole-
diameter of 4.5mm is fixed at the waveguide input end, and an aluminum foil with a hole-
diameter of 4.5mm is glued on the holder at the output facet. The first holder section is fixed in
the focal point of the stationary parabolic mirror (PM1), thereby ensuring that the input facet of
the Bragg waveguide is also at the focal point of PM1.

In the experiment, five holder sections, each hosting a 2.5cm-long waveguide, are
removed one by one. During each measurement, the output facet of the holder section (together
with the Bragg waveguide) is always fixed in the focal point of the PM2 by adjusting the
movable stage. Therefore, waveguides of 12.5cm, 10cm, 7.5¢cm, Scm, and 2.5cm are measured.
The reference is acquired by removing all the holder sections (together with the waveguide

sections), and then moving the PM2 so that the aperture becomes in its focal point.



93

Periscope Beam splitter Delay line
. i Flat mirror I
‘ ...... ..........................
4&\ Parabolic mirror (PM)

Eniitter

Rail 1

Lockin detection

.I Dfetector

L PN

N LS N :

P m \ :

: PMI1 I ] A

g Rail 2 - |
(a) i Purging cage | ;

Figure 6.3 (a) Schematic of the THz-TDS setup for characterizing the transmission properties of

Femtosecond laser

the THz Bragg waveguides. A mirror assembly (rail 2) can translate the output focal plane to
accommodate the waveguides of various lengths. The femtosecond laser pulse is shown in red
and the THz pulse is shown in green. PM1: fixed parabolic mirror with a focus at the waveguide
input facet. PM2: movable parabolic mirror, which is displaced every time when the waveguide
section is removed in order to keep the focal point at the waveguide output facet. (b) Three
sections of the Bragg waveguides (white) mounted in the U-shaped holders (black). Both the
input facet and the output facet of the Bragg waveguides feature an aperture with the size equal to
that of the waveguide core. (c) Close-up view of one section of Bragg waveguide mounted in the
U-shaped holder. (d) Cross section of the printed Bragg waveguide with a uniformly periodic
reflector. () Magnified view of the micro-bridge. (f) Magnified view of the high refractive index

resin layer.

In Fig. 6.4, we present the cutback measurements of the transmission spectra through the
Bragg waveguides with different lengths. The experimentally measured fundamental bandgap is
centered at 0.18THz, which is in good agreement with that of the simulation. Next, the
transmission loss of the Bragg waveguide with a uniform reflector is found by comparing the
transmission spectra through waveguides of different lengths (cutback method). In Fig. 6.4(b), we
plot the calculated propagation loss of the hollow-core Bragg waveguide in the frequency region
between 0.1THz and 0.5THz. We note that, at the fundamental bandgap gap center position
(0.18THz), the propagation loss is ~0.12 cm™, which is significantly smaller than the

corresponding bulk absorption loss of the reflector material at the same frequency (~1 cm™).
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Figure 6.4 (a) Measured transmission spectra of the THz Bragg waveguides with uniform
periodic reflector for different waveguide lengths (2.5¢cm, Scm, 7.5cm, 10cm, and 12.5cm). The
bandwidth (FWHM) of the fundamental bandgap of a Bragg waveguide is ~45GHz. (b)

Calculated propagation loss of the hollow-core Bragg waveguide using the cutback method.

6.5 THz Bragg waveguides with a defect layer in the reflector

Next, we introduce narrow resonant loss peaks into the Bragg waveguide transmission spectra by
introducing a defect layer with thicknesses of 200um, 300pum, and 400um, respectively. Each
Bragg waveguide has a length of 2.5cm. Then, we characterize the transmission spectra of the
fabricated waveguides with defect layers using the same setup and methodology as presented in
Section 6.4. In Fig. 6.5(a), we plot the experimentally measured transmission spectra for the
Bragg waveguides featuring defect layers of different thicknesses. As predicted, the introduction
of a defect layer results in pronounced anticrossings between the core-guided mode and the
defect modes localized in the vicinity of the defect layer. The two sharp transmission dips
observed in the transmission spectra can be well interpreted by the two anticrossing regions as
presented in Fig. 6.2. When the thickness of the defect layer is increased from 200um to 400um,
the anticrossing frequency shows a blue frequency shift. We note that the two resonant dips in the
waveguide transmission spectra correspond to anticrossing of the core-guided mode with the two
different defect modes. Generally, due to distinct electric field distributions in these two defect
states, we expect that sensitivity of the two resonant peaks to changes in the analyte layer

parameters will also be different. In Fig. 6.5(b), we plot frequency of the two resonant dips found
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at the right edge (dip 1) and the left edge (dip 2) of the bandgap as a function of the defect layer
thickness, and a linear dependency is well observed for both cases. The experimentally obtained
surface sensitivity to changes in the thickness of the first reflector layer is found to be
0.12GHz/pum and 0.115GHz/pum for the resonant dip 1 and dip 2, respectively. The experimental
results agree well with the theoretically calculated surface sensitivities of HE;; mode [see dotted
lines in Fig. 6.5(b)]. In what follows, we use the resonant dip 1 with higher sensitivity in order to
perform the sensing of different analytes. Nevertheless, we note that there is alternative sensing
modality according to which, one could track changes in the inter-peak spectral separation, rather
than the spectral position of one of the two individual peaks. The advantage of the two-peak
methodology is that one of the peaks serves as a natural reference for the other one, thus allowing
for mitigating various sources of spectral noise. However, in order to make this sensing scheme
effective, one has to ensure that the two peaks have significantly different sensitivities to changes
of the measurand, thus resulting in appreciable inter-peak spectral changes when analyte optical
properties are varied. This implies that the structure of the sensor has to be judiciously designed
to realize this condition. Currently, we are investigating the two-peak modality in more details,

and we will present our findings in the future works.

The two resonant dips feature narrow linewidths. For example, the linewidth of the
transmission dip of the Bragg waveguide with a defect thickness of 300um is 9GHz, which is five
times smaller than that of the bandgap bandwidth. Additionally, we note that the quoted linewidth
of the resonant dip is inferred from the measurements performed using the TDS system, which
has a spectral resolution of 3GHz for our system. As we will present later in Section 6.9, by using
a continuous wave THz spectroscopy setup with sub-1GHz spectral resolution, the actual

resonant dip linewidth is much narrower.
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Figure 6.5 (a) Measured transmission spectra of the THz Bragg waveguide featuring a defect
layer of different thicknesses (200um, 300um, and 400pm). (b) Experimental and theoretical

spectral shifts of the two transmission dips as a function of the defect layer thickness.

6.6 THz Bragg waveguides for monitoring of the optical properties

of thin films

As a practical demonstration, we apply the proposed THz Bragg waveguide to detect changes in
the thickness of a PMMA film attached onto the waveguide inner surface. This is accomplished
by tracking the spectral position of the narrow resonance within the Bragg waveguide bandgap.
This sensor type can be used, for example, to study degradation of the analyte layer properties

due to flow of the reagent vapors or other reactive substances.

We choose the THz Bragg waveguide with a defect layer of 300um in the Bragg reflector
as the sensing platform. In our experiment, PMMA films with two different thicknesses (50um
and 100pum) are manually inserted into the waveguide core. In order to avoid the air gap between
the PMMA film and the waveguide core inner surface, we use a rectangular piece of the PMMA
film with the length equal to that of the waveguide and the width matched closely to the
perimeter of the waveguide core. The PMMA films used in this work are rigid enough to
maintain their shapes and adhere tightly to the core inner surface under the stress caused by the
round shape of the core. In Fig. 6.6(a), we plot the experimental transmission spectra of the

Bragg waveguides with a PMMA film of different thickness, revealing that, with the increase of
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the PMMA film thickness, the dip spectral position features a blue frequency shift. In Fig. 6.6(b),
we plot frequency of the resonant dip found at the right edge of the bandgap as a function of the
PMMA layer thickness, and a linear dependency is observed. The experimentally achieved
surface sensitivity, in this case, is found to be 0.1GHz/um. We also calculated the surface
sensitivity of the HE;; mode by assuming that the value of the PMMA film refractive index is
1.61 [260]. As shown in Fig. 6.6(b), the experimental achieved results show a good agreement

with our simulation results.
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Figure 6.6 (a) Measured transmission spectra of the THz Bragg waveguide (with a 300um defect
layer), when PMMA films of different thicknesses (50um and 100um) are inserted into the
waveguide core. (b) Experimental and theoretical spectral shift of the transmission dip found at

the right edge of the bandgap as a function of the PMMA layer thickness.

We note that the anticrossing frequency depends on both the thickness and the refractive
index of the target analyte. So far, we have investigated the effect of the analyte layer thickness
on the sensor response, considering that the analate refractive index is fixed. An interesting
question is whether the current sensor can be modified for the direct measurement of the analyte
refractive index. In fact, in order to effectively and reliably extract the refractive index of the
target analyte, one would first need to fix the analyte layer thickness and then, calibrate the
sensor with various values of analyte refractive indices. However, the major challenge in this
approach is how to maintain the same thickness for various analytes during calibration. We note
that for liquid and gaseous analytes, their thickness can be fixed via introduction of the well-

defined, analyte-filled microfluidic channels into the sensor structure. This is, in fact, a work in
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progress that we are currently undertaking in our lab, and, we are planning to report on the results

in the nearest future.

6.7 THz Bragg waveguides for monitoring of the optical properties

of powders

Here, we apply our waveguide sensor to detect thickness changes in the powder analyte, namely,
a-lactose monohydrate (density: ~1.59g/cm2, 5989-81-1, Sigma-Aldrich), which is a common
excipient in the pharmaceutical and food industry [245]. In the experiment, we choose the THz
Bragg waveguide with a defect thickness of 300um in the first layer of the Bragg reflector as the
sensing platform (length: 2.5cm). We employ the centrifugal force to disperse the lactose powder
analyte onto the waveguide core surface by rotating the waveguide. In particular, as shown in Fig.
6.7(a), the Bragg waveguide is first clad with a 3D printed tube [black region in Fig. 6.7(a)] to
enhance the mechanical robustness and stability during the fast rotation. The tube is inserted into
a bearing (inner diameter: 1 inch; outer diameter: 2 inches), which is fixed into a standard lens
mount (inner diameter: 2 inches, LMR2). The rotation of the Bragg waveguide is accomplished
by connecting it to a motor via a strap (see Supplementary Visualization 1). During the
experiment, in order to prevent the leakage of the lactose powder from the waveguide core during
the rotation, an aluminum foil with a hole diameter of 4.2mm is glued on both the waveguide
input and output facets, which is somewhat smaller than the core diameter of the Bragg

waveguide (4.5mm).



