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ABSTRACT

In this dissertation, photonic crystal fiber (PCF) based surface plasmon resonance (SPR)
sensor has been investigated. Conventionally, hexagonal lattice PCF with modified
structure is often used in SPR sensing probe. Being simpler in structural geometry than
hexagonal lattice PCF, square lattice PCF is investigated for its suitability in SPR sensing
system. Square lattice structure is modified to construct multiple cores with centrally
located analyte channel. Designing the sensor with only one analyte channel has reduced
the amount of gold required for coating. The amount of analyte required for effective
detection and also the co-channel interference from neighboring channel is expected to be
reduced. Use of multiple cores has effectively increased the overlap between core guided
light and surface plasmons, resulting better sensitivity. Besides, performance parameters
like sensitivity, detection accuracy or signal-to-noise ratio (SNR), sensing range and
detection linearity has been evaluated. Factors contributing to the refractive index
sensitivity like metal coating width, use of different metal for coating, bimetallic layer,
different doping concentration etc. are explored systematically through design,
simulation, data acquisition, data interpretation and analysis. The proposed design
successfully contributed in the excitation of SPPs and confirmed the suitability of square
lattice PCF for SPR sensing system. The proposed design with gold coating yielded a
sensitivity of 7432 nm/RIU in the sensing range of 1.43 to 1.50 refractive index. It has
also resulted in achieving a SNR of 1.202. The detection linearity obtained is also very
high (0.99911). The suitability of other metal such as silver and copper has also been
studied. Silver and copper did not show better sensitivity than gold but exhibited promise
in enhancement of SNR. It is also found that silver and copper cannot be used without
protective coating because of oxidation, corrosion and chemical reactivity. As sensitivity
also depends on the core material, different doping concentration has also been used to
tune the sensitivity. Doping concentration of 13.5% GeO,, 9.1 % P,0Os and 5.2 % B,0;
has been used separately with pure silica. Doping with 13.5% GeO, yielded better
sensitivity than pure silica with a value of 8411 nm/RIU, while other two dopants
resulted less sensitivity than pure silica. To utilize the potential of silver to produce better
SNR, the sensitivity and SNR of the sensor is further tailored by the use of bimetallic
layer consisting gold and silver. Investigation with bimetallic layer yielded a sensitivity
of 13180 nm/RIU. The SNR also got enhanced from a value of 1.202 to 1.32. With these
findings, this study offered a modified approach for PCF based SPR sensor probe,
encompassing a promise of enhanced performance and simplicity in design and
fabrication.

Vi
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CHAPTER 1
INTRODUCTION

1.1  Surface plasmons

The phenomenon reported by Wood as merely an anomalous decrease in the intensity of
light reflected by a metal grating was not labeled by the term surface plasmons in 1902 but
gave birth of an exploding research field of present time named as plasmonics [1]. Surface
plasmons are actually charge density oscillations along the metal-dielectric interface which
constitutes an electromagnetic field coupled to the oscillations of plasma at metal surface.
Surface plasmons are excited at particular resonance condition. After the dawning age,
step-wise advances in the physics of surface plasmons have been made by several
outstanding researchers [2]. It seems that around 1990 the field of surface plasmons turned
more towards applications and started to expand and penetrate into various interdisciplinary
research fields. One of the factors that led to this upsurge is the close links between surface
plasmons and near-field optics and nano-optics. The upsurge is also based on the
development of top-down and bottom-up techniques for fabricating metallic nanostructures,
such as electron-beam lithography, focused ion beam etching and various chemical
synthesis methods. Now, this is a well-established research field, which covers various
aspects of surface plasmons towards realization of a variety of surface plasmon based
devices such as sensors, plasmonic waveguides, plasmonic light emitting devices,
plasmonic solar cells, etc.

1.1.1 Plasmons or plasma oscillations

There is a dense assembly of negatively charged free electrons inside a conductor. The free
electron charge density is 10*® m™ and therefore, the group of free electrons can be
compared with a plasma of particles. There is also an equally charged positive ion lattice
inside a conductor. Since, positive ions have an infinitely large mass compared with these
free electrons, therefore, these positive ions can be represented by a positive constant
background. However, the total charge density inside the conductor still remains to be zero.
If the density of free electrons is locally reduced by applying an external field on the
conductor so that the movement of free electrons may take place, then the negative free
electrons are no longer screened by the background and the neutrality of the charge density
is altered. In this context, the free electrons begin to get attracted by the positive ion
background. This attraction acts as a driving force for free electrons and they move to
positive region and accumulate with a density greater than necessary to obtain charge
neutrality. Now, at this point, the coulomb repulsion among the moving free electrons acts
as a restoring force and produces motion in opposite direction. The resultant of the two
forces (i.e., attractive driving force and repulsive restoring force) set up the longitudinal



oscillations among the free electrons. These oscillations are known as plasma oscillations
and a plasmon is a quantum of the plasma oscillations.

1.1.2 Surface plasmon polaritons (SPPs)

Surface plasmon polaritons (SPPs) which is also named interchangeably as surface plasmon
wave are surface modes that propagate at metal-dielectric interfaces and constitute an
electromagnetic field coupled to oscillations of the conduction electrons at the metal
surface as shown in Fig. 1.1 [3]. These oscillations get excited when the energy and wave-
vector of incident light at the interface becomes equal to that of surface plasmon modes
supported by the interface. As a result of these oscillations, under the action of the rapidly
changing electromagnetic field, a wave, called surface plasmon wave, gets generated,
which travels along the interface and its field amplitude decays exponentially in both the
metal and the dielectric medium as given in Fig. 1.2 and Fig. 1.3. It can be observed in

Fig. 1.1 The surface charge and electromagnetic field of the SPPs propagating

on a surface in the x direction [3].

Fig. 1.2 Schematic of surface plasmon wave at a metal-dielectric interface.
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Fig. 1.3 Variation of the field of surface plasmon wave across the
metal-dielectric interface.

Fig. 1.3 that the decay of field amplitude in metal is faster than that in the dielectric
medium. This can be attributed to the imaginary part of the metal dielectric function. Also,
these waves are transverse magnetically (TM) polarized and get excited by only TM
polarized light. Due to this exponential decay of field intensity, the field has its maximum at
metal-dielectric interface itself. Both of these crucial properties of surface plasmons being
TM-polarized and exponential decay of electric field are found by solving the Maxwell’s
equation for metal-dielectric kind of refractive index distribution. By the solution of
Maxwell’s equation, one can also show that the surface plasmon wave propagation constant
(ksp) is continues through the metal-dielectric interface and is given by

ko = 2 (22 )1/2, (1.1)

c \gpteg

where ¢, and &g represent the dielectric constants of metal layer and the dielectric medium;
o represents the frequency of incident light, and ¢ is the velocity of light. The above
equation implies that the properties of surface plasmon wave vector depend on both media,
i.e., metal and dielectric. The derivation of surface plasmon wave propagation constant K,

of Eqn. (1.1) is given in chapter 3.



1.2 Excitation of surface plasmons

The maximum propagation constant of the light wave at frequency w propagating through
the dielectric medium is given by

ks = =& (12)

Since &, < 0 (i.e., for metal) and & > 0 (i.e., for dielectric), for a given frequency, the
propagation constant of surface plasmon is greater than that of the light wave (of same
polarization state as that of the surface plasmon wave, i.e., p-polarized) in dielectric
medium as illustrated in Fig. 1.4. Dotted straight line in Fig. 1.4 corresponds to light line
following the dispersion relation @ = ck and the solid curve corresponds to surface
plasmons bound to the interface. It can be observed that for a light wave of frequency w,,
the wave vector of surface plasmon is greater than that of light. Hence, the light directly
incident from the dielectric medium at the metal dielectric interface cannot excite surface
plasmons [4]. Therefore, to excite surface plasmons, the momentum and hence the wave
vector of the exciting light in dielectric medium should be increased. In other words, an
extra momentum (and energy) must be imparted to light wave in order to get the surface
plasmons excited at a metal-dielectric interface. There are special techniques for the
excitation of surface plasmons at a metal-dielectric interface, in which the wave vector of
the incident light is increased to match with surface plasmons. Two most general
techniques are named as Otto and Kretschmann-Raether configurations. Some periodically
structured surfaces have also been used for increasing the wave vector of the incident light.

A (U
k=arc
/
/
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s /
= /
=) /
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| X
. >
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Fig. 1.4 Dispersion curves for surface plasmon wave (k,) and the direct
light incident through the dielectric medium ().



1.2.1 Otto configuration

The general idea behind this configuration was the coupling of surface plasmon wave with
the evanescent wave, which is set up due to attenuated total internal reflection (ATR) at the
base of a coupling prism when a light beam is incident at an angle greater than the critical
angle (647z) at prism-air interface [5]-[6]. Fig. 1.5 exhibits the setting up of an evanescent
wave. The nature of evanescent wave (an exponentially decaying wave propagating along
the interface of two media due to the occurrence of total internal reflection) is known to
have the propagation constant along the interface and to decay exponentially in the
dielectric medium adjacent to metal layer. Both of these characteristics of evanescent wave
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Fig. 1.5 Illustration of setting up of an evanescent wave at
prism-metal interface at > 0,zz.

are similar to those of a surface plasmon wave, therefore, there is a strong possibility of
interaction between these waves. The x-component of the wave propagation constant of the
evanescent wave at prism-air interface is given by

key = ky sing = % gp Sind. (1.3)

If a metal surface is now brought in contact of this decaying evanescent field in such a way
that an air gap remains between the prism base and metal layer, then the evanescent field at
prism-air interface can excite the surface plasmons at the air-metal interface as shown in
Fig. 1.6. However, this configuration is difficult to realize practically as the metal has to be
brought within around 200 nm of the prism surface, because the effect of evanescent field
beyond 200 nm from the prism surface has very negligible effect on excitation of surface
plasmon wave. This approach has been found to be very useful in studying the single-
crystal metal surfaces.
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Fig. 1.6 Otto configuration for the excitation of surface plasmons
at metal-dielectric interface.

1.2.2 Kretschmann—Raether configuration

As a significant improvement to Otto configuration, Kretschmann and Raether realized that
the metal layer could be used as the spacing layer, i.e., evanescent wave generated at the
prism-metal layer interface can excite surface plasmons at the metal-air interface so long as
the metal layer thickness is not too large. They devised a new configuration [7], given in
Fig. 1.7. In this configuration as well, surface plasmons are excited by an evanescent wave
from a high refractive index glass prism at ATR condition. However, unlike Otto
configuration, the base of the glass prism is coated with a thin metal film (typically around
50 nm thick) and is kept in direct contact with the dielectric medium of lower refractive
index (such as air or some other dielectric sample). When a p-polarized light beam is
incident through the prism on the prism-metal layer interface at an angle 6 equal to or
greater than the angle required for ATR (647r), the evanescent wave is generated at the
prism-metal layer interface. Fig. 1.8 shows the dispersion curves of the surface plasmon

Fig. 1.7 Kretschmann-Raether configuration for the excitation of surface
plasmons at metal-dielectric interface.



along with those of the direct light and the light incident through a glass prism of higher
refractive index. The wave vector k., of the evanescent wave, corresponding to incident
angle, is equal to the lateral component of the wave vector of the incident light in the prism,
as given in Eqn. (1.3). The excitation of surface plasmon occurs when the wave vector of
the propagation constant of evanescent wave exactly matches with that of the surface
plasmon of similar frequency and state of polarization. This occurs at a particular angle of
incidence 6,.; and by equating Eqn. (1.1) and Eqn. (1.3), the corresponding resonance
condition for surface plasmons is given as

1/2
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Fig. 1.8 Dispersion curves for direct light wave in dielectric (k;), evanescent
wave (k) for ke, = k, and k., = n,k,sinb, surface plasmon wave k), at
metal-dielectric interface and at metal-prism interface.

