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Abstract I describe photonic bandgap (PBG) fiber-based resonant optical sensors
of analyte’s refractive index which have recently invoked strong interest due to the
development of novel fiber types and of techniques for the activation of fiber
microstructure with functional materials. Particularly, I consider two sensors types.
One employs hollow-core photonic bandgap fibers where the core-guided mode is
confined in the analyte’s filled core through resonant effect in the surrounding
periodic reflector. The other employs metallized photonic bandgap waveguides and
fibers, where core-guided mode is phase-matched with a plasmon wave propagating
at the fiber/analyte interface. In resonant sensors, one typically employs fibers with
strongly nonuniform spectral transmission characteristics that are sensitive to
changes in the real part of the analyte’s refractive index. Moreover, if narrow
absorption lines are present in the analyte transmission spectrum, due to Kramers—
Kronig relation, this will also result in strong variation in the real part of the refractive
index in the vicinity of an absorption line. Therefore, resonant sensors allow detec-
tion of minute changes both in the real part of the analyte’s refractive index
(1076 — 10* RIU) and in the imaginary part of the analyte’s refractive index in
the vicinity of absorption lines. Although the operational principle of almost all PBG
fiber-based sensors relies on strong sensitivity of the PBG fiber losses to the value of
the analyte’s refractive index, particular transduction mechanisms for biodetection
vary significantly. Finally, I detail various sensor implementations, modes of opera-
tion, as well as analysis of sensitivities for some of the common transduction
mechanisms for biosensing applications.
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Abbreviations

FOS  Fiber-optic sensors

PBG Photonic band gap

PCF  Photonic crystal fiber

PCR Polymerize chain reaction
SPR  Surface plasmon resonance
TIR  Total internal reflection

Symbols

d Layer thickness in a multilayer waveguide
dA Area differential in the transverse cross section of a waveguide
E Electric field vector

E, Transverse electric field vector

f Overlap factor

H Magnetic field vector

H, Transverse magnetic field vector

L Waveguide length

n Refractive index

P Power of guided light

R.oe  Fiber core diameter
Ryena  Fiber bending radius

N RN
~T

Amplitude sensitivity

Spectral sensitivity

Vector along the waveguide direction

Waveguide loss coefficient per unit of length

Relative permittivity

Wavelength of light in vacuum

Small parameter characterizing changes in the measurand
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1 Introduction

Research and development into fiber-optic sensors (FOS) for biological and chemi-
cal sensing has made a lot of progress during the last 10 years. This is due to the
appealing properties of FOS, such as immunity to electromagnetic interference,
safety in explosive environments, and potential to provide continuous quantitative
and qualitative real-time analysis. Chemically sensitive thin films deposited on
selected areas of optical fibers can influence the propagation of light in such fibers,
depending on the presence or absence of chemical molecules in the surrounding
environment [38]. A wide range of optical sensors has been developed for selective
biomolecule detection. Most of them have reliability issues as they employ very
fragile antibodies as sensing elements. These sensors include high refractive index
waveguides [30], SPR sensors [5], resonant mirrors [62], and classical fiber-optical
sensors [11, 47]. Most optical sensors are based on evanescent wave sensing, where
the perturbations in the refractive index close to the sensor surface are probed by the
exponentially decaying optical wave. Such sensors have proven to be highly
sensitive in detection of small targets such as proteins and viruses, but they
experience difficulties in detecting larger targets such as bacteria (0.5-5 pum),
since in that case much larger penetration of the evanescent field into analyte is
required [66, 67].

PCFs and photonic bandgap (PBG) fibers (which are a subset of PCFs) promise a
viable technology for the mass production of highly integrated and intelligent
sensors in a single manufacturing step. In standard TIR fiber-based evanescent-
wave sensors, the fiber polymer jacket is stripped and the fiber cladding is polished
to the core in order to obtain an overlap between the optical field and analyte, with
sensor sensitivity proportional to such an overlap. Compared to the conventional
solid-core optical fibers, PCFs offer a number of unique advantages in sensing
applications. A defining feature of a microstructured fiber is the presence of air
holes running along its entire length. Fiber-optical properties are then determined
by the size, shape, and relative position of the holes. Particularly, a remarkable
ability of PCFs is to accommodate biological and chemical samples in gaseous or
liquid forms inside of the air holes in the immediate vicinity of the fiber core
[14, 15, 32]. The concept of combining optical detection with PCF devices is
appealing as it achieves dual use of the PCF as light guiding and as a fluidic
channel. The PCF’s architecture makes it a very promising sensing platform for
chemical and biological detection. First, PCFs naturally integrate optical detection
with the microfluidics, allowing for continuous on-line monitoring of dangerous
samples in real time without exposing the personnel to danger. In addition, the
samples can be transferred in the enclosed PCF optofluidic system for further
confirmation analysis, e.g., polymerase chain reactions (PCR), if needed. Such
channels can be further functionalized with biorecognition layers that can bind
and progressively accumulate target biomolecules, thus enhancing sensor sensiti-
vity and specificity. Second, the PCF hole size is in sub-100 pm range, leading to
very small fluid samples required for sensing. Third, PCF-based sensors can be
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coiled into very long sensing cells (~10 m), thus dramatically increasing their
sensitivity. The same is impossible to achieve with traditional TIR fiber sensors
as side-polishing step limits sensor length to several centimeters. Fourth, the
desired PCFs can be mass-produced using commercial fiber draw tower in a very
cost-effective manner. Fifth, the PCFs can potentially be scaled up into a two-
dimensional array with small dimensions, which is suitable for making portable
point-of-care devices for simultaneous on-site detection of different kinds of
analytes. Sixth, PCFs can be designed to guide light directly in their analyte-field
hollow cores [44]. In such fibers, light-analyte coupling is considerably stronger
than that in evanescent sensors.

In this chapter, I describe PBG fiber-based resonant optical sensors, which have
recently invoked strong interest due to development of novel fiber types and of
techniques for activation of the fiber microstructure with functional materials. In
resonant sensors, one typically employs fibers with strongly non-uniform spectral
transmission characteristics that are sensitive to changes in the real part of the
analyte’s refractive index. Moreover, if narrow absorption lines are present in the
analyte’s transmission spectrum, due to Kramers—Kronig relation, this will also result
in strong variation in the real part of the refractive index in the vicinity of an
absorption line. Therefore, resonant sensors allow detection of minute changes both
in the real part of the analyte’s refractive index and in the imaginary part of the
analyte’s refractive index in the vicinity of absorption lines. Although the operational
principle of almost all PBG fiber-based sensors relies on strong sensitivity of the PBG
fiber losses to the value of the analyte’s refractive index, particular transduction
mechanism for biodetection can vary. Thus, in one implementation, one can label
the target biomolecules with highly absorbing particles of known absorption spectra,
such as metal nanoparticles or quantum dots. The presence of such particles in the
aqueous fiber core can then be quantified by detecting the appearance of the absorp-
tion lines in the fiber transmission spectrum, or through resonant changes in the fiber
transmission losses induced by variations in the real part of the core refractive index.
In another implementation, a functional layer that binds specific biomolecules can be
deposited on the inside of the hollow fiber core. Biomolecule binding events to such a
layer can then be detected through resonant changes in the fiber transmission losses
induced by variations in the real part of the layer refractive index.