99

Lactose Bearing
—

p—
&=

Frequency shift: 7GHz

—Bragg waveguide (no powder
—— With Lactose powder (65U

1072 . : .
0.1 0.15 02 0.25 03

Frequency/THz

Figure 6.7 (a) Schematic of the setup used for monitoring of the thickness of powder analytes
deposited on the inner surface of a rotating Bragg waveguide (see Visualization 1). (b) Semi-
automatic loader used for feeding lactose powders into the rotating waveguide (see Visualization
2). (c) Measured transmission spectra of the THz Bragg waveguide (with a 300pum defect layer),
when 0.042g a-lactose monohydrate powder analyte (thickness of ~65um) is deposited uniformly

onto the waveguide inner surface.

In order to ensure formation of uniform lactose films on the waveguide inner surface, we,
therefore, pursue several approaches. First, in our setup, we carefully align the waveguide to be
as horizontal as possible. Then, during the measurements, we load the lactose powder along the
axis of the rotating waveguide using a semi-automatic feeder. During the waveguide rotation, we
visually check that the powder has been uniformly dispersed along the waveguide. Beyond the
visual inspection we have no means of direct confirmation that the lactose powder is dispersed
uniformly. Nevertheless, we are still confident that the resultant film is uniform using an indirect
observation method based on the resonant dip width. Particularly, we note that in case of a
significant thickness variation of the analyte layer along the waveguide length, the transmission
spectrum would feature transmission dips at variable spectral locations related to the local analyte
layer thickness. This would result in considerable broadening of the transmission dip. In our

experiments both with the low-resolution TDS and the high-resolution CW setups, we do not
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observe any reliably measurable dip broadening compared to the reference measurement with an
empty waveguide. This makes us to conclude that the thus realized power analyte layers are

uniform.

In our experiment, we fill the Bragg waveguide core with 0.042g lactose powders, and
then, we characterize the transmission spectrum of the waveguide when it is rotated at a speed of
1500RPM (revolutions per minute). As very small amounts of powder are used in the experiment,
and the waveguide core size is relatively small, we supplement the basic sensor design with a
semi-automatic feeder system [see Fig. 6.7(b)] that comprises a 3D micro-positioning stage and a
straw-like delivery attachment (see Supplementary Visualization 2). The use of such a feeder is
necessary in order to realize a reliable and consistent powder analyte delivery into the sensor. In
Fig. 6.7(c), we present the transmission spectra of the Bragg waveguide sensor before and after
dispersing the powder analyte onto the waveguide inner surface. We find that the presence of
0.042g lactose powders causes a frequency shift of 7GHz in the resonant dip position, which
reveals a spectral sensitivity of 166GHz/g. In fact, by assuming that the lactose powder is
uniformly dispersed onto the waveguide inner surface, the resultant thickness of the lactose film
is estimated to be 65um, considering that the waveguide has a core diameter of 4.5mm and a
length of 2.5cm. In this case, the spectral sensitivity of the Bragg waveguide to changes in the

thickness of lactose powders is found to be 0.11GHz/pum.

In practical industrial applications, in order to capture the target powder analyte onto the
waveguide inner surface, one can also pursue the following two approaches: one is to modify the
waveguide inner surface with an absorbing layer, which can bind and accumulate specific targets;
another alternative is to introduce porous structures into the defect layer. Efficient trapping of
micro-particles or powders in the porous structures results in refractive index changes in the
defect layer, which can be correlated to the spectral shifts in the resonant dip positions.
Furthermore, to enable specific detection of analytes, one can track the specific absorption
features that “fingerprint” the analytes. In our case, by designing the operation frequency of the
sensor near the absorption peak of a-lactose monohydrate (at 0.53THz), one could possibly
simultaneously monitor the layer thickness and the lactose concentration in the powders using the
anticrossing frequency and the absorption peak strength, respectively. This modality, however,

has to be further researched.
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6.8 Imaging of the modes propagating in the THz Bragg waveguides

To confirm excitation of the defect modes in the vicinity of the anticrossing frequency, we
perform the modal imaging at the waveguide output end using a fiber-coupled THz microscopy

setup. The schematic of the modal imaging setup is illustrated in Fig. 6.8(a).
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Figure 6.8 (a) Schematic of the fiber-coupled THz modal imaging system. (b) Transmission
spectrum of the Bragg waveguide (with a 300pum defect layer). (c) Spatial electric field

distribution | Ex| of the four modes marked in (b) acquired at the output of the waveguide.

A photoconductive antenna is used as the detector, and a free space coupled high power

interdigitated antenna is used as the emitter. The photoconductive antenna has a silicon lens and
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an aperture of lmm mounted in front of the lens. In order to compensate the pump pulse
broadening due to the dispersion in the fiber, a grating-based, dispersion-compensation system is
used before coupling the near-infrared pulse into the polarization-maintaining fiber [246]. The
output end of the fiber is placed on a 3D stage, and a fiber collimator is used to couple the output
of the fiber into free space to excite the detection antenna. The detection antenna is raster scanned
with a step resolution of 250um across the output end of a waveguide to perform the modal
imaging. Because the photoconductive antenna is only sensitive to the polarization parallel to the

dipole electrode, we only measure the spatial electric field distributions (| Ex|) in this experiment.

A Bragg waveguide (with a defect thickness of 300um) is used in this experiment. In Fig.
6.8(b), we plot the transmission spectrum of the waveguide measured using the TDS system. In
Fig. 6.8(c), we plot the spatial electric field distributions of the four modes marked in Fig. 6.8(b).
As expected from the simulation results, in the vicinity of the anticrossing frequency, the core-
guided mode (mode A) hybridizes with the defect mode (mode C). Mode B is a hybridized mode.
We note that the asymmetric profile of the defect mode is probably due to a misalignment and
off-center coupling of the THz beam to the Bragg waveguide in the experiment. As the frequency
moves far from the anticrossing region, the modal profile becomes a Gaussian shape in the
electric field distribution, which agrees well with the HE;; mode structure. This confirms an
effectively single-HE;;-mode propagation in the fundamental bandgap region of the Bragg

waveguide.

6.9 Resolution enhancement wusing continuous wave THz

spectroscopy

In a THz-TDS setup, the frequency resolution of the Fourier transform of a THz waveform is
fundamentally limited by the span of the time delay sweep, which, in turn, is typically limited to
200-300ps due to appearance of echoes in the THz time trace. These are caused by the multiple
reflections in the silicon lens and antenna substrates. In a typical THz-TDS setup, the resolution

is, therefore, limited to ~1-3GHz [192], thus setting the sensor detection limit.

Continuous wave terahertz spectroscopy systems based on the photo-mixing effect
constitute a viable alternative to the TDS systems for high-resolution spectral characterizations.

The CW-terahertz generation process is based on heterodyne difference frequency generation in
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the high-bandwidth photoconductors: The beat signal of the two lasers is converted into a CW-
terahertz wave exactly at the difference frequency of the lasers. In comparison to time-domain
terahertz systems, a CW-terahertz setup enables spectrally selective measurements and, at the
same time, offers a significantly improved frequency resolution and signal power. The frequency
resolution of CW systems is determined by the linewidth of the laser sources, which is typically
in the 10MHz range [247, 248]. Finally, the cost of such systems is comparable to the cost of the
TDS systems.
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Figure 6.9 (a) Schematic of the THz-CW spectroscopy setup for characterizing the transmission
spectra of the THz Bragg waveguides. Comparison of the transmission spectra of the Bragg

waveguide (with a 400um defect layer) measured using (b) THz-TDS and (c) THz-CW setups.

For comparison, in this section we characterize the transmission spectra of the hollow-
core Bragg waveguide sensor using a continuous wave terahertz spectroscopy system from
Toptica Photonics. The schematic illustration of this setup is shown in Fig. 6.9(a). The setup has
two distributed feedback (DFB) lasers with slightly different center wavelengths and balanced
power (~30mW for each laser) operating in the telecommunication range. A 50:50 coupler
combines and splits the two wavelengths equally into the emitter and detector arms. In order to
measure the phase information, each arm features a fiber stretcher. The two stretchers operate
with opposite signs, thus enhancing the optical path difference. Each fiber stretcher consists of a
polarization-maintaining single-mode fiber wound around a piezo actuator. The generated THz

waves are modulated with a bias voltage for lock-in detection.

In Fig. 6.9(b), we plot the transmission spectrum of a Bragg waveguide (with defect

thickness of 400pm) measured using the CW system with a reliable resolution of 40MHz. For
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comparison, we also plot the spectrum of the same waveguide characterized using the TDS setup
in Fig. 6.9(c) with time traces of 300ps. Overall, the spectrum of the Bragg waveguide sensor
measured using the CW setup shows good agreement with that measured using the TDS setup.
More importantly, we note that the linewidth of the resonant dip characterized by the CW setup is
only 3GHz, which is much narrower than that measured using the TDS setup (9GHz). The
corresponding Q factor of the sensor is therefore 55. Although the quality factor of the resonant
dip is not the highest for a sensor operating in the THz range [249], the 3GHz linewidth, to the
best of our knowledge, is among the narrowest measured for any resonator in the THz range
[250-252]. With the experimentally demonstrated sensitivity of 0.1GHz/pm and narrow linewidth
of the spectral features, our Bragg waveguide sensor can be used for the detection of targets with
size ranging from ~100nm to hundreds of microns by considering that the practical frequency
resolution of a continuous wave THz setup is in the 10MHz range. This is of great significance
for biosensing applications, when precision detection of targets, such as bacteria, cell, and other

macro-molecular layers, is needed

6.10 Sensor detection limit for powder analytes using the THz-CW
setup

We now evaluate the detection limit of the resonant Bragg waveguide sensors when used for
monitoring thickness of the powder analytes. In this study, we employ the continuous wave THz
setup that offers high spectral resolution in order to resolve minute changes in the sensor spectral
response when loading small amounts of lactose powders. Particularly, the powder is introduced
in small amounts with mass increments of 0.002g (corresponding thickness increase is 3um) into
the rotating Bragg waveguide using a semi-automatic feeder described earlier. Totally, three
measurements are performed for the net masses of the lactose powder equal to 0.002g, 0.004g,
and 0.008g that correspond to the analyte layer thicknesses of the 3um, 6pm, and 12pum on the

inner core surface.