Fig. 1.8 clearly shows that the propagation constant curves corresponding to surface
plasmon wave and evanescent wave cross each other at many positions lying between k., =
npkosin® and k., = k, where k, = nyk, [i.e., for different sets of angle of incidence and
frequency (6, w)]. This implies that the propagation constant of evanescent wave (k.,) may
match with that of the surface plasmon wave at the metal-dielectric interface depending on
the frequency and angle of incidence of light beam. As a very important observation, the
surface plasmon wave propagation constant for metal-prism interface lies to right of the
maximum propagation constant of evanescent wave (k.,=k,), and the two curves never cross
each other. This suggests that, in this configuration, there is no excitation of surface
plasmons at metal-prism interface. In this configuration, if we keep the incident angle fixed
and light of varying wavelength is used, then the resonance happens for a particular
wavelength of light. In that case 6,..¢ 1s being replaced by A, in Eqn. (1.4) and we get
the resonance condition as
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1.3 Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) is an optical phenomenon in which a p-polarized light
beam satisfies the resonance condition and excites a charge density oscillation known as
SPP which propagates along the metal-dielectric interface. The condition of resonance and
the requirements for the excitation of SPP are discussed in subsection 1.2.1 and 1.2.2. The
terms SPP and SPR are very closely related, but there is subtle difference between them.
SPR is the phenomenon of resonance i.e matching of the wavevectors between incident
light and surface modes and SPP is the outcome of the phenomenon of resonance. The
resonance condition explicitly depends on the incident angle, wavelength of the light beam
and the dielectric constant of both the metal as well as the dielectric. The resonance can
happen in particular angle of incidence for fixed wavelength of light and alternately can
happen at particular wavelength of light for fixed angle of incidence. When the incidence
angle is varied, it is called angular interrogation method and when the wavelength of
incident light is varied it is called wavelength interrogation method. The after effect of the
resonance appears as a sharp dip (loss) of output optical signal because of the shift of power
from the incident light to surface modes. The excited SPPs are very sensitive to the adjacent
environment. Any change in refractive index near the metal-dielectric interface causes a
change in SPPs which results a change in the value of resonance parameters and
consequently changes the output optical signal. So, by detecting the change in the output
optical signal, corresponding change in the refractive index of the dielectric material can be
detected. This is how SPR phenomenon contributes is sensing. SPR sensor allows label free
detection and online monitoring, so no cumbersome post processing is required for
effective detection. Instead of prism, the use of optical fiber and PCF in implementing SPR
sensor has added more advantages like miniaturization, remote sensing, enhanced
sensitivity and so on. A simplified schematic setup of prism based SPR sensor is shown in

Optical fiber

Polarizer

Gold film
Spectrometer

Flow cell & Computer

Fig. 1.9 Simplified schematic setup of prism based SPR sensor. For optical fiber
or PCF based configuration, prism will be replaced by optical fiber or PCF.



Fig.1.9. Here P-polarized light is incident on prism in an angle greater than the critical
angle. At certain angle, resonance between incident light and surface mode happens and
power is shifted from incident light to surface mode. Consequently, output power dip loss is
resulted at resonance and detected in spectrometer and computer. For this method, sensing
is accomplished using Eqn. 1.4. Inlet and outlet of flow cell controls the flow of sensing
medium.

1.4 SPR sensing techniques

The work of Otto [5]-[6] and later by Kretschmann and Raether [7] in the late 1960s
brought understanding about the practical application of SPR technique and showed the
versatility of this phenomenon. Soon the advantage of using optical fiber over prism based
configuration brought the attention of researcher in implementing the SPR sensing
technique with optical fiber. The inception of PCF with inherent design flexibility and
versatility over optical fiber made it a lucrative alternative for the design and
implementation of SPR sensing system. With the enormous design possibilities of light
guiding in micro structured optical fiber or namely PCF, the SPR sensing research
community has come up with numerous configurations and probe designs.

Most of the realized fiber-based SPR sensors work in the transmission regime where light
from a broadband source is launched into one end of the fiber and is detected at the other
end. This configuration is shown in Fig. 1.10. Excitation of SPR in optical fiber is similar to
the excitation of SPR in the prism configuration. Light propagating in the fiber also
experience TIR at the core-cladding interface. In a portion of the fiber, cladding is removed
and a thin metal layer of typically 40 nm is deposited on the cleaved portion of the fiber.
This metal layer remains in contact with the medium to be sensed. Upon meeting the light
launching condition, TIR happens and SPR phenomenon occurs. Similarity between light
propagation in the optical fiber via TIR and in prism configuration has led to many
successful attempts to realize SPR sensors in optical fibers.

SPR fiber sensors can also work in the reflection regime (fiber probe) as an alternative to
the transmission regime. Fig. 1.11 shows a sensor consisting of the fiber with a perfect
cleave and a layer of gold or another reflecting material at one end of the fiber which
reflects light back towards the detector at the opposite end. Light propagating in the fiber is
being altered by coupling to the surface plasmon if SPR occurs. The reflected light from the
cleaved side is detected when travelling back. The design of the probe allows the sensor to
be extremely compact, user-friendly and practical for in situ measurements in small spatial
volumes.

It is possible to use a two-dimensional photonic crystal as a fiber cladding, by choosing a
core material with a higher refractive index than the cladding effective index. An example
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Fig. 1.10 Schematic lateral cross section of a typical probe of
optical fiber based SPR sensor.

Metal Sensin reglon error

3\ \

Source [« /'V/
& < ><
Detector &—» \/

Fig. 1.11 Diagram showing optical fiber based SPR sensors
working in the reflection regime.
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of this kind of structures is the PCF with a solid silica core surrounded by a photonic crystal
cladding with a hexagonal lattice of air-holes is shown in Fig. 1.12. Different geometry and
different materials will imply different structural design to enable different guidance
mechanisms through the PCFs namely modified TIR and/or PBG guidance. As an example,
a conventional hexagonal lattice PCF, modified to form multiple sensing channels which
are coated by metal layer to generate evanescent field is shown in Fig. 1.13 [8]. Here, the
light is guided through the core and the Gaussian-like leaky mode of PCF generates
evanescent filed upon incident on metal layer. This evanescent wave is used to excite SPPs
in the metal-analyte boundary of analyte channels. Like optical fiber, here also evanescent
filed penetrates through the gold and excites surface plasmons in gold-analyte boundary.
Through the interaction of surface plasmons and analyte, sensing is accomplished.

One approach in the excitation of SPR for chemical/bio sensing is to provide the fiber end
with a suitable indicator or a material that responds to the parameter of interest. Chemically
sensitive thin films deposited on selected areas of PCF can influence the propagation of
light in such fibers depending on the presence or absence of chemical/biological molecules
in the surrounding environment. A wide range of PCF based SPR sensors have been
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Fig. 1.12 A frequently used hexagonal lattice solid-core PCF design.

Fig. 1.13 Schematic of multiple analyte channel PCF for
excitation of SPR [8].

developed for selective biomolecule detection. Another approach for chemical/ biochemical
sensing is to utilize the ability of the PCF to accommodate biological and chemical samples
in gaseous or liquid forms in the immediate vicinity of the fiber core or even inside the
core. PCFs can be used simultaneously for light guiding and as fluidic channel, leading to a
strong light/sample overlap. Due to PCFs diversity of features they introduce a large
number of new and improved applications in the fiber optic sensing domain.

1.5 Motivation

In the last two decades, the over pressing need for faster and improved means of detection,
communication and data processing has encouraged the rapid growth of all-optical
components in the field of sensing. This has led to the development of a variety of new
optical sensing devices which are able to detect, measure, and process data using
electromagnetic radiation. In addition, materials technology and fabrication methods,
particularly for semiconductors, have advanced, allowing devices to be built with fine
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structural details. In combination, these developments have brought technology to a point
that new applications can be envisaged, where all-optical sensing components and circuits
are replacing conventional mechanical and electrical sensors.

The motivation behind research and development activities in optical sensing relies on the
expectation that properties of the optical sensing field are significantly advantageous over
conventional sensing. In fact optical fibers has revolutionized different fields such as
telecommunications and sensing, leading to the creation of high sensitivity and controlled
systems based on light guidance. The remarkable characteristics of fiber optics such as
geometric versatility, increased sensitivity over existing techniques and inherent
compatibility with fiber optic telecommunications technology make them stand out for
sensing applications. Optical-fibers-based sensors are low cost and efficient solutions for
several industries due to their high sensitivity, small size, robustness, flexibility and ability
for remote monitoring as well as multiplexing [9]. Other advantages entail their aptitude to
be used even in the presence of unfavorable environmental conditions such as noise, strong
electromagnetic fields, high voltages, nuclear radiation, explosive or chemically corrosive
media and high temperatures among others.

In this context, SPR based sensing possesses the majority of these advantages. The main
reason for SPR sensors to become a powerful tool is the characterization of real-time
monitoring and label-free sensing with high detection sensitivity and wide dynamic range.
The conventional excitation of surface plasmons using a prism requires a very sophisticated
and bulky experimental setup. Their large detection spot and the need of a coupling prism
limit their effectiveness for probing nanovolumes and single cells. For example, a
commercial SPR system from BIAcore [10] has a price of several hundred thousand US
dollars, and weighs over 40 kg. To eliminate the inherent difficulties involved in the prism
based SPR system, optical fiber based sensing system has evolved. Later, the inception of
PCF with better design flexibility and unprecedented advantages over conventional optical
fiber, led the use of PCF in SPR sensing system. These overriding advantages of PCF are
the motivation behind this work.

1.6 Scope of the thesis

This dissertation explores an exciting approach of integrating square lattice PCF (SL-PCF)
for SPR sensing application. The primary aim of this investigation is to exploit square
lattice structure of PCF along with different design considerations for enhanced
performance of SPR sensor in refractive index sensing.

This dissertation is arranged in the following manner: chapter one (this chapter) delineates
the pivotal concepts of SPR sensing. The condition and requirements for the excitation of
surface plasmons is discussed in this chapter. Different techniques of SPR sensing and
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motivation behind this work is also touched upon in this chapter. Review of literature on
optical fiber and PCF based SPR sensor and objectives of this thesis are presented in
chapter two. Optical properties of metals are discussed in chapter three. The excitation of
SPPs on planar metal surface and on metallic solid wire is investigated in this chapter.
Different performance parameters of SPR sensor are also introduced in this chapter. In
chapter four, step by step modeling technique, simulation, data acquisition, analysis and
outcome is discussed to obtain some useful findings in performance enhancement and
quantification of PCF based SPR sensor. Finally, chapter five contains the concluding
remarks and some light on the future endeavor.



CHAPTER 2
REVIEW OF SPR SENSORS AND OBJECTIVES OF THE THESIS

Though the initiation of using SPR technique for sensing application started with the
investigation of Otto in 1968 [5]-[6], the actual adoption of SPR technique for sensing
application started with the Kretschmann configuration proposed in 1971 [7]. The ATR
method has proven to be extremely sensitive to various changes at metal surfaces and is
now used as an indispensable tool for sensing. The initial investigation of SPR sensor
started with prism based configuration and we can find this configuration in commercial
SPR sensor. As the ATR phenomenon can be materialized in optical fiber also, the need of
miniaturization, remote sensing, high degree of integration and so on led to numerous
investigation of optical fiber based SPR sensors. Over the period of time, numerous optical
fiber based configuration both in transmission and reflection regime has been investigated.
Later, the inception of PCF has intrigued the SPR sensor researching community. The
special ability of the PCF to carry light as well as the sensing material through the air hole
surely has added new dimension in the design and implementation of the SPR sensor. Many
other inherent advantages of PCF over optical fiber has led to numerous investigations of
PCF based SPR sensor.