In this chapter, I discuss two types of resonant sensors. One type of sensor relies
on changes in the optical confinement of a mode propagating inside of a resonant
fiber structure due to changes in the real part of an analyte’s refractive index. An
example of such a resonant sensor is a photonic bandgap fiber featuring a hollow
core filled with analyte. The geometry of such a fiber is chosen to provide strong
optical confinement of the guided mode in the analyte’s filled core for a particular
value of an analyte’s refractive index. When changing the real part of an analyte’s
refractive index, resonant condition for mode confinement will change, resulting in
strong variation of the fiber transmission loss (see Fig. 1a, top left). Such sensors
can also be used in a standard non-resonant mode for detection of changes in the
imaginary part of the analyte’s refractive index (analyte absorption) (see Fig. la
bottom left). Even in non-resonant mode, sensitivity of the hollow-core PBG
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Fig. 1 Operational principles and schematics of two types of the resonant optical sensors. (a)
Analyte-filled hollow photonic bandgap fiber-based sensor. Transmission loss through such a
sensor is very sensitive to the values of both the real and imaginary parts of the analyte’s refractive
index. (b) Sensor operating near the phase-matching point of a convenient-to-excite core-guided
mode and a second mode featuring large overlap with the analyte region. In the case of phase-
matching with a plasmon mode, propagation loss of a core-guided mode is strongly dependent on
the real part of the analyte’s refractive index

fiber-based sensors is, generally, superior to that of traditional TIR fiber-based
sensors due to greatly improved modal overlap with analyte. The second type
sensor considered in this chapter is operated in the vicinity of a phase-matching
wavelength between an easy to excite core-guided mode and some other mode that
shows high sensitivity of its propagation properties to changes in the real part of the
analyte’s refractive index (Fig. 1b). For example, by activating fiber surface with a
thin metal layer, at a specific resonant wavelength, one can induce strong optical
loss of a core-guided mode due to coupling to an absorbing plasmon mode propa-
gating at the metal/analyte interface. As plasmon mode is largely delocalized in the
analyte region, wavelength of phase-matching between the two modes will be very
sensitive to the value of the real part of analyte’s refractive index.

2 Detection Strategies for Absorption-Based Sensors

I now describe amplitude-based and spectral-based detection strategies for sensors
that exploit changes in their transmission losses in the presence of a target analyte.

In the amplitude-based detection methodology, one operates at a fixed wave-
length A and records changes in the amplitude of a signal, which are then reinter-
preted in terms of changes in the analyte’s refractive index. To characterize
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sensitivity of a fiber-based sensor of length L, one employs an amplitude sensitivity
function S, (4, L), which is defined as a relative change in the intensity P(J, 4, L) of
a transmitted light for small changes in the measurand 6. Note that 6 can be any
parameter that influences transmission properties of a fiber sensor. This includes
concentration of absorbing particles in the analyte, thickness of a biolayer that can
change due to capture of specific biomolecules, as well as real or imaginary parts of
the analyte’s refractive index. Amplitude sensitivity is thus defined as:

. P(6,2,L) —P(0,4,L) OP(5,4,L)/95|5_,
30 6-P(0,A,L) ~ P(0,A,L)

e))

Denoting by a(0, 4), the fiber propagation loss at a fixed value J of a measurand,
light intensity at the fiber output can be written as:

P(d,4,L) = Pin(4) exp(—a(d, A)L), (2)

where Pj, (4) is the light intensity launched into a fiber. Substituting (2) into (1), the
amplitude sensitivity function can be then expressed as:

Sa(4,L) = —0u(d,4)/00|5_o - L, 3)

As follows from (3), sensor sensitivity is proportional to the sensor length L. In
turn, as follows from (2), the maximal sensor length is limited by the absorption loss
of a fiber. Defining Py (4) to be the power detection limit at which changes in the
light intensity can still be detected reliably, the maximal sensor length allowed by
the power detection limit can be calculated from (2) as:

_ 10g(Pin(2)/Pae(%))

L 2(0,7)

“)

Defining a new function 7)4,(4) = log(Pin(4)/Pget(4)), maximal sensitivity
allowed by the power detection limit can be written using (3) as:

9a(8,2)/90)5_,

(0, 4) )

Sa(/l) = et (;“)

In all the simulations that follow, I assume that 74,,(4) = 1, which allows us to
characterize an inherent sensitivity of a sensor system, while separating it from
the issue of a power budget that might bring additional sensitivity enhancement.
Finally, given sensor amplitude sensitivity, to estimate sensor resolution of a
measurand J, one can use expression (1). Assuming that the minimal detectable
relative change in the signal amplitude is (AP /P), .., (which is typically on the order
of 1% if no advanced electronics is used), then the minimum value of a measurand
that can be detected by such a sensor is:

(AP/P)

Sa (/’L)mm . (6)

5min =
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Another popular sensing methodology is based on spectral interrogation. It uses
detection of displacements of spectral singularities in the presence of a measurand
with respect to their positions for a zero measurand. This sensing approach is
particularly effective in the resonant sensor configurations that feature sharp trans-
mission or absorption peaks in their spectra. Defining 4,(J) to be the position of a
peak in a sensor transmission spectrum as a function of a measurand value J,
spectral sensitivity function can be defined as:

8, = 04(0) /995, v

Given sensor spectral sensitivity, to estimate sensor resolution of a measurand 9,
one can use expression (7). Thus, assuming that the minimal detectable spectral
shift in the peak position is (A/Ip)min (which is typically on the order of 0.1 nm in
the visible spectral range if no advanced optical detection is used), then the
minimum value of a measurand that can be detected by such a sensor is:

(A/Lp) min )

S, ®)

(Smin =

3 Sensing Using Hollow-Core Photonic Bandgap Fibers

Recently, novel type of optical fibers, called hollow-core PBG fibers, has been
introduced. In their cross section, PBG fibers can contain periodically arranged
micron-sized air voids [31, 46, 53] (Fig. 2a), rings of holes separated by nanosup-
ports [4, 61] (Fig. 2b), or a periodic sequence of micron-sized layers of different
materials [45, 57] (Fig. 2c). PBG fibers are currently available in silica glass,
polymer, and specialty soft glass implementations. The key functionality of such

Fig. 2 Various types of hollow-core photonic bandgap fibers. (a) Photonic crystal fiber featuring
small hollow core surrounded by a periodic array of large air holes. (b) Microstructured fiber
featuring medium-sized hollow core surrounded by several rings of small air holes separated by
nano-size bridges. (c¢) Bragg fiber featuring large hollow core surrounded by a periodic sequence of
high and low refractive index layers



50 M. Skorobogatiy

fibers is their ability to guide light directly in the hollow or liquid-filled cores with
refractive index smaller than that of a surrounding cladding material. Unlike
microstructured fibers, PBG fibers confine light in their hollow cores by photonic
bandgap effect, rather than by TIR. Practically, bandgaps are defined as frequency
regions of enhanced fiber transmission, and they are the result of destructive
interference of the core-guided light inside of the fiber microstructured cladding.
When launching spectrally broad light into a PBG fiber, only the spectral compo-
nents guided by the fiber bandgaps will reach the fiber end, while all the spectral
components not located within the bandgaps will be irradiated out near the fiber
coupling end. Moreover, even in the absence of fiber material losses, core-guided
modes always exhibit radiation loss. This is a direct consequence of guidance in a
core with refractive index smaller than that of a cladding. As we will see in what
follows, core mode radiation loss can be very sensitive to the value of the real part
of the refractive index of the material filling the fiber core, which can be utilized for
sensor applications. Finally, PBG fibers have a tendency to improve the beam
quality of guided light, while being effectively single mode in the limit of long
propagation distances. This is a consequence of the fact that radiation losses
(and, generally, absorption losses too) of the core-guided modes of a PBG fiber
are strongly differentiated with only a few low-order modes having small propaga-
tion losses. Thus, when exciting several modes at the fiber input end, only the
modes having the lowest losses will survive till the fiber end. For historical
reference, I mention that before the invention of the all-dielectric PBG fibers,
guidance in the hollow-core fibers has been demonstrated in the context of metal
coated capillaries [22, 49].