In Fig. 6.10(a), we present the transmission spectra of the Bragg waveguide sensor before
and after dispersing the powders onto the waveguide inner surface. We note that in order to
resolve the minute spectral shifts caused by the small amounts of lactose powders, we perform

the Fourier transform of the transmission spectra of the waveguide sensor and remove the high
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frequency fluctuations in the signal that arises due to the standing waves between the waveguide
facet and the detector. We find that the increase of lactose powder mass causes a continuous
frequency shift in the resonant dip positions. In Fig. 6.10(b), we plot frequency of the resonant
dip found at the right edge of the bandgap as a function of the lactose layer thickness, and a linear
dependency is observed. The experimentally achieved surface sensitivity is found to be
0.14GHz/pum, which is somewhat higher than that we have achieved using the TDS setup. This is
probably due to the enhanced spectral resolution of the CW setup. Moreover, in order to
theoretically validate the experimental results, we also calculate the surface sensitivity of the
HE;; mode. The refractive index of the a-lactose monohydrate is found in [264] as is taken to be
1.78 in our simulations. The theoretical surface sensitivity of the Bragg waveguide sensor is

shown in Fig. 6.10(b) and we observe a good agreement between the theoretical and experimental

results.
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Figure 6.10 (a) Measured transmission spectra of the THz Bragg waveguide (with a 300um
defect), when different amounts of lactose powders are loaded into the core (corresponding
analyte layer thicknesses are Oum, 3um, 6pm, 12um). (b) Experimental and theoretical spectral
shift of the transmission dip found at the right edge of the bandgap as a function of the layer
thickness.
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6.11Discussions

6.11.1 Comparison of the sensor to free space transmission mode THz

spectroscopy

Thin film characterization using THz waves is recognized as an important technique, which has
many practical applications. Thin films that are particularly relevant in the development of high-
speed electronics [253] include epitaxial semiconductors, dielectric insulators, and graphene,
among others. Biosensing is another field where thin film detection is of great significance.
Target substances such as bacteria, cells, monolayers, or ligands, are typically studied in the form

of thin films on top of functionalized substrates [254].

One of the simplest configurations used for THz thin film sensing is based on a free space
transmission mode spectroscopy [255]. Changes in a thin dielectric film can be detected by
observing the phase variations in the transmission spectrum. However, this technique has many
fundamental and practical challenges. Since thin samples offer a very short interaction length in
such configurations, they only impart little modifications to the waves passing through it. The
measurement accuracy is significantly reduced, when the measurement uncertainties become
relatively strong compared to the phase changes induced by the samples. Only if the confidence
intervals of the sample and reference measurement are well separated, can it then be inferred that
a sample is reliably detected [255]. It is reported that a THz transmission mode spectroscopy
system can be used to detect thin polymer films with thickness down to ~2pum by observing the
phase change between the averaged reference and sample measurements. However, in practice,
for reasonable accurate characterization, it is recommended that the thin film thickness be at least

ten times above this limit.

The lack of resonant interaction between the THz waves and the samples is the principal
factor that limits the resolution of conventional transmission mode spectroscopy. In our THz
waveguide sensor, the modal field in the core is resonantly coupled to the field in the defect mode
in the anticrossing spectral region. The resonant dip with narrow linewidth in the waveguide
transmission spectrum can be used to resolve minute spectral shifts in the resonant dip positions
caused by small changes in the defect layer thickness or refractive index, which allows an

improved detection limit, compared to that of the conventional transmission mode spectroscopy
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setups. With the experimental demonstrated sensitivity of 0.1GHz/pum and a reliable spectral
resolution of 40MHz in our CW setup, the THz Bragg waveguide sensor can be used for the

sensing of thin films with sub-micron thicknesses (400nm).

6.11.2 Practical applications of the THz waveguide sensors

Currently, THz sensing of powder analytes has been extensively applied for the discovery of
illicit drugs [12], and explosive or hazardous powders [13] via their fingerprint THz spectra. The
presented THz Bragg waveguide sensor could potentially distinguish various powders if a
selective binding of specific powders to the waveguide inner surface could be realized, or, when
the sensor is operated in the vicinity of the spectral “fingerprint” absorption lines. Other potential
applications of the waveguide sensors include industrial or environmental pollution detection, as
well as monitoring of dynamical generation of solid or liquid compounds in chemical reactions.
For example, ammonia gas interacts with hydrochloric acid, producing particles of chloride
ammonium. Moreover, such waveguide sensors can be used for monitoring the precipitation of
objects on the core surface, thickness variations due to flow of reagent vapors, and changes in the
layer refractive index caused by chemical process. Finally, the proposed THz Bragg waveguide
sensor could also be used as a viable platform for efficient and label-free detection of bacteria
pathogens. By functionalizing the surface of the waveguide core with specific phages, selective
detection of pathogenic bacteria could be realized with the proposed THz Bragg waveguide
sensor. Changes in the resonant dip positions could be directly correlated with the concentration
of bacteria samples. These are all the new exciting directions that we are currently exploring in

our laboratories.

6.12 Conclusions

In this paper, we propose using 3D printed hollow-core THz Bragg waveguides with defect
layers for resonant surface sensing applications. It is demonstrated that by introducing a defect
into the first layer of the Bragg reflector, a strong and spectrally narrow dip appears in the
waveguide transmission spectrum. The dip is due to the anticrossing phenomenon between the
core-guided mode and a mode localized in the defect of the Bragg reflector. By tracking the
anticrossing frequency, which manifests itself as a transmission dip with narrow linewidth in the

waveguide transmission spectrum, one can detect changes in the geometrical or optical properties
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of the defect layer. Both the THz-TDS and THz-CW setups are used in our work, and we
conclude that CW setup with higher frequency resolution is more suitable for applications that
require high sensitivities. The experimentally achieved linewidth of the resonant dip (with a THz
CW setup) is only 3GHz, which is among the narrowest measured for any resonator in the THz
range. As a practical demonstration, we apply this sensor for detecting PMMA films with
different thicknesses loaded on the inner surface of the waveguide core. Target film thickness can
be directly correlated to the position of the anticrossing frequency. A surface sensitivity of
0.1GHz/pm is achieved experimentally. Moreover, an example of THz resonant surface sensing
using a-lactose monohydrate powder as the analyte is demonstrated experimentally using a setup
with rotating waveguide, where the powders are spread uniformly on the waveguide core surface
via the action of centrifugal force. We demonstrate that our sensor is capable of reliable detection
of 3um change in the analyte layer thickness, which is among the lowest ever reported for THz
sensing. Finally, the anticrossing phenomenon between the core-guided mode and the defect
mode is directly confirmed by imaging the modes propagated in the waveguide using a THz

microscopy setup.
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CHAPTER 7 GENERAL DISCUSSIONS

In the previous chapters, we have proposed and experimentally demonstrated hollow-core
photonic Bragg fibers for bulk refractometry of commercial liquids and surface sensing
applications including in situ monitoring of surface dynamics, as well as thickness detection of
bio-layers and powder analytes. Both theoretical analysis and experimental demonstrations have
been performed to characterize the proposed sensors. In this chapter, we would like to reiterate
the distinctive features of the proposed Bragg fiber sensors, present some additional experimental
and theoretical results that are not included in previous chapters, discuss their potential
applications, indicate the challenges and limitations of the proposed sensors, and suggest future

research directions for this project.

7.1 Liquid-core photonic Bragg fiber sensors for bulk refractometry of liquid
analytes

We first emphasize that hollow-core Bragg fiber sensors presented in this work are genuinely
sensitive to the “bulk” changes of the liquid analyte refractive index, while most fiber-based
refractive index sensors are only sensitive to changes in the analyte refractive index within the
penetration depth of the evanescent field of the propagating modes. This advantage makes the
presented hollow-core Bragg fiber sensor a natural candidate for monitoring the refractive indices

or relative concentrations of various commercial liquids.

In Chapter 4, we proposed two detection modalities for monitoring the concentrations of
commercial cooling oils by analyzing the bandgap center position and transmission amplitude at
the mid-bandgap of the analyte-filled Bragg fiber. First, when using spectral-based detection
modality, oil concentration could be inferred from the suspension refractive index by using the
Bruggeman effective medium theory. Alternatively, when using amplitude-based detection
modality, oil concentration could be found by fitting changes in the suspension absorption losses
and comparing them to the losses of a reference solution. Both measurands are highly sensitive to
the complex reflective index of the analyte filling the fiber core, thus enabling efficient
determination and cross-correlation with the concentration of cooling oils. In the following, we
will discuss in more details about the challenges of the two channel modalities and the

corresponding approaches we have employed to improve the sensing performances.
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7.1.1 Amplitude-based detection modality

When the Bragg fiber sensor operates in the amplitude-based detection modality, its signal is
negatively affected by many factors, such as intensity fluctuations of the optical source,
deviations in the mechanical/optical alignment during the analyte loading or unloading, bending
of the fiber, and existence of micro particles or air bubbles in the sensing system. All these

factors would influence the detection accuracy and repeatability of the fiber sensor.

In order to reduce these negative influences, we performed the following optimizations
during the experiments. First, to improve the stability of the supercontinuum light source, we
integrate an optical isolator after the pump laser (diode pumped passively Q-switched Nd: YAG
laser). An optical isolator is a passive magneto-optic device that only allows light to travel in one
direction. It is used to protect an optical source from back reflections or signals, which may cause
instabilities in the light source. We note that the instability of the light source after integrating the

optical isolator in the setup is less than 0.4% in a ten-minute period.

In order to ensure a consistent mechanical and optical coupling condition of the Bragg
fiber sensor, the Bragg fiber tip is sealed hermetically into the horizontal channels of the opto-
block with tread seal tape. The light beam from the supercontinuum source is coupled into the
center of the fiber input facet using an objective, as shown in Fig. 7.1. The Bragg fiber is kept
still in the experimental setup during the fiber calibration and subsequent measurements of
various commercial cooling oil suspensions, in order to guarantee the same coupling conditions.

A syringe is used to pump liquid analytes into the core of the fiber.

In order to eliminate the influence of air bubbles in the experiments, we submerge both
ends of the fluidic channels and the pumping syringe into a water-filled beaker (1L) during the
experiments. With all these conditions satisfied, we have virtually achieved a stable opto-fluidic

setup for sensing applications.

To verify the repeatability and stability of the amplitude-based detection modality, we
repeat the transmission spectra characterization of one Bragg fiber with a length of 15cm 60
minutes after its first round of characterization. In Fig. 7.2, we present the results of the two
consecutive experiments. The dotted curves represent the transmission spectra of the second
measurements, which match well with the results of the first measurement shown as the solid

curves. The fluctuations in the transmission amplitude are found to be no more than 2%.
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Figure 7.1 Input coupling facet of the liquid-core Bragg fiber sensor. Light beam from the

supercontinuum source is focused onto the center of the liquid-filled fiber core using an objective.
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Figure 7.2 Experimental transmission spectra of a ~15 cm long Bragg fiber when the core is filled
with analytes with different refractive indices (solid curves). The dotted curves indicate a repeat
of the first experiment after 60 minutes, which demonstrate a good repeatability and stability of

the Bragg fiber sensor.