2.1 Prism based configuration

The use of prism couplers to couple light to SPs is straightforward, versatile, and does not
require complex optical instrumentation. Therefore, SPR sensors based ATR method and
prism couplers have been the most widely used. All major types of modulation have been
implemented in prism-based SPR sensors. In SPR sensors based on spectroscopy of SPs,
the angular or wavelength spectrum of the optical wave coupled with the SP is measured.
Alternatively, changes in the intensity or phase of the reflected wave can be measured at a
fixed wavelength and an angle of incidence. While the spectroscopic SPR sensors usually
offer higher resolution, they provide a rather limited number of sensing channels. By
contrast, intensity or phase modulations can be adopted by SPR imaging configurations,
where independent measurements are performed in as many as hundreds of sensing
channels simultaneously. Over the period of time, numerous prism based SPR sensor
configurations have been investigated and tested in the lab [11]. Successful implementation
has resulted in the commercialization of many SPR sensing system. But in many cases
prism based SPR sensor setup is very costly and bulky in size. Though the prism based
commercial sensors are available in the market, for the disadvantages in prism based SPR
sensing systems, we have focused on the waveguide based SPR sensing system in our
investigation. So, elaborate discussion on the chronological development with sufficient
details in prism based SPR sensing system is beyond the scope of this thesis and is not
discussed here.
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2.2 Optical fiber based SPR sensors

Among the first few reports on fiber optic SPR sensors, the work reported by Villuendas
and Palayo got attention of researchers [12]. Their work consisted of experimental results
on aqueous sucrose solutions for sensitivity and dynamic range evaluation. Soon after, a
four layer fiber optic SPR sensor was reported with enhanced sensitivity and dynamic
range. Around the same time, a single mode optical fiber SPR sensor with SPR excitation
on the tip was reported. Among these reports, the one reported by Jorgenson and Yee got
the most attention, due to a complete theoretical and experimental study of fiber optic SPR
sensors, with an application in chemical sensing [12]. Jorgenson and Yee replaced the
prism of the Kretschmann configuration by the core of an optical fiber and excited surface
plasmons by the evanescent field at the core-cladding interface. Their sensor was well
accepted because SPR sensors utilizing optical fibers have been found to provide multiple
advantages over prism based sensors. These sensors are simple in design, miniaturized, low
cost, highly sensitive and accurate. Use of optical fiber further adds the advantage of online
monitoring, remote sensing and freedom from electric shocks and electromagnetic
interferences. The compatibility of gold with various biological species and functional
groups makes these sensors useful for biosensing applications. Since then, various fiber
optic sensors have been reported [13]. A number of attempts have been made to enhance
the sensitivity of these sensors by various probe designs and additional layers [14]. Later, a
fiber-optic SPR sensor based on spectral interrogation in a side polished single-mode fiber
using depolarized light was reported [15] as shown in Fig. 2.1. These sensors have been
employed in sensing of different chemicals and biochemicals and environmental and health
monitoring [16]. A new approach of hetero-core structure for a fiber-optic SPR sensor was
introduced [17]. The hetero-core structured fiber-optic SPR probe consists of two fibers
with different core diameter connected by thermal fusion splicing as shown in Fig. 2.2. This
was done, deliberately, to leak the transmitted power into the cladding layer of small core
diameter fiber so that the leaked light may induce an optical evanescent wave required for
SPR excitation. Application of D-type optical fiber sensor, as shown in Fig. 2.3, has also
been a very interesting addition to the fiber-optic SPR sensor technology [18]. Nano
particles films have also been used to enhance the performance of SPR sensor [19]. A
schematic is shown in Fig. 2.4. Some theoretical reports have presented the collaboration of
plasmonic structures with fiber Bragg gratings and long period gratings [20]. However, the
SPR based fiber Bragg gratings sensors have not yet been realized probably due to
experimental difficulties and still optimization of certain parameters is required before
fabrication. The fiber optic interferometric sensors utilizing SPR have also been studied in
Fabry-Perot configuration [21]. In Table 2.1, the performance parameters of a variety of
optical fibre based SPR sensors documented in the literature is given.
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Fig. 2.1 Schematic of an SPR sensor using side-polished single-mode optical fiber [15].

Fig. 2.2 Hetero-core structured optical fiber sensor, with the gold layer of 50 nm
thickness on the cladding surface of the single mode fiber [17].

Fig. 2.3 D-type optical fiber SPR sensor probe [18].

Gold nanoparticle layer Sensing medium

Fig. 2.4 A fiber-optic SPR sensor with metal nanoparticle layers [19].



Table 2.1 Performance parameters of various optical fiber

refractive index sensors.
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Sensor Type Detection Range Sensitivity Ref.
(RD) (nm/RIU)

SPR MMF —Au-Ag alloy nanoparticle ~1.342-1.346 ~3000 [19]
MMF — modified end face ~1.33-1.376 ~533 [22]
FBG - tilted grating, Au coating ~1.3-1.38 ~3365 [23]
LPG — 3um planar, Au coating ~1.329-1.340 ~1100 [24]
MMF — Tapered, Au coating ~1.333-1.343 ~2700-4900 [25]
MMF — flat tip, Ag mirror, SiO layer ~1.3365-1.4126 | ~3800 [26]
SPR MMF - cladding removed, Au ~1.3335-1.4018 | ~1600-3000 | [27]
coating, surface roughness

2.3 PCF based SPR sensors

In the realm of optical fiber sensing, PCF offers a high degree of freedom in design
flexibility, facilitating the development of new sensing configurations. The sensing
mechanism of index-guiding PCF sensors is also based on the evanescent interaction

between the guided optical field and the sample, akin to that in the conventional sensors.

The schematic illustration of the active sensing regions around the core of index guiding
PCF is shown in Fig 2.5. However, they do not require cumbersome post processing
procedures, since the presence of air-holes in the cladding microstructure allows the
accommodation of biological and chemical samples in gaseous or liquid forms in the

immediate vicinity of the fiber core. In addition, PCFs naturally integrate optical detection
with microfluidics, allowing for continuous on-line monitoring of samples in real-time. The

Air hole

Fig. 2.5 Schematic illustration of the active sensing regions around the

core of an index-guiding PCF.
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infiltration of sample into the PCF cladding holes also allows the fiber to maintain its
original structure, without the need to even remove the polymer coating of the fiber.
Consequently the index-guiding PCF provides superior structural robustness compared to
the conventional fiber sensors. The evanescent-wave PCF sensor configuration was first
theoretically and numerically studied by Monro et al. [28]. In principle, strong light-matter
interaction requires a significant modal power overlap with the fiber holes within the
wavelength range. The power overlap decreases with core size and increases with
wavelength, as light of longer wavelength is less tightly confined in the solid core of the
index-guiding PCF. Therefore, a larger fraction of the guided mode extends into the
cladding holes. The first experimental demonstration of evanescent-wave gas detection
with index-guiding PCF was reported in 2002 [29]. The fiber used had a relatively low
power overlap (~5.5% at 1530 nm) of the optical field with the sample. Several approaches
have been reported in order to improve sensitivity of PCF sensors. For example, dual-
cladding PCF in which the solid fiber core was fabricated with additional holes to increase
the interaction of the optical field with the sample (e.g. from 0.041% to 4.22% at 633 nm
for a water-filled fiber [30]). The relatively simple concept of suspended-core fiber in
which a small core is held in air by three thin silica struts was introduced. These fibers have
demonstrated large modal overlap of 29% at 1550 nm, which can find useful applications in
SPR based sensing [31]. In addition to chemical sensing, index guiding PCF based SPR
sensor configuration has also been applied to biosensing, whereby fluorescently labeled
antibodies in aqueous solution were detected via absorption spectroscopy [32].

Hollow core PCF exhibit a significant advantage for sensing applications over evanescent
wave PCF sensors in that the modal overlap with the sample is considerably improved,
guiding more than 90% of the power in the core defect of the fiber. The schematic
illustration of the active sensing regions around the core of index guiding PCF is shown in
Fig 2.6. Consequently, the strong light confinement provided by the photonic band gap
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Fig. 2.6 Schematic illustration of the active sensing regions around the
core of a hollow-core PBG-PCF.
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(PBG) and the possibility of tuning the PBG by tailoring the structural parameters have
attracted much attention in the field of fiber sensors. It has been shown that the hollow core
of the PBG-PCF selectively filled with a dye solution achieved an almost 100% modal
overlap with the sample material, surpassing the performance of index-guiding PCFs [33].
In particular, the detection limit of fluorescence sensing was demonstrated to improve by
four orders of magnitude. The study of fluid sensing characteristics using PBG-PCF has
been performed in [34]. The results obtained demonstrated that effective sensing in HC-
PCF is feasible using low-power, cost-effective light sources to realize miniaturization of
the system setup.

In recent times, SPR sensors based on modified structure of photonic crystal waveguide
[35] has been proposed. In the photonic crystal waveguide based SPR sensor, plasmons on
a surface of a thin metal film are excited by a Gaussian-like leaky mode of an effectively
single-mode photonic crystal waveguide. It has been demonstrated that effective refractive
index of a waveguide core mode can be designed to be considerably smaller than that of a
core material, enabling efficient phase matching with plasmons at any wavelength of
choice, while retaining highly sensitive response to changes in the refractive index of an
analyte layer. This is quite an ideal technique for the development of portable SPR
biochemical sensors. As another crucial advancement, the concept of a microstructured
optical fiber-based SPR sensor with optimized microfluidics is proposed [8], [36],
schematic of which is given in Fig. 2.7. In this design, plasmons on the inner surface of
large metallized channels containing analyte can be excited by a fundamental mode of a
single-mode microstructured fiber. Phase matching between plasmon and a core mode is
enforced by introducing air filled microstructure into the fiber core, thus allowing tuning of
the modal refractive index and its matching with that of a plasmon. Sensitivity studies show
that refractive index changes of RIU leads to easily detectable 1% change in the transmitted
light intensity.

Multi analyte channel PCF based SPR sensor was investigated by Gauvreau et al. in [37],
where to enhance the flow of microfluidics, multiples analyte channel was used as shown in
Fig. 2.8. But it necessitates the use of more gold coating in the multiple analyte channels
and there was co-channel interference from the neighbouring analyte channel. To eliminate
all these disadvantages, Binbin Shuai et al. propose a PCF based SPR sensor with multiple
core and with only one analyte channel as shown in Fig. 2.8 [38]. Again in an investigation
Binbin Shuai et al. has proposed a PCF structure with liquid filled multiple core and single
analyte channel [39] based SPR sensor, schematic cross section of which is shown in Fig.
2.9. Documented performance parameters of few recent PCF based SPR sensor is given in
Table 2.2.



Fig. 2.7 Micrstructured optical fiber based SPR sensor [36].

Fig. 2.8 Depiction of multi analyte channel PCF based surface
plasmon resonance sensor [37].

Fig. 2.9 Schematic of the proposed PCF based SPR sensor with
multiple core and single analyte channel [38].
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Fig. 2.10 Liquid core PCF based SPR sensor with single analyte channel [39].

Table 2.2 Performance parameters of few recently proposed
PCF based SPR sensor.

Optical structure Detection RI | Wavelength Average Ref.
Range of operation | Sensitivity
(RIU) (nm) (nm/RIU)
Hexagonal lattice Solid core, 1.33-1.42 400-800 2929.39 [38]
MCHF 1.43-1.53 800-1850 9231.27 [38]
Liquid core, MCHF 1.50-1.53 700-1500 ~5500 [39]
Analyte-filled core, HF 1.33-1.42 550-900 2775 [40]
Air hole in core. HF 1.33-1.41 500-850 2728 [41]

2.4  Objectives of the thesis

The primary objective of this thesis is to improve the performance parameters of PCF based
SPR sensors. In doing so, the suitability of the SL-PCF for SPR based sensing system will
be evaluated first. It is understood from the literature review that multiple analyte channel
PCF based SPR sensing system has some disadvantages like more gold consumption in
analyte channel coating, co-channel interference from neighboring channels and
requirement of more amount of sample for accurate sensing. To eliminate these
disadvantages, single analyte channel SPR sensing system will be evaluated which will
reduce the gold consumption in analyte channel coating and suppress the co-channel
interference. The amount of sample needed for effective detection will also be less. If the
coupling between the core guided fundamental mode and plasmonic wave increases, then
the sensitivity of the sensor will also increase. To increase the coupling between core
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guided fundamental mode and plasmonic wave, multiple cores will be formed in the PCF
structure which will increase the overlap between evanescent field and plasmonic wave. As
the coupling increases, it will give corresponding rise in sensitivity.

The thickness of the gold coating plays an important role in the penetration of evanescent
field and consequently the coupling between core guided mode and plasmonic mode is
affected. To observe this effect, thickness of the gold in analyte channel coating will be
varied and evaluated. The structure will be further investigated with the use of other metals
like silver and copper to evaluate their suitability. The thickness of the silver and copper
coating will also be evaluated and compared with that of gold to find their suitability. Gold
and silver can be used together in analyte channel coating to utilize the advantage of both
the metal. This will be investigated by implementing bimetallic coating of gold and silver
to achieve enhanced sensitivity and detection accuracy.

The use of different doping concentration can tune the refractive index in the core of the
PCF, which will have corresponding effect in light guidance and coupling. This
phenomenon will be utilized and core effective index of PCF will be tuned by using 13.5%
Ge0,, 9.1% P,0s and 5.2% B,0s individually. Finally the optimized design parameters and
configuration will be evaluated for sensitivity, detection accuracy, dynamic sensing range
and detection linearity of the proposed SPR sensor.