I now detail some of the advantages offered by the hollow-core PBG fibers for
sensing applications. One has to distinguish two modes of operation of such
sensors. First, is sensing of changes in the imaginary part of the analyte’s refractive
index (analyte absorption) by detecting the presence and strength of the narrow
absorption bands in the fiber transmission spectrum. This is the simplest, non-
resonant application of the hollow PBG fibers for optical sensing in which one
only takes advantage of the large optical field overlap with analyte. In such sensors,
signal strength due to analyte absorption, as well as sensor sensitivity are directly
proportional to the sensor length. Recently, several experimental implementations
of such absorption-based sensors have been demonstrated [7, 8, 28, 33, 54]. Second
mode of operation of a PBG fiber-based sensor is sensing of changes in the real part
of the analyte’s refractive index by detection of shifts in the fiber bandgap position.
As it will be explained in the following sections, such a sensor operates in the
resonant regime with sensitivity that is largely independent of the sensor length.

3.1 Nonresonant Sensing

Classic perturbation theory considerations [55] predicts that changes in the effec-
tive refractive index of a guided mode Aneg are related to the changes in the
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refractive index An, of analyte infiltrating the fiber, through the overlap factor f
defined as:

Anesr = Any -f = Re(Any) -f +i-Im(Any) - f

J dAJE[
analyte (9)

/= ;
Re(i- Ik dAE;‘xH[>

crossection

where E,, and H, are the transverse electromagnetic fields of a fiber mode, while E is
a complete electric field of a mode. Strictly speaking, expression (9) is only valid for
the truly guided square integrable modes of the TIR fibers. In the case of hollow-
core PBG fibers, the guided modes are, generally, non-square integrable leaky
modes [16]. In this case, however, expression (9) can still be used but only
approximatively. Particularly, to avoid divergence in the denominator of (9), one
performs integration only over the finite fiber cross section limited by the interface
between the multilayer reflector and a cladding. For the hollow-core PBG fibers,
detailed simulations show that f is typically larger than 0.9. The value of an overlap
increases rapidly when the fiber core size increases, reaching values higher than 0.99
for even the small core sizes Reore ~ 5 — 104 (compared to the wavelength of light).
Such a high value of the overlap factor is explained by high confinement of the
guided mode in the fiber core (see, for example, energy flux distribution of the core-
guided mode in Fig. 1a right).

Expression (9) is fundamental for the analysis of non-resonant absorption-
based sensors. Consider, for example, a microstructured or a hollow-core fiber
filled with aqueous solution. One possible biosensor implementation utilizing such
fibers can, for example, monitor presence and concentration of specific biomole-
cules labeled by highly absorbing nanoparticles. In such a sensor, biomolecules in
the aqueous solution are purged through the fiber microstructure. Defining C to be
the concentration (measurand; 6 = C in (1)) of the absorbing particles mixed with
analyte, and assuming that nanoparticle bulk absorption per unit of concentration
is oc(4), while fiber loss in the absence of nanoparticles is o¢(4), then total fiber
loss in the presence of absorbing nanoparticles can be written using (9) as:

a(C,2) = aM + f Cac™. (10)
In the derivation of (10), T used the fact that Im(An,) ~ C oc, o(C, 1) ~ Im(neg).

By substituting (10) into (5), I now find expression for the maximal non-resonant
sensor sensitivity to changes in the nanoparticle concentration:

Sa ¥ = —f = (11)

Note that as nanoparticle absorption ¢c(4) is completely independent from the
fiber loss og(1) in the absence of nanoparticles, sensitivity (11) of a non-resonant
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sensor is, thus, directly proportional to the fiber length L ~ 1/os(4). Consequently,
to increase sensor sensitivity, one has to simply work with longer fibers featuring
low propagation loss.

3.2 Resonant Sensing

Note that expression (9), when applied to PBG fibers, does not account for the
spectral shift of the PBG fiber bandgap (see Fig. la top left) due to changes in the
real part of the refractive index of an analyte. In fact, for the hollow-core PBG fibers
in place of (9), one has to use the following modified expression:

Anee = Re(An,) - f + i[Im(An,) - f + Re(Any,) - frad)- (12)

Here, f1.q 1s a radiation factor that describes changes in the confinement losses of
a photonic bandgap-guided mode due to spectral shift of a fiber bandgap caused by
changes in the real part of the refractive index of an analyte.

To understand the radiation loss contribution in (12), one has to recall the
principles of design and operation of the hollow-core PBG fibers. Consider, as an
example, the case of a hollow-core plastic Bragg fiber featuring a water-filled core
(refractive index n,,) surrounded by a Bragg reflector (Fig. 3a) made of a periodic
sequence of two optically different materials with refractive indices n;, nj, which
are assumed to be purely real [44, 45, 50]. I now design Bragg reflector to feature
the fundamental bandgap in the visible at 49 = 0.5um. The reflector layer thick-
nesses d;, d; have to be chosen in a very specific way as to guarantee the destructive
interference of guided light in the periodic fiber cladding, hence efficient modal
confinement in the fiber hollow core. Particularly, by choosing the reflector layer
thicknesses to satisfy the quarter wave condition:

Ao
4y/n?, — Re(Neore )

One guarantees that the fundamental bandgap of a Bragg reflector is centered in
the near vicinity of a design wavelength 4y [16].