7.1.2 Spectral-based detection modality

The sensors using spectral-based detection modality are immune to those negative influences as

mentioned in Section 7.1.1, because the measurand in this case is the peak position in the fiber
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transmission spectrum (or the bandgap position of the Bragg fiber), which is mostly determined
by the refractive index of the liquid analyte filled in the fiber core. As we have observed in the
repeatability test (see Fig. 7.2), the peak position in the fiber transmission spectrum barely
changes in several consecutive measurements regardless of somewhat amplitude fluctuations. We,
therefore, conclude that the spectral-based detection modality with higher detection accuracy and
stability is more suitable for instrumentation of the Bragg fiber sensors to realize real time

refractometry of commercial liquids.

Next, we would like analyze the factors that could influence the sensitivity of a Bragg
fiber sensor using the spectral-based detection modality. We, therefore, derive the analytical
expression of the spectral sensitivity of a Bragg fiber sensor by substituting Eq. (4.1) into Eq.

(3.7), and thus we have the spectral sensitivity as:

az/ 2 _12 2 -1/2
S=‘_g =2[dh(n—’;—l) +d,(n—’2—1) ] (7.1)
on n, n

c

From Eq. (7.1), one finds that the spectral sensitivity of a Bragg fiber sensor is a function
of the real part of the refractive index of the liquid analyte filling the fiber core, as well as the

refractive indices and thicknesses of the individual layers in the Bragg reflector. We note that in
the derivation, we use the following approximatione, =n°, due to the imaginary part of the

dielectric constant being much smaller than the real part of the dielectric constant for the liquid

analytes involved in this paper.

Apparently, the spectral sensitivity of a Bragg fiber sensor increases with the refractive
index of the analyte filling the fiber core. Consequently, the shift of the resonant wavelength

should have a polynomial dependence on the analyte refractive index. However, since our Bragg

fiber sensors operate within a relatively small dynamic range (#n,: 1.333-1.360), the spectral shift

of the resonant wavelength is considered to be virtually linear to increment of the refractive index

of the fiber core.

Besides, Eq. (7.1) indicates that the closer the value of refractive index of the fiber core to
those of the individual layers in the reflector, the more sensitive the sensor will be. As a result,
low-refractive-index-contrast Bragg fibers are generally more sensitive than their high-refractive-

index-contrast counterparts in sensing of the liquid analytes refractive indices. In fact, in this
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thesis, we choose low-refractive-index-contrast PS and PMMA layers as the reflector materials

mostly due to their thermo-mechanical compatibility.

Additionally, Eq. (7.1) suggests that the spectral sensitivity of the fiber sensor increases
with the thicknesses of the high- and low-refractive index layers. As a result, Bragg fibers with
thicker bilayers in the reflector generally have higher spectral sensitivity. However, it is
important to realize that simultaneously increasing the thicknesses of both the high- and low-
refractive index layer would also shift the bandgap position of the Bragg fiber towards longer
wavelengths, according to Eq. (4.1). Currently, we routinely fabricate Bragg fibers with their
primary bandgaps located in the visible range, because aqueous solutions are relatively

transparent in this range.

In fact, even when the bandgap positions of the Bragg fibers are fixed, one can still

possibly enhance the spectral sensitivity by optimizing the bilayer thickness contrast in the
reflector, which is define as d, / d, . To verify this theoretically, we investigate the dependence of

the fiber spectral sensitivity on the bilayer thickness contrast based on Eq. 7.1. In order to keep
the bandgap center of the Bragg fiber constant (e.g. 680nm), when we change the thickness of the
high-RI layer, the thickness of the low-RI layer is also changed according to Eq. 4.1, and the
bilayer layer thickness contrast is thus determined. In Fig. 7.3, we plot the spectral sensitivity of
the Bragg fiber sensor as a function of the bilayer thickness contrast. Our simulation results
suggest that by using a Bragg reflector with smaller bilayer thickness contrast, higher spectral

sensitivity could be achieved. As a matter of fact, this observation can be easily rationalized by

noting that coefficient of d; in Eq. (7.1) is somewhat larger than that of d, because 7, is closer

to n, than n, .
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Figure 7.3 Dependence of the spectral sensitivity of the Bragg fiber on the bilayer thickness

contrast in the Bragg reflector.

Experimentally, to verify the dependence of the spectral sensitivity on the bilayer
thickness contrast, we design and draw Bragg fibers with similar bandgap positions but with
different bilayer thickness contrasts, and carry out the characterizations of their spectral

sensitivities. In Fig. 7.4, we present the transmission spectra of two Bragg fibers with almost

identical bandgap positions (centered at around 680nm when n, =1.33). The bilayer thickness

contrast of each fiber is determined from the SEM graphs. We find that the fiber with smaller
bilayer thickness contrast (~0.3) in the reflector has a higher spectral sensitivity of 1900nm/RIU,
which is more than 30% higher than that of the other fiber (1460nm/RIU) with bilayer thickness
contrast of ~1. The spectral sensitivity of 1900nm/RIU is the highest value achieved
experimentally for refractive index sensors based on Bragg fibers. Therefore, by optimizing the
geometry parameters in the Bragg reflector, one can enhance the spectral sensitivity of the Bragg
fiber sensor, which, in turn, improves its detection accuracy for refractive index measurement and

concentration prediction of commercial liquids.
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Figure 7.4 (a) Experimental characterization of the spectral sensitivity of a Bragg fiber with
bilayer thickness contrast of ~1. (b) Experimental characterization of the spectral sensitivity of a

Bragg fiber with a bilayer thickness contrast of ~0.3.

7.1.3 Dependence of the spectral sensitivity on the fiber length

In order to study the dependence of the spectral sensitivity on the length of a Bragg fiber, we
experimentally characterize the spectral sensitivities of Bragg fibers with different lengths (10cm
and 8cm). In this experiment, we first measure the spectral sensitivity of a Bragg fiber with a
length of 10cm, and we then cut the fiber into 8cm and repeat the same characterization. In Fig.
7.5, we plot the transmission spectra of the Bragg fibers with a length of 10cm and 8cm. At each
fiber length, the fiber is filled with liquid analytes with refractive indices of 1.333 and 1.360,
respectively. In both cases, pronounced spectral shifts are well observed when the fiber core
refractive index is increased. The bandgap positions of the two fibers show good agreement with
each other. The differences in the transmission spectrum shapes are probably caused by the
different coupling conditions in two separate characterizations. By comparing the spectral shifts
of the transmission peaks in the fiber transmission spectra, we estimate that the spectral
sensitivities of the 10 cm long fiber and 8cm long fiber are ~1610 nm/RIU and 1600 nm/RIU,
respectively. Moreover, we note that the liquid-core Bragg fibers should have a minimal
(threshold) length to ensure sufficient attenuation at the wavelengths in the vicinity of bandgap
edges in order to allow the formation of spectral features (such as transmission peaks) in the fiber

transmission spectrum. We experimentally find the threshold length to be ~5 cm for most Bragg
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fibers. We, therefore, conclude that once the fiber length is longer than the threshold value, the
spectral sensitivity of a Bragg fiber sensor is virtually independent on the fiber length. Practically,
shorter Bragg fibers are more favorable for the development of refractive index sensors than the

longer counterparts, because the as-developed sensors feature smaller footprints and are easier to

maintain.
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Figure 7.5 Transmission spectra of liquid-core Bragg fibers with different lengths: (a) 10 cm, (b)
8 cm, when the refractive index of the analyte filling the fiber core is changed from 1.333 to

1.360.
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7.1.4 Temperature stability of the Bragg fiber sensor

The performance of most refractive index sensors is frequently affected by the temperature
variations because of the thermo-optic effect of the fiber materials [191]. In this section, we
discuss how the thermal variations would influence the performance of the proposed Bragg fiber
sensors. Since the glass transition temperature of PS and PMMA in the range of 75°C-110°C
[187, 188], our Bragg fiber sensor cannot operate in temperatures higher than this range. Below
the glass transition temperature, an increase in the environmental temperature leads to the thermal
expansion of the multilayers and the refractive index changes of the fiber materials. Both of them
would result in displacement of the transmission peak (bandgap position) of the Bragg fiber. In
order to evaluate the effect of the temperature changes on the fiber transmission spectrum, we
theoretically calculate the normalized transmission spectra of the fundamental HE;; mode in a
10cm long Bragg fiber at different temperatures. The temperature dependent refractive index of
PMMA and PS can be found in [187, 188]. The linear thermal expansion coefficient for PMMA
and PS are 7x10°m/m-°C and 9x10” m/m-°C, respectively [189]. The fiber core is assumed to be
filled with water, which has a temperature dependent refractive index of -1x10™/°C [190]. The
thickness of individual layer in the Bragg reflector is extracted from the SEM graph of Bragg
fiber in Chapter 4. The simulated transmission spectra of the Bragg fiber at different
environmental temperatures are shown in Fig. 7.6(a). A red shift in the bandgap center positions
is observed with the increase of the temperature. In Fig. 7.6(b), we plot the bandgap center
positions as a function of the ambient temperatures, and a linear dependence is found. The
temperature response of our Bragg fiber sensor with aqueous solutions in the fiber core is only

45pm/°C.
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Figure 7.6 (a) Simulated transmission spectra of a water-filled Bragg fiber sensor at different

temperatures. (b) Spectral positions of the transmission peak at various temperatures.

7.2 Liquid-core Bragg fibers for surface sensing applications

In Chapter 5, we demonstrate the surface sensing capability of the liquid-core Bragg fiber sensor.
We then apply the fiber sensor to monitor the thickness variations of a thin analyte layer
deposited on the inner surface of the fiber core. We observe both theoretically and experimentally
that the introduction of a thin film onto the fiber inner surface results in obvious anticrossings
between the core-guided modes and the modes confined to the thin film. In the vicinity of

anticrossings, the optical energy is resonantly transferred from the fiber core modes to the analyte
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layer modes, followed by a strong increase in the fiber propagation loss. The wavelength of
modal anticrossing depends strongly on the analyte thickness, thus allowing for the monitoring of
changes in the analyte layer thickness. The presence of the attenuation peaks induced by
anticrossing phenomenon deforms the shape of the original bandgap of the Bragg fiber and
results in changes in the shape of a transmission spectrum. Experimentally, we find it is easier to
monitor spectral shift of the point of the lowest transmission loss than the anticrossing
wavelength (transmission dip), since the Bragg fiber sensor is highly multimode. Further insight
regarding the multimode operation of the Bragg fiber sensor can be obtained by calculating the
modal dispersions and loss spectra of the guided modes in the Bragg reflector, as illustrated in the

following section.