Basing on the above design considerations, ultimately this thesis concentrates on achieving
enhanced performance of SL-PCF based SPR sensor. This objective will be complemented
by the use of multiple core and single analyte channel PCF. Further the objective will be
supported by the use of bimetallic analyte channel. Together, with all the analysis and
design considerations will yield a PCF based SPR sensor with enhanced performance.



CHAPTER 33
OPTICAL SENSING USING SURFACE PLASMON RESONANCE

The study of light matter interactions plays an important role in understanding our
universe and has a long history. When the electromagnetic wave interacts with atoms or
molecules, several optical effects may evolve, such as absorption, emission, scattering,
refraction, fluorescence, etc. Precise control of the interaction between light and matter
becomes the key to create new capabilities of optical devices/instruments for
telecommunication, sensing, molecule detection, medical treatment, light source, optical
interconnection systems and many other applications.

This chapter provides an introduction to the physics of SPPs. Theory on the properties
of propagating SPPs or surface plasmons at a planar metal-dielectric interface by
solving Maxwell's equations with the proper boundary conditions is included. Excitation
of SPPs on metallic wire and different performance parameters are also described
subsequently.

3.1 Optical properties of metals

Metal contains free electrons with concentrations N of the order of 10** m . Because of
this high electron density, the optical properties of metal mainly depend on the response
of the electron ensemble in the conduction band. For metals, the dielectric function and
the absorption of light due to the electron transmission to higher energy states can be
described by free electron theory of metals. The electron transport in metals is often
described by the Drude model, which assumes the metal is a free electron gas [8].

The response of metal to electromagnetic radiation can be defined as
D = g,E + P = gye(w)E, (3.1)

where D is the electric displacement vector, E is the electric field, P is the electric
polarization and € and &, are the material dependent dielectric permittivity and vacuum
dielectric permittivity, respectively. In the free electron model, interactions between
electrons are not taken into consideration. The electrons oscillating in response to the
applied electromagnetic field are damped via collisions with nuclei at a collision
frequency y = 1/t where t is the average time between successive collision. At room
temperature, the typical value of t is in the order of 10™'* s, corresponding to y ~ 10
Hz.

Assuming an oscillating electric field
E(t) = Ege™", (3:2)

the motion of the electrons can be described as an oscillation equation
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9%x

at2

m— + my% = —eE et (3.3)

where m is the effective mass and e is the electron charge. Eqn. (3.3) has solution of the
following form

%(t) = ————FE et (3.4)

m(w2+iyw)

The polarization P is then written as:

B=_Net=——2N Fre-iot (3.5)
m(w2+iyw) ° '
N — _ e’N —iwt
and D = ¢, (1 mgo(w2+iyw)) Eqe
_ _ wp® —iwt
€0 (1 —(w2+iyw)) Ey et (3.6)

where w,, is the oscillation frequency of collective electrons in a volume of metal and is
named as plasma frequency, which is defined as

=N (3.7)

It is the typical electrostatic oscillation frequency for the electrons to restore around
equilibrium positions. Substituting the value of Eqn. (3.1) and Eqn. (3.2) in Eqn. (3.6)
the dielectric function can now be expressed by Drude model as

s(w)=1——22_ (3.8)

w2+iyw

With the real and imaginary parts:

w?t?
gw)=1-——, (3.9)
"(w) = —2B 3.10
elw)= w(1l+w?t?)’ (3.10)
Assuming weak damping (o > ¥), the expression of £(w)can be simplified to:
(l.)p 2
e(w)=1- (:) . (3.11)

With this form, the dielectric function is dominated by the real value implying that the
absorption is neglected. It can be seen that for frequencies below the plasma frequency
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(0 K wp), the dielectric permittivity is negative and metal behaves like light reflecting
material. For high frequencies (@ > wy,), the metal behaves as dielectric material and
light can be transmitted as if the metal is a transparent material. Complex refractive
index n of metal can be obtained from the definition of complex refractive index and
permittivity and can be expressed as, &(w) =& (w)+&"(w)=n% For our
investigation, the real and imaginary parts of the permittivity of gold, silver and
copper is calculated by using Drude model and is given in Fig 3.1. Here w,for
gold, silver and copper are 1.38 X 10'®, 1.39 x 10'°, 1.34 x 10'°, respectively; Again t
for gold, silver and copper are 9.3 X 107>, 3.1 X 10* 6.9 x 107", respectively.
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Fig. 3.1 Real and imaginary parts of the permittivity of gold, silver and copper
calculated from drude model.

3.2 Maxwell’s equations and wave equation

The Maxwell’s equations which provide the basic equations governing the
electromagnetic response

V X E= —% (Faraday’s Law), (3.12)
VXxH-= Z—Lt)+f (Ampere’s Law), (3.13)
V.D = o (Gauss’s Law), (3.14)

V.E=0 (Gauss's Law for Magnetic Fields), (3.15)
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where E is the electric field (V/m), H is the magnetic field (A/m), D is the dielectric flux

(C/m), B is the magnetic flux density (T), f = oE is the conduction current density of
free charges, and p, is the free charge density. The fields are related by material
properties

D =¢E +P, (3.16)

B=puH+M, (3.17)

where &,is the free-space dielectric permittivity, which is equal to 8.85 x 10 (F/m),

1o is the free-space magnetic permeability, which is equal to 4n x 10~ (H/m), P is the
polarization density field for the medium, which is interpreted as the dipole moment per

unit volume and M is the magnetization, which is the magnetic moment per unit
volume. In a non-magnetic medium such as dielectric medium, the magnetization term

vanishes (1\7 =0). In addition, we primarily consider in a dielectric medium that contains

no free charge (p, = 0) and no free currents (7 = 0). Taking curl on Eqn. (3.12) and
using Eqn. (3.13) we get

32D
at2 '

VXVXE =—p, (3.18)

Now using the vector identity for left hand side and using Eqn. (3.14) for isotropic
source-free (p, = 0) media, one can obtain the wave equation as

VZE - 222 =0, (3.19)

where €is the frequency dependent permittivity of material and is written for &(w).

Here ¢ = 1/,/&plo 1s the velocity of light in free space. Assuming a harmonic time

dependence E (7, t) = E(#)e~t the above equation can be deduced as the following
Helmholtz equation

V2E + k2¢E = 0, (3.20)

w .
where k, = —is the free space wave number.

3.3. Properties of SPPs on planar surfaces
3.3.1. Dispersion relation of surface plasmons on a smooth metal surface

SPPs, excited from coupling of an electromagnetic field to the free electron in a metal,
are electromagnetic surface waves propagating along a metal-dielectric interface. To
understand the optical behavior of SPPs, we consider a simple planer metal-dielectric
structure, as shown in Fig. 3.2, where a dielectric material (x > 0), is located on top of a
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Fig. 3.2 SPP propagating at the interface between metal
and dielectric when excited by the TM wave [42].

metal (x < 0). The dielectric medium has a frequency dependent positive real dielectric
constant €; and is assumed to be isotropic and non-absorbing. The metal is isotropic and
has a frequency dependent complex dielectric function given by &, (w) = €, (w) +

ey (w).

Consider the SPP propagating in the z direction and the transverse-magnetic (TM) wave
with magnetic field out of the plane. The electric and magnetic fields in the dielectric
medium (x > 0) can be written as

E—d) = (Exd: 0, Ezd)ei(kde+kZdZ_wt)’ (321)
H—d) — (0, Hyq, O)ei(kxdx+kzdz_wt)’ (3.22)

In the metal (x < 0), the electric and magnetic fields are given by

E—m): (Exm: 0, Ezm)ei(_kxmx+kzmz_wt)> (323)
Hpy = (0,Hyp, 0)ei(-ramxtkemz=0t), (3.24)

From Maxwell’s Eqns. (3.12)—(3.15), we have

9E;

X H: = € —
V Hl SL at °

(3.25)

where the subscript i denotes the materials and and ¢ is the dielectric permittivity in the
respective material. It can be expanded as

0H, O0H, 0H,; O0Hy; 0H,; O0H,;
LH.S = zi yl) ~ ( xi ZL) ~ yi xXi\ A
( ay 0z 0z 0x v+ dx dy z
— ikZiHyiei(kxix+kziz—wt)5C\ + l'kxl-Hyiei(kXix+kZiZ_wt)2, (3.26)
R.H.S.= (E,;,0,E,;)(—iwe;)eUxix+kziz=wt) (3.27)

Using the relation from Eqn. (3.26) and (3.27) and apply them to the metal-dielectric
interface (m and d indicate the metal and the dielectric, respectively). We obtain
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K Py __ K Eom (3.28)
&m Hyq €q Ezq

Applying the boundary condition where the tangential components of the electric field
and magnetic field are continuous at the interface, i.e., E,, = E,4 and H,,,, = H,4
yields

Bom _ _Em (3.29)

kxd &d

The relationship in Eqn. (3.29) indicates that surface plasmons can only be excited
when the dielectric constants of the two media of the interface are of opposite signs.
This 1s achieved through the use of metal which has a negative dielectric constant.

The wave numbers are related by
2
K2 =ki+ki=g(2). (3.30)

From Eqn. (3.29) and (3.30), we find

2 w)? 2

K2 = e (2) = Km (metal, x < 0), (3.31)
2 w 2 &d 2 . .

k2 =24 (%) = (~Kem ;) (dielectric, x> 0).  (3.32)

Substituting Eqn. (3.31) into Eqn. (3.32) yields

2
2 _ (@ (_£dtm

kz = (c) (sd+sm)' (3.33)

With g, = &, + iy, and g, < |&),|, the dispersion relation for the SPP at a metal-
dielectric interface can be written as

) £dEm
Re(k,) = (2) /—gdﬂ?,n , (3.34)

3
_ (@) (2t )2

Im(k,) = (c) (£d+£;n) 26,2 (3.35)
The above equations show the dispersion characteristics of a planar SPP, where the
frequency dependent dielectric function of the dielectric &; can be calculated by the
Sellmeier expansion [43] and the complex frequency dependent dielectric function of
metal &,, can be obtained from the Drude model as discussed in Section 3.1. From the
Drude model, for very small damping factor v, the value of &, reduces to

wp

g, =1-22 (3.36)

w?
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By substituting the value of ¢, from above equation in Eqn. (3.33) and considering
k, — oo, we can derive an expression for the surface plasmon frequency as

_ Wy

Wep = ﬁ . (3.37)

3.3.2 Propagation length and skin-depth of surface plasmons on a smooth surface

The length over which the intensity of the surface plasmon wave decreases to 1/e of its
maximum value is called the propagation length. The intensity of the SPP decays while
travelling in the z-direction according to e ~2!mk2)7 [

length is given by

4]. Thus, the SPP propagation

-3

Lep = Zlml(kz) - (5) (ﬁ)7 ﬁ (3.38)

The electric field decay of SPP field along the transverse direction (x-direction) can be
deduced by the propagation constant in the z direction from Eqn. (3.30), (3.31) and
(3.32), with the assumption &,,, < |em| and €, + €4 < 0. The skin depth (8=1/ky;) (the
distance where the field falls to 1/e of its original value) of the electric field can be
obtained as

Smerar = (5) [, (3.39)

) &

+&m
Saietectric = (5) /%- (3.40)

3.4 SPPs on metallic wire

SPPs can also be generated in metallic wires. First we have investigated with
rectangular wire, which was followed by circular wire. The geometry of interest to the
present study is that of a metallic stripe or a wire of rectangular cross section bounded
on all sides by a lossless dielectric medium [44]. The geometry we have studied is
shown in Fig. 3.3. A metal stripe of thickness # = 0.1 ym and width w = 1 pum is
considered which is surrounded on all sides by a lossless dielectric medium. The total
investigation is done for the wavelength 4 = 1.55 um. The metal used is silver with a
dielectric constant ¢, = — 125.735 + 13.233 as obtained from experimental values of
Johnson and Christy [45]. The dielectric constant of the lossless medium was 12.25.
When the metal is in the form of a film, SPP occur on each side of the film as shown in
Fig. 3.4. For a film with sufficiently small thickness, surface modes couple to each
other, producing supermodes. In the case of a metal film bounded on both sides by the
same dielectric, the supermodes, as represented by the magnetic field component
tangential to the interface, have either symmetric or asymmetric profiles with the plane
of symmetry being midway between the interfaces. The generation of SPPs on solid
metallic wire surface enables the realization of plasmonic waveguide when the loss
incurred by SPPs can be minimized.
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Fig. 3.3 Schematic dimension of the investigated metallic slab wire.