I now consider particular implementation of a Bragg fiber having the core of
radius R.ore = 25 pm surrounded by six reflector layers with n, = 1.6, n; = 1.4
and the layer thicknesses given by (13), where n.oe = 1.34. In Fig. 2b in thick solid
curve I present propagation loss of the fundamental Gaussian-like HE|; core mode
of a Bragg fiber. In fact, HE|; mode plays a key role in the operation of a majority of
the hollow-core-based sensors as it is the easiest mode to excite with an external
Gaussian-like laser source. While total propagation loss is a sum of the modal
radiation and absorption losses, this particular fiber is operating in the radiation

dijp =

13)
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Fig. 3 Refractive index sensors based on hollow-core PBG Bragg fibers. (a) Schematic of a
hollow-core Bragg fiber filled with aqueous analyte of refractive index ny(4). (b) Radiation
dominated propagation loss of a core-guided HE;; mode for two Bragg fibers with core radii
Reore =25 pm (solid curve) and Roore = 15 um (thin dashed curve). When analyte’s refractive
index changes, so does the radiation loss of a fiber-core mode (thick dashed curve). For the
reference, in thin solid line, 1 present absorption loss of an aqueous analyte in the visible. (c)
Amplitude sensitivity of the analyte filled Bragg fiber-based sensor for two radii of the fiber core.
Note that maximal sensitivity is almost independent of the fiber-core radius. (d) Effect of macro-
bending on sensor performance, comparison of two Bragg fibers with different core radii. In solid
lines, 1 present total loss (bending + propagation) of a HE|; mode as a function of fiber bending
radius. For comparison, losses of straight fibers of comparable lengths are presented as dashed
lines. Fibers of smaller-core size exhibit stronger propagation losses; however, for the same value
of the fiber bending radius, beam quality in smaller-core fibers is greatly superior to that in larger-
core fibers

dominated regime; for comparison, bulk absorption loss of water is presented in
Fig. 3b in thin solid line. Note that modal propagation loss reaches its minimum at
the center of a photonic bandgap at ~ 0.46 um, while increasing rapidly towards
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the edges of a bandgap. When changing the real part of the refractive index of an
analyte filling the fiber core, resonant condition (13) is no longer satisfied, thus
leading to spectral displacement of the fiber bandgap (see dashed lines in Fig. 3b).
Therefore, even for small changes in the analyte’s refractive index, due to spectral
shift in the position of a reflector bandgap, fiber propagation loss can vary substan-
tially. Moreover, due to resonant nature of bandgap guiding, bandgap shift due to
changes in the real part of the analyte’s refractive index can have a substantially
stronger effect on the propagation losses of a core-guided mode than changes in
the absorption coefficient of an analyte. Particularly, in (13) one can calculate
that at the operational wavelength of 0.5 um, f ~ 1, while f,q ~ 2.4 x 1074,
Therefore, change of 1 dB/m loss in the analyte absorption coefficient
(Im(An,) ~ 0.9 x 107%), or change of Re(An,) ~ 3.8 x 107> in the real part of
the analyte’s refractive index, result in the same 1 dB/m change in the modal
propagation loss.

Inow investigate amplitude and spectral sensitivities of the hollow-core PBG fiber-
based sensors. In Fig. 3c I present amplitude sensitivity (5) of a Bragg fiber-based
sensor to changes in the real part of the analyte’s refractive index 0 = Re(An,). Note
that sensitivity varies strongly as a function of the wavelength of operation, increasing
rapidly towards the bandgap edges. Inside of a bandgap and in the vicinity of a design
wavelength, amplitude sensitivity is on the order of S, ~ 100 RIU~!. Assuming that
1% of change in the amplitude of a transmitted light can be detected reliably, this
results in sensor resolution of Re(An,)_;, ~ 10~* RIU. Finally, in the vicinity of a
bandgap center at 470 nm the total fiber loss is ~ 0.7 dB/m, thus defining sensor
length to be on the order of ~ 6 m.

In a similar fashion, spectral sensitivity can be defined using (7) by detecting
spectral shift in the bandgap center (wavelength of the fiber lowest loss) resulting in
a spectral sensitivity S; ~ 5,300 nm/RIU. Assuming that 0.1 nm spectral shift in
the position of a bandgap center can be detected reliably, this results in the sensor
resolution of Re(Any), .. ~ 2 x 107 RIU, which is comparable to the resolution
achieved by the amplitude method.

Interestingly, maximal sensitivity of a resonant hollow-core PBG fiber sensor
does not depend strongly on the fiber length. To demonstrate that, in Fig. 3b, I also
present losses of an HE|; mode of a hollow-core Bragg fiber, with a core radius
Rcore =15 pum and otherwise identical parameters to the Bragg fiber with
Rcore = 25 pm. Note that losses of a smaller-core fiber are almost ten times as
high as losses of a larger-core fiber. This signifies that the maximal allowed length
of a sensor based on a smaller-core fiber is almost ten times shorter than the length
of a sensor based on a larger-core fiber. In Fig. 3c, I also plot the maximal
sensitivity (5) of a Bragg fiber-based sensor with a core radius Reore = 15 um
and note that it is almost identical to that of a larger-core fiber. This interesting,
while somewhat counterintuitive, result is a direct consequence of the fact that in
PBG fibers operating in the radiation dominated regime, fiber propagation loss and
radiation factor are not independent parameters. Particularly, starting from (12),
and assuming that the fiber loss for a neutral analyte is of(4), then PBG fiber
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absorption loss a(An,, 1) in the presence of changes in the real part of the analyte’s
refractive index is described by:

o(Any, 7) = 05(2) + %Re(AnQ Saa- (14)

In the case of Bragg fibers operating in the radiation dominated regime,
one generally finds that fi,q ~ o(4). Therefore, maximal amplitude sensitivity as
defined by (5) will not depend on the fiber loss, and as a consequence, it will not
depend on the sensor length. This finding promises a significant advantage of PBG
fiber-based resonant sensors compared to their conventional absorption-based
counterparts. Particularly, compact and highly sensitive sensors that utilize short
PBG fiber pieces and that do not require fiber coiling are more convenient to use,
and easier to maintain than their conventional counterparts that utilize long coiled
fibers.

3.3 Effect of Fiber Bending on Sensor Performance

I finally comment on the effects of fiber core size and fiber bending on the
performance of a hollow-core PBG fiber-based sensor. In fact, the value of a core
radius Ry influences strongly modal guiding in such fibers. Particularly, core
mode propagation losses in a straight fiber decrease rapidly with increase in the
hollow core size (typically ~ Rc’fm), thus allowing, in principle, longer sensor
lengths and higher sensitivities (for non-resonant sensing) when using fibers with
larger cores. At the same time, mixing of the fundamental core mode with higher-
order high-loss modes increases dramatically with increase in the hollow core size.
This also results in the degradation of the quality of a guided beam and, potentially,
resulting in reduced overlap with analyte. Therefore, while designing hollow-core
PBG fiber-based sensors, one has to be aware of the tradeoff between longer sensor
lengths versus bending induced beam degradation. As an example, in Fig. 3d, I
compare bending losses and beam profiles of the two Bragg fibers having core radii
Reore = 15 pm and Riye =25 um and featuring the same Bragg reflector as
described above. All the simulations are performed at A = 0.5 um. In Fig. 3d, in
thick solid lines, I plot total losses of a 90° bend as a function of the bending radius,
while in dashed lines, I present, for the sake of comparison, propagation losses of
straight fibers of equivalent lengths. Simulations show that in the bending loss
dominated regime (fiber bending radius is small), bending loss depends weakly on
the fiber core size. However, for larger bending radii, propagation loss is largely
determined by the loss of the fundamental core mode of a straight fiber, which
increases rapidly when core size decreases. Moreover, for the same value of
bending radius, intensity distribution inside of a fiber featuring larger core shows
strong mode mixing and pronounced beam profile degradation, while field intensity
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distribution in a smaller-core fiber resembles that of a fundamental core mode (see
also Fig. 1b).