7.2.1 Liquid-core Bragg fiber sensor operating in a multimode regime

In previous simulations in Chapter 5, we have detailed the theoretical behavior of the
fundamental TM and TE modes having the lowest propagation losses in response to changes of
the analyte layer thickness. These results are mostly valid for Bragg fiber operating in the single
mode or a few modes regime. In our experiments, the hollow-core Bragg fiber features a
relatively large core diameter (~600um), and a relatively small length of 8cm, which allows
thousands of modes propagating in the fiber core. As a result, many higher-order modes are
excited when the light beam is launched into the fiber. These higher-order modes have somewhat
different modal indices, anticrossing wavelengths, and transmission bandgaps. To illustrate this,
in Fig. 7.7 we present the modal dispersion relations and the attenuation loss spectra of 10 TM
modes closest to the light line of the core material for the fiber without analyte layer [Figs. 7.7(a),
(c)], and with a 200nm-thick analyte layer [Figs. 7.7(b), (d)]. As is clear from the figures, the
overall effect of the multimode operation on the fiber transmission is in the broadening of the
transmission window and overall increase in the propagation loss. Therefore, the surface
sensitivity measured experimentally would be a result of combined contribution of many higher-
order modes, rather than only the fundamental TM; and TE; modes. We note that for lower-order
modes, the mode fields are tightly concentrated near the center of the core, with relatively
moderate overlap with the analyte layer, while for higher-order modes, the fields are distributed
more towards the edges of the waveguide and thereby more sensitive to the changes in the

analyte layer thickness, as we have also observed in Chapter 5.



No analyte layer
10 modes closest to the light line

133 e —
p

—
W
[\
(o]

—
[
e
o
T

Refractive index

1.32 s .
0.55 0.6 0.65 0.7 0.75
A [um]
1072 r . .
TM modes 10 modes closest to the light line

No analyte layer

— 10
=
S
L
2
OE
107
1078 i M L
0.55 0.6 0.65 07 0.75
A [um]

120

With analyte layer (200nm)

TM modes 10 modes closest to the light line
. ﬂ '
1.328
o
o
o
S 1.326F
)
N
3]
Lg 1.324
(5}
a7
1.322F
1.32 . - .
0.55 0.6 0.65 0.7 0.75
A [um]
0~ . .
TM modes 10 modes closest to the light line 1
107 With analyte layer (200nm)
g y
T a4
g 10
i
e
g
- 10

0.65 0.7
A [pm]

0.6 0.75

Figure 7.7 Modal dispersion relations of 10 TM modes closest to the light line of a core material

for the Bragg fiber (core size: 600pum) without analyte layer (a), and with 200nm thick analyte

layer (b). Attenuation loss spectra of the 10 TM modes for the Bragg fiber without analyte layer

(c), and with 200nm-thick analyte layer (d).

7.2.2 Influence of the analyte layer refractive index on the fiber spectral

features

In Chapter 5, we have studied the influence of the analyte layer thickness on the Bragg fiber

spectral features, and we demonstrated both theoretically and experimentally that the fiber sensor

can be used to monitor thickness variations of a biolayer attached on the fiber inner surface. In

fact, the proposed Bragg fiber sensor can also be used to detect variations in the analyte layer

refractive index. This type of sensing scheme could be used to monitor changes in the refractive

index of an analyte layer caused by chemical process.
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In this section, we theoretically study the influence of changes in the analyte layer
refractive index on the anticrossing wavelength and the fiber spectral features. In our simulation,
the refractive index of the biolayer is varied from 1.33 to 1.58 with a step of 0.05, while the
biolayer thickness is kept constant (100nm). Figures 7.8(a)-(d) show the simulated modal
dispersions and radiation losses of the TM; and TE; modes guided in the Bragg fiber as a
function of wavelength. The spectra show similar resonant behaviors as shown in Fig. 5.2 in
Chapter 5 due to the anticrossings between the core-guided modes and the defect modes. In the
anticrossing region, the modes exhibit very large dispersions and relatively large radiation losses,
which deform the shape of the original bandgap. With the increase of the analyte layer refractive
index, a red shift is observed in the anticrossing wavelength. This can be easily rationalized by
noting that dispersion relations of the waveguide exhibit a red shift when the refractive index of
the analyte layer is increased. In Fig. 7.8 (e) and (f), we plot the anticrossing wavelength of TM;
and TE; modes as a function of the analyte layer refractive index. It is shown that changes in the
analyte layer refractive indices are unambiguously correlated with the anticrossing wavelength.
Additionally, we notice that the overall attenuation spectra of both the TM; and TE; modes also
show a red shift with the increase of the analyte layer refractive index. This is due to the fact that
highly lossy resonant peak (region of anticrossing) is shifting towards longer wavelengths when

increasing the analyte layer refractive index.

In Figs. 7.8 (g) and (h), we plot the wavelength of the lowest propagation loss of the TM;
and TE; modes as a function of the analyte layer refractive index, and find an effectively linear
dependence of such a wavelength on the effective refractive index of the ananlyte layer. Based on
this finding, we conclude that the proposed fiber sensor could also be used to detect variations in
the analyte layer refractive index, with a sensitivity of 36nm/RIU and 33nm/RIU for TM; and
TE; modes, respectively. The surface sensitivity to changes in the RI of the analyte layer is
relatively moderate due to a low overlap between the fields of the core-guided modes and a mode
localized in the analyte layer. We note that this sensitivity can also be improved by squeezing the

fiber core, so as to increase the modal overlap with the analyte layer.
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Figure 7.8 Simulated modal dispersion relations of the TM; (a) and TE; modes (b) in the water-

filled fiber for different values of the analyte layer RI ranging from 1.33 to 1.58. Corresponding
radiation losses of the TM; (c) and TE; modes (d). Wavelengths of avoided crossing of the TM,
(e) and TE; modes (f) obtained from (c) and (d) as a function of the analyte layer refractive index.
Wavelengths of lowest radiation loss of the TM; (g) and TE; modes (h) obtained from (c) and (d)

as a function of the analyte layer refractive index.
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7.2.3 Enhancement of the surface sensitivity of the liquid-core Bragg fiber
sensor

Due to the large size of the Bragg fiber core, only a poor modal overlap between the core-guided
modes and the analyte layer bound modes is achieved, leading to a moderate surface sensitivity.
In order to enhance the surface sensitivity, we squeezed a section of the Bragg fiber to enhance
the modal overlap between the core-guided modes and the analyte layer. Limited by the
mechanical robustness and chemical resistivity of the all-polymer Bragg fiber when it is filled
with ethyl alcohol, only a moderate sensitivity enhancement (~35%) is achieved experimentally
when the core size is reduced from 600um to 100um. Despite the limited degrees of squeezing,
we have still clearly observed an enhancement of the surface sensitivity when the fiber core is

squeezed.

By increasing mechanical robustness of the Bragg fibers to squeezing, or using
established fiber drawing techniques to directly fabricate desired fiber structure (such as tapered
fibers), one could potentially further enhance the surface sensitivity. However, there is a tradeoff
between sensitivity enhancement and response time increase for smaller fiber core sizes. We note
that one advantage of fiber-squeezing technique proposed in this thesis is that it can serve as a
flexible “knob” to adjust the surface sensitivity and the response time, to suit particular needs for

different applications.

Another alternative to enhance the modal overlap between the core-guided modes and the
analyte layer is by introducing a porous network of thin bridges that can be biologically or
chemically functionalized. This can also increase the overlap between the core modes and the
analyte layer; however, fabrication of such fibers operating in the visible range could be

challenging.

7.3 Limitations of the liquid-core Bragg fiber sensors and future directions

While our Bragg fiber sensors offer numerous advantages such as high sensitivity, fast response,
and low cost, they also have some limitations. First, since the Bragg fiber sensors use all-polymer
structure, they are less resistant to aggressive chemicals and high temperature than silica fibers.
However, we note that this does not affect their primary applications for fast refractometry of

various commercial oils and other aqueous solutions. Moreover, since biomolecules can be
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directly bound to the PMMA surface without any further chemical functionalization [99], the
presented Bragg fiber sensors could also be conveniently used as a promising platform for a wide

range of bio/chemical sensing applications.

Another drawback of the Bragg fiber sensors is related to their relatively broad
transmission bands, compared to sensors based on Bragg gratings. This may lead to difficulty in
determination of minute spectral shift caused by small changes in the analyte refractive indices or
the coated biolayer thicknesses. To address this problem, we would like to explain why the Bragg
fibers have relatively broad transmission windows. First, we find that the multilayers in the Bragg
reflector fabricated by the commercial fiber-drawing technique are not perfectly uniform. The
variations in the bilayer thicknesses may lead to broadening in the fiber transmission band.
Second, the Bragg fibers used in this work are only several centimeters long; as a result, the
transmission spectra are relatively broad due to reduced fiber attenuation at the bandgap edges
because of short fiber lengths. Third, the presented Bragg fiber sensors operate in a multimode
regime, and many high-order modes with different bandgap positions have also been excited and

propagated.

Despite the relatively broad transmission windows of the Bragg fibers, the spectral
features (peaks or dips) in their transmission spectra can still be easily differentiated under our
experimental conditions. Clear shifts of spectral peaks can also be observed in response to
changes in the refractive index of the fiber core or the biolayer thickness, even when the Bragg

fiber sensor is greatly squeezed (see Fig. 5.9).

In order to achieve narrower transmission bands of the Bragg fibers, one could pursue the
following approaches in future work. To begin with, one could use longer fibers with more
precisely controlled bilayer thicknesses and increase the number of bilayers in the Bragg reflector,
thus enabling a stronger confinement of the optical modes and achieving narrower bandgaps;
alternatively, one could also use fibers operating in a single mode regime or few modes regime.
To do this, one could use Bragg fibers with smaller diameters to eliminate the influence of higher
order modes, or coil fibers into circles with diameter of several centimeters to strip out the high-
order modes. Moreover, one could achieve a single TEy; mode operation in the large-core Bragg

fibers with the modal filter effect [202]. Finally, another attractive approach would be modifying
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the broad transmission window with resonant dip with narrow linewidth via the introduction of a

defect in the Bragg reflector, as we have demonstrated in Chapter 6.

7.4 Practical applications of the liquid-core Bragg fibers

Due to the advantages of the liquid-core Bragg fibers such as high sensitivity, short response time,
simplicity in structure, small footprint, and the possibility of cost-effective mass production, we
believe that the proposed Bragg fiber sensors could be a very attractive platform for a variety of

scientific and industrial sensing applications.