Fig. 3.4 A closer look of the excitation of SPPs on both side of the metal stripe
wire, bounded on all sides by lossless dielectric medium.

Lossless dielectric

PML for
simulation —»

Solid circular wire
of gold or silver

Fig. 3.5 Schematic of the simulation setup used for generating SPPs on
circular metallic wire.

Both gold and silver wires are considered for investigation with circular wire. Gold and
silver wires are taken with a diameter of 0.4 pm, which is bounded on all sides by a
lossless dielectric material as shown in Fig. 3.5. The total investigation is done for the
wavelength of 4 =1.55 pm. The wavelength dependent dielectric constant for gold and
silver is calculated from Drude model. The dielectric constant of lossless media
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surrounding the metal wire has a value of 12.25. When the circular metal wire has
sufficiently small radius it can effectively generate the surface modes surrounding the
total circular wire. A closer look of the generated surface mode surrounding the metal
wire (gold or silver) is shown in Fig. 3.6.

Fig. 3.6 A closer look of the excitation of SPPs on the surface of a circular metal
(gold or silver) wire bounded by lossless dielectric medium.

3.5 How sensing can be accomplished

The resonance phase matching happens between an incident electromagnetic wave and
high loss plasmonic wave at the metal-analyte interface at a specific combination of the
angle of incidence and wavelength. Mathematically, phase matching constitutes
equating the effective refractive index of the two modes at a given wavelength of
operation or specific angle of incidence.

The excitation of surface plasmons at metal-dielectric interface results in the transfer of
energy from incident photons to surface plasmons, which reduces the energy of the
reflected light. If the normalized reflected intensity (R), which is basically the output
signal, is measured as a function of incident angle (€) by keeping other parameters and
components (such as frequency, metal layer, and dielectric layer) unchanged, then a
sharp dip is observed at resonance angle due to an efficient transfer of energy to surface
plasmons as given in Fig. 3.7.

For a given frequency of the light source and the dielectric constant of metal film one
can determine the dielectric constant (&) of the sensing layer adjacent to metal layer
using Eqn. (1.4) if the value of the resonance angle (6,.;) is known. The resonance angle
is experimentally determined by using angular interrogation method. Resonance angle is
very sensitive to variation in the refractive index of the sensing layer. Increase in
refractive index of the sensing layer increases the resonance angler. For wavelength
interrogation method, for a fixed angle of incidence of the light source and the dielectric
constant of metal film one can determine the dielectric constant (&) of the sensing layer
adjacent to the metal layer using Eqn. (1.5). Here (6,.;) is being replaced by (4,.;) which
can be determined experimentally by analyzing the output spectrum of light.
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Reflectance (R)

v

Ores Angle (0)

Fig. 3.7 Reflectance (R) as a function of incidence angle () at the prism-metal
interface (angular interrogation). A sharp drop in reflected
signal is observed at angle 0,.;.

Again, surface plasmons, which propagate in the metal-dielectric interface, are
extremely sensitive to the variations of refractive index of the dielectric. As the real part
of the plasmon refractive index depends strongly on the value of the analyte refractive
index, the resonance condition of phase matching between the waveguide core mode
and plasmonic mode will also be sensitive to the changes of analyte refractive index. So
with the change of the analyte refractive index, the resonance wavelength will also shift.
When a new dielectric material with a different refractive index will be present in the
analyte channel, it will shift the resonance wavelength. From the amount of shift in the
position of the resonance wavelength, one can, in principle, extract the value of changes
in the analyte refractive index. This transduction mechanism is commonly used for the
detection of the analyte bulk refractive index changes. By implementing and optimizing
the design criteria, if we can achieve greater shift of the resonance wavelength for very
small change in the analyte refractive index, we can achieve higher sensitivity. For
effective and accurate detection, achieving higher sensitivity is of utmost importance.

3.6 Performance parameters of SPR sensors

3.6.1 Sensitivity

For angular interrogation method sensitivity of a SPR sensor depends on how much the
resonance angle shifts with a change in refractive index of the sensing layer. For very
small change in the analyte index, if the shift of resonance angle is large, the sensitivity
is large. Fig. 3.8 shows a plot of reflectance as a function of angle of the incident light
beam for sensing layers with refractive indices n, and n,+dn,. Increase in refractive
index by on; shifts the resonance curve by d6,., angle. The sensitivity of a SPR sensor
with angular interrogation is defined as [46]

s, = Lres (3.41)

ong
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Fig. 3.8 The shift in resonance angle (d6,.;) with a change in refractive index
of the sensing layer (n) by dn,. 00, is the width of the curve at
half reflectance for sensing layer refractive index n,.

In the SPR sensor based on wavelength interrogation, the incident angle is fixed and the
resonance wavelength 4, is determined corresponding to the refractive index of the
sensing layer n,. If the refractive index of the sensing layer is altered by oJn, the
resonance wavelength shifts by d4,.;. The sensitivity (S,) of an SPR sensor with spectral

interrogation method is defined as [46]

s, = res (3.42)

ong

The spectrum of the output in the wavelength interrogation method is shown in Fig. 3.9.

Output power

<+—>
5j~res r—>

Fig. 3.9 The shift in resonance wavelength (d4,.;) with a change in refractive index
of the sensing layer (n;) by dn;. dl, is the spectral width of the curve
at FWHM output power point corresponding to
sensing layer refractive index #;.
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3.6.2 Detection accuracy or SNR

The detection accuracy or the SNR of a SPR sensor depends on how accurately and
precisely the sensor can detect the resonance angle and hence, the refractive index of the
sensing layer. Apart from the limitations of a real instrument, the accuracy of detection
of resonance angle further depends on the width of the SPR curve. Narrower the SPR
curve, higher is the detection accuracy. Therefore, if 66,5 is the angular width of the
SPR response curve corresponding to 50% reflectance, the detection accuracy of the
sensor can be assumed to be inversely proportional to 66,5 as shown in Fig. 3.8. The
SNR of the SPR sensor with angular interrogation is, thus, defined as [47]

86res

SNR = 500c"

(3.43)
Actual SNR of the real SPR sensing system critically depends on how well one
measures the signals with real instruments.

In wavelength interrogation method also the accuracy of the detection of the SPR
wavelength (4,.;) depends on the width of the response curve as shown in Fig. 3.9. The
spectral width of the SPR curve should be small for an accurate measurement of the
resonance wavelength. Therefore, similar to angular interrogation, if dA,, is the spectral
width of the response curve at some reference output power value, the SNR of the SPR
sensor utilizing spectral interrogation can, therefore, be written as [47]

8Ares
SNR = re. (3.44)

3.6.3 Sensing range

As far as the operating range is considered, it is the range of sensing layer refractive
indices n, that a sensor can detect for a given wavelength range. For instance, if one
wants to operate the sensor in the visible region only, then the range of n; values with
their corresponding 4,.s falling in the visible region will decide the operating range of
the sensor. No established empirical formula for determining the sensing range is being
used, rather, one needs to find it through the sensing capability of the respective sensor
for particular type of analyte.

3.6.4 Detection linearity

Detection linearity is the response with which the resonance wavelength shifts for
corresponding change in the analyte index. We need to evaluate this value to underatnd
the capability of a particular type of sensor to be used as calibration sensor. If the shift
of resonance wavelngth for corresponding change in analyte index is highly linear, then
the particular sensor can be used as calibration sensor. From the vlaue of calibration
relations of a sensor, one can bring out the value of the particular analyte index. If we
have the resonance wavlength from optical spectrum analyser, which is evident by a
sharp dip, we can plot the resonace wavelength in the calibration relations and can find
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out the refractive index of that analyte. As an example the calibration relation of our
proposed sensor is given in Fig. 3.10. From Fig. 3.10 it is evident that if we know the
resonance wavelength for any analyte, we can find out the refractive index of that
particular analyte from the graph. But, very high detection linearity of particular sensor
is required to obtain the analyte refractive index in this method.

1600

1400

1200

Resonant wavelength (nm)
=
S
()

8010.43 1.44 145 146 147 1.48 1.219 1.5

Refractive index (RIU)

Fig. 3.10 Detection linearity in terms of shift of resonance wavlength for
change in analyte index.



CHAPTER 4

DESIGN AND PERFORMANCE ANALYSIS OF PCF BASED SPR
SENSOR

PCF based SPR sensors are designed conventionally with hexagonal lattice structure
as discussed in chapter 2. Being simpler in geometry than hexagonal lattice, square
lattice structure can be a candidate for use in SPR based sensor, which is proposed
here. Again, to enhance the fluid flow in the sensor, multiple analyte channels have
been proposed in PCF based SPR sensor [8], [36]. But, the use of multiple analyte
channels in SPR sensor probe entails few disadvantages such as more gold
consumption in analyte channel coating and need of more analyte sample than single
analyte channel based SPR sensor. Co-channel interference from neighboring analyte
channels is also an issue in multiple analyte channel based SPR sensor. SPR sensor
with single analyte channel will be free from all these disadvantages and is
investigated and proposed here.

Usually, the metallic layer used in SPR sensor consists of either gold or silver. Gold
demonstrates a higher shift of resonance parameter to change in refractive index of
sensing layer and is chemically stable. Silver, on the other hand, displays a narrower
resonance curve causing a higher detection accuracy or SNR, but has a poor chemical
stability. The oxidation of silver happens as soon as it is exposed to air and especially
to water, which makes it difficult to use to get a reliable sensor for practical
applications. Treatment of the silver surface by a thin and dense cover is therefore
required. As the use of gold shows higher shifts in resonance parameters which
consequently helps in achieving higher sensitivity, silver can be coated with gold to
achieve both higher sensitivity and detection accuracy. So, the need for an optimum
combination of metals in the analyte channel coating is imperative which is also being
investigated here.

Besides gold, other metals can also be used for analyte channel coating. The
capability of other metals such as the use of silver (Ag) or copper (Cu) in analyte
channel coating for SPR sensor applications has also been analyzed. The copper also
has some limitations like silver. It is chemically vulnerable against oxidation and
corrosion, therefore, its protection is required for a stable sensing application. Also it
may be noted from Eqn. (1.4) that the SPR condition depends upon the refractive
index of the material of the fiber core. Therefore, if a PCF is fabricated by adding
dopants in the fiber core, the sensitivity of the sensor can be enhanced or tuned.
Basing on this assumption, sensor performance is evaluated by adding three dopants
(13.5% GeO,, 9.1% P,0s, 5.2% B,03) separately with pure silica.

Different performance parameters namely sensitivity, detection accuracy or SNR,
sensing range and detection linearity of the proposed sensor are being evaluated to
find the suitability of all the proposed design considerations. To formulate all the
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above mentioned design and analysis, numerical modeling technique is used, which
plays an important role in designing and characterizing the PCF based sensors. While
designing fiber waveguide, sensor etc., even the simplest shape in fiber cross section
is difficult and cumbersome to deal with analytically. So, to emphasize more on
design and evaluation rather than analytical calculation, numerical modeling
technique is used. In order to fully appreciate the physics of plasmonics and how they
could be embedded in PCF based sensor to get the best sensitivity, a systematic study
is carried out with the help of finite element method (FEM), included in the RF
module of Comsol Multiphysics™ [48].

4.1 Modeling technique
4.1.1 Finite element method

The finite element method (FEM) or finite element analysis (FEA) is fundamentally a
method for obtaining a numeric approximation to a governing differential equation,
subject to prescribed boundary conditions, over some geometric domain. The domain
is divided into a finite number of smaller non-overlapping regions referred to as
elements. All of the elements taken together completely cover the domain of interest
like the pieces of a puzzle. Each element contains some number of points referred to
as nodes. For example, a 2D problem may use triangular elements, and each element
will have at least three nodes, corresponding to the vertex points of the triangle. The
elements and nodes together are referred to as the mesh. The dependent variable is
approximated over each element by some interpolating function, generally a
polynomial. Using this concept, while modeling, we have divided the whole domain
of the PCF cross section into small elements using appropriate mesh and obtained the
solution for whole domain.