4 Plasmon-Assisted Sensing Using PCF's

In this section, I describe another type of a resonant sensor operating in the vicinity
of a phase-matching point between an easy-to-excite core-guided mode of a
waveguide (fiber) with another mode that has strong overlap with analyte region
(see Fig. 1b). In the particular case described in what follows, the mode that has
strong overlap with analyte is a highly lossy plasmon wave.

Propagating at the metal/dielectric interface, surface plasmons [1] are extremely
sensitive to changes in the refractive index of the dielectric. This feature constitutes
the core of many SPR sensors. Typically, these sensors are implemented in the
Kretschmann—Raether prism geometry where p-polarized light is launched through
a glass prism and reflected from a thin metal (Au, Ag) film deposited on the prism
facet [34]. The presence of a prism allows phase-matching of an incident electro-
magnetic wave with a plasmonic wave at the metal/ambient dielectric interface at a
specific combination of the angle of incidence and wavelength. Mathematically,
phase-matching condition is expressed as an equality between the plasmon wave-
vector and a projection of the wavevector of an incident wave along the interface.
Since plasmon excitation condition depends resonantly on the value of the refrac-
tive index of an ambient medium within 100—300 nm from the interface, the method
enables, for example, detection, with unprecedented sensitivity, of biological bind-
ing events on the metal surface [37]. The course of a biological reaction can then be
followed by monitoring angular [37, 39], spectral [65] or phase [20, 29] character-
istics of the reflected light. However, the high cost and large size of commercially
available systems makes them useful mostly in a laboratory, while many important
field and other applications still remain out of the reach for this method.

The use of optical waveguides and fibers instead of bulk prism configuration in
plasmonic sensors offers miniaturization, high degree of integration, and remote-
sensing capabilities. In fiber and waveguide-based sensors, one launches the light
into a waveguide core and then uses coupling of a guided mode with a plasmon
mode to probe for the changes in the ambient environment. To excite efficiently a
surface plasmon, the phase-matching condition between a plasmon and a wave-
guide mode has to be satisfied, which mathematically amounts to the equality
between their modal propagation constants (effective refractive indices). Over the
past decade, driven by the need for miniaturization of SPR sensors, various compact
configurations enabling coupling between optical waveguide modes and surface
plasmonic waves have been investigated. Among others, metallized single mode,
multimode and polarization maintaining waveguides and fibers, metallized tapered
fibers, metallized fiber Bragg gratings [2, 3, 9, 12, 17, 21, 25, 26, 40, 41, 43, 56,
58-60, 64] and, recently, solid-core microstructured fibers [19, 24, 35], as well as
planar photonic crystal waveguides [51, 52] have been studied. In the majority of
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fiber implementations (with an exception of microstructured fibers), one typically
strips the fiber polymer jacket and polishes off fiber cladding until the fiber core is
exposed; then, a metal layer is deposited directly onto a fiber core. Thus, the
functionalized surface of a fiber core is then exposed to an analyte.

Ideally, one would use a single mode fiber or waveguide with all the power
traveling in a single Gaussian-like core mode operating near the point of resonant
excitation of the plasmon [13, 23, 27, 36, 48, 63]. Gaussian shape of a core mode is
important as it is best suited for the excitation by standard Gaussian laser sources.
Near the point of phase-matching, most of the energy launched into a waveguide
core mode should be efficiently transferred into a plasmon mode. However, in the
total internal refraction (TIR) single mode waveguides with low refractive index-
contrast, coupling with a plasmon is realized at essentially grazing angles of modal
incidence on the metal layer. As follows from the basic SPR theory, coupling at
such grazing incidence angles leads to an inevitable decrease of sensitivity of the
SPR method. In principle, high index-contrast single mode waveguides (see
Fig. 4a) could be employed to increase the angle of modal incidence on the
interface. Overall, in the single mode waveguide-based sensors, phase-matching
between plasmon and fundamental waveguide mode is typically hard to realize.
This is related to the fact that the effective refractive index of a core-guided mode is
close to the refractive index of the core material, which is typically larger than 1.45
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Fig. 4 Band diagrams and schematics of various SPR-based integrated sensor implementations.
(a) Single mode waveguide-based sensor. Dispersion relations of a core-guided mode (solid) and a
plasmon (thick dashed). Inset — sensor schematic; |H| |2 of a plasmon (/eft) and a core mode (right).
(b) Multimode waveguide-based sensor. Dispersion relations of the core modes (solid) and a
plasmon (thick dashed). Inset — coupler schematic; |H| |2 of a plasmon (/eft) and a high-order mode
(right) at the phase-matching point (black circle)
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due to practical material limitations. The effective refractive index of a plasmon is
close to the refractive index of an ambient medium, which is typically air n, = 1 (gas
sensing) or water n, = 1.33 (biological sensing). Thus, large discrepancy in the
effective indices makes phase-matching between the two modes hard to achieve,
with an exception of the high frequencies where 1 < 650 nm, where the plasmon
dispersion relation deviates towards higher refractive indices. Thus, due to practical
limitation on the lowest value of the waveguide core and cladding refractive indices,
single mode TIR waveguide-based sensors were demonstrated almost exclusively in
the visible region, where phase-matching condition is easier to enforce.

Problems with phase-matching and loss of sensitivity due to shallow angles of
incidence could be, in principle, alleviated by using multimode waveguides [10, 17,
21, 58, 64] as presented in Fig. 4b. If launched properly, modal effective propaga-
tion angles in such waveguides can be much steeper, also resulting in smaller
effective refractive indices. However, in multimode waveguides, only a certain
number of higher order modes will be phase-matched with a plasmon. Thus,
sensitivity and stability of such sensors depend crucially on launch conditions.
Moreover, as spatial field distribution in a Gaussian-like laser source is typically not
well matched with the field distribution of a higher order mode of a multimode
waveguide, only a small fraction of energy can be launched into such a mode
resulting, again, in decreased sensitivity.

In what follows, I detail design principles of a PCF and waveguide-based SPR
sensors, and show that they integrate advantages of both the single mode and
multimode waveguide-based SPR sensors. Moreover, in PCF and waveguide-
based SPR sensors, fundamental Gaussian-like leaky core modes can be phase-
matched with a plasmon at any desired wavelength of operation, thus enabling
sensing anywhere from the visible to mid-IR. The term “leaky mode” generally
refers to the guidance mechanism where the effective refractive index of a propa-
gating mode is smaller than that of the waveguide cladding. Such unusual modes
are called leaky modes as, outside of a waveguide core, they do not exhibit a
traditional evanescent decay into the cladding, but rather they radiate slowly (leak)
into the cladding. Unlike in the case of common TIR waveguides, leaky modes in
photonic crystal waveguides are confined by the bandgap of a photonic crystal
reflector. As a consequence, the effective refractive index of the fundamental
(lowest loss) leaky-core mode can be designed to be arbitrarily smaller than that
of a waveguide-core material, thus enabling phase-matching with a plasmon at any
desired frequency. Moreover, the lowest loss leaky-core mode typically exhibits a
Gaussian-like intensity distribution in the waveguide-core region, thus enabling
convenient excitation by a Gaussian beam of an external light source. Using the
fundamental (lowest loss) leaky mode for sensing gives the additional advantage of
an effectively single mode propagation regime. In particular, when a set of modes is
excited at a sensor input, higher-order leaky modes radiate out faster than a
fundamental mode. Consequently, after a certain propagation distance, only the
fundamental mode is left in the waveguide core. Finally, the effective angle of
modal incidence onto a metal film, and hence sensitivity, can be varied by a proper
selection of the waveguide core and reflector materials.
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4.1 SPR Sensors Using Planar Photonic Bandgap Waveguides

To demonstrate the principles of operation of photonic bandgap waveguide-based
SPR sensors, I start by considering plasmon excitation by a Gaussian-like TM
polarized mode of a planar photonic crystal waveguide (see Fig. 5a), in which light
confinement in a lower refractive index core is achieved by a surrounding multi-
layer reflector. TM polarization of the electromagnetic field in a planar multilayer
assumes a single magnetic field component |H I |2 directed parallel to the plane of a
multilayer, while the electric field component is confined to a plane perpendicular
to the multilayer.