We now propose several potential applications of the liquid-core Bragg fiber sensors.
Firstly, as we have demonstrated in Chapter 5, the Bragg fiber sensor can be used for online
monitoring of the concentrations of many industrial fluids, such as heat transfer fluids, sawing
fluids, and other industrial dilutions. This is of significant importance in various indurtrial
processes. Second, the Bragg fiber sensor can be used in food industry and medicine. For
example, the refractive indices of glucose solutions (or syrup) are monotonically dependent on
the glucose concentration. Considering the resolution of the demonstrated Bragg fiber sensor to
be 7X 10” RIU, this fiber sensor is able to resolve variations in the glucose concentratio of 0.05%
by weight. Thirdly, the sensor could also be used as a platform to detect the bio-layer thickness,
study the surface dynamics and molecular interactions, as well as antigen-antibody conjugations,
thus making the proposed all-plastic, hollow core Bragg fibers a promising component for the
development of a new generation of the fiber-based biosensors. One advantage of using PMMA
based structure is that many biomolecules can be directly attached to the surface without any
chemical functionalization [99], which means that the fabricated Bragg fiber sensor could be
conveniently used as a promising platform for a wide range of biochemical sensing applications.
The demonstrated “one fiber” solution for both bulk and surface sensing applications will open
up important commercialization opportunities for sensor-system instrumentation. Finally, the
demonstrated Bragg fiber sensors can be simply used as absorption-based sensors for bio-
chemical detection. Compared to those absorption-based sensors which frequently use “leaky
modes” of fiber capillaries, the Bragg fibers in this work offer much lower propagation loss, thus

enabling longer sensing length and, therefore, higher sensitivity.
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7.5 3D printed THz Bragg fiber for resonant surface sensing
applications

In Chapter 6, we demonstrated 3D-printed THz Bragg waveguides with defect layers for resonant
surface sensing applications. Such waveguide sensors operate in an effectively single mode
regime. The relatively broad transmission spectrum of a Bragg waveguide is modified by a
spectrally narrow loss peak, which is accomplished by introducing a geometrical defect in the
first layer of the Bragg reflector. The spectral position of the resonant loss peak is found to be
highly sensitive to the optical properties of the defect layer, such as thickness and refractive index.
By directly tracking the anticrossing frequency, which manifests itself as a transmission dip with
narrow linewidth in the waveguide transmission spectrum, we have significantly improved the
sensitivity and limit of detection of such sensors. As a practical demonstration, we applied this

sensor to detect targets in the form of thin films and powder analyte.

7.5.1 Spectral resolution of TDS spectroscopy and CW spectroscopy

The desirable characteristic in spectroscopy is high spectral resolution, which is critical for
observing resonances with narrow line widths. In TDS, the THz spectrum is calculated by
numerical Fourier transformation of the measured temporal waveform. From the Fourier theory,
the spectral resolution of a TDS system is determined from the span of the time delay sweep, and
is given by ¢/ 2L, where L is the physical length of the mechanical delay line. A higher spectral
resolution can be obtained by extending the temporal window, which corresponds to the scanning
distance. In a noise-free system with an unlimited delay line, the resolution would be limited by
the pulse repetition rate of the pump laser. The longest duration that can be sampled is equal to
the time between the two consecutive pulses. However, in the presence of a noise, the achievable
frequency resolution is much poorer and is determined by the signal-to-noise ratio (SNR) of the
system in time domain. This is because as the signal amplitude diminishes with an increased
delay from the main pulse, the SNR approaches unity. From a certain point onwards, scanning to
longer delay spans gives no further data. Therefore, the usable delay span is limited by the SNR
of the system. In practice, it is advisable to limit the scan length to the region where the SNR is

higher than 2.
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On some occasions, it is common practice to increase the frequency resolution of a TDS
measurement by zero-padding [192, 193]. This is accomplished by extending the time-domain
data set with a string of zeros. Zero-padding uses the information contained in the existing time
span and interpolate additional frequency data points, which trace out the spectra with greater
resolution. In fact, the additional supplementary data points carry no additional information, but
rather interpolate the existing information. When the measured spectrum lacks narrow-resonant
features, this technique works well and produces spectra that are negligibly different from high-
resolutions ones. However, when the spectra of interest feature narrow-resonant features such as
the sharp transmission dips in Chapter 6, the zero-padded spectrum does not entirely succeed in
reproducing the detailed long-scan spectrum, because that narrow spectral features require
extended time data in order to be determined accurately. To explicitly illustrate the effects of
zero-padding, in Fig, 6.9, we plot the spectrum of a Bragg waveguide with two sharp
transmission dips obtained with high resolution and low resolution, as well as that with zero-
padding. It is well observed that for the region with broad spectral features (e.g., 0.2THz-0.4THz),
the zero-padding technique with interpolated data points has refined the spectral profile. However,
the zero-padded spectrum fails to reproduce the two sharp dips as shown in the detailed long-scan

spectrum.

In contrast, in a continuous wave (CW) spectroscopy setup, the frequency resolution is
determined by the quality of the laser beat. Therefore, it is dependent on the frequency stability
and linewidth of the lasers sources. In such systems, Distributed Feedback (DFB) lasers, which
feature a grating structure within the active region of the semiconductor, are frequently used to
restrict the emission spectrum to a single longitudinal mode. In general, a typical CW system can
achieve a frequency resolution on the 10MHz range. This is of great significance for industrial

sensing applications, when precise detection of small volume of target analytes is required.
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Figure 7.9 Spectral characterization of a Bragg waveguide (with a defect of 300um). The
measurements are conducted with a 50mm scan with 3 GHz resolution, a 12.5 mm scan with 12

GHz resolution, a 12.5mm scan with zero-padding to 50 mm with a nominal resolution of 3 GHz.

7.5.2 Reproducibility of the 3D printed THz Bragg waveguide sensors

To verify the reproducibility and stability of the spectral-based sensing modality of the 3D
printed Bragg waveguide sensors, we fabricate several sections of Bragg waveguides (length:
2.5cm) with different defect layer thickness (i.e., 300um and 400pm) in the first layer of the
reflector, and we characterize their transmission spectra using THz-TDS setup. As illustrated in
Fig. 7.10, the Bragg waveguides with same geometrical parameters show excellent
reproducibility in the spectral positions of the resonant dips. This suggests a good stability and
consistency when using 3D printing technology to fabricate the THz Bragg waveguides.
Moreover, we note that such waveguide sensors are potentially capable of realizing parallelism
sensing (the ability to interrogate more than one sample simultaneously and independently). This
could be accomplished by employing a relatively long waveguide, which includes several
sections of Bragg waveguides with different defect layer thicknesses and different resonant dip

positions in the transmission spectra. Each section could be biologically or chemically
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functionalized to selectively detect specific analytes. By tracking each independent resonant dip
in the overall transmission spectrum of the long waveguide, one can thereby monitor changes in

the thickness or quantity of different analytes by exploiting a single-cycle terahertz pulse.
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Figure 7.10 Transmission spectra of several sections of 3D printed THz Bragg waveguides with
different defect layer thickness in the first layer of the reflector, which demonstrates a good

reproducibility of the Bragg waveguide sensor.

7.5.3 Repeatability of the 3D printed THz Bragg waveguide sensors

To verify the repeatability of the spectral-based sensing modality of the 3D printed Bragg
waveguide sensor, we repeat the experimental characterization of the waveguide sensor for the
detection of lactose powders using high-resolution CW setup (shown in Fig. 6.10). In this
experiment, we choose the same Bragg waveguide as the sensing platform, and measured the
transmission spectra of the rotating waveguide when different amount of lactose powders are
loaded into the waveguide core using the semi-automatic feeder presented in Chapter 6. Three
measurements are performed for the net masses of the lactose powder equal to 0.002g, 0.004g,
and 0.008g that correspond to the analyte layer thicknesses of the 3um, 6pm, and 12pum on the
inner core surface. At each mount of lactose powers, the measurements are repeated by 4 times.

As shown in Fig. 7.11, the Bragg waveguides with same amount of lactose powders show very
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good agreement in the spectral positions of the resonant dips. This suggests an excellent

repeatability of our Bragg waveguides sensor for the detection of powder analytes.
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Figure 7.11 Transmission spectra of several sections of 3D printed THz Bragg waveguides with

different defect layer thickness in the first layer of the Bragg reflector.
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7.5.4 Practical applications of 3D printed THz Bragg waveguide sensors

Due to the advantages of the proposed 3D printed THz Bragg waveguides such as high sensitivity,
flexibility to tailor the spectral features, and low cost, as well as simplicity in the structure and
fabrication, we believe our Bragg waveguide sensors could be used as a very promising platform
for a variety of scientific and industrial application. As we have demonstrated in Chapter 6, the
THz Bragg waveguide sensors can be used to detect thin films with different thicknesses, or
small quantities of analytes in powder forms. This sensing strategy can be used for industrial or
environmental pollution detection, as well as monitoring of dynamical generation of solid or

liquid compounds in chemical reactions.

We would like to highlight several advantages of the proposed sensing system, which uses
resonant phenomenon in the THz waveguides versus more traditional ways for layer thickness
and composition monitoring (e.g., free space transmission mode spectroscopy). The free space
transmission mode spectroscopy measures thin film properties by monitoring the phase variations
of the THz waves transmitting through the analyte film. Such systems typically suffer from a
relatively moderate interaction length of the THz waves with the target analyte film, as well as a
complicated sensing setup. Our waveguide sensor rather uses resonant interaction between its
various guided and leaky modes in the alayte layer while employing an amplitude detection
modality. Amplitude detection requires considerably simpler and cheaper THz systems, at the
same time, offer a comparable sensitivity compared to the state-of-art phase detection method
used in the free space transmission mode spectroscopy. This is a major advantage for the
development of practical THz systems for industrial monitoring and sensing applications.
Secondly, we note that most of the current resonant THz sensors have relatively broad spectral
features, thus, resulting in lower sensitivity and resolution. In our THz waveguide-based sensors,
the modal field in the hollow core is resonantly coupled to the field in the defect mode located in
the analyte layer. The resonant dip with narrow linewidth in the waveguide transmission
spectrum can be used to resolve minute spectral shifts in the resonant dip positions caused by
small changes in the defect layer thickness or refractive index, which allows an improved
detection limit, compared other conventional setups. We note that, by using a CW THz setup
[259] capable of 4MHz spectral resolution, the waveguide sensors discussed in this paper can be,

in principle, designed for the detection of sub-100nm changes in the layer thickness. To our
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knowledge, this is virtually impossible to achieve with other more standard approaches. Thirdly,
we note that waveguide-based sensing system offers an opportunity for seamless integration of
various conduits for the delivery of analytes (e.g. liquids, powders, gases) into the optical setup.
As an example, in this work, we demonstrate that the spinning hollow core waveguide with
minor modifications in its geometry can be used to produce (via centrifugal force) and hold thin
layers of powders for the detection of changes in their mass (thickness), which, to our best
knowledge, has never been reported before. This sensing strategy is especially relevant for many
practical applications, such as environmental monitoring, among others applications. Finally, we
note that by adjusting the waveguide geometry, one can target specific frequency range of interest,
and enrich the sensing scenarios. For example, as proposed in our manuscript, by designing the
operation frequency of the sensor near the absorption peak of a-lactose monohydrate (at
0.53THz), one can simultaneously monitor the layer thickness and the lactose concentration in
the powders using the anticrossing frequency and the absorption peak strength, respectively.
Again, to our knowledge, this multi-parameter sensing modality has never been reported before,
and it is beneficial for the design of versatile, and highly integrated sensors, which enables a

comprehensive multi-parameter material characterization by a single device.