4.1.2 Formulation using FEM

The refractive index of the PCF core is taken as n; The cladding consists of a number
of air holes with a background of core material. The effective index of the cladding,
taken as ny, is determined as the fundamental space filling mode which is lower than
n; ensuring that there is at least one confined mode for a single mode PCF and more
than one mode for a multimode PCF. For a confined mode, there is no energy flow in
the radial direction, thus the wave must be evanescent in the radial direction in the
cladding. This is true only if the effective index of the confined mode, n¢ is greater
than n,. On the other hand, the wave cannot be radially evanescent in the core region.
Thus, n; > ner > ny. The refractive indices change with the change in wavelength.
These different values of indices at different wavelengths are obtained from the
corresponding Sellmeier equation. The optical mode analysis is made on a cross-
section in the x-y plane of the fiber. The wave propagates in the z-direction and has
the form

H(x,y,zt) = H(x,y)e/@t=F2), (4.1)
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where o is the angular frequency and B is the propagation constant. An eigenvalue

equation for the magnetic ﬁeld,_l-f is derived from Helmholtz equation

Vx (n2Vx H)—kiH =0, (4.2)

which is solved for the eigenvalue 4 = —jf. As boundary condition, along the outside
of the cladding, the magnetic field is set to zero. As the amplitude of the field decays
rapidly as a function of the radius of the cladding this is a valid boundary condition.

4.1.3 Meshing of the domain

The finite element method approximates a variational problem as a solvable
numerical problem by reducing the degrees of freedom of the system to a finite
number. The terms discretization and meshing are used within FEA literature to
describe this step. In practice, a distribution of discrete points is placed inside and
along the boundary of the function. These points, known as vertices or nodes, are
where the function will be evaluated. The vertices are then connected to form small,
simple and uniform geometries called finite elements. The domain of the discretized
unknown function is a composite of these tiny geometries. To illustrate graphically, a
cross section of the mesh used for our FEM solution is shown in Fig. 4.1.
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OO0 0000 O00000O0
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Fig. 4.1 A cross section of the mesh grid used in our FEM calculation.
(a) An unrefined grid and (b) Shows the same grid after adaptive
refinement steps.

4.1.4 Boundary and interface conditions

The interior boundaries of the cross-sectional geometry of the PCF are set at
continuity boundary conditions. The outermost boundary of the cross-section is set at
perfect electric conductor boundary condition when solving for magnetic field
intensity, H. Perfect magnetic conductor boundary condition is used when solving for
electric field, E. This is a valid boundary condition as the radius of the geometry is
chosen large enough for the electric or magnetic field to decay to zero.
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The perfect magnetic conductor boundary condition,
7 x H=0, (4.3)

sets the tangential component of the magnetic field to zero at the boundary. Also, it

implies that, 7t .D=0fora perfect magnetic conductor.

The perfect electric conductor boundary condition,

AxE =0, (4.4)

sets the tangential component of the electric field to zero at the boundary. Also, it

implies that, 71 .B=0fora perfect electric conductor.

The continuity boundary condition is the natural boundary condition ensuring
continuity of the tangential components of the electric and magnetic fields, given as

i x (H, - H;) =0, (4.5)
it x (E,—E,) =0. (4.6)

A perfectly matched layer (PML) is an artificial boundary condition implying perfect
absorption of incident field. This boundary condition is required for approximating
infinite zone beyond the waveguide outer edge to a finite domain of numerical
analysis. The key property of a PML that distinguishes it from an ordinary absorbing
material is that waves incident upon the PML from a non-PML medium do not reflect
at the interface. This property allows the PML to strongly absorb outgoing waves
from the interior of a computational region without reflecting them back into the
interior. Schematic cross section of the PML used in our work is shown in Fig. 4.2.

PML ——

Fig. 4.2 Schematic of PML in the proposed PCF based SPR sensor.
The outer red stripe denotes the PML.
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4.2 SPR sensor with hexagonal lattice PCF

To have a comprehensive understanding and in-depth analysis about SPR sensor, the
conventionally used H-PCF based SPR sensor has been designed and evaluated first.
A schematic cross section of the conventional solid core H-PCF structure is shown in
Fig. 4.3 which is modified to be used in SPR sensing system. A schematic cross
section of the modified design to be used in SPR sensing, is shown in Fig. 4.4.

Fig. 4.3 Cross section of a conventional solid core H-PCF. The gray
area denotes silica and white circles denote air holes.

Analyte /Gold layer

(a) (b)

Fig. 4.4 Multi-core hexagonal lattice PCF for SPR sensing application.
(a) Schematic cross section, where six cores and PML are marked
with arabic numerals and red stripe, respectively. (b) Closer
look of the central analyte channel.

Here only one analyte channel is used in the centre of H-PCF. The inclusion of the
analyte channel in the centre of the core can effectively increase the overlap between
the evanescent field and surface plasmon wave which increases the detection
sensitivity of the device. In this design, six cores are formed by eliminating six air
holes which are substituted by silica. A hollow central channel is created to allow the
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analyte to flow. When light is launched, light will be guided in the cores. The
Gaussian-like leaky mode from the core guided light of the six cores generate
evanescent field out of TIR, which will excite the plasmonic mode in the metal-
analyte boundary. From the evaluation of this design, well defined power
concentration in the core guided fundamental mode is obtained as shown in Fig. 4.5
(a), 3D representation of which is shown in Fig. 4.5 (b). Here, total power is
concentrated in the core guided fundamental mode. Evenly distributed power flow in
the six core is evident in both the surface and 3D plot. Plasmonic mode through the
coupling of core guided light and surface plasmons is also obtained as shown in Fig
4.6 (a), 3D representation of which is shown in Fig. 4.6 (b). In case of plasmonic
mode total power is shifted from core guided mode to plasmonic mode, as evident in
both the surface and 3D plot. Also, the surface plot and its corresponding 3D
representation confirm the highest power concentration in metal-analyte boundary in
case of plasmonic mode.

(a) (b)

Fig. 4.5 Fundamental mode of the core guided light in six identical cores
of H-PCF based SPR sensor. Power flow is shown in w/m”.

(a) (b)

Fig. 4.6 Excitation of plasmonic mode in the centrally located
single analyte channel. Power flow is shown in w/m”.
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Evaluation of the SPR sensor with six identical core H-PCF yields an average
sensitivity of 9231 nm/RIU in the sensing range of 1.43-1.53 refractive index. As in
this design, the number of analyte channel is reduced to only one, this has effectively
minimized the requirement of gold in analyte channel coating. The sensitivity and
dynamic sensing range is also high. The change in the resonance wavelength for
corresponding change in the analyte refractive index is found to be fairly linear for
this design (0.96704). However, this design is also being evaluated by Binbin Shuai et
al. [38].

4.3 SPR sensor with square lattice PCF

4.3.1 Design of SL-PCF based SPR sensor

A schematic cross section of the proposed SL-PCF based SPR sensor is shown in Fig.
4.7 (a), while a closer look of the analyte channel and gold layer is shown in Fig. 4.7.
(b). Four cores are created by omitting four air holes and substituting those air holes

Analyte
2
«—Gold layer
A
4% / 3
N PME—>

(a)

(b)
Fig. 4.7 (a) Schematic cross section of the proposed SPR sensor, (b) Closer look of analyte
channel and gold layer.
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by silica rods. Cores are marked with arabic numerals 1, 2, 3 and 4. The PCF is made
of silica glass with air holes running along the length where the air holes are arranged
in square lattice having pitch A =2 pm. The diameter of the central analyte channel is
d~ 0.9A and the diameter of the air holes are d = 0.5A. The metalized micro channel
is coated with gold of thickness # = 40 nm. A perfectly matched layer (PML) is used
in the boundary. The dielectric constant of gold is obtained from the Drude model and
the wavelength dependent refractive index of silica material is found using Sellmeier
equation. The metalized micro channel is filled with aqueous sample named as
analyte, with n, varying from 1.43 to 1.50. For reducing the gold consumption in
analyte channel coating and also to reduce co-channel interface, only one analyte
channel is used instead of multiple analyte channel. In this design, less sample is
needed for detection as the number of analyte channel is only one. Multiple cores are
used to increase the coupling between core guided mode and the plasmonic mode.

4.3.2 Results and discussion

The evaluation started for a particular analyte index, say 1.43. Keeping this analyte
index fixed, the aim of the simulation and analysis was to find the resonance
wavelength through plotting the waveguide core more effective refractive index and
plasmonic mode effective refractive index at different wavelength of light. The
simulation was conducted by launching light over a range of wavelength starting from
0.70 um to 1.50 pum with a stepping of 0.5 um. For a particular wavelength of light,
say for 0.70 um, the complex effective refractive index of waveguide core mode and
plasmonic mode is found out through post processing and visually investigating the
mode characteristics. Similarly effective refractive index for core guided fundamental
mode and plasmonic mode for the whole range of wavelength of light starting from
0.70 um to 1.50 um has been obtained. Post processing, after the finite element
simulation, has been carried out to find the core guided fundamental mode and the
plasmonic mode. As an example, the power concentration of core-guided fundamental
mode for n, = 1.43 at /=1.4 um is shown in Fig. 4.8 (a), while the 3D representation
of the power distribution is shown in Fig. 4.8 (b). Similarly, power concentration of
the plasmonic mode for the same analyte index and wavelength of light is given in
Fig. 4.9 (a), while the 3D representation is given in Fig. 4.9 (b). Fig. 4.8 (a) exhibits
that the total power is concentrated in the core, for core-guided fundamental mode
while there is no power in the analyte channel. The 3D representation in Fig. 4.8 (b)
also demonstrates the highest power concentration in the centre of the core. Again in
Fig. 4.9 (a), the total power is concentrated in the analyte channel for plasmonic mode
while there is no power in the core areas. Similar representation in the 3D mode as
given in Fig. 4.9 (b) confirms the highest power concentration in the metal-analyte
boundary. As we know from the theory of SPR excitation, in case of plasmonic mode,
the highest power concentration is available in the metal-dielectric interface which
gradually decays from the highest value at the metal-dielectric interface to the lowest
value towards the center of the channel. The proposed design resulted highest power
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concentration in metal-dielectric interface and the gradual decays of power in the
analyte channel centre as shown in the Fig. 4.10. This gradual decrease of power
starting from the highest power in metal-analyte interface to the centre of the analyte
channel conforms to the theory of plasmonic wave formation as shown in Fig 1.3 in
chapter 1. Power flow from the metal-analyte boundary towards the metal width
shows that the power of the plasmonic wave decays very rapidly in the metal as
shown in the Fig 4.11. This rapid decrease also conforms to the theory of plasmonic
wave formation as shown in Fig 1.3 in chapter 1. These power profiles validate the
excitation of SPP and the suitability of the proposed design of the SL-PCF for
effective utilization in the SPR sensing regime.

(a) (b)

Fig. 4.8 Concentration of power in core-guided fundamental mode
for analyte index n, = 1.43 and A=1.40 pum. (a) Surface plot indicates
power concentration in the centre of the core, (b) 3D plot also
displays and confirms the power concentration obtained
in surface plot. Power flow is shown in w/m”.

(a) (b)

Fig. 4.9 Concentration of power in the plasmonic mode for analyte index n, = 1.43
and A=1.40 pm. (a) Surface plot indicates highest power concentration in the
metal-analyte boundary, (b) 3D plot also displays and confirms the
highest power concentration obtained in the metal-analyte
interface. Power flow is shown in w/m’.
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Gradual decay of plasmonic wave
from metal analyte boundary

Metal-analyte boundary —— 5
(Radius of the central
channel is 9 pm).

Fig. 4.10 Power flow in the metal-analyte boundary. Highest power is
concentrated in the metal-analyte boundary at 0.9 pm distance from
the centre of the channel. Distance in x-axis is given in pm.

Very rapid decay of plasmonic
<+— wave from metal analyte
boundary

/ Metal-analyte boundary

Fig. 4.11 Power flow from the metal analyte boundary (point zero)
towards metal width, which exhibits very rapid decay of plasmonic
wave in metal. Distance in x-axis is given in pm.
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For any particular wavelength, each iteration gives us the value of effective indices
for core guided fundamental mode and plasmonic mode. The resonance wavelength is
obtained through phase matching by plotting the real part of effective index of
waveguide core mode and plasmonic mode. As an example the real part of effective
refractive indices of core guided fundamental mode and plasmonic modes when n, =
1.43, 1.44 and 1.47 are plotted against wavelength ranging from 0.60 um to 1.40 pum
as shown in Fig. 4.12. From Fig. 4.12 it is evident that the real part of effective
refractive index of core-guided fundamental mode and plasmonic mode intersect at
865 nm, 948 nm and 1160 nm, respectively and these are the resonance wavelength
for three analyte index, i.e. 1.43, 1.44 and 1.47.
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Fig. 4.12 Real part of effective refractive indices of core-guided fundamental
mode and plasmonic mode for n, = 1.43.