The photonic crystal waveguide under consideration consists of 27 alternating
layers having refractive indices n, = 2.0, and n; = 1.5. The core layer is layer
number 12; having refractive index n. = n;. Analyte (first cladding) is water
n, = 1.332 bordering a 50 nm layer of gold. The substrate refractive index is 1.5.
Theory of planar photonic crystal waveguides with infinite reflectors where n, = n
[50], predicts that, for a design wavelength A, the effective refractive index negr (/)
of the fundamental TE and TM core-guided modes can be designed, as long as
0 < negr < ny, by choosing the reflector layer thicknesses as

Ae
[ 2 2
4 Ay — Negr

and by choosing the core layer thickness as d. = 2d,. Moreover, for this choice of
n¢, the field distribution in the core is always Gaussian-like for TE polarized modes,
while for TM polarized modes it is Gaussian-like as long as ngff > eien/ (61 + en)
[50]. By choosing the effective refractive index of a core mode to be that of a
plasmon, a desired phase-matching condition is achieved. For a waveguide with a
finite reflector, the same design principle holds approximately. Thus, for an
operating wavelength of 4 = 640 nm, considered in this example, phase-matching
is achieved when the photonic crystal waveguide is designed using 4. = 635 nm
and Re(negr(Ac)) = 1.46 in (15). A reasonable approximation to the reg(4) is a
value of the effective refractive index of a plasmonic wave propagating at a planar
gold—analyte interface:

(o) X i)\ 2
Nt (Ae) = (8gold(;hc) Talde)) (16)

dip = (15)

where ¢, is the dielectric constant of an analyte and &g14 is the dielectric constant of
the gold layer approximated by the Drude model:

()’ -

Sgold(ﬂc) = éxo — m,



M. Skorobogatiy

60

yiSusreaem uo Kjranisuss opmrdure Josuss oy} Jo douspuadap :L.0d LaMOT "PILIBA ST ALTeuUe AU}
JO XOpUI QATIOBIJOI USUM 9AIND SSO[ [EPOW ) JO JIYS SMOYS aul] payso(] “syead ssof [epows Yoty Je uowse]d e yim jurtod Suryojew-aseyd oy Jeau opow 2100
OpINTOABM © JO SSO[ SMOYS 24010 p1jos :1ind 1addy) (3) ‘Ter1ajeul 9100 9pInSoAem ) JO Jetf) Uey) Io[[ews AJUBOYIUSIS 9pell 9q Ued 9poul pApIng-a109 & Jo Xopul
QATIORIJAI QATIOVYJQ Y ‘USISOp Ag "SOJBIS I0JOIPAI Y[NQ Y} JO WNNUTIUOD Y} 0) puodsarIod suoI3al A».3 [Iym ‘UoI3aI JeJ[d B S UMOYS ST 10Jo9pa1 drporrad
e Jo deSpueq L "(24.m0 payspp) spouwr uowse[d pue ‘(24.0m p1jos yo1ys) Spowl 100 [eJUSWEpUNJ Y} JO UONNQLISIP P[oY pue Uone[al uorsIadsi(] "sopow
JOSus Jo wresSerp pueq (q) "ONEWAYIS JOSUIS € JO 1/2] 9} U0 moys ST pows uowse[d & ur uonnquisip p[oy o[rym 44511 9} U0 UMOYS ST IpOUI 210D [eJUSWEPUNJ
qy) ur uonnqLISIp plY _: EA -a1ATeue snoanbe £q paropioq st 1oAe] pjon ‘uoneox? uowsed 10y pare[dplos st 1010ogal Ay} Jo apis dog, “10Joopal [eISKId
oruojoyd orporrad oy E«w%::ob:m SI Q100 XOPUI JATIORIJAI MO “JOSUIS © JO ONBWAYDS (B) I0SUIS JYJS paseq-opmIorem de3pueq oruojoyd reue(d ¢ -Si

(wr) v (wm) v
L0 890 990 %90 ¢90 90 L0 890 990 +¥90 <290 90
ON_,I% T T T T P
arelisqns w
08- 3 . 5
o 2 [ ... 1ert g
o = 1 A .
or 2 apouw 8100 I L M g=u [ 9
08 C - D epow S S
(w) coEwm_m/. \m, 8109 14
L0 890 990 %90 ¢90 o.mu - . 1871 & 8100 e
R I~ | | : <
2 m 2100U 05’} S w
€ = .
Zeei=eu |V m i 1e5k 1afke| pjob 0
 gyeTL=ru S 9 uowseld
N e g 3 debpueq W11 S | eu
ALY -’ N 1 1 1 1
2 q e



Resonant Biochemical Sensors Based on Photonic Bandgap Waveguides and Fibers 61

where the choice ey, =9.75, 4, =13 um, A, = 0.138 pum presents one of the
many possible fits of the experimental data.

In Fig. 5b, I present band diagram of a planar photonic crystal waveguide-based
SPR sensor. All the simulations are performed using standard transfer matrix theory
on a complete system that includes both the waveguide and metal layer. Gray
regions signify bulk states of a periodic reflector. The clear region in Fig. 5b is a
TM bandgap where no extended into the reflector states are found. The thick solid
line, which is almost parallel to the band gap edges, marked as “core mode” is a
dispersion relation of a Gaussian-like leaky core mode with most of its modal
energy concentrated in the low refractive index core. The dashed line marked as
“plasmon” represents the dispersion relation of a plasmon mode. Most of the
plasmon energy is concentrated at the metal/analyte interface.

Near the phase-matching point, fields of a core-guided mode contain strong
plasmonic contribution. As plasmon wave exhibits very high propagation loss, the
loss of a core mode (upper plot in Fig. 5¢) will also exhibit a sharp increase near the
phase-matching point with a plasmon. An important aspect of the proposed setup is
the freedom of adjusting the loss of a core mode. As leaky mode decays exponen-
tially fast with respect to distance into the multilayer reflector, coupling strength
between the plasmon and core modes can be controlled by changing the number of
reflector layers situated between the waveguide core and a metal film. Ultimately,
higher coupling strength leads to higher modal losses, hence, shorter sensor length.
When the real part of the analyte’s refractive index is varied, the plasmon disper-
sion relation displaces accordingly, thus leading to a shift in the position of the
phase-matching point with a core-guided mode. Consequently, in the vicinity of the
phase-matching point, transmission loss of a core-guided mode varies strongly with
changes in the analyte’s refractive index; see the upper part of Fig. Sc.