In this section, we would like to propose some other potential application scenarios of the

3D printed THz hollow-core Bragg waveguide sensors.

7.5.4.1 Online monitoring of water content in crude oil

The accurate measurement of water content of crude oil in an oil tank, oil well, and oil pipeline is
of great importance, and it has a direct impact on mining and dehydration, as well as refining of
the crude oil. The existence of water in crude oil can introduce serious problems in the petroleum
refining process, and other related chemical or petroleum engineering processes. Currently, most
of the measurements of the water content of crude oil are based on offline methods. The basic
principle of offline analysis is by separating the moisture from crude oil and analyzing the mass
fraction of water [196, 197]. With the increase of automation in the process of oilfield production,
online measurement is more desirable to monitor continuously the relative concentrations of

water in the treated mixtures to ensure that the water contents remain below a certain level.

The limitation of THz wave propagation through water does enable one of the most useful

applications of THz waves: the detection of moisture or water content in materials. What makes
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this application such a natural fit for THz sensing is that water is highly absorptive in the THz
range, while many materials are either transparent or reasonably transparent to THz (i.e., paper,
plastics, and crude oil). Consequently, by monitoring the variations in transmission amplitude of

test samples, one can potentially extract the corresponding water contents.

Hollow core THz Bragg waveguides can be used as a viable platform for such
applications, as they could inherently integrate the THz detection with microfluidics, thus
allowing for continuous online monitoring the water content of crude oil in a contained, highly
integrated manner. With the amplitude and phase information of samples obtained from the
coherent measurements of a THz-TDS characterization, one can pursue two approaches to deduce
the relative concentrations of water in the crude oils; first, the water contents in the crude oils can
be interrogated with the variations in the transmission amplitude of the THz Bragg waveguide
when the core is filled with crude oil suspensions; second, by using a spectral-based detection
modality, water contents can be inferred from the refractive indices of the oil suspensions by
using the Bruggeman effective medium theory, as we have demonstrated in Chapter 3. We note
that when the waveguide core is used as the fluidic channel, the dynamic range of such sensors
for monitoring the water contents in crude oils is limited to below 10% for sensing cells with
centimeter length, because of high attenuation of THz propagation in water. However, this
problem could be possibly circumvented by employing the air gap between the high refractive
index layers with a sub-millimeter size as the fluidic channel to accommodate the liquid samples.
In this sensing configuration, since most of the THz power is guided in the low-loss air-core
region, the propagation loss is kept low. Changes in the analytes refractive indices flowing
through the gap will modify the anticrossing frequency between the core-guide mode and the
defect modes. By tracking the shift in the anticrossing frequency due to the changes of the
analytes refractive indices, one can then estimate the water contents by using the Bruggeman
effective medium theory. This configuration could be used as an alternative when monitoring of

crude oil samples with high water contents is needed.

7.5.4.2 Detection of bacteria

Billions of people around the world are infected with bacteria every year. Detection of pathogen
bacteria has been an area of prime interest in the field of food and water safety, as well as public

health. Conventionally, pathogen bacteria are detected using a plate count technique [198],
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enzyme-linked immunosorbent assay (ELISA) [199], biochemical tests and/or polymerase chain
reaction (PCR) [200]. However, these techniques are time-consuming and labor-intensive.
Therefore, there is a need for alternate rapid, sensitive, and affordable pathogen detection
platforms. The THz Bragg waveguide sensors proposed in this work could be used for efficient,
label-free detection of bacteria pathogens. By functionalizing the surface of the fiber core with
specific phages, selective detection of pathogenic bacteria can be realized with the proposed THz
Bragg fiber sensor. Changes in the fiber anticrossing frequency can be correlated with the
concentration of bacteria samples. This detection method is label-free and it does not rely on the

presence of any bacterial “fingerprint” features in the THz spectrum.

7.5.5 Limitation of the THz Bragg waveguide sensors and future directions

One drawback of the currently demonstrated THz waveguide sensors is the relatively poor modal
overlap with the target analytes, when the spectral region is far from the anticrossing frequency.
Over this spectral region, the modal fields interact weakly with the analyte layer. Therefore, it is

relatively impractical for unique identification of the target analytes by their spectral fingerprints.

In order to enable specific detection of the analytes, one can optimize the waveguide
design, so that the operation frequency is near the fingerprint of target analyte. The enhanced
light-matter interactions that occur in the vicinity of the anticrossing frequency between the core-
guided mode and the analyte layer open the door towards a spectroscopic approach for THz
sensing using the proposed waveguide sensors. In such configurations, one can simultaneously
monitor the analyte layer thickness and the concentration (e.g., in powder analytes) using the
anticrossing frequency and the absorption peak strength, respectively. This modality, however,
has to be further researched. Another way to enhance the modal overlap is reducing the
waveguide core size. However, a reduction in the core size also results in an increase in the fiber
propagation loss, because the core mode would penetrate deeper into the cladding material. As a
result, there is a trade-off between the enhancement of the modal overlap with the test analyte and
an increase in the fiber attenuation loss. Moreover, a viable approach to enhance the modal
overlap between the core modes and the analyte layer is to introduce a porous network of thin
bridges that can be biologically or chemically functionalized. Porous-core waveguides offer
better confinement and lower losses, due to less material residing in the core compared to solid-

core waveguides. These waveguides have great potential for sensing applications. Such THz
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porous waveguide sensors can be conveniently fabricated using 3D printing technologies. We
note that currently, a 100um lateral resolution is standard in 3D stereolithography systems. Some
commercial systems even offer sub-10um lateral resolution. Compared to the traditional fiber
drawing techniques, even when supplemented by methods including stacking [201], drilling
[242], and extrusion moulding [202] for the preform fabrication, 3D printing technologies enable
the fabrication of waveguides with significantly complex transverse profiles, which means that
this method could have a considerable impact on the developments of practical terahertz

waveguides and enrich their application scenarios in numerous industrial fields.

Additionally, we would like to highlight the flexibility of tailoring the spectral features of
the THz waveguides by properly designing their geometric parameters. This could be considered
as a very promising research direction for the development of THz Bragg waveguide sensors in
order to suit particular needs in different industrial applications. In what follows, we indicate
three possible independent “knobs™ (the location of the defect, the size of the defect, and the
overall scaling of the structure) that can be used to tailor the spectral properties of the waveguide

in intuitively predictable ways.

The first knob is the depth of the defect within the Bragg reflector, which controls the
interaction strength of the core-guided mode and the defect mode. According to the coupled-
mode theory [223], the magnitude of the frequency range over which the modal interaction takes
place depends on the strength of the interaction between the core-guided mode and the defect
mode (or in other words the degree of overlap between the fields of the two modes). In this thesis,
we have demonstrated the waveguide for resonant surface sensing when the defect layer is
located in the first layer of the Bragg reflector. In this case, the defect modes have relatively
strong interactions with the core-guided mode. In fact, when the interaction is weaker, which will
be the case if the defect is located further from the waveguide core, the frequency range over
which the avoided crossing occurs will be narrower, resulting in even sharper loss peaks in the
waveguide transmission spectrum. This is highly attractive for resonant sensing applications if

the target analytes could be loaded in the vicinity of the defect layer.

The second knob is the structure of the defect, and in particular the size of the defect layer,

which controls the anticrossing frequency between the core-guided mode and the defect modes.
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One can shift the frequency of modal interaction up or down by decreasing or increasing the size

of the defect, respectively.

A third knob is the overall scaling of the waveguide structure. By changing the periodicity
or, equivalently, the individual layer in the Bragg reflector, one can perform sensing at selectable
wavelengths. We note that although the materials of the cladding may be highly lossy at these
wavelength regions, these properties can be suppressed by many orders of magnitude for the
core-guided modes, which have almost all of their fields within the hollow core. This knob is
particularly useful when designing waveguide for the detection target analytes, which have

absorption signatures over certain frequency regions.

Finally, another area in which additional research can be carried out is waveguide
dispersion tailoring based on the modal interaction between the core-guided mode and the defect
modes [243]. We note that, in the hollow-core THz Bragg waveguide, the intrinsic material
dispersion is negligible, so the waveguide dispersion could be controlled entirely by controlling
the geometric parameters. This can be accomplished via adjusting the three independent “knobs”
as mentioned before. This strategy could be useful for applications such as accurate dispersion

compensation and dispersion-less transmission in the THz range.
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CHAPTER 8 CONCLUSION AND PERSPECTIVE

To conclude, in this thesis we have proposed and experimentally demonstrated hollow-core
photonic Bragg fibers for bulk refractometry of commercial liquid analytes and surface sensing
applications including in situ monitoring of surface dynamics, and detection of thickness
variations of bio-layers and powder analytes attached to the waveguide inner surface. Both

sensing schemes can be used for a wide range of industrial sensing applications.