We know, at resonance, the core guided light suffer the highest loss as the power is
transferred from core guided mode to plasmonic mode for coupling. This loss of solid
core PCF is calculated according to the following formula

407

i (@B, (4.7)

Confinement Loss =

where o is the imaginary part of the complex effective index, 4 is the wavelength of
operation. We have calculated the loss suffered by core guided fundamental mode for
all the analyte refractive index in our consideration, i.e. from 1.43 to 1.50. For easy
assimilation and clarity, loss characteristics for few analyte refractive indices are
given in Fig. 4.13. The corresponding highest loss due to the transfer of energy from
fundamental mode to plasmonic mode is evident by loss peak. The resonance
wavelength found by phase matching, exactly matches with the loss peak which is
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Fig. 4.13 The loss spectra suffered by core guided fundamental mode
for different analyte index.

calculated from the imaginary part of the effective indices of the core guided mode
following Eqn. (4.7). If we see that the resonance wavelength found in phase
matching phenomena coincides with the resonance wavelength found in loss
calculation, we can conclude that the excitation of SPR has happened and our
proposed design will successfully work as analyte refractive index sensor. To
confirm, whether the resonance wavelength found through phase matching and
through loss calculation is same, the phase matching phenomenon and loss calculation
is plotted together for all analyte index in our consideration, staring from 1.43 to 1.50.
For clarity, graph for only two analyte index of 1.44 and 1.47 is shown in Fig. 4.14 (a)
and Fig. 4.14 (b). Fig. 4.14 confirms that resonance wavelength found through phase
matching and loss calculation coincides. This confirms that the excitation of SPPs
happened in our proposed design and there is transfer of power from core guided
mode to plasmonic mode at resonance. It is also found that for varying analyte index
the resonance wavelength shifts as evident both from dispersion relation and loss
peak. With the successful excitation of SPPs and shifts of resonance wavelength, it is
also confirmed that the proposed SL-PCF based design can work as SPR sensor.

By calculating the shift of resonance wavelength for corresponding change in the
analyte refractive index, the sensitivity of the proposed sensor is calculated. The
proposed sensor yields an average sensitivity of 7432 nm/RIU. Another performance
parameter, SNR or detection accuracy is calculated from the FWHM power point at
resonance wavelength. We know detection accuracy or SNR= dA.s/ 0Ao 5. So, we need
to find out the FWHM point in the normalized transmitted output power as shown in
the Fig. 4.15. From Fig. 4.15 the spectral width at the FWHM power point is
calculated as 69.0110 nm. The shift of resonance wavelength between 1.43 analyte
and 1.44 analyte i.e. dAws = 0.948-0.865 = 0.083 pm = 83 nm. So the detection
accuracy or SNR = 83 nm/69.0110 nm = 1.202. SNR is a unit less quantity and is
inversely proportional to the width of the resonance curve.
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Fig. 4.14 Loss peak and intersection of the effective refractive indices of core-
guided fundamental mode and plasmonic mode for (a) n, = 1.44 and
(b) n, =1.47. For clarity the phenomena are shown in the vicinity of
resonance wavelength.

Detection linearity is another important consideration for sensor deign. By plotting the
detected analyte refractive index and corresponding shift in the resonance wavelength,
we can get an idea about the detection linearity of the proposed sensor. The linearity
obtained is given in Fig. 4.16. From the corresponding equation and calculation of the
slope, it is evident that the proposed sensor has a high degree of linearity. From the
experimental data it is found that the detection linearity of the proposed sensor
follows the following interpolation equation:

y(x) =7770.3x — 10248. (4.8)

It is also found that the detection linearity is 0.99911.
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Fig. 4.15 The FWHM power point for SL-PCF based SPR sensor
with single metal coating.
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Fig. 4.16 Representation of detection linearity for proposed sensor design.

Being simpler in lattice structure, the proposed design is likely to provide less
complexity in fabrication. The shift of resonance parameters with analyte effective
index is highly linear. For very high detection linearity the proposed sensor can also
be used as a calibration sensor with which the analyte refractive index can be
retrieved from the calibration relations.

4.4 Effects of varying the width of gold coating

The effects of the width of the metal coating in the analyte channel is evaluated with
40, 50 and 60 nm of gold coating. The proposed design with varying width of analyte
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channel coating is evaluated in terms of the variation in the sensitivity, shift of
resonanc wavelength and shift in loss peak.

Keeping all other design parameter fixed, only the width of the gold coating is varied.
This design is intended to see the effect of the width of the gold coating on coupling
between core guided fundamental mode and plasmonic mode in analyte channel. The
simulation procedure described in section 4.3 is followed here also. For each
individual design, dispersion relationship between core guided fundamental mode and
plasmonic mode is evaluated with varying width of the gold coating as given is fig.
4.17. 1t 1s evident from Fig. 4.17 that the resonance wavelength has shifted towards
the longer wavelength range with the increase in the width of the analyte channel gold
coating. Additionally the effect of gradual increase of the width of the analyte channel
gold coating on the confinement loss is evaluated and is shown in Fig 4.18. As the
evanescent field also decays exponentially away from the surface, to travel to large
thickness of the gold coating the evanescent filed will become weaker resulting in
weaker coupling between evanescent wave and plasmonic wave. So, for weaker
coupling the core guided mode will suffer less loss. It is evident from Fig 4.18 that
analyte channel with thicker gold coating resulted in lesser loss encountered by core
guided fundamental mode.

Another consequence of the increase in the width of the gold coating is the change of
the modal refractive index as shown in Fig. 4.17, leading to the shift of a loss peak
towards longer wavelengths as given in Fig. 4.18. When the width of the gold coating
increases, the value of the real part of the plasmonic mode effective indices increases.
For increase in these values, now the cross section between the plasmonic mode and
the core guided fundamental mode will occur in the longer wavelength range which
also confirms the shift of the loss peak towards the longer wavelength range as shown
in Fig. 4.18.

—Core guided mode
-.- Plasmonic mode for t Ay 40 nm

. Plasmonic mode for t Ay 50 nm

-=-Plasmonic mode for t Ay 60 nm

’700 800 900 1000 1100 1200 1300 1400
Wavelength(nm)

Fig. 4.17 Shift of resonance wavelength on varying width of gold coating.
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The effect on the sensitivity with increasing width of the gold coating has also been
evaluated. The effect is shown graphically in Fig. 4.19. It is found that with the
increase in the width of the gold coating the corresponding sensitivity decreases. With
the increase in the width of gold coating, the confinement loss decreases which
indicate weaker coupling, leading to reduced sensitivity as confirmed in Fig. 4.19.

The change in sensitivity with the change in gold coating width follows the following
interpolation equation:

y = 0.42975x3 — 43.797x2 + 1250.1x. (4.9)

Loss(dB/m)

-100900 800 900 1000 1100 1200 1300 1400
Wavelength(nm)

Fig. 4.18 Loss spectra of proposed PCF based SPR sensor in the vicinity
of the first plasmonic peak for variation in gold layer
thickness (ta, = 40, 50 and 60 nm).
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Fig. 4.19 Relationship between gold coating width and the sensitivity.
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The analysis carried out with the varying width of the gold coating indicates the
suitable range of operation wavelength for particular analyte index. As with the
increase in the gold coating, the operating range shifts towards the higher wavelength
range, the desired range of operation for any particular operation can be found out. In
accordance with Fig. 4.17, there is a shift of the sensitivity peak (phase-matching
wavelength) towards longer wavelengths. Again as depicted in Fig. 4.18, it is
understood that with the increase in the width of gold coating, the confinement loss
reduces. Furthermore, it is found that the sensitivity also depends on the width of the
gold coating as shown in Fig. 4.19. Overall sensitivity decreases when the metallic
layer becomes thicker. This fact is simple to understand. When the metallic layer
thickness becomes significantly larger than that of a metal skin depth (~30-40 nm),
the fiber core mode becomes significantly screened from plasmons, resulting in a low
coupling efficiency, and, as a consequence, low sensitivity.

4.5 Effects of different metals in analyte channel coating

Besides gold, capability of other metals such as silver (Ag) and copper (Cu) for SPR
sensor applications has also been analyzed. Both metals have the ability to be used for
SPR sensor. Copper has some limitations like silver. It is chemically vulnerable
against oxidation and corrosion, therefore, its protection is required for a stable
sensing applications. Same design of the proposed SL-PCF based sensor is used for
this investigation. Only instead of gold, silver is used in analyte channel coating to
evaluate the effect of this metal coating on sensitivity. The complex refractive index
of silver is also found using the Drude model. Like gold, 40 nm silver coating is used.
As silver has a different complex refractive index profile than gold, it is expected that
it will bring some interesting observation in terms of coupling and loss spectra of the
output optical power profile.

The coupling between fundamental mode and plasmonic mode has been found out.
The resonance wavelength is found out through wavelength interrogation method.
Due to the change in the analyte refractive index, the shift of resonance wavelength is
found out. This shift in resonance wavelength gave the sensitivity of this sensor with
silver coating in analyte channel. The numerical results obtained through the
simulation yields an average sensitivity of 6849 nm/RIU. The results obtained from
the simulated model and from data interpretation suggests that the use of silver
instead of gold reduces the sensitivity, as the use of silver reduces the amount of shift
in the resonance wavelength. Instead of gold, if we use silver, it will reduce the
spectral width of the resonance curve which ultimately increases the SNR or detection
accuracy of the sensor.

In case of copper also, the same design is used. Only copper is used instead of silver

for analyte channel coating. To evaluate the sensitivity using copper coating, we need
the resonance wavelength at which the coupling between fundamental mode and
plasmonic mode happens. The resonance wavelength is found out through wavelength
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interrogation method. The shift of resonance wavelength for corresponding change in
the analyte index is found out. The amount of shift in resonance wavelength gave the
sensitivity of this sensor with copper coating. The numerical results obtained through
the simulation yields an average sensitivity of 5762 nm/RIU.

If we investigate the dispersion curve for gold, silver and copper, we find that there is
significant shift of the core guided fundamental mode effective index resulting a
change in the sensor sensitivity. As an example, the shift in the refractive index at a
particular resonance wavelength say 0.90 um can be compared. In this resonance
wavelength, gold has real part of effective refractive index with a value of 1.440976,
while silver and copper has 1.441002 and 1.441035, respectively. We can find an
increase in the value of the effective refractive index of silver followed by copper
while comparing with gold. The exhibit of the shift in the core guided fundamental
mode effective indices is given in Fig. 4.20. The power transmitted after coupling
between core guided fundamental mode and plasmonic mode gives us the insight
about the effect of the particular material on the sensitivity. The change in the power
transmitted can also be compared for using different metal. The power output is
normalized for easy assimilation. Power output is normalized with the power output
of gold and found that the use of silver and copper has resulted a higher value of
normalized power of 0.08706 and 0.3915, respectively. More transmitted power
indicates weaker coupling between core guided mode and plasmonic mode resulting
less sensitivity as confirmed later. Normalized transmitted power spectra for gold,
silver and copper coating is given in Fig. 4.21. It denotes that the gold suffers the
highest loss, followed by silver and copper which indicates that gold promises the best
sensitivity amongst these three metals followed by silver and copper.

The results obtained from the simulated model and from data interpretation suggests
that the use of silver and copper instead of gold reduces the sensitivity, as the use of
silver and copper reduces the amount of shift in the resonance wavelength. But the
use of silver and copper has shown some decrease in spectral width. Instead of gold, if
we use silver or copper we can narrow down the resonance curve in the FWHM point
which ultimately increases the detection accuracy or SNR of the sensor. But as both
the metal has the disadvantage of less sensitivity than gold and as both of them are
prone to oxidation and chemical instability, the independent use of silver or copper in
analyte channel coating is likely to remain very limited. But the use of these metals
with gold as bimetallic combination may give some added improvement in SNR,
besides the advantage of gold of higher sensitivity. To investigate the SNR
improvement by using silver, bimetallic combination of gold and silver has been
investigated in the later section.