I would like to point out that what is identified as a “core mode” in all the figures
in this chapter is in fact a waveguide supermode that includes both the core-guided
mode and plasmonic contribution. Since the plasmon mode is extremely lossy, only
a small mixing of this mode with the core mode is necessary to achieve sensing. I
found pertinent to also show on the graphs what a plasmon mode looks like near the
phase-matching point, although this mode by itself is not used in the sensing
arrangements. Depending on the designs, the plasmon contribution to the evanes-
cent tail of a core mode is not always visible on the field distribution plots as only
the real components of the modes are truly phase-matched.

The simplest mode of operation of a waveguide-based SPR sensor is detection of
small changes in the bulk refractive index of an analyte. Similarly to the case of
hollow-core PBG fiber-based sensors, there are two main modalities of SPR
detection: amplitude-based and spectral-based. In both methodologies, sensing is
enabled through detection of changes in the location of a sharp plasmonic loss peak,
whose spectral position is strongly dependent on the value of the ambient refractive
index. In the amplitude-based approach, all the amplitude measurements are per-
formed at a single wavelength near the center of a plasmonic peak. The advantage
of this method is its simplicity and low cost, as no spectral manipulation is required.
The disadvantage is a smaller dynamic range and lower sensitivity when compared
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to the wavelength interrogation approach, in which the whole transmission spectra
are taken and compared before and after the change in the analyte has occurred. I
now use expression (5) to define sensor amplitude sensitivity with respect to
changes in the real part of an analyte’s refractive index. In (5), the measurand
is Re(An,), and a(J, /) is propagation loss of a core-guided mode presented at the
top of Fig. 5c. At the bottom of Fig. 5c, I present amplitude sensitivity of a PBG
waveguide-based SPR sensor as a function of the wavelength of operation. Maxi-
mal sensitivity is achieved at 673 nm and is equal to 112 RIU™'. It is typically a
safe assumption that 1% change in the transmitted intensity can be detected
reliably, which leads to a sensor resolution of 9 x 107> RIU. In the wavelength
interrogation mode, changes in the analyte’s refractive index are detected by
measuring displacement of a plasmonic peak center wavelength A, as a function
of the value of an analyte’s refractive index. Sensor sensitivity is then defined by
expression (7), where 6 = Re(An,). I find that the spectral sensitivity of a PBG
waveguide-based sensor is 2,300 nm RIU™!. Assuming that a 0.1 nm change in the
position of a resonance peak can be detected reliably, sensor resolution of
4.3 x 1073 RIU is obtained.

Finally, sensor length is always in the range L ~ 1/0(d, 4). In the vicinity of
plasmonic peak shown in Fig. 5c, the typical sensor length is L ~ 1 cm. Detailed
simulations also show that, similarly to the case of resonant sensing using hollow-
core PBG fibers, sensitivity of a PBG waveguide-based plasmonic sensor is only
weakly dependent on the sensor length. Particularly, by varying the number of
reflector layers separating the waveguide core and gold layer, one can vary the
overall sensor length from sub-millimeters to several centimeters without changing
significantly the sensor sensitivity.

In the rest of this section, I present theoretical study of SPR sensor designs based
on photonic bandgap fibers, rather than planar waveguides. Advantages of fiber-
based sensors over their planar counterparts include lower manufacturing cost,
possibility of distributed sensing, and incorporation of microfluidics into the fiber
structure directly at the fiber drawing step. In what follows I demonstrate an SPR
sensor using solid-core PBG Bragg fiber operating at 760 nm, as well as an SPR
sensor using honeycomb lattice photonic bandgap fiber operating at 1,060 nm.

4.2 SPR Sensors Using Photonic Bandgap Bragg Fibers

I start by describing solid-core Bragg fiber-based SPR sensor for detection in
aqueous analytes. In such a sensor, a thin gold layer is deposited on the outer
surface of a Bragg fiber in direct contact with an analyte. By tailoring the dispersion
relation of the core-guided mode of a Bragg fiber, phase-matching with a plasmon
wave can be obtained at any wavelength in the visible and near-IR. The mode of
operation in such a sensor is a Gaussian-like HE | core mode. Effective refractive
index of such a mode is matched with that of a plasmon by the proper choice of the
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fiber core size. The choice of an HE|; mode over the other modes is motivated by
the ease of its excitation using common Gaussian laser sources.

As an example, I consider solid-core photonic crystal Bragg fibers made of two
materials with refractive indices n; = 1.42 and n; = 1.6. Prototypes of such fibers
have been recently fabricated in our group by using a poly(vinylene difloride)
(PVDF)/polycarbonate (PC) material combination [18]. In such fibers, a solid
core of refractive index ny is surrounded by N alternating high and low refractive
index reflector layers of thicknesses d) and dy, (see Fig. 6a). In a manner similar to
the planar multilayer waveguides, reflector layer thicknesses are given by the
quarter-wave condition (15), where A. is an operating wavelength, and neg (/) is
a desired effective refractive index of a core-guided mode at that wavelength.
Although such a choice of the reflector parameters guarantees bandgap guidance
at /. of a mode with effective refractive index neg(4c); however, it does not
guarantee existence of such a mode. One way of positioning a core mode dispersion
relation inside of the reflector bandgap is by varying the fiber-core diameter d.,
namely, in the large-core diameter Bragg fibers with d. > A, effective refractive
index of the fundamental core mode is close to that of the core material. By
decreasing the fiber core size, one can consistently reduce the core mode effective
refractive index, and, eventually, position it in the middle of the reflector bandgap.
Moreover, in the context of SPR sensing, 4. also corresponds to the wavelength of
phase-matching between plasmon and a core-guided mode. Therefore, a good
approximation to neg (/) of a core-guided mode is that of the effective refractive
index of a plasmonic wave propagating at a planar gold-analyte interface given by
(16). With these choices of nefr(4.) and d., one parameter still remains undeter-
mined, which is the number of layers N in the Bragg reflector. In metallized Bragg
fibers, guided modes incur additional losses due to high absorption in the metal
film. When operating within bandgap of a Bragg fiber reflector, the fields of leaky
core modes decay exponentially fast into the reflector. Therefore, modal presence in
the metal layer also decreases exponentially fast when increasing the number of
reflector layers. Thus, the choice of the number of reflector layers primarily affects
the core mode propagation loss and, consequently, the sensor length. As mentioned
earlier, PBG fiber-based sensor sensitivity is only weekly dependent on sensor
length. Therefore, without the loss of sensitivity, one would choose a small enough
number of reflector layers, so that the resultant fiber is short enough to prevent the
necessity of coiling and simplify sensor handling.