The first project undertaken in this thesis explores the capability of the liquid-core Bragg
fibers to simultaneously monitor the real and imaginary parts of the analyte refractive index by
interrogating the bandgap center position of the Bragg fiber and the fiber transmission amplitude
at the bandgap center. The fiber features a large hollow core surrounded by an alternating
PMMA/PS multilayer, and it operates in the visible range. We then apply this fiber sensor to
monitor concentrations of various commercial cooling oils by employing a two-channel sensing
modality. Right from the outset of this project, the aim of investigating the amplitude-based
detection modality is to forgo the need of bulky spectrometers and build more compact
refractometer for industrial sensing applications. Moreover, in principle, using multiple-channel
detection modalities for measuring an experimental value could reduce the detection errors.
However, because of unstable optical output of the cooling oils when measuring the absorption
coefficients using a cut-back technique, the accuracy of amplitude detection modality is much
worse than that of the spectral modality, the overall detection error of the fiber sensor is not
reduced. In our future work, we will have to balance the accuracies of the two sensing channels in
order to enhance the overall accuracy of the two-channel Bragg fiber sensor. In practice, we find
that the spectral-based detection modality with higher accuracy and stability is sufficient for the
instrumentation of the Bragg fiber sensor for industrial sensing applications. In order to further
increase the spectral sensitivity and improve the detection accuracy, we have investigated the
factors that could influence the spectral sensitivity of the Bragg fiber sensor. We find that by
optimizing the fiber geometry parameters (i.e., bilayer thickness contrast), we have enhanced the
spectral sensitivity of the sensor by more than 30% compared to the experimental values we have
achieved before. The highest spectral sensitivity achieved experimentally in this thesis is
1900nm/RIU, which is the highest value that for the Bragg fiber based refractometers. The

presented fiber sensor can inherently integrate optical detection with microfluidics, thus allowing
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for online monitoring of the concentration of many industrial fluids such as heat transfer fluids,
sawing fluids, and other industrial dilutions with sub-1%v accuracy. Moreover, since the spectral
sensitivity is virtually independent on the fiber length, the centimeters-long Bragg fiber pieces
can be used to produce ultra-compact sensing systems. As a practical example, we have described
a compact smartphone-based sensing system, in which the LED acts as the light source and the
camera, together with a diffracting grating, is used to interrogate the transmission spectra of the
liquid-filled Bragg fiber sensor. The proposed cost-effective and portable smartphone-based
refractive index sensor can be used for fast refractometry of commercial liquids, point-of-care
diagnostics, and environmental monitoring, as well as numerous healthcare and other bio-sensing

applications.

In the second part of the thesis, we demonstrate the hollow-core Bragg fibers operating in
the visible range for surface sensing applications. The fiber sensor operates using a spectral-based
detection modality to monitor changes in the thickness of an analyte layer deposited on the inner
surface of the fiber core. Due to the phenomenon of avoided crossing in the vicinity of the phase
matching wavelength between the core-guided and the analyte layer bound modes, fiber
transmission spectra are significantly modified, thus allowing for the monitoring of the changes
in the analyte layer properties. It is, in fact, the hybridization of the core guided modes of a Bragg
fiber with the analyte layer bound modes that enables the surface sensing modality of the Bragg
fibers. One of the design challenges of using the Bragg fibers for surface sensing is a moderate
overlap between the core-guided modes and the analyte layer bound modes, because the fields of
core-guided modes decrease rapidly from the core center towards the fiber core inner surface. In
order to increase the modal overlap between the core-guided modes and the analyte layer bound
modes, we propose squeezing a section of the Bragg fiber, thus significantly enhancing their
interaction via anticrossing phenomenon, which, in turn, enhances surface sensitivity of the fiber
sensor. Due to the moderate mechanical robustness and chemical resistivity of the all-polymer
Bragg fiber when it is filled with ethyl alcohol, the fiber breaks or cracks if squeezed by a
displacement of more than 500um (the resultant core size ~100um). As a result, only a sensitivity
enhancement (~35%) is achieved in our experimental demonstration when the core size is
reduced from 600um to 100pum. As a practical demonstration, we apply our fiber sensor to in situ
monitoring of the dissolution dynamics of a sub-micron-thick polyvinyl butyral (PVB) film

coated on the surface of the liquid-filled Bragg fiber core. Strong spectral shift is observed during
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the dissolution of the PVB film, and a surface spectral sensitivity of ~0.07nm/nm is achieved
experimentally with aqueous analytes. The proposed fiber sensor offers a new sensing modality
and opens new sensing applications for photonic bandgap fibers, such as real time detection of

binding and affinity and study of kinetics for a range of chemical and biological samples.

The first two projects demonstrate a “one fiber” solution operating in the visible range for
both bulk refractometry of liquid analytes and surface sensing applications. The hollow-core
Bragg fibers fabricated using a commercial fiber-drawing tower can be directly integrated into
the opto-fluidic setup without any fiber modifications, such as fiber tapering, cladding stripping,
or grating inscriptions, which significantly simplifies the practical sensing implementation, and
greatly enhances the robustness of the system. Other advantages of the proposed sensor include
high sensitivity, short response time, label-free detection, good repeatability and stability, cost-

effective mass production, and re-usability.

In the third part of the thesis, we propose using 3D printed hollow-core THz Bragg
waveguides with defect layers for resonant surface sensing applications. It is demonstrated that
by introducing a defect layer into the first layer of the Bragg reflector structure, a strong and
spectrally narrow dip appears in the waveguide transmission spectrum. The dip is due to the
anticrossing phenomenon between the core-guided mode and a mode localized in the defect layer
of the Bragg reflector. By tracking the anticrossing frequency, which manifests itself as a
transmission dip with narrow linewidth in the waveguide transmission spectrum, one can detect
changes in the geometrical or optical properties of the defect layer. The experimentally achieved
linewidth of the resonant dip is only 3GHz, which is among the narrowest measured for any
resonator in the THz range. As a practical demonstration, we apply this sensor for the detection
of thin PMMA films with different thicknesses loaded on the waveguide inner surface. The
thickness of the target film can be directly correlated to the position of the anticrossing frequency.
A surface sensitivity of 0.1GHz/um is achieved experimentally. Moreover, an example of THz
resonant surface sensing using a-lactose monohydrate powder as the analyte is demonstrated
experimentally. The efficient excitation of defect mode is directly verified by measuring the
mode structure at the output fact of the waveguide using a modal imaging technique. The Bragg
waveguide sensor is characterized using both TDS setup and CW setup, and we conclude that
CW setup with higher frequency resolution is more suitable for applications that require high

sensitivities. The ability to tailor the spectral properties of the sensors by properly designing their
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geometric parameters means that the Bragg waveguide become a viable platform for a wide range
of applications, such as detection of various powder analytes (e.g., illicit drugs, hazardous

powders, suspended powder pollutants), as well as bacteria detection and other applications.
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APPENDIX A - EFFECTIVE MEDIUM THEORY

In the appendix, we provide derivation of the expression for the effective absorption coefficient
of a two-component mixture suspension (cooling oil diluted in water at concentration ¢ ) using

effective medium theory.

The effective absorption coefficient of a suspension is related to the imaginary part of its
effective dielectric constant. The dependence of the complex dielectric constant of a suspension
on the oil concentration can be described using Bruggeman (BG) model for suspensions featuring
small-to-medium concentrations (0-30%) of oil droplets in water. To extract the relation between
the imaginary part of the effective dielectric constant and the oil concentration, we write the BG

formulation Eq. (4.2) using complex values of the dielectric constants:
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where ¢, is the complex effective dielectric constant of the oil suspension in water, £, and ¢,

are the complex dielectric constants of the pure bulk oil and water, respectively. Manuscripts 7

and ; refer to the real and imaginary parts of the dielectric constants.

Assuming that the imaginary part of any dielectric constant is much smaller than the real
part of any dielectric constant for the analytes involved in this paper, the imaginary part of the
dielectric constant of the effective medium in Eq. (A.1) can be considered as a small correction to

its real part. We then expand Eq. (A.1), and only retain the first-order terms, thus obtaining:
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Then, using &' =2n"-n' =2n" -——— into Eq. (A.2), we get:
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Based on Eq. (A.3), we then write a,; as:
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APPENDIX B — THZ OPTICAL PROPERTIES OF THE RESIN USED IN
3D STEREOLITHOGRAPHY

The refractive index and absorption losses of the reflector material used in the Bragg waveguide
fabrication are characterized using a THZ-TDS setup. Cutback measurements are performed
using three printed resin slices of 6mm thickness. In the experiment, the printed resin slices are
fixed on a holder [see Fig. B.1(a)], which is placed between the two parabolic mirrors. The resins
slices have the same thickness with flatness on the sub-50um scale. During the cutback
measurements, the slices are placed tightly close to each other so as to minimize the air gap
between them (due to surface roughness), which in any case remains deeply sub-wavelength.
Also, we note that on the top of each slice a small notch is present in order to simplify the
removal of the slides during measurements. The outmost left resin slice is fixed in the focal point
of the parabolic mirror (PM1), while the outmost right resin slice is fixed at the focal point of the
parabolic mirror (PM2). To ensure constant coupling conditions during measurements, resin
slices are removed one by one from the right. Thus, transmission spectra through resin samples

with different thicknesses (18mm, 12mm, 6mm) are measured.

We note that PM2 is fixed in this measurement. In each measurement, 20 traces are
recorded and averaged in order to enhance the signal-to-noise ratio. The real part of the resin
refractive index and the absorption coefficient are extracted from the measured complex

transmission data. Following [242, 261-263], the measured complex transmission is given by:

T(w,L) = g =|T(w,L)|-explig(w,L)]

r a(w) L

. (B. 1)
> ]

|T(CU, L)| = (:in : Cout : exp[_

@(o,L)=-ZLn,(w)-1)-L
C

where E, and E, are the complex transmission spectra measured with a sample of length L and a
reference (all samples removed). C,, and C,, represent the input and output coupling
coefficients of the THz light, which are assumed to be same during all the measurements. n(w),

and a(w) are the real part of the reflective index, and the absorption coefficient of the samples.
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Figure B.1 Optical characterizations of the photosensitive resin using cutback method. (a) 3D
printed resin samples of various lengths mounted in the holder. (b) Temporal traces of the THz
pulses at the output of the resin slices (plotted with a vertical offset for clarity), (c) transmission
spectra, (d) unwrapped phases (relative to the reference), (e) resin absorption loss and the

polynomial fit (p=2), (f) resin refractive index and the polynomial fit (p=1).

We note that, the THz spectroscopic measurements are performed in focused beam
geometry, while the standard routine for the retrieval of the sample refractive index assumes
plane-wave approximation, we therefore, use the model proposed in [263], in order to correct the
Gouy shift for a more accurate determination of the refractive index of the resin. In Fig. B.1(b),
we show the temporal traces of the THz pulses guided through the resin slices with different
thicknesses (traces are plot with a vertical offset for clarity). For each slice with a different length,
the temporal delay compared to the reference pulse is proportional to the slice thickness. In Figs.
B.1(c) and B.1(d), we plot the transmission spectra and the unwrapped phases relative to the
reference of the tested samples of different thicknesses. Our analysis is limited to the frequency
range of 0.1-0.3THz, where all the spectra are well above the noise level. In this frequency range,

the absorption coefficient and the refractive index can then be fitted using second order and first

order polynomials as:

a(w)[em™]=0.64 +13.44- (o{THz])* , (B.2)
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n(w) =1.654 - 0.07[THz] . (B. 3)
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