The effect of varying width of the metal coating on different metal namely gold, silver
and copper has been evaluated. The evaluation shows that with the increase of the
metal coating, the sensitivity decreases which conforms to the theory of SPR sensing.
As the width of the metal layer increases, the coupling between the evanescent field
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and the core guided fundamental mode decreases, so the sensitivity decreases. The
result of the evaluation is plotted in the Fig. 4.22. The variation of sensitivity with the
varying wifth of gold, silver and copper follows the folloing interpolation equations:

For gold: y = 0.42975x3 — 43.797x? + 1250.1x, (4.10)

For silver: y = 0.28715x3 — 31.288x2 + 963.3x, (4.11)

For Copper: y = 0.28642x3 — 30.237x2 + 900.43x. (4.12)
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Fig. 4.20 Dispersion relation of the core guided fundamental mode while using
gold, silver or copper for analyte channel coating.
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Fig. 4.21 The difference in output optical power while using gold, silver
or copper for analyte channel coating.
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Fig. 4.22 Effects of metal coating width of different metals on sensitivity.

4.6 SPR sensor with bimetallic (Au-Ag) analyte channel coating

Gold demonstrated higher shift in the resonance parameters due to the change in
refractive index of sensing layer and is chemically stable. Silver, on the other hand,
displays a narrower resonance curve in terms of spectral width causing a higher
detection accuracy or SNR of SPR sensor. Although silver promises better detection
accuracy, it cannot be used alone for poor chemical stability. As gold promises better
sensitivity and silver promises better detection accuracy, if we design a sensor with
both gold and silver as bimetallic analyte channel coating, we may be able to achieve
a sensor which has higher sensitivity and SNR. It is possible to find an optimum
combination of gold and silver for achieving desired sensitivity and SNR. For
evaluating the effect of different combination of the gold and silver, bimetallic layer
consisting gold and silver was used. Schematic and the closer look of the analyte
channel coating are given in Fig. 4.23 and 4.24, respectively.

In this investigation, we have used a bimetallic layer of 30 nm gold and 10 nm silver,
where the gold coating is kept adjacent to the analyte channel. As we know that silver
is not chemically stable, so silver is kept away from analyte channel and not allowing
silver to be chemically active with any analyte which flows through the analyte
channel. The concentration of power in the metal-analyte interface, produced due to
the coupling between core guided fundamental mode and plasmonic mode is given in
the Fig. 4.25. The presence of bimetallic layer is evident in the figure. The highest
concentration of power is available in the metal-analyte boundary. From the
dispersion relation we have brought out the resonance wavelength and subsequently
the sensitivity was obtained. The SNR was evaluated from the FWHM power point in
the normalised power profile. SNR was evaluated and compared with the single metal
analyte channel. Bimetallic layer with a combination of 30 nm gold and 10 nm silver
demonstrates an enhancement in sensitivity as well as SNR as shown in Fig. 4.26 and
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4.27, respectively. For the effect of silver, the spectral width in the FWHM power
point is reduced as expected.

Gold and
/ S ilVer

< Analyte

<—PML

Fig. 4.23 Schematic cross section of the proposed SPR sensor with
bimetallic layer of gold and silver.

Fig. 4.24 Closer look of the bimetallic coating of gold and silver.

Fig. 4.25 Concentration of power in the metal-analyte boundary for plasmonic
mode found in bimetallic (Au-Ag) analyte channel.
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With pure silica material and single layer gold coating, sensitivity of 7432nm/RIU
and SNR of 1.202 is achieved. Optimized design with bimetallic coating of gold and
silver yields an average sensitivity of 13180 nm/RIU and SNR of 1.32. Exemplarily
the enhancement of sensitivity in the analyte index range from 1.43 to 1.45 is given in
Fig. 4.26. SNR improvement through narrowing of FWHM spectral width is shown in
Fig. 4.27. So the use of bimetallic coating will enhance the sensitivity and SNR as
well as reduce the gold consumption.
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Fig. 4.26 Enhancement of sensitivity in bimetallic layer (30 nm gold and
10 nm silver) compared to single metal layer.
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Fig. 4.27 Enhancement of SNR in bimetallic layer (30 nm gold and
10 nm silver) compared to single metal layer.
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4.7 Effects of doping on the performance of PCF based SPR sensor

So far the proposed sensor has been evaluated using PCF made of pure silica. The
analysis has been further extended by using different doping concentration with silica.
13.5% GeO,, 9.1 % P,0s and 5.2% B,0; were used separately with pure silica. It was
expected that the presence of dopants in the core of PCF will tune the sensitivity of
the sensor. Dispersion in glasses with different dopants will give us the idea about the
operating wavelength and also the possibility of tuning of the sensitivity. The
dispersion curve is obtained from plotting the effective refractive index against the
wavelength of operation for any particular analyte index. After plotting the dispersion
we get the resonance wavelength and consequently the sensitivity. From the coupling
between the core guided fundamental mode and plasmonic mode the resonance
wavelength and the sensitivity was evaluated. Doping with 13.5% GeO, 9.1 % P,0s
and 5.2% B,0; yielded a sensitivity of 8411 nm/RIU, 7026 nm/RIU and 6029 nm/RIU
respectively as shown in Fig. 4.28. Interestingly it has been found that the effect of
dopants on the sensitivity of the PCF based SPR sensor is same whether a single
metal layer or a bimetallic layer is used. From the investigation it is found that the
doping concentration has effect on the sensitivity of PCF based SPR sensor. 13.5 %
GeO, has shown promise to enhance the sensitivity while other two dopants namely
9.1 % P,0s and 5.2% B,0s3 has not improved the sensitivity than the pure silica based
SPR sensor.
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Fig. 4.28 Variation of sensitivity with variation of doping concentration.

4.8 Overall findings and comparison of results

The suitability of SL-PCF for SPR sensing system has been confirmed theoretically.
With the use of SL-PCF, simplicity in design and fabrication procedure has been
achieved. The use of SL-PCF based SPR sensor with only gold coating has yielded an
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average sensitivity of 7432 nm/RIU. It has also been found that with increasing width
of gold coating the sensitivity of the sensor decreases. It is found that besides gold,
silver and copper can also be used for analyte channel coating. But silver and copper
is needed to be covered with other metal to prevent oxidation and chemical reaction
with analyte. So they can be used as a part of bimetallic coating. Amongst these three
metals, gold demonstrated highest sensitivity, followed by silver and copper. But as
silver and copper produced narrower resonance curve they are found to improve SNR
while used with gold. Investigation with 13.5% GeO, doped silica has yielded an
average sensitivity of 8411 nm/RIU. Additionally, extended investigation with
bimetallic coating out of gold and silver has yielded an improved average sensitivity
of 13180 nm/RIU. The results has been compared with other literature as given in
Table 4.1. The results show encouraging improvement in the sensitivity in the sensing
range of 1.43 to 1.50 refractive index. The dynamic detection capability over a wide
range will enable this sensor to be suited for multiple applications and for multiple
analyte detection. Application of this sensor will not be limited to detect a particular
material rather it will be able to dynamically detect any material within a wide range
of materials bearing refractive index from 1.43 to 1.50. This will also enable this
sensor to be used in online monitoring of bimolecular detection without any labeling
of the target molecules. In terms of SNR, with square lattice structure and single metal
(gold) coating we have achieved a value of 1.202 which has been further enhanced by
the use of bimetallic layer consisting of gold and silver. The use of silver in the
bimetallic combination resulted in an optimized SNR of

Table 4.1 Comparison of various optical fiber and PCF based SPR

S€nsor performance

Optical structure Detection RI | Wavelength Average Ref.

Range of operation | Sensitivity

(RIU) (nm) (nm/RIU)
Multimode fiber with S;O film | 1.4344-1.5859 | 700-1000 1023 [26]
Hexagonal lattice Solid core, 1.33-1.42 400-800 2929 [38]
MCHF 1.43-1.53 800-1850 9231 [38]
Liquid core, MCHF 1.50-1.53 700-1800 ~5500 [39]
Analyte-filled core, HF 1.33-1.42 550-900 2775 [40]
Air hole in core. HF 1.33-1.41 500-850 2728 [41]
Polished multimode fiber 1.328-1.345 550-750 956 [49]
SMF, tilted grating 1.4211-1.4499 | 1525-1545 454 [50]
Square lattice, multi-core PCF, 1.43-1.50 700-1800 13180 This
bimetallic layer coated channel work
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1.32. The sensor also achieved a very high detection linearity (0.99911) which will
allow it to be used as calibration sensor. By retrieving the resonance wavelength from
the optical spectrum analyzer, corresponding refractive index of the analyte can also
be retrieved from this calibration relations made out of calibration sensors.



CHAPTER 5
CONCLUSION

5.1 Conclusion of the work

This thesis made an endeavor to explore the suitability of SL-PCF to be used in SPR
sensing probe. In particular, besides evaluating the suitability of SL-PCF, the primary
aim was to enhance the sensitivity. Initially, different sensor probe based on H-PCF is
being investigated. Later, multi-core SL-PCF based sensor with gold layer was
evaluated. This design provided benefit in terms of structural simplicity and
enhancement in sensitivity than that of H-PCF.

To enumerate the effects of varying width of gold coating on sensitivity, separate
investigation is done. The obtained results show that with the increase in the width of
gold coating, the sensitivity of the proposed sensor reduces which conforms the theory
of coupling between core guided mode and plasmonic mode. Besides gold, silver and
copper has been evaluated for its suitability in analyte channel coating. Silver and
copper demonstrated weaker coupling between core guided mode and the plasmonic
mode, resulting in lower sensitivity. But interestingly enough, they produce lesser
spectral width in the output power which provided better detection accuracy than gold.
Though silver and copper promised better detection accuracy, due to oxidation and
chemical instability they cannot be used independently. But they may be used in
combination with gold. Like varying width of gold, investigation with varying width of
silver and copper is also being done. It has been found that the increase of the width of
the silver and copper coating also reduces the sensitivity.

To obtain the advantage of higher sensitivity of gold and higher detection accuracy of
silver a bimetallic layer composed of gold and silver was evaluated. Corresponding
simulation and data interpretation with bimetallic analyte channel coating has provided
better sensitivity and detection accuracy. Varying doping concentration consisting
13.5% GeO,, 9.1% P,0s and 5.2% B,Os with pure silica were used individually and
sensitivity was evaluated. The use of 13.5% GeO, promised enhancement in sensitivity
while use 0£9.1% P»Os and 5.2% B,0s didn’t exhibit better sensitivity than pure silica.

It can be concluded that SL-PCF based SPR sensor is a promising candidate in SPR
sensing regime. With the use of square lattice, simplicity in design and fabrication is
achieved. Optimization of the design through bimetallic analyte channel coating with
gold and silver promises better sensitivity and detection accuracy. The use of dopants
especially 13.5% GeO, also promises better sensitivity. The obtained design has a
sensitivity of 13180 nm/RIU in the sensing range of 1.43 to 1.50 RIU with high
detection linearity. So a SL-PCF based SPR sensor with bimetallic analyte channel
coating evolve as a candidate for future exploration, prototype fabrication and lab
testing.
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5.2 Scope for the future work

Though a number of design considerations have been evaluated, they could not be
tested experimentally. Prototype development and experimentation can be done using
the clean room facilities available in advanced lab thereby the numerical results may be
verified experimentally which will strengthen the findings in this thesis. It is expected
that any development that has been made to PCF based SPR sensor concepts and has
been shown to work in simulations, would be demonstrated in working prototypes to
verify the simulated results and would be an acclamation of the developed sensor
concepts. Through experimentation, required design modification or optimization, if
any, can be obtained and the resulted design can be recommended for future
implementation.

SPR sensor with metal layers has been investigated here, which can be extended for
metal nanoparticles separately or with allow combinations. As temperature can alter the
behavior of silica, the effect of temperature on the PCF based SPR sensor performance
can be evaluated. Basing on the change in behavior, this sensor can be evaluated for its
utilization as temperature sensor.

SPR sensor can be implemented for a wide range of applications. Suitability of the
proposed sensor for application specific utilization can be evaluated separately. As an
example, using of this sensor in biolayer detection warrants the measurement of the
deposition of the measurand in the metal-dielectric interface. So, after general
evaluation for the suitability, application specific investigation can be carried out for
optimizing the structure for particular use. Investigation of the suitability of the
proposed sensor as biosensor and implementation of the required modification and
optimization can be a major work ahead.
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