In Fig. 6, I present an example of a solid-core PBG fiber-based SPR sensor. By
choosing the fiber core size to be small, one can considerably reduce the effective
refractive index of the core mode. This enables plasmonic excitation at longer
wavelengths in the near-IR. In Fig. 6a, I show cross section of a small-core Bragg
fiber-based sensor, as well as energy flux distributions in the HE|; core mode and
plasmon mode. Reflector layer thicknesses are chosen according to (15), where
Ae =760 nm, ny = 1.42, n, = 1.6, and neg = 1.39, thus resulting in n; = 654 nm,
n; = 240 nm. The fiber-core diameter is d. = 1.8 um. The total number of layers
is N = 12. For the fundamental Gaussian-like mode, the amount of energy in the
core is 78%. In Fig. 6b, I present the band diagram of the modes of thus defined
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Bragg fiber sensor. The common TM, TE bandgap of a corresponding infinitely
periodic Bragg reflector is presented as a clear region, while gray regions define a
continuum of reflector bulk states. In a small-core Bragg fiber, the effective
refractive index of the core-guided HE{; mode (thick solid line) can be consider-
ably smaller than the refractive index of a core material (thin solid line). Dispersion
relation of a plasmon mode is shown as thick dashed line. In this particular case, the
dispersion relation of the core-guided mode is shifted towards the lower edge of the
reflector bandgap; therefore, the core mode (solid curve in Fig. 6a) and plasmon
mode (dashed curve in Fig. 6a) penetrate significantly into the reflector. Phase-
matching between the core and plasmon modes is achieved at 758 nm. In the upper
plot of Fig. 6¢, propagation loss of the core-guided mode is presented as a function
of the wavelength. As seen from this plot, core mode loss peaks at the wavelength
of phase-matching with plasmon mode. In the lower plot of Fig. 6¢c, I present
amplitude sensitivity (5) of a solid-core Bragg fiber-based SPR sensor with respect
to changes in the real part of the analyte’s refractive index. Maximal sensitivity is
achieved at 788 nm and is equal to 239 RIU!. Assuming that a 1% change in the
transmitted intensity can be detected reliably, this leads to a sensor resolution of
3.4 x 1073 RIU. Finally, I find that the corresponding spectral sensitivity (7) is
10* nm RIU"!. Assuming that a 0.1 nm change in the position of a resonance peak
can be detected reliably, this leads to a sensor resolution of 9.8 x 10~° RIU. The
sensor length in this case is in a 1 cm range.

4.3 SPR Sensors Using Photonic Bandgap Honeycomb Fibers

In the two previous subsections, I have presented design strategies for the SPR
sensors based on photonic crystal Bragg fibers. In principle, any photonic bandgap
fiber can be used in place of a Bragg fiber to develop such sensors. In this section, I
present an example of a SPR sensor based on a solid-core honeycomb PCF.

In Fig. 7a, schematic representation of a honeycomb PCF-based SPR sensor is
presented. The design parameters are chosen as follows: the center to center
distance between adjacent holes is A = 0.77 um, the cladding hole diameter is
d = 0.55A and the diameter of the hole in the core center is d. = 0.35A. The fiber is
made of silica glass with a refractive index of ng.ss = 1.43, the core and cladding
holes are filled with air n,;; = 1, while the large semicircular channels are plated
with a 40 - nm - thick layer of gold and filled with an aqueous analyte n, = 1.32.
The central hole in the fiber core lowers its effective refractive index compared to
that of a silica cladding. Under certain conditions, such a core can support a mode
confined by the bandgap of the honeycomb reflector. The core-guided mode in such
a fiber is analogous to that of the small solid-core Bragg fiber discussed earlier.
Guided by the bandgap of the fiber reflector, the effective refractive index of the
core mode can be made much lower than that of the silica material. Moreover, as in
the case of photonic crystal Bragg fibers, radiation loss of a bandgap-guided core
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mode can be reduced by adding more layers into the honeycomb reflector. The main
reason why I chose a honeycomb structure of the fiber reflector is because it enables
a very large photonic bandgap [6, 42], thus simplifying considerably phase-match-
ing of the core-guided and plasmon modes.

Unlike planar metal/dielectric interface that supports a single plasmonic excita-
tion, finite size, microstructured metal layer separating two dielectrics can support
multiple plasmon modes [19, 24]. Thus, when tracking losses of a core-guided fiber
mode as a function of wavelength, one typically observes several plasmonic peaks
corresponding to phase-matching between the core mode and various plasmon
modes. Particularly, one of the plasmon modes will have most of its energy
concentrated in one of the neighboring dielectrics, while the other plasmonic
excitation will have most of its energy concentrated in the other neighboring
dielectric. In principle, simultaneous detection of changes in several plasmonic
peaks can improve sensor sensitivity; additionally, it gives a natural reference point
in the measurements.

In the case of a honeycomb PCF-based sensor, I design the fiber so that two
plasmonic peaks are degenerated at 1,009 nm with n, = 1.32. Figure 7b shows the
dispersion relations of the Gaussian-like core mode (thick solid line), analyte bound
plasmon mode (thin solid line with circles), and cladding bound plasmon mode
(thick solid line). These dispersion relations are positioned well inside the bandgap
of an infinite honeycomb reflector, which can be confirmed by the plane wave
method [6]. Corresponding flux distributions of the core-guided and plasmon
modes are presented in Fig. 7c. The core mode loss shows a single plasmonic
peak (solid curve in Fig. 8a). When the refractive index of the analyte is varied, this
affects the two plasmonic dispersion relations differently. Particularly, the analyte
bound plasmon mode is affected much strongly by the changes in the analyte’s
refractive index than the cladding bound plasmon mode. As a result, degeneracy is
lifted, and two closely spaced plasmonic peaks appear in the core mode loss curve
(dashed curve in Fig. 8a). For example, a 0.002 change in the analyte’s refractive
index splits a single plasmonic peak into two peaks separated by 27.5 nm. This
permits a novel spectral detection technique, where relative peak separation can be
used to characterize changes in the real part of the analyte’s refractive index. By
defining spectral sensitivity as:

S, = lim ;Lpeak2 (I’la + Al’la) - ;Lpeakl (na + A}’[a)
A An,—0 A}’la s

(18)

I find spectral sensitivity of 1.4 x 10* nm RIU!. It is typically a safe assumption
that a 0.1 nm change in the position of a resonance peak can be detected reliably,
which results in a sensor resolution of 7.2 x 10~® RIU, which is, to my knowledge,
the highest reported spectral sensitivity of an aqueous fiber-based SPR sensor.

Finally, in Fig. 8b, I present the amplitude sensitivity of the proposed honey-
comb PCF-based sensor as defined by (5). The maximal sensitivity is achieved at
1,009 nm and equals to 400 RIU™!. It is typically a safe assumption that a 1%
change in the transmitted intensity can be detected reliably, which leads to a sensor
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resolution of 2.5 x 10> RIU. Note that the sensitivity curve for this sensor design
has a single maximum, unlike the sensitivity curves associated with the Bragg
fiber designs reported in the preceding section. The sensor length in this case is in
1 mm range.

5 Concluding Remarks

I have described theoretically photonic bandgap (PBG) fiber-based resonant optical
sensors of analyte’s refractive index. Particularly, I have considered two sensor
types. One employed hollow-core photonic bandgap fibers, where core-guided
mode is predominantly confined in the analyte-filled core. Another sensor type
employed metallized photonic bandgap waveguides and fibers, where core-guided
mode was phase-matched with a plasmon wave propagating at the fiber/analyte
interface. Both sensor types described in this chapter showed strong resonant
dependence of the fiber absorption on the value of the real part of analyte’s
refractive index, leading to the 107% — 10~*RIU resolution in the real part of the
aqueous analyte’s refractive index.